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CHAPTER I

SPACE PROCESSING APPLICATIONS ROCKET (SPAR) PROJECT

SPAR VIII- FINAL REPORT

INTRODUCTION

The unique low=g environment o[ space affords an opportunity for exploring and

developing techniques for processing a variety of materials without the constraining

gravitational influences as evidenced with the processing of liquid phase materials

or melts on Earth. The Materials Processing in Space (MPS) program is directed

toward the stimulation and development of the associated science and technology

required to pursue these investigations. This NASA activity is undertaken in

cooperation with the scientific community and includes Iollow-on studies of specific

areas of scientific research emphasizing those selected investigations of materials

and processes which best demonstrate potential benefit from the enhanced

sensitivity of the controlled processing in a low-g environment. Examples of

interest in the program are the reduction and/or elimination of adverse thermal

eflects such as convection, sedimentation of heavy particles, buoyancy rise and

positioning aspects of bubbles in liquids or melts, and the stratification effects of

particulates of variable densities in solution. These and similar studies are

considered to be the means to expand the limiting Irontier in the development of

new materials and processes which are envisioned ultimately to be of benefit to

mankind. As complementary to the research and technological nature of the

investigations, the evolving emphasis is being directed, with the advent of the

Shuttle and increased payload potential, toward the development of sell-sustaining

programs yielding direct product benefit.
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The initial precursory zero-g demonstrations and investigations asociated with this

family of scientific experiments were proposed and developed for the Apollo flights

beginning in the late 1960's and continued with Skylab and Apollo-Soyuz flights

through the mid-1970's. During the period between the close of that era and the

orbital space flights on the Space Shuttle in the 1980's9 the Space Processing

Applications Rocket (SPAR) project has provided the only viable flight opportunity

for low-g scientific investigations for experimenters9 and has served in a precursory

role for planned and approved Shuttle investigations.

The SPAR project is part of the MPS program of the Office of Space and Terrestrial

Applications (OSTA) which is responsible for directing research into the scientific

effects of materials processing in the unique environment of space. This effort

involves participation and interaction from various disciplines of the scientific

community9 government-supported laboratories9 universities9 and industrial

organizations, in addition to foreign participation.

The Black Brant VC (BBVC) sounding rocket series9 which is currently the carrier

vehicle for the scientific payloads9 with a Nike-boosted configuration available for

heavier payloads9 provides the opportunity to process materials in a low-g

environment for periods up to five minutes in duration during a sub-orbital flight,

The rocket flights, which are conducted at White Sands Missile Range (WSMR) in

New Mexico9 afford experimenters and apparatus developers a flight opportunity for

a proof-of-concept verification and/or refinement of equipment operation and

procedures prior to the longer duration9 more sophisticated Shuttle flights.

This SPAR flight, the eighth in a planned series of rocket flights_ occurred on

November 189 1980 and carried three experiments. The investigations for the

experiments comprising the payload manifest were managed and coordinated by the

MPS Projects Office of the Marshall Space Flight Center (MSFC). Two of these

experiments were proposed and devised by industrial firms and one by a government-

supported laboratory.
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Previous experiments flown on the SPAR flights include the measurement of liquid

mixing due to spacecraft motion; the dispersion of normally immiscible materials in

the area of fluid dynamics; solidification experiments involving the gravitational

effects on dendritic growth_ epitaxial growth_ and solidification of eutectic

materials with widely differing densities have flown previously_ in addition to

solidification studies of interactions between second-phase particles and an

advancing crystal-liquid interface and gravity-induced convection on cast

microstructures. In the area of multiphase particle interaction_ various experiments

were conducted on the migration and coalescence of bubbles and particles_ closed-

cell metal foam_ and the dispersion strengthening of composites.

The SPAR project has been increasingly active in supporting research in the

promising area of containerless processing with previous flights_ including

experiments on cast beryllium and the processing of amorphous ferro-magnetic

materials in an electromagnetic field_ and control of liquid droplets by an acoustic

field in the furtherance of the state-of-the-art of acoustic containerless processing

technology.

The SPAR flights have_ through an evolutionary program, addressed experiments of

increasing complexity and refinement and have afforded additional flight

opportunities consistent with the maturity of each investigation. The payloads

selected for this SPAR VIII flight manifest were based on the advanced state-of-the-

preparedness of their ground-based research activity.

The following experiments are included in this SPAR VIII report:

o Glass Formation Experiment_ SPAR Experiment 74-42/IR

o Glass Fining Experiment in Low-Gravity9 SPAR Experiment 77-13/1

o Dynamics of Liquid Bubbles, SPAR Experiment 77-18/2
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The post-flight results and analyses of each experiment flown on SPAR VIII as

prepared by the respective flight investigators_ in addition to an engineering report

on the performance of the SPAR VIII Science Payload_ are contained in separate

sections of this technical memorandum, With the successful completion of this

flight and subsequent data analysis_ much useful data and information were

accumulated for directing and developing experimental techniques and

investigations toward an expanding9 beneficial program of materials processing in

the Shuttle era.
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CHAPTER II

1.0 SUMMARY

The SPAR VIII (R-19) Nike-Black Brant VC rocket was launched from

White Sands Missile Range (WSMR), New Mexico, at 5:40 p.m. MST on November

18, 1980. The 435 kg (959 lbs.) gross payload achieved an apogee of approximately

198 km (123 statute miles); and a low-g period of 331 seconds. The launch and

mission were very successful, but the payload encountered significant damage

upon range impact.

2.0 SPAR VIII (R-19) PAYLOAD CONFIGURATION

The SPAR VIII (R-19) science payload consisted of three materials

experiments, as well as the Experiment Support Module (ESM) and the

Abbreviated Measurement Module (AMM). The SPAR VIII experiments are:

74=42/1 R, Containerless Processing of Glass

77-13/1 Glass Fining in Low-Gravity

77-18/2 Dynamics of Liquid Bubbles

The orientation of the science payload to the rocket systems is shown

in Figure I and the experiments orientation within the SPAR VIII rocket vehicle

is shown in Figure 2.

3.0 ROCKET PERFORMANCE

3.1 Flight Sequence

The SPAR VIII flight profile is shown in Figure 3. The actual

sequence of events are shown as a function of flight time.

3.2 Low Gravity

The low-g (10-4or less) period was 331 seconds. The minimum low-g

period required by experiments was 260 seconds. The gross payload weight was

43.5 kg (959 lbs.).
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4.0 PAYLOAD SUPPORT

4.1 Payload Sequence of Events

Experiment 74-42 required preheat power prior to launch which was

supplied by ground power9 beginning at T-45 minutes, At T-0_ a lift-off signal

was given which activated a timer within all experiments for control of events

during the flight. All payload events sequenced as planned_ except deactivation

(reference paragraph 4.2 below),

4.2 Payload Power

Transfer of electrical power from ground support equipment to the

flight battery was accomplished at three minutes prior to launch. The science

payload battery) located in the Experiment Service Module (ESM), suppplied

power to all experiments. Battery voltage measurement (MOOI-SM) indicates

that the battery voltage was approximately 32 volts at lift-off. The bus voltage

remained within allowable limits throughout the flight. Both voltage and

amperages were as planned in the flight timelines.

The flight data indicated that the planned deactivation of the IDI bus

at T+72gs and T+73gs (KO77-SM), the planned deactivation of the 2DI bus at

T+728s and T+738s (KI05-SM) and the planned deactivation of the Measurement

Module at T+g04s (KI07-SM) did not occur. This was attributed to the crash and

damage to the payload prior to the times these commands were to have been

issued.

5.0 EXPERIMENT INSTRUMENTATION

5.1 Experiment 7_-€2/IR: Containerless Processing of Glass

This experiment utilized the Intersonics, Inc. Single Axis Acoustic

Levitator (SAAL) for providing the containerless processing of the glass sample.

The objectives of the experiment are:

a. Determine the characteristics of low-gravity-prepared glass

samples.
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b. Gain experience with the performance of a low-gravity flight

experiment.

c. Gain insight into the degree of equipment complexity required

to prepare glasses in low-gravity.

d. Attain a position that will permit the determination of accurate

optical properties of the new glass.

The data for experiment 74-42 indicated that the cooling shroud gate

(G002-42)_ sound source gate (G003-42), sample gate (G001-42), and camera

window gate (G004-42) opened and closed in the proper sequence during the

mission.

Pressure measurement (D014-42) indicated that experiment 74-42

maintained its internal pressure during the flight. The sample temperature

measurements (C160-42 and C159-42) indicate that the sample temperature

profile was per requirements defined by the Principal Investigator.

The acoustic sound source measurements (M114-42, M115-42, M116-42,

and M117-42) indicated that the sound system operated properly. However, post-

flight analysis determined that levitation of the experiment sample was

prematurely terminated at 82s instead of the planned 240 s. Extensive post-

flight testing in a laboratory system duplicated this anomaly which was caused

by excessive humidity in the acoustic field, which in turn results in significant

sound reduction and loss of stable positioning of the specimen. Dessication of

the extremely porous material used for the specimen injector as well as

dessication of the entire levitator is planned for future flights.

The SAAL was completely destroyed when the R-19 payload crash

landed. The experiment sample could not be found after the crash.
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5.2 EXPERIMENT 77-13/1: Glass Finin[_ in Low-Gravity)

It is the objective of this experiment to record the motion of bubbles

of known size in a known temperature gradient under low-gravity conditions in a

sodium borate glass. This record will be needed to determine the rate of motion

of bubbles due to the temperature gradient as a function of bubble size. This

data will be compared to a theoretical model of this motion that is being

developed at Clarkson College. It is necessary to eliminate buoyant forces that

are generated in a gravitation field in order to be able to accurately measure the

motion of a bubble in a molten glass in the presence of a temperature gradient.

The SPAR rocket flight provides the appropriate environment to make the above
motion measurements.

The flight telemetry data for experiment 77-13 indicated that the

experiment functioned as designed during the flight. The four temperature

measurements (C180-13, C181-13, C182-13, C183-13) on the sample indicated that

the sample attained the proper temperature profile defined by the Pl. The

camera current measurement (MI12-13) indicated that the experiment camera

functioned as required.

The experiment apparatus was significantly damaged by the crash-
landing of payload R-J9.

5.3 Experiment 77-18/2: Dynamicsof Liquid Bubbles

The objectives of this experiment are to:

a. Determine the sphericity of a positioned liquid bubble.

b. Study the natural resonant frequencies and damping mechanism
of bubble oscillation.

c. Study the adiabatic expansion of a liquid bubble.

11-7



The experiment 77-18 data indicated that it functioned as designed

during the flight. The measurements that monitored the fluid and air syringe

positions (M090-18, M096-18) and the injector in/out positions (PF2-17-C03, PF2-

17-CO4) indicated that the sequencing was proper. The measurements

monitoring the various internal DC voltage sources in the experiment

(measurements M091-18, M098-18, M102-18, M099-18, M103-18, Ml00-18, M104-18,

MI01-18) indicated that all internal voltages were within required tolerances

during the mission. Measurement D015-18 indicates that the experiment 77-18

depressurized at approximately T+293 seconds as required. The sound source

data measurements (M092-18, M093-18, M094-18, M105-18, M106-18, M107-18,

M095-18) were compared to the baseline data and indicated that the 3AAL

functioned properly during the mission.

Some damage occurred to the experiment apparatus due to the crash

landing of payload R-19.

6.0 SCIENCE PAYLOAD INSTRUMENTATION

6.1 Low-G Accelerations

The low-g data indicates that a low-g environment considerably less

than 1 x 10-4g was achieved in all three axes. (Reference Figures 4, 5, and 6.)
The X-axis Linear Acceleration Measurement (AO2-MM) indicates that low-g

entry in that axis was at about T+82 seconds and exit at about T+413 seconds

with the g-levels during this period as shown in Figure 4. The Y-axis (AO3-MM)

had low-g entry at T+79 seconds and exit at T+415 seconds as shown in Figure 5.

The Z-axis Linear Acceleration Measurement (A04-MM) indicates the low-g

entry in that axis as 82 seconds and exit at 431 seconds as shown in Figure 6.

These values indicate a total low gravity period (less than l x 10-4g's in all axis)

of 331 seconds.

6.2 ENGINEERING TEMPERATURES

The engineering temperature measurements which monitor the R-19

payload structure at various points throughout the payload (CO39-MM, CO28-

MM, C184-13, C177-42, C178-18, and C179-18) indicated normal and expected

temperature levels.

II-8



SPAR R--19 BOOK NO.1 PLOT NO. 1
DATE OF RUN 12/10/80
FILE CREATED 12J8/80

2oo_., I ' I ' I ' 1 " I ' I'' I" ' I' ' ! '
MICRO--GE "

m

160__

120 __

8O ...

,.w

40 _ --_

x_,x,s
(A02--MM) 0 .

--40

" i
-80 _ _

--120 _

--160 m

_2oof , I , I , I , I , I , ! w 11 1 , i t
0 0 0 0 0 0 0 0 0 0 0
0 1 2 3 4 5 6 7 7 8 9

DOY 323 59 51 43 35 27 19 11 3 55 47 39

TIME AFTER LIFTOFF IN HRS, MINo SEC

FIGURE 4

II-9



SPAR R--19 BOOK NO. 1 PLOT NO. 2
DATE OF RUN 12/10/80
FILE CREATED 12/8/80

2o0__r_ I , I ' I ' 1 ' l ' I ' I ' I ' I '
MICRO-GE -

160

120

80 __

40 i

(A03-MM) 0

--40 _ ' _

-80 _

--120 _ D

--160 _

-_oo I l I I , I j l , I , I , I , l , I ,
0 0 0 0 0 0 0 0 0 0 0

0 1 2 3 4 5 6 7 7 8 9

59 51 43 35 27 19 11 3 55 47 39
DOY 323

TIME AFTER LIFTOFF IN HRS, MIN, SEC

FIGURE 5

II-I0



SPAR R-19 BOOK NO. 1 PLOT NO. 3
DATE OF RUN 12/10/80

FiLECREATED12,'8/80

200--, I ' I ' I ' I ' I _ I ' I J I ' l '
MICRO--0E

160

120

80

40

(A04-MM) 0

--40

--80

--120 ""

--160

--200

0 0 0 0 0 0 0 0 0 0 0
DOY 323 0 1 2 3 4 ' 5 8 7 7 8 9

59 51 43 35 27 19 11 3 55 47 39

TIME AFTER LIFTOFF IN HRS, MIN, SEC

FIGURE 6

II-II



7.0 PAYLOAD RECOVERY/POST-RECOVERY OPERATIONS

Due to the premature deployment of the recovery parachute during

atmospheric re-entry at about 80 km altitude (instead of the normal 30 km) and

the resultant crash of the payload, the normal recovery procedure was not

performed. The following is a description of the recovery.

Upon arrival at the crash scene, it was Iound that the recovery chute

had deployed but was entangled in what looked like a huge knot. However, the

payload impacted with the ground tail first which is normal. The payload

impacted with the ground with such force as to completely smash the aft

experiment (Experiment 74-42) and shear it from the rest of the payload which

was about twenty feet from the impact point. A search was made around the

ESM battery area to determine il the battery had ruptured on impact and lost its

acid. Indications were found that the battery was ruptured. The battery fluid

was pointed out to personnel on recovery to assure that no one touched it. The

ESM battery door was then removed and the battery disconnected. The ESM was

disconnected from the remainder of the payload. The area was searched for any

pieces of the payload. All of the pieces found were placed in the bed of a pickup

truck for transporting to the Vehicle Assembly Building (VAB). At the VAB the

experiments were further inspected for damage. Experiments 77-13 and 77-18,

which still had their access doors intact, were taken into a dark room to remove

the access doors and then the film. The film was removed in complete darkness.

The film was out of the Iilm magazines but was put into black bags while in

darkness. After the film recovery, the lights were turned on and the flight

sample from Experiment 77-13 was removed and turned over to the PI. The PI on

Experiment 74-42 searched through the remains of his experiment apparatus for

the flight sample and film, but neither was found. On November 20, 1980, the PI

with the aid of some Navy personnel returned to the crash site and found the

Experiment 74-42 flight film embedded in the ground at the initial impact point.

The flight sample was never recovered, although five searches of the impact

area were made between November 19, 1980 and February 24, 1981.
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CHAPTER III

SEL-'r.ION 1

INTRODUL-'rION

This report describes one phase of an experimental research program

designed to contribute to the understanding of containerless processing of
microballoons in space. Study of the stability and manipulabillty of liquid
shells at room temperature is a useful and cost effective intermediate step
in the development of a better understanding of the fluid physics pertinent
to the production of rigid spherical shells and the capability to fabricate
metallic or glass shells and fusion targets in a zero-G environment.

The primary goal of the experiment is to study three aspects which will
be very important in the containerless processing of rigid shells in space:
drop sphericity, bubble centering and adiabatic bubble expansion.

Drop sphericity studies will help to determine the magnitude of the
distortion on a thin shell due to the acoustic forces required to overcome
anticipated levels of G-jitter, thus impacting the orbital requirements on
the spacecraft.

Bubble centering studies will enable us to determine the centering
capabilities of various techniques such as rotation, forced oscillation, and
expansion, thus impacting the design requirements of the facility for the
containerless processing of microballoons and shells in space.

Adiabatic bubble expansion studies will allow us to better understand
the phenomena observed as the bubble expands: fluid in the thicker regions of
the shell flowing to the thinner regions. In addition, adiabatic expansion
will allow us to increase the range of microballoons available by varying
size and wall thickness in a controlled manner, thus impacting the versatili-

ty of containerless processing of microballoons and fusion targets in space.

The practical knowledge obtained in these studies will aid in the design

of a high-temperature system for the generation and containerless processing
of rigid shells in space. The study takes advantage of the laboratory work
and zero-G aircraft tests under ray at YPL, KMS, and LLL as part of the
overall Office of Applications Space Processing Program.

This experiment was performed in an acoustic levitation chamber con-
figured for use in the SPAR rocket which has been described in AO:OA-76-02.
This report describes the results of the second of two scheduled flights, 77-
18 SPAR VIII. The first experiment was conducted on SPAR VIL
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CHAPTER III

SECTION 2

O_ECTIVES

The primary objectives of the flight were to:

1) Determine the sphericity of a positioned liquid shell, The equi-
librium shape of a positioned liquid shell is the result of the balance of
acoustic forces and surface tension. The sphericity of the liquid bubble will
be determined from the film record.

2) Study acoustic techniques for centering a large bubble, The cen-
tering forces generated by the acoustic oscillation and rotation of the
liquid shell will be determined. The acoustic fields will be configured to
first impart a torque to the shell and then to excite selected normal modes
of oscillation. The centering due to oscillation will be compared with theo-
retical models developed at JPL. The centering force upon the bubble as the
shell is rotated acoustically will be determined and, in addition, any cen-
tering along the rotation axis due to secondary effects will be sought.

3) Determine the perturbation on bubble center in_ by G-jitter, As the
rocket experiences G-jitter, the chamber moves back and forth arround the
shell. The bubble experiences s non-symmetrical modulating force, thus per-
turbing its shape and position within the shell. This caii produce unwanted
coupling between rotation and oscillation of the drop.

4) Study the resonant frequencies and dampin_ mechanism of bubble
oscillation, The resonant frequencies of the liquid shell have been calcu-
lated. This experiment allows comparison of observed and calculated values.
It provides data for determining the functional form of the damping coef-
ficient.

5) Adiabatic expansion of a liquid bubble, The liquid bubble's size
and wall thickness are determined by the pressure difference and surface
tension across the two water/air interfaces. As the exterior pressure de-
creases, the bubble expands in size while its wall thickness decreases.
Analysis of the flight film will provide information on any surface insta-
bilities and also on the velocities and accelerations of flows within the

1 iqui d.
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CHAPTER III

SECrION 3

APPARATUS

The experimental package used for this SPAR flight was the acoustic
levitation rocket instrument which had flown on SPAR Vll 77-1g/I on May 14,

1980. The instrument was designed to allow the injection of air into the drop
to form a liquid shell. For this flight the dimensions of the chamber and the
signals to the drivers were modified to enable the shell to be rotated. This
flight was the second of two flights studying liquid shell behavior.

A. General Description

Figure I shows the SPAR VIII rocket payload 77-18 with the payload shell
removed. The instrument consists of a triaxial acoustic resonance levitation
chamber which has been used to position and control liquid drops and shells
in low-G environments. I-II This particular chamber is nearly cubical with

two equal dimensions to generate interference effects which could be used to
rotate the shell. The chamber's inside dimensions are 11.42 x 11.42 x 12.70
cm along the x, y, and z axes respectively. Acoustic drivers are fixed

rigidly to the centers of three mutually perpendicular faces of the chamber.
The walls opposite to the drivers are made of glass to allow illumination and
observation of the shell.

During operation of the system, each driver excites the lowest-order
standing wave along the direction in which it faces. In a resonant system,
the pressure is maximum at the nodes of the velocity wave and minimum at the
antinodes; for this geometry the velocity nodes occur at the walls and the
antinodes at the center of the chamber. There is a tendency for introduced

objects (if their density is greater than that of air) to be driven toward
the antinodes, where they collect and remain until the acoustic excitation is
turned off. Because this is a three-dimensional system with independent con-
trol on each dimension, it has a great deal of versatility. It can position
a drop acoustically and then manipulate it - also acoustically - by inducing
either drop oscillation or rotation.

The primary source of data for this experiment was the cine film record
showing three views of the shell obtained by the 16 mm camera. The camera is
directed along the z axis; two mirrors give nearly orthogonal views along the
x and y axes. Figure 2 shows the positions of the chamber, camera and mir-
rors. In addition the sound intensity at each wall, the deployment system,

camera and lighting status, the frequency of the z axis signal and the
ambient pressure were monitored and recorded. In addition to this telemetered
data, accelerometer data was supplied by MSFC to aid in the data analysis.
The x, y, and z axes of the accelerometer are parallel to the x, y, and z
axes of the acoustic chamber; the view of the camera for each of the axes is
from the positive axis to the negative axis of the accelerometer.
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Figure 1. The SPAR Experiment 77-18 payload and its housing.
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Figure 2. Sketch of the SPAR experiment payload showing the relation of
the acoustic chamber, camera and mirrors.

B. Sequence of Operations

This section gives the operating characteristics of the acoustic chamber
required to deploy a shell as well as oscillating, rotating, and expanding it
adiabatically.

(1) Deployment and Initial Positioning The liquid used in this exper-
iment was distilled water to which a small quantity of red dye had been added
to provide optimum contrast in the cine film. The water had been left under
vacuum for 24 hours to minimize the dissolved air in it. The surface tension

of the dyed water sample was measured before the flight and was found to be
71.0 + 2.0 dynes/cm.

Before the liquid was injected into the chamber the acoustic drivers

were turned on and allowed to warm up. The water was deployed into the center
of the chamber through both syringes. The 5.77 cc of water was deployed in
15 sac. Five seconds after the end of the water injection, 4.21 cc of air was
injected over 15 seconds through lines that were concentric within the water
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syringes. The slow injection of the air was critical to minimize unwanted
flows within the shell and to generate a single large bubble. To increase the
odds of a successful deployment the outside of the injectors were coated with
Fluorad FC-721, an antiwetting agent produced by 3M, to inhibit the flow of
liquid away from the tips of the probes. This was performed immediately
before the payload was sealed at WSTR.

Because two of the dimensions of the chamber were identical - a con-

dition required by the rotation sequence of the experiment - the signals used
to center the drop along those axes had to be modified. The interference
resulting from signals of the same frequency would greatly distort the
acoustic potential well causing the shell to be distorted or even shattered.
To prevent these undesirable results caused by the interference, the signals
were alternately turned on and off at a relatlvely low frequency and at a
correspondingly higher intensity to provide the centering force used to
position the shell in the center of the chamber. This technique has been
called complementary modulation. Some of the pertinent mathematical expres-
sions are presented and discussed in Section 4.

(2) Rotation The desirable result from the interference caused by
driving two of the signals at the same frequency is the ability to generate a

torque on the shell about the z-axis. The centripetal forces on the bubble
created by any rotation insure that the bubble boundary and the outer boudary
will become concentric - at least when viewed along the axis of rotation. The
interference effects between two signals provide a net torque when the rela-

tive phase between the dynamical variables of the two signals is sustained_
this requires that the frequencies be the same. For a phase difference of 90

degrees the torque will be maximum. The torque is applied for 15 seconds and
an equal period is provided for studying its spin down.

(3) Forced Oscillations With the bubble centered in the x-y plane by the

rotation, the acoustic signal in the z direction was amplitude modulated at a
frequency which was swept through four of the shell's calculated resonances.
The oscillation of shells in response to a force applied near one of their
resonances has been observed to center compound drops in laboratory experi-
ments performed using a neutral buoyancy tan_

(4) Adiabatic Expansion The chamber was connected through two valves to
an overboard vent. The first valve was opened at 293 seconds and closed at

323 seconds while the second system was used between 327 and 366 seconds.
This chamber depressurization provided controlled expansion of the liquid
bubble. The volume of the shell system was expected to increase by a factor
of 250_.

C. Instrument Calibration

(I) Acoustic Calibration The determination of the acoustic intensity in-

side the chamber is difficult to accomplish without a calibrated microphone
_n the chamber. Because the primary interest was in the balancing of the

positioning forces produced by the acoustic standing waves along the three
directions, the amplitude of the signals to the acoustic drivers were ca1-
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ibrated by measuring the acoustic positioning force itself in each of the
directions. This force measurement was made by suspending a low density
(styrofoam) sphere (1.25 cm in radius and weighing 0.229 g) 3.175 cm from the
center of the chamber on a thin string 5.08 cm long (see Figure 3). The
signal to each speaker was adjusted so that the acoustic force deflected the
sphere 0.115 in. (6.292 cm) toward the center of the chamber. This corre-

sponded to a force of 12.9 dynes.

The signal levels to the speakers were preset so that the acoustic
centering force would be 25.0 dynes during this flight. During the rotation
sequence the signal levels to the x and y drivers were reduced so that the
centering forces would be the same as those during the periods of complemen-
tary modulation.

l_Zo --I

A

FooCzo_d) = _m.dL

Figure 3. Arrangement used to balance the acoustic forces during
calibration.

(2) Liquid and Gas Volumetric Calibratio_ The liquid and gas deployment
systems were tested before the flight by taking repeated volumetrlc measure-
ments of the deployed liquid an'd gas. There was a variability of several
percent in these measurements caused by backlash in the gears that drove the

syringe system. Typical measured volumes were 5.77 +_ 0.1 cc water and 4.21 +
0.1 cc air.

(3) Sequence and Time Line Calibration The control program for this
experiment had been run through the flight sequence over I06 times in pre-
flight tests. No deviation from the programmed sequence was observed in
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these tests.

(4) Cine Camera and Lighting Calibration Camera, lighting and film tests
were run before the flight. A liquid drop was simulated, placed in the
chamber and photographed with the flight camera to test light levels and
camera alignment. In addition, twenty reference points (in the form of 1/4
in. bullWs eyes) were carefully located on the paper surface covering the
walls opposite the windows to aid in the data analysis of the cine record. A
typical frame from the cine film is shown in Figure 1 of Section 5. The
quality of the images was confirmed by the PI and Col to be acceptable for
data analysis.

D. On-Site Activity (Nov 18_ 1980)

(i) Pre-flight Preparation Pre-launch testing of the 77-18/2 instrument
flown on SPAR VIII indicated all systems were functioning and ready for
flight. The day before the probes had been cleaned, the anti-wetting solution
applied and the injectors had been positioned in the payload. The dyed water
was transferred to the experiment's reservoirs.

For this flight it was decided to not use the stabilization system, i.e.
not fire the small control jets, and hope that the rocket did not tumble or
rotate too fast. This was decided on the basis of experience from previous

flights.

(2) Telemetry Analysis Initial study of the telemetry data from the

experiment indicated that the experiment functioned according to the pre-
launch timeline that had been programmed into the instrument. All subsystems
on the instrument operated as commanded by the programs.
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CHAPTER III

SECTION 4

_HEORETICALBACKGROUND

This section contains a review of the theoretical considerations used in

the design of this experiment as well as the models used in the analysis of
the data. Acoustic positioning in one dimension is described mathematically.
The interference effects generated by the acoustic field in a chamber with
two equal dimensions are described and complementary modulation, the method
used to minimize the undesirable interference, is presented. The results of a

theoretical model of compound drop behavior are used to predict the natural
oscillation frequencies and estimates of the damping coefficients for the
liquid shell produced in this experiment. Short descriptions of the acoustic
torque and a review of theory of rotating liquids are presented. Several
comments are included on stimulated oscillation and the adiabatic expansion

of a liquid shell.

A. Acoustic Positioning

The use of acoustic standing waves in a rectangular resonance chamber to

position and manipulate samples is an established technique. I-3'7-11 Experi-
mental measurements have been made on the centering force for various con-

figurations of the resonant chamber. Parallel theoretical descriptions have
been developed which characterize the force fields and the underlying pro-
cesses involved. 14'15"16 A short review of the theory of acoustic levitation

is presented in this sectio_

The frequency of the sound used for positioning is picked so that the
chamber becomes a resonator which stores the acoustic energy injected by the

loudspeaker driver(s). To generate the constructive interference inside a
rectangular chamber it is necessary that the sound from each of the drivers
be in phase at any position within the chamber with all previous waves from
that driver which have been reflected: the time it takes for the wave to
cross the chamber and return to the wall should be the period of the wave: T

= 2Lz/€. Or its frequency is _ = 2_c/2L z. In fact since the resonance condi-
tion requires only that the incident and any re-reflected waves be in phase,

many frequencies are possible: _n = n_c/Lz where n can be any integer. For
the fundemental mode, n=l, there will be a single plane located midway be-

tween the walls (corresponding to the antlnode of the velocity potential) to
which particles will be forced by the acoustic fiel&

The centering force generated by a standing wave in the z direction can
be related to the various parameters of the system: the acoustic field can be
described by either the acoustic pressure, p, or the particle velocity, u_
the atmosphere by two of the three parameters - density, p, .the speed of
sound, c, or the temperature of the gas, T; and the geometry of the chamber
is completely defined by its length along the direction of propagation, which
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will be Lz when the source of the sound is the driver located on the z axis.

The microscopic parameters of the aoustic field, the pressure and the
particle velocity, can be expressed as simple functions of a velocity poten-

tial, _: u_. = a_/ax i and Pi = -Pail/at" Because the sound is reflected the
acoustlc _ields are standing waves in which the nodes and antinodes of the
pressure and velocity waves are stationary. The velocity potential of a one-

dimensional standing wave in an empty rectangular chamber and the corre-
sponding pressure and component of the particle velocity are

?(r, t) = (pzo/i_zp) cos (kzz)ei_z t (la)

p(r,t) = Pzo sin(kzZ) sin(_zt) (ib)

and Uz(_,t ) = -(pzo/PC) cos(kzZ) cos(t0zt ) (Ic)

where Pzo is the amplitude of the acoustic pressure at the wall, k is the
wave number defined by k z = _z/C, and z=0 at the center of the chamber.

The quality of the chamber as a resonator is embodied in (in" the quality
factor for each of the modes,

fn _ nc/Lz

(In - Af n Af n

where Af n is the full width at half maximum of the resonance curve (i.e. the
acoustic intensity versus frequency curve). It reflects the precision of the
chamber's construction: the parallelness of its walls, the size of any dis-
ruptions in the walls, and the success of the coupling and transmission of
sound from the drivers to the chamber. Typical values for SPAR-size chambers
range from 25 to 75. The energy injected into the acoustic chamber when at

the correct frequency for resonance, in' will persist for 25 to 75 periods of
oscillation. As a result a finite time is required both for the build-up and

dissipation of the acoustic energy - times on the order of (I/in"

Calculation of the acoustic forces on a liquid drop or shell is simpli-
fied by the fact that there is a large impedance mismatch between the liquid
and the air and complicated by the fact that the surface of the _rop is

neither rigid nor static. The characteristic impedance of the liquid, PsC,l
is very much greater than that of the gas, pc: PsCs/PC "" 105 cgs/40 cgs -1_

where Ps and p are the densities of the liquid and gas, respectively, and c s
and c are the respective sound velocities. Because of this mismatch, the
acoustic power transmitted into the drop is three orders of magnitude smaller
than that in the gas and can be neglected_ Because the mathematics of deter-
mining the forces of a deformed sphere are complex, most calculations have
been for rigid spheres or for shapes which have been slightly perturbed from
spherical.

The acoustic radiation pressure is the change in the ambient pressure due
to the presence of the acoustic wave. It results from considering nonlinear
effects due to the distortion of real acoustic waves and is defined by
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<_e>= (-_-;/2pc=) - (l/2)pu-£ (2)

The bars indicate the averages over time of the dynamic variables, p2 and u2.
Thus from time-varying acoustic quantities a time-invariant pressure is
obtained but only when the former are large enough so that their behavior
cannot be described by linear equations of motion. When the standing wave
expressions of (1) are used, the radiation pressure can be written as

2 2

<AP> - kzPz cos(2kzz ) (3)2pc 2

where Pz is the rms value of the acoustic pressure. This change in the static
pressure has been verified experimentally to behave sinusoidally in space and
to be proportional to the intensity. 15 The centering force can be found by
integrating this time-invariant pressure over the surface of the object which
is to be positioned (assuming for the present that the presence of the object
does not affect the the acoustic field):

F =- _[ <AP> ndS (4)

where n=(sinecos6, sinOsin6, cose) is an outward-facing vector normal to the
surface at the point (a,_),_), and dS = a2sinedOd6 is an element of area on S,
the surface of the sphere. The force resulting from the radiation pressure of

Equation 3 on a sphere of radius a and density Ps is

A 2H 2 J

F(z)~ = -e z 3P c2 Pz kz a sin(2kzz) (5)

This force is maximum at the planes described by z = _/4k_ = +L_/4 and is

zero at z = 0, Lz/2 (the center of the chamber and the two_wal_s_. Because
the force is positive when z < 0, the object will feel a force towards the
right (or center). Similarly on the right the force w111 be negative and
toward the center (or left). In a zero-gravity environment the object will be
positioned with its center at z = 0.

An object positioned by the acoustic field also affects the field: to
correct for the effects of the scattering of the sound by a finite sample the
force in Equation 5 should be increased by a factor of 1.25. To more accu-

rately describe the scattering from a finite sphere, the function _(2ka)
which is due to King must be incorporated. 13

5_ 2 a s ;(2kza ) sin(2kzZ) (6)Fz = Pz kz6pc =

= Fmax sin(2kzz)

where _(a) = 3a-Z(sina-acosa]

~ 1 - a=lS.

If consideration is limited to the case in which the object stays close to

the center, i.e. (2kzZ) << I, Eq. 6 becomes
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5n pz2 kzs *Fz ~ a (2kza)
3pc2, z (7)

~ (constant) z

which has the same form as the restoring force for a simple harmonic oscilla-

tor. If the argument of the sine function, 2kzZ, is not too large, the object
in the acoustic well will move with a well-defined frequency when displaced
from its equilibrium position

2 2

2 5k zP z _(2kza )
_z = 4PsPC2

(s)

in which Ps is the density of the sample. Using this formula and the frequen-
cy of the oscillations of the drop about its equilibrium position in the
acoustic resonance chamber the sound pressure level can be determined. For

the SPAR experiments the frequencies of oscillation in the potential well of
the simple water drops have been roughly 0.15 Hr. Because the density of the
shell is less, its frequency of oscillation in the potential well will be
higher: roughly 0.18 Hz.

If there is an acceleration acting on the entire system, the system will
move and the sphere will become displaced from its equilibrium position
because the object is loosely coupled to the chamber and the outside world by

the small acoustic forces. If the perturbing acceleratlon, a_er t, is in the z
direction and constant in time the equilibrium position wil_ be displaced by

AZpert =-(m al_ert)/{2k Fma ;} from its initial location. When the object's
response as a _unction of tlme is considered, account must be taken of the

slight resistance to the sphere*s motion through the air for it is the force
which determines how quickly the oscillations die out. This resistance is
characterized by the drag coefficient, 6.

When an acceleration is applied to the system the object will respond by
moving toward the new equilibrium position, pass through it, and oscillate
about it for times on the order of I/5, if the perturbing acceleration

remains constant. When the sam21e is displaced the time required to Peach the
equilibrium value is (40z/2_)-± where Oz is the frequency at which the object
w111 continue to oscillate as it passes through the new equilibrium value.
Because the duration of the non-zero accelerations in experimental situations
will generally be much smaller than 1/6 (~100sec.), the object will have
insufficient time to reach the equilibrium position initially much less to
oscillate about the new point. Whenever the acceleration changes, the posi-
tioned object will move towards the new equilibrium point. T_e center of the
oscillations will be the center of the chamber unless the average accelera-
tion over a sufficient period of time is not zero. Oscillation in the poten-
tial well results only when the perturbation has a certain size and duration.

To determine the minimum acoustic pressure required for stable posi-
tioning for a given sample, the acoustic force (Eq. 7) is equated to the
product of the object's mass, the maximum anticipated acceleration and a
safety factor, S. The result can be expressed as the amplitude of the acous-
tic pressure or as a sound pressure level (in decibels relative to the ref-

erence pressure, Po ~ 0.0002 dynes/cm 2) which describes the intensity of the
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sound :

SPL = 20 log(prms/Po)

= A+ R+ 7 (9)

where A = 10 log{S(amax/iPg)}

(8 pc2(ws)ppo2 ki # lpg1
R = 10 log _ [(2kia )

_0.0dB at WSMR

and 7 = ¢(1.9dB at _PL

A is'composed of the maximum anticipated acceleration, ama x, and a safety

factor S to guarantee that Fma x will be sufficient to keep accelerations less
than ama x. R contains information about the positioned sample - its density
and size and aboust the size of the chamber, while 7 compensates for the

difference in ambient pressures betweenXPL (near sea level, pc 2 ~ 1.4x10 _
dynes/cm 2) and the White Sands Missile Range (nearly one mile higher, pc 2 ~
1.12x10 _ dynes/cm2). For this experiment the acoustic forces were balanced so
that the sound pressure level would be 145dB for each axis and Sama x would be
1300pg.

Two-Dimensional Acoustic Pressure Well

When standing waves are generated along two nonparallel axes the cen-
tering in of the two directions is similar to that described above and the
combined result of the two forces is that the equilibrium position is a line
- the intersection of the two one-dimensional nodal planes. The two signals
and the resulting forces are independent to the extent that they do not
interfere. In order for the waves to interfere the frequencies of the signals

must be very close. Consider the general velocity potential describing stand-

ing waves along the x and y axes (for which Lx anf Ly may or may not be the
same)

= Tx sin(kxx)eimxt + Ty sin(ky y)ei(_yt+_) (9)

where p =-pa._/at and u i = a_/ax i and _ is the relative phase between the
the x and y szgnals at t=O. 1_ie resulting pressure before time-averaging is

AP- 1 { px(l_co s kxX_CO s _xt)
2pc 2

2

+ py (l-co s_kyy-co s=_yt) (10)

+ pxPy(sinkxx sinkyy) [cos_(cos__t-cos_+t)

+sin{ (sin_+t+sin__t)] ]

where _+ _. _x+__y. The largest distortion occurs at the locations in the
cnamoer-wnere tlieforce is maximum (at a distance d = Lx/4 or d = Ly/4 from
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the center).

When _• and _y are sufficiently seperated, the effects of interference
can be neglected and the resulting radiation pressure is the sum of two
single-axis pressures. In this experiment the • and y dimensions of the
chamber are different than that in the z direction: ii.43cm and 12.70cm,
respectively. The seperation is sufficient that when the amplitudes of each

component (Px' Pv' Pz ) are chosen correctly the isobars are circular near the
center of the chamber providing balanced and symmetric forces near the cen-
ter. The time-average of Equation I0 is

2

<AP>= 4pc_1{p• cos2k••+ pyCOS2kyy}. (11)
When the two dimensions are equal the interference term becomes impor-

tant and the resulting acoustic radiation pressure is

2

<AP> = - ---/--1 { p•cos2k•• + p;cos2kyy (12)2pc 2

+ 2pzpy cos_ sinkz• sinkyy }

The interference will distort the lines of constant pressure from circularity

near the center of the chamber - except wh-en _ is near +_/2. The • and y
dimensions of the chamber are the same: 11.43cm. Unless the slgnals are
modified or have a 90 ° seperation between their phase, the radiation pres-
sure, the force field and also the shell will be distorted.

When _ = +_/2, the fact that the two waves interfere does not affect

the positioning force and it is the same as the that given in Equation 11

with k = k x = ky. A fact which has notobeen mentioned in this section is that
when the relatlve phase is neither 0 nor 180-, there is a torque about a
line through the center and perpendicular to the square cross-section. This
torque is maximum for _ = +_/2. So although the centering force is not
distorted for this phase separation, the object will feel a torque. It is
this condition which has been used to generate rotation in both laboratory
and SPAR experiments.

Complementary Modulation

To take advantage of the acoustic torque capability provided by a cham-
ber with two equal dimensions required some signal modification in order to

provide a balanced acoustic centering force when the torque was not desired.
The technique which has been used in both SPAR and KC-135 experimennts is
complementary modulatlon_

In this mode the x and y signals are alternately switched on and off at
the frequency, f_m (Figure la illustrates the waveforms), f__ was chosen to

t_"elle well above highest frequency to which the liquid m±ght respond and

well below the frequency used for the centering force: f4,- ~ 6 Hz << fcm ~
30 Hz << f ~ 1000 Hz, where f = f• = f_. A finite time is required both for
the buildup and decay of the acoustic i_tensity in the chamber every time the

speakers are switched on or off: t ~ Q/f. The resulting amplitude of the
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acoustic pressure will look more like those shown in Figure lb than those of
la. The only times the signals are both present and able to interfere are
just after switching and its effects diminish as the decreasing amplitude
vanishes. In this manner the signals are not allowed to interfere with the
drop's behavior.

To lowest order the appropriate velocity potential for complementary
modulation can be written

1

T(x'Y)= 2p----_{ Px sinkx sin_t (l+sinmcmt) (13)

+ py sinky sin_t (l-sint0cmt)].

When the time-averaging of the dynamic quantities is taken over times
short compared to the complementary modulation switching time, the acoustic
radiation pressure is

1
<AP>= [px2 cos2kx (l+sin_cmt) •

8Pc_ (14a)

+ py2 cos2ky (1-sin_cmt)_}

When the time scale used is on the order of a period of the drop's oscilla-

tion, the radiationpressureis
3

{p2 cos2kx + p2y cos2ky } (14b)<AP> 16pcs

Equation 14a shows that the field is oscillating at _cm while 14b demon-
strates that this oscillation of the centering force will not perturb the
drop.

The on/off character of the complementary modulation means that both the
radiation pressure and the effective force for each axis are reduced because
each signal is at full strength for only half of the time. They are reduced

by a factor of 3/4 and the corresponding frequency of oscillation in the well
will be reduced by a factor of 0.87.
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Figure I. (a) The signals sent to the x and y drivers during comple-
mentary modulation. The switching frequency is roughly 30 Hz
and the positioning frequency is 1300 Hz.
(b) The x and y signals as seen in the throats of the
respective loudspeakers. The finite time required for buildup
and decay is related to OJf.
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B. Natural Oscillations

A theoretical treatment of the normal modes of oscillation for compound

drops has been formulated by Saffren, Elleman and Rhim. 17'18 It includes
observations of compound drops in a neutral buoyancy system which corroborate
the basic features of the theory. Assuming that the boundaries of the resting
compound drop are concentric and the fluids are inviscld and incompressible,
the theory predicts shape oscillations similar to those for a simple drop.
They can be described by a 'principal' mode parameter, n, where n=2 cor-
responds to oblate/prolate oscillations and n=3 to a series of triangular
shapes (see Figure 1). In addition there are two sub-modes corresponding to
each principal mode for compound drops: for the higher frequency branch, the
+ mode, the inner and outer surfaces of the shell oscillate in phase, whereas
for the - mode, the two surfaces move with a relative phase of 180 ° and at a
lower oscillation frequency (see Figure 2). The existence of these modes has
been demonstrated in a neutral buoyancy system and the frequencies and ampli-
tudes of the oscillations have been found to agree with the predictions of

the theory. 17'18 All of the shapes obtained from the normal mode solution are
symmetric about a vertical line passing through their centers ( which for the
plots in Figures 1 and 2 would be in the plane of the paper).

_ime -->

Figure 1. Normal mode oscillation shapes for a simple drop. The
increment of time between shapes is I/(4fn).
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n=2-

n=2+

Figure 2. Normal mode oscillation shapes for a compound drop. The

time increment between adjacent shapes is i/(4fn).

The two sub-modes are also called the sloshing mode and the bubble mode
because of the characteristics which the compound drops displayed in the
neutral buoyancy experiments. In the - (or sloshing) sub-mode the fluid seems

to rush from the poles to the equator and then back again and in the bubble
(or +) sub-mode the shape of the outer surface mirrors the oscillations of
the bubble.

The theory describes the boundaries by a palr of equations of the form

R(e,y,t) = R + AR(e,y,t) (1)

where R is the radius of the inner or outer boundary at rest and AR repre-

sents the deviation from sphericity. A normal mode solutlon for the boundary
oscillations is used

= R +_, 8R(n) Y_,,,(e,t) ei_n tR(e,_,t) (2)
n,m

in which the boundary is represented by the superposition of spherical hat-
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monics, Ynm, which oscillate with an amplitude 5R(n) at the frequency _n" The
frequencies of the natural oscillations are predicted to be

'"n,+ = 2a (31

where a = n{_i_ o - ApiAPo_-2n-1}/p 2, (4a)

=- (On=e'{(_o+_ie-3+Apoe-2n-l+Apie-2n-4)}/pa, (4b)

4 $

7 = _n s {1-e-2n-1}/_ 2, (4c)

2

and _n = n(n-l)(n+2)_o/(PRo'). (5)

_n are the frequencies of the normal modes of oscillation for a simple drop
with the same radius as the shell, Ro. e is the aspect ratio, the ratio of

the equilibrium outer and inner radii of the shell, e = Ro/R i. _ _o/_i in
which a i and a o are the surface tensions across the inner and outer surfaces

of the shell, p, p$ and Po are the densities of the shell, the inner and
outer ( or core anohost) fluids with Api _ (p-pi)/n, APo- (p-po)/(n+l) , Pi

Pi/n + p/(n+l),and Po ---Po/(n+l)+ p/n.

In this experiment the inner and outer fluids were air and the shell was
dyed water. It has been assumed that the surface tension across the inner
and outer surfaces was the same. For an air/water/air system the parameters
of Equations 4 can be rewritten as

a =- n s-3 (1-s-2n-l), (6a)

2
= _n {(n+l)(I+8-2n-4)+ n(s-3+s-2n-1)] (6b)

and7 = - (n+l)_n4 {1-s-2n-1}. (6€)

Using these equations a set of curves describing the natural frequencies
of oscillation for the various modes was constructed. Figure 3 contains a set
of universal curves for a shell ( i.e. an air/liquid/air compound drop) of
constant total volume which give normalized frequencies for each of the two
submodes for n = 2, 3, and 4 as functions of the relative bubble size. For
the programmed volumes of 5.77 cm _ water and 4.21 cm s air (for a relative
bubble volume of 0.42 or s = 2.37) the frequencies corresponding to the
sloshing sub-mode are 1.80 Hz (n=2-), 3.90 Hz (n=3-) and 6.51 Hz (n=4-) while
the lowest frequency of the bubble mode family would be 6.32 Hz (n=2+). The
programmed volume ratio is indicated by the arrow and the scale on the right
side of the graph is the frequency in Hertz for a system with a total volume
of 9.98 cm 3. To find the frequencies (in Hertz) of the normal modes for a
liquid shell of any size determine N for the desired mode and sub-mode from
the left scale of Figure 3 and use the relation
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Figure 3. Theoretical curves of the normalized frequencies of oscilla-
tion for a liquid shell in air as a function of the relative
volv_e of the bubble for constant total volume. I' The
frequency scale on the right is for a water shell with
Ytot = 9.98.

_ N a_.f (Hz) 2r, (7)

The theoretical treatment does not give the amplltude of the inner and
outer boundaries' displacements, 5Ri(n) and 5Ro(n), but their ratio

(n+l) e2n+4
where d = G (8b)

2(2n+1)o z

ne -4n-2 n+ (n+l) e-4n-2
and G = [I+ .}{I-o28-6 .} (8c)

(n+l) (n+l)+ne-4n-2

_ 1 for e > 1.1 .
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The amplitudes of the displacements of the two submodes fez the same princi-
pal mode number, n, are related by

. -- (9)
_2 6Ro(n)6Ri(n)+=

The right side of Equation 9 will be positive because the two boundaries

always move out of phase in the sloshing mode. For the expected shell the
ratios of the outer to inner displacements are predicted to be -597. for
n=(2-),0.002for n=(2+),-3205.forn=(3-),0.0003for n=(3+),-18726.for
n=(4-),and 0.0005for n=(4+).These numbers indicatethat the motions of the
two surfaces are relatively uncoupled according to the inviscid model. The
shapes shown in Figure 2 reflect these ratios. Only when the shell becomes
very thin (s i 1.1) does the predicted coupling increase significantly.

The theoretical characterization of the damping processes within a
compound drop (or a liquid shell) has not been performed. Assuming that the
oscillations of the two surfaces are not coupled, the damping coefficients
for the normal modes of a simple drop can be used as an estimate for the

damping coefficient of the sloshing sub-mode _r which the oscillatlons of
the outer boundary have much greater amplitude, _

_n = (n-l)(2n+l)V_o2 , (I0)

where v is the kinematic viscosity of the liquid. The damping coefficients

for the expected shell are _2 ~ 0.028 sec -I, _3 ~ 0.078 sec -I and _4 ~ 0.151
sec -1. In an analogous manner using the formula for the damping coefficient
for bubble oscillations inside an infinite viscous host, 20

bn = (n+l)(2n+l)v/Ri2, (ii)

which for the anticipated bubble size, gives b 2 ~ 0.149 sec -1, b 3 ~ 0.279
sec -1 and b 4 ~ 0.448 sec -1. These values indicate that the lowest sloshing
modes should persist for roughly 40 seconds while the bubble mode oscilla-
tions will #ontinue for times on the order of 6 seconds.

It is not clear how to combine Equations 10 and II to obtain meaningful
estimates of the damping for each of the two sub-modes. The theoretical
framework developed to obtain the frequencies of oscillation for compound
drops is not appropriate to finding damping coefficients since the viscosity

of the shell has been ignored. A phenomenologial treatment of the damping in
compound drops may be performedusing oscillationexperimentscarriedout in
the neutralbuoyancy tank,
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Acoustic Torque and Rotation of Liquids

A brief theoretical description of the torque generated by the inter-
ference of two orthogonal acoustic waves of the same frequency is presented.
A formula for the acoustic torque acting upon a rigid sphere is given as well
as a simple model for its spin-up and spin-dowm A summary of the theoreti-
cal work on the rotation of simple drops is also presented.

Nearly one hundred years ago Lord Rayleigh reported that an acoustic
torque was produced on a disk when the direction in which the sound was
propagating differed from the axis of symmetry. 21 It was the result of an
imbalance in the Bernoulli pressures on the two faces. The acoustic torque
used in this and other SPAR experiments as well as laboratory investigations
is fundamentally different from that involved in the Rayleigh disk. 22"23 Two
more speakers are driven at the same frequency and the interference of the
acoustic standing waves causes the air molecules to move along small ellip-
tical paths. When the frequencies differ the axes of the ellipses preccess
and the motions of the particles are not coherent. When the frequencies are
the same the phase relation between the waves and the individual molecules
remains constant and the axes of the ellipses are fixed in space. These
microscopic motions are coupled to the macroscopic rotation of a large object
in the field by viscosity. The magnitude of the torque is proportional to
the product of the amplitudes of the acoustic pressure for the two signals
and the surface area of the object and is greatest when the relative phase
between the two signals is _-_n/2.24

Model of the Acoustic Torque, A mathematical model of this acoustic torque

due to viscosity has been developed by Busse and Wang. 24 They study the
effects upon an axisymmetrlc object of the motions of air molecules induced
by a given acoustic pressure field. Formulae for the torques on disks,
spheres and cylinders are derived for two orthogonal standing waves of the
same frequency. This section provides an outline of the analysis which they
performed.

To examine the torque produced acoustically upon a rigid axisymmetric
object, they analysed the particle velocity, u, which results from the acous-
tic pressure

= po(_) e -i_t (I)p(_,t)

in which Po(r) is chosen so that the boundary conditions

n • u = 0 and n x u = 0 (2)

are met on the surfaceof the rigid body, S. n is the unit vector normal to
the surface,The velocityfield which satisfiesEquations2 at the surfaceis
splitinto a viscous component and an inviscid one:
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~u= uv + ui. (3)

Each component is determined by appropriate equations of motion and the total

must satisfy Equations 2. The velocity field, _, is given by the linearized
inviscid equation of motion

P

where p is the mean density of the homogeneous fluid outside the surface S.

uv is constructed to be infinitesmal beyond a few lengths from the
surface. The boundary layer in which the viscous solution is important has a

thickness which is scaled by Lv =4_-/_. v a is the kinematic viscosity of
the outside medium and _ is the frequency of the acoustic wave. This viscous

length, Lv, is assumed to be small compared to the wavelength, Z = 2_/k, of
the acoustic waves as well as the radius of curvature of S. uv must satisfy

V "_Uv = 0 (Sa)

(__'__v= -i%Uv (_)

and decay exponentially away from S. The two problems are coupled through the
requirement that the total field satisfy Equations 2.

Using Equation 4 to define _i as a function of the pressure field, a
solution of (5) can be expressed as

x (P°)[ exp{ - (I i)nXEv =-n V i_p _ 4} (6)
{=O

The boundary layer coordinate, _, is defined by

= E" (E,- Es)_//Q_a ('7)

where r¢ denotes the position vector of a point at the surface S. While
solution (7) satisfies the boundary condition, n x u = 0, it does not

satisfy the continuity equation, _ eUv b=e 0" Using Equations 6 and 5a, ahigher order correction to uv is found to

n'u = _ (_ xV)_ o w,.. ,...v 2 exp{-(1-i)_} (8)

l_=o

which decays towards the exterior. In order to satisfy the boundary condi-

tion, u • n = 0, a perturbation of the inviscid velocity field, u i, is re-#w

quired. That change is
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~nu.~1= (n xV) 2 P l-i (9)

[_=0

A torque on the body can only be generated by viscous stresses exerted
on the surface S acting over a sufficient length of time. A nonzero contribu-
tion to the time average of the velocity field can only be generated by the
nonlinear terms of the equations of motion. Since the potential flow of the

exterior, ui, does not generate a time-independent component of the total

velocity field, the mean flow must arise in the boundary layer, i.e., uv.
Using the unit vector a in the direction of the axis, the magnitude of the
torque required to produce the velocity at the surface for which all the
boundary conditions are satisfied is

T = _ dS PV a x r 6 (n'_)I~ ~ (I0)r=_~ s
m

where u is the time average of u, the total velocity fleld,

u + '~• ~b ~N, (il)

Acoustic Torque on a Rigid Sphere. Restricting attention to the limit [krs[
<< I, the pressure field generated by two standing waves of the same frequen-
cy propagating in orthogonal directions is

Po(_ ) = Px sin(krsinOc°sg)e-i_t

+ Py sin(krsinOsin6)e-i_(t-t°) + Pos (12)

= 3[Jl (k,r) +51y1(kr) ] {Px sinOc°s#e-i_t

+ Py sinOsin_e-i_(t-to)}

where r, O, and _ are the spherical coordinates of a point in the pressure

field, jl(k.r) and Yl(kr) are the spherical Bessel functions of order I, 51 is
a phase angle due to scattering effects, and _t o is the phase angl e between
the two signals. This pressure field gives rise to a torque about the polar
axis whose magnitude is

3p_ y AL v sin(_t o) (13)T - 4 pc _

where A is the surface area of the sphere and Lv = 2v/_-_./_ is the thic1_,ne ss of

the boundary layer. For the SPAR acoustic chamber, Lv ~ 0.015 cm. For a water
shell with inner and outer radii of 1.00 and 1.34 cm and a phase shift of 900
between the x and y signals, the torque resulting from an acoustic pressure
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of Px = Py = 3x10_ dynes/cmZ is 1.971 dyne-cm.

Mathematical Model of Spin-down and Spin-up. The principal force which acts
upon a rigid sphere rotating in air is the drag due to the air. In the
absence of other forces, the angular velocity, fl, and its rate of change, fl,
are related by

= -5_:_ (14)

where the drag coefficient, _, is a function of the viscosity of the air in

the chamber, Va, the densities of the sphere and host atmosphere, Ps and Pa'
and the radius of the sphere, a. Its form is agreed to be

15_'ap
5 - C, (15)

8 aPs

however values of the constant C are not. For convenience C is taken to be
1.0. For a 'rigid w water shell which has the same density as the anticipated
liquid shell, the drag coefficient is 6.gxl0-4sec -_. The solution of Equa-
tion 14 gives the rotation rate as a function of time

D(t) = flo = _o (16)
{1+(1/2) 5J]_o (t-to) } 2 (l+(t-to)/t sd }2

1

with tsd = 25/WoJ""

the time characterising spin-down, and _o, the angular velocity at time t o.

When there is a torque acting upon the sphere, the governin 8 equation is

/_ = _II - 5_ '/2 (17)

where _ is the magnitude of the applied torque and I is the moment of inertia
of the sphere. While this equation can be integrated, the resulting rotation
rate cannot be expressed as an explicit function of time. 34 Itslimplicit form
is

t-t° = in{ I+y+Ys ) 2_tan -l't_jl+2y , (18)tsu (l-y) 2

with y2 =_ fl fl= . (19a)
[_I(5I)} =_ flmax

_ 1 _ I_h= fl'max (19b)
and tsu = _ _52_J 3_/I "

flmax is'the steady state rotation rate, tsu is a time characteristic of a
sphere's spin-up under a constant torque and t o = _/_'3 so that the rotation

111-25



rate at t=O.O is zero. For a 'rigid' and concentric wate/ shell with Vb_ _-4.21_ 3 and V -_ = 5.77cm3, one obtains I = 5.42g-cm and 6 = 6.8I,.,_
sec- --2. Ine torque predicted for the acoustic levels which had been speci-
fied for the experiment and verified during calibration was 1.971 dyne-cm.
Using these values an expected spin-up curve was generated: it is the solid

line in Figure i. The steady state value of the rotation rate was _max =
65.85 sec -± and the characteristic spin-up time, t s- = 60.4 sec. A graph of
the results from a Runga-Eutta solution of (17) was _dentical to that pro-
duced by the analytic expression, (18).

Table 1 shows the times required to achieve a given fraction of the

steady state rotation rate. The relative time, t/tsu, is valid for the spin-
up of any sphere using Equation 19b to evaluate the characteristic time. The
times in the third column were calculated for the parameters of this experi-
ment.

In this experiment the acoustic torque was applied for 32 seconds al-
lowing only the early part of the curve to be studied. Because r/I is greater
than 5_ 3/2 during spin-up for this experiment, it will dominate the shell's
response and estimates of the ratio can be determined from the rate of in-
crease of the speed.

8_. I_ t , , , , l , II
]"B _ ,.=× ,

(o

\v_LgU Gz'zi

n," ! / I, S. 424 g-om'2 j

-o 20.0
4J

n,-

0.0 _ J- , , i -
Z 200 Time (gecor_ds) 400

Figure i. Theoretical spin-up and spin-down curves (solutions of Eqs.
14 and 17) using the values of torque, moment of inertia and
drag shown on the graph.
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Also shown in Figure 1 is a spin-down curve which was generated using

the same value of the drag parameter, _, and t o = 50 seconds in Equation 16.
The scaling factor for the time is tsd = 230 sec. The theory indicates that
the appropriate time scale for spin-down will be hundreds of seconds (tsd ~
450 sec.). In the absence of any.braking torque, the shell can be expected to
rotate for the remainder of the experiment (~ 200 seconds).

Table 1. Spin-up Times for a Sphere

fl/0ma x t/tsu t (see.)

0.309 1.00 60.4
0.50 1.78 107.3
0.90 5.23 315.6
0.99 9.88 596.6

Rotation of a Simple Water Drop. The theoretical study of the shapes of rota-
ting liquids held together by surface tension for the most part has focused
on the case of solid body rotation. 25"26"27 In this experiment it is the
dynamic behavior as the rotation rate increases relatively quickly from zero
to a peak value and then decreases slowly when the torque is removed which is

of interest. More accurately, the interest lies in inferring the shell's
behavior from its shape.

Chandrasekhar, Ross, and Brown have calculated the equilibrium shapes of
a free liquid undergoing rotation as a solid body. 25,26,27 Their model is
equally valid for an uncharged nucleus, a free drop of silicone oil, and a
star. Because the surfaces are not rigid they deform in such a way that the
forces due to surface tension balance the pressures created by the centri-
fugal forces. For a simple drop with density p, resting radius a, and angular
velocity _I, this balance is expressed in the Young-Laplace equation

p(out) = p(in) _ (1/2)a(V*n) (20)

with p(in) = po(in)+ (1/2)Apr_D 2

that is, the pressure jump at a point is proportional to the local mean

curvature, (-1/2)_e_ pCin) is the pressure on the inside of the surface and
is the sum of the pressure at the axis of rotation, p(in) and a pressure due

to centrifugal forces for which Ap = Pin - Pout' and r is the distance
between a point on the surface and the axls of rotation. (20) is often
expressed in dimensionless form,

Ha = AP = K + 2Z(rla)2, (21)

in which the dimensionless parameters Z and K relate the rotational and
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static pressures to those due to surface tension:

_= fl_ = (22a)
pa a

E = [P(in)-v(°ut)}ao - o (22b)
2_
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Figure 2. The theoretical relation of drop size to rotation rate:
(a) The equatorial radius divided by the non-rotating radius,
and (b) the ratio of the drop's polar and equatorial thick-
nesses as functions of_, the rotation parameter.
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Figure 2a shows the relation of _, the dimensionless rotation para-
meter, to the liquid's equatorial radius which is normalized by its non-
rotating radius. Figure 2b shows the ratio of the thickness along the rota-
tion axis to the equatorial diameter as a function of l_. There is a theoreti-

cal bound on_'_of 0.568 which corresponds to a rotation rate of flmax=
0.75_2.

In a free rotating liquid the ways to confirm rotationare to observe
trace particles within the drop or to observe a change in the equatorial or
polar dimensions. If the drop is in solid body rotation, the graphs may be
used to determine the rotation rate from data describing the change of its
shape. When the angular velocity differs from point to point within the drop,
the shape and the graphs can still be used to obtain an approximate value of
the rotation rate.

In a study of spin-up behavior in a neutral buoyancy experiment in which
a simple liquid drop was rotated in a liquid host of the same density,
limited ¢:onfirmation of the theory was obtained. 28,29 The data from the
repetition of Plateau's experiment was for low velocities in which the drop
was rotated by a disk and shaft assembly.

A further comparison of experimental data and theory was performed with
the information from the rotation sequence of the SPARVI Experiment: 76-
20. 9"10 In it a simple drop was rotated acoustically and the changes in its
shape were taken from the Cine record. Because there were no trace particles
there was no way to independently determine the rate. However, using the

ratio of polar to equatorlal size to determine and the relative equatorial
radius, the data was used to show the consistency of the theory (see Figure
3).
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Figure 3. Experimental Results from the SPAR VI Experiment 76-20 which
demonstrate the consistency of the rotation data when viewed
within the theortetical framework for a simple drop.
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D. Stimulated Oscillation

To generate the characteristic shape oscillations of a liquid drop
corresponding to one of its normal modes it is necessary to excite the drop
surface at a frequency slightly less than the free oscillation frequency. The
simplest way to stimulate drop oscillations in a rectangular chamber is to
modulate the amplitude of the acoustic pressure at a low frequency. Assuming
that the drop's position as well as its stimulation and response are sym-
metric about an axis, it is convenient to look at the axisymmetric surface
deformations: for the n-th mode,

6rn(t) = an(t)Pn(cose), (I)

with Pn the Legendre polynominal of order n, which defines the shape of the

boundary for the nth mode, and an(t ) which describes the time variation of
that mode's contribution. The surface of the axisymmetric drop- whose undis-
torted radius is a - is the sum of the distortions due to each mode

r(O,t) = a +_ Un(t)Pn(COS6) (2)
n

The amplitudes of the normal-mode oscillations, an(t), are the solutions
of the Navier-Stokes and continuity equations for each mode.

In the potentialflow approximationthe effectsof viscosityare ignored
and the particle velocity, u, is described by a scalar field 6: u = 6. The
governing equations are _ "

a__+ !(v_) 2 + _= 0
8t 2 p

(3)
V_6 = 0

The solution of Laplace's equation in the interior, _int' which is con-
strained to be finite at the center, is

6int(O't) = _ gn rn Pn (cOs8) (4)
n

where gn can be expressed in terms of an(t). This relation is found by
studying the velocity of the boundary which is, on one hand, the time rate of
change of r(6,t),

=_an(t) Pn(cOsO) (Sa)
n

and, on the other hand, Ur, the radial rate of change of 6in t,

Ur = a-_intar= _'nrn-I gnPn(COSO) (Yo)n

From these it follows that

a n

gn = nan_1
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and a_a__ _?. a n= rn Pn(cose). (6)
3A_n-

Using Equation 3 the pressure in the interior of the drop is, to the lowest
order of approximation,

a_ E _ n rn Pn(cosO) (7)Pint = -P_- = -P nan_- 1n

The external pressure field which will generate the driving force is the
acoustic radiation pressure, <AP>,

Pext = <AP>
1

- 4pc2 pz _ cos2kzz (l+am(l+cos2flmt)/2] (8)

This static pressure is the result of modulating the amplitude of the z-axis

positioning force at the frequency, Qm' with index of modulation, a m . The
modulated acoustic pressure is

P = Pz sinkzZ sinmzt (l+amsinflmt)* (9)

Note that while the acoustic pressure is modulated at _m' the radiation
pressure and the acoustic force,

S

5= kz Pz a

Fz = 6 pc2 sin2kzZ {l+am(l+cos2ilmt)/2}, (10)

to which the drop responds, are modulated at 2_m. The effective external
pressure field can also be decomposed into the sum of Legendre polynomials

Pext = <AP> = ei2Qmt£q n Pn(cOsO). (ii)
n

The pressure difference across the interface is related to the shape of
the surface by the Young-Laplace equation

H_ = Pint- Pext (12)

where c is the surface tension, and H is the mean curvature. For small
surface deformations the curvature can be expressed as

2H = [ + [= (n-l) (n+2) an(t) Pn(cOse). (13)n

When this expression and Equations 7 and 8, are substituted into Equation 12,

we obtain the equation of motion for the boundary deformation coefficients

nqn ei2Omt

where _n is the frequency of oscillation for the drop's nth normal mode. This
is the equation of a forced harmonic oscillator. Including the effects of
viscosity gives the equation describing forced and damped oscillation

III-31



"" = nqn ei20mt (15)
an + 2_n_ + _nan - ap

where _n is the damping coefficient, 19

_n = (n-l) (2n+l)v/a 2 (16)

In which v = _/p is the kinematic viscosity of the liquid. Since the sample

is being driven at 2_m, a solution of the form an(t) = Anexp(2i_m t) is
assumed and substituted into (15). The magnitude of the coefficients is

[An _ = nqn (17)

ap_(_n2-4%n_) _ + 16_n2_m=

The amplltude of the n-th mode is not maximum when the sample is driven at

the frequencies of the normal mode resonances, 2_m = _n' but at 2Qm =

_nJ1 - 2(_n/_n )_. At the latter frequency the amplitude is

[An[ma x = nqn (18)

2ap (_n+/_n_-_n2]

To evaluate [An[max we must know the magnitude of the driving force for
each of the modes, the q_.

2n+1 p; _ I 1qn- 2 4pc2 (1 (l+cos2_nt)} dp cos(2kap)Pn(_). (19)
-1

The integral will be 0 for all odd modes. This means that one cannot excite

the odd modes acoustically. This is a consequence of the fact that the
pressure profile <Ap> is a symmetric function of the coordinate z. Odd modes
can only be stlmulated as a result of asymmetries in the pressure field felt
by the drop.

Stimulated Oscillatlon of Compound Drops

The existence and strength of the acoustic radiation pressure depends
upon the impedance mismatch between the liquid and the surrounding at-

mosphere. The much greater acoustic impedance of the llquid, PsCs, means that
the acoustic intensity in the drop will be much less than in the air outside
it. In fact the amount of sound power transmitted through the surface Is

4R

a t = {I+R}= where R _= PsCs (20)pc

which is the ratio of the intensities on either side of the surface and is

independent of whether the sound is travelling from air into water or vice

versa, a t will be small unless R _. 1.

Because the intensity of the sound in the liquid is very small the
magnitude of the acoustic forces stimulating oscillations on the inner sur-
face will be very small. Because the amplitude of the inner surface oscilla-
tlons is greater than that of the outer surface for the bubble sub-modes, it
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will be very difficult to stimulate bubble mode oscillations acoustically.
Thiseffect is aggravated by the thickness of the shell which causes the
ratio of the amplitudes to be even greater.

The strength of the coupling is indicated by the ratio of the amplitudes
of oscillation of the outer and inner surfaces. The ratio of the outer to

inner amplitude is

, 2n.ln+l-2n-4}+-1Sn,+ = +[ s (21)
where € = Rout/Rbub. 0nly as the shell gets thinner and e approaches I, does
the coupling between the oscillations of the two surfaces increase. However
as the shell becomes very thin the sound will be transmitted through the
shell

4
at _ (22)

R_sin2ks6

If the thickness of the shell were 5 ~ 0.01cm, the sound transmission coef-

ficient would be 44%. For the fully expanded bubble, if it were concentric,

the thickness of the shell would be 0.15cm. For this value at < 0A%. However
if the shell were not concentric the acoustic forces would be lessened at the

thinner region because of sound transmitted into the shell. But it would be
any easier to stimulate the inner boundary directly because the sound would
be transmitted across that surface also.
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E. Adiabatic Expansion of a Liquid Shell

This section touches on three theoretical aspects pertinent to the
expansion of the bubble as the outside pressure drops. In the absence of
buoyant forces the fluid between the two surfaces should flow toward regions
where the shell is thin insuring that the bubble will not burst as it grows.
The acoustic force will change due to changes in the size and density of the
shell and in the ambient pressure of the chamber. As the shell gets thinner
the frequencies of its normal mode oscillations will decrease. If one of them

is the same as the frequency at which the complementary modulation is opera-
ting shape oscillations may be stimulated.

Stability during Shell Growth. As the external pressure decreases and the
shell grows, the fluid between the boundaries flows into regions where the
shell is thinnest. Because of this condition the bubble is not expected to
burst free of the liquid and, i_ fact, is expected to become more centered as
the shell expands - if it was not so originally.

Acoustic Forces and the Motion in the Potential Well. As the pressure de-
creases and the shell grows, the centering force changes as a function of two

pc 2, which is proportional to the ambient pressure, and aS_(2ka),terms:

which depends upon the size of the shell (Equation 6 in section 4A).

To the extent that the air in the chamber is an ideal gas, the dynamic

pressure can be given in terms of Pext(t), the ambient pressure, by

={ co \P = (PoCo _) Pext(t)/Pext(O) (I)
pc2 _ RTo| ext

where Po and c o are its density and speed of sound at To = 273°K and R is the
gas constant. Pext(0) is the pressure inside the chamber at 280 seconds ALO
(after liftoff). _f the pressure change is adiabatic inside the shell,

I Pin 0) }_Rbub(t) = Rbub(O) pin(t) (2)

with Rbu b the radius of the bubble and 7 the ratio of specific heats. The
relation between the inside and outside pressures is found by combining the
Young-Laplace equations describing the jump in pressure at each surface:

2o 2o
Pin = Pext + --+ -- (3)

Rbub Rout

in which _ is the surface tension and Rou t (or a) is the radius of the shell.
Because the volume of liquid does not change %he sizes of the bubble and the
total shell can be related
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Rbub(t) = a( _k a(0) I- VtotVliq"_1/3(0)J (4)

This leads to an expression for the outer radius as a function of ambient
pressure in which the fact that the first term on the right of Equation 3 is
much larger than the other two has been used:

f (,,,,,0,),(a(Pext(t)) = a(0) Vli q + Pext(0)_3/7 _3
Vtot (0) a(O) Pext (t)/ J (S)

Figure 1 shows the how the size of the shell changes as the ambient pressure
decreases.

Figure 1. (a) The size of a water shell in air as a function of the
ambient pressure.
(b) The acoustic force on both a water shell (the solid line)
and a water drop (the dashed line) versus pressure.
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The one-dimensional acoustic force is

Fac = 6 pc 2 "

The term in the brackets is a function of the pressure - the numerator
depends on the shell's size and the denominator is proportional to the atmo-

spheric pressure. The bracketted term's dependence on Pext is shown in Figure
lb. The change in the force on a drop whose density does not change as the
pressure does is included (the dashed line) for compariso- The frequency of
oscillation in the potential well will change by a factor proportional to the
square root of the bracketted term in Equation 6. Because the force increases
as the ambient pressure decreases, the acoustic pressure will be decreased as
the shell expands to maintain the centering force at a constant level.

Stimulated Oscillation of the Higher Modes. As the shell grows, e, the ratio
of the outer and inner radii, decreases from its unexpanded value of 1.33 and
the relative bubble size increases from 0.75. The possibility arises that one
of the higher-frequency normal modes of oscillation might be stimulated by
the complementry modulation which switches at a frequency of 30Hz. Figure 2
shows the frequencies of natural oscillatlon as functions of the relative
bubble size for several of the shell's even modes which might be stimulated.
The double dashed line corresponds to 30Hz for this shell. The left scale is
normalized by the frequency of the nth normal mode of oscillation for a

simple drop with radius R11q.; During this sequence the relative bubble size,
_, should increase from roughly 0.75 to 1.66. The only predicted mode that
would be stimulated in this range by the 30 Hz signal is the n=6 bubble mode.
Any lack of concentricity in the shell is expected to cause the actual
frequency to vary from the predicted value.
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CHAPTER III

SECTION 5

DATAANALYSIS

A. Introduction

Experiment77-18/2was designedto deploya shell,maintain it in the
center of the chamber, rotate it and stimulate several modes of its natural

shape oscillations - all acoustically, and then to decompress the acoustic
chamber so that the shell would expand. Throughout these sequences a 16ram
cine camera was recording th_ shell behavior through an optical system which

provided three nearly orthogonal views. In addition experimental parameters,
such as the acoustic pressure for each driver, the ambient pressure and tem-
perature and the voltage levels to the payload were monitored and tele-
metered.

The guiding philosophy for this analysis has been to search the data

provided for anomalous or unexpected features using the most direct and
simple methods and then to study more carefully any variant data from as many

points of view as possible to provide a supportable explanation for the
observation. Data were available in the form of listings from the telemetry

signals for the various parameters of the system and from the 16mm cine film
record of which single frames could be studied using a Vanguard Motion Ana-

lyzer. Figure 1 shows a frame from the adiabatic expansion sequence of the
film record. The three views, the retracted probes, the speaker ports, the
fiducial marks on the walls and the small and large bubbles are all visible.

The BOX method, which is described in the Appendix, was used for the
first step in most of the analyses and in several cases was also the only
step. When this method was inappropriate other simple techniques were used so
that all the features of the experiment were accessible to some form of

simple analysis. The benefits from a full digitization of all or part of the
boundaries were felt to be too small to be practical because the volume of
data would have grown very large for a slight increase in information. In
addition the available digitization routines were inadaquate for the type of
data to be studied and unappropriate for the desired level of analysis. The
investment in time and resources to develop software to enhance the images in

order to permit meaningful analysis - especially for the inner boundary which
was difficult to observe - was felt to be too great. The human hand and eye

in conjunction with the Vanguard Motion Analyzer, although slow, provided the
most practical method for data generation_

Table 1 shows the programmed timeline for this experiment. All sequences
were activated for the proper duration however there was a one second dif-
ference between the program and the times indicated on the side of the film:
138.0000 from the edge of the film corresponded to 139 seconds after liftoff
in the experiment control program. The telemetry data agreed with the times
on the edge of the film when the prescribed correction of 50min 01see was
used. With the exception of an improper signal amplltude to one acoustic
driver during the rotation sequence (which lasted for only 15 seconds) all
systems performed as desired.
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Figure 1. A single frMe from the 16era cine film record which shows
the three views of the shell as the bubble expands.
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Table 1. Experiment Timeline (Kent Tarver 7/I/80)

Time, sec ALO Event

88 Lights and camera turn on
95 Acoustics turn on: comp. rood.

105 Injectors insert
105 Liquid injection on
112 Liquid injection off ( 5.77cm z)
113 Air injection on
135 Air injection off ( 4.21cm s)
139 Injectors retract

142 x and y acoustics change: 90 ° phase
174 x and y acoustics change: comp. mod.

199 z modulation on: 5.0 to 7.0 Hz
217 z modulation off
232 z modulation on: 1.0 to 2.4 Hz
247 z modulation off
262 z modulation on: 2.5 to 4.0 Hz
277 z modulation off

293 Valve I opens
323 Valve 1 closes

327 Valve 2 opens
366 Valve 2 closes (?)

450 Acoustics, lights, camera off

lists several significant events which were not scheduled but
important to the outcome of various parts of the experiment.

.Table 2, Significant Events

Time, sec ALO Event

141-173 Error in the amplitude of x axis centering force
316.6 One of three small bubbles pops
338.6 One of two small bubbles pops
419.9 Shell hits the wall
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B. Acoustic Positioning

The purpose of the analysis of the motion of the shell in the acoustic
potential well is to estalish the limits of the models developed to charac-
terize the acoustic fields and to discern what the physical processes are
which could cause deviations. In addition the conditions under which the

shell is distorted from sphericity due to acoustic forces are to be identi-

fied. The acoustic positioning forces were to be kept constant throughout the
experiment with a calibrated strength of 12.5 dynes at a distance of 2.88 cm
from the chamber center along each of the three axes.

One of the data combinations available from the BOX analysis is an

approximate center of mass of the shell. It is the average value of either
the two x or the two y coordinates used to define the box (see Figure I). In
order to use this technique profitably the intersection of the diagonals of
the minimum rectangle for the outer surface should be close to the true
center of mass and the density of the shell must be uniform or at least
symmetric about that point. The former requires that the outer boundary is
relatively smooth and the latter requires that the inner boundary is roughly
concentric.

[ E

Figure 1. An image of the shell which illustrates the limitations of
the data analysis used: to use the center of the large box as
the center of mass is invalid if the bubble is large and not

concentric. The point c s is the basis for the graphs of
this sub-section.
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The outer boundary of the shell was strongly distorted only twice: for a
few frames just after the retraction of the injectors and for the last 60

seconds of the experiment due to the presence of a small bubble. The former
was not critical since the time scale was short compared to a single oscilla-

tion of the shell in the potential well The latter distortion was signifi-
cant and coupled with the fact that in the expanded shell the mass distribu-
tion was far from concentric, it made the shell's motion appear very erratic

when the BOX analysis was used on it. For most of the experiment the bubble
center was close to the center of the shell in the x and y directions but not
along the z axis. The center of mass data obtained in the former directions
reflect the bulk motion of the shell, while along the z axis the data are a
combination of the center of mass motion and other factors (eg. oscillation
of the shell surface during the stimulated oscillation sequence - 198 to 276
seconds ALO).

Much of the motion in the acoustic potential well is a result of the
initial conditions imposed upon the shell during its deployment. A spherical

shell (or drop) centered between two probes is in unstable equilibrium if the

separation between the probe tips is less than its diameter. If the shell
moves slightly off center, that motion will continue until the surface of the
liquid near the tips of the injectors is as parallel to the injectors as
possible.

At no time during injection did the center of either the drop or the
bubble lie on the line between the probe tips. By the time it was possible to

call the amount of injected water a

drop it was already clearly off center
with the liquid wetting the tips just
enough so that the water flowed into
the interior of the drop. When the
bubble appeared its surface was also
pinned to the inner injector tubes.
The adjacent design shows the relative
positions of the probes and the shell
in the z=O cross-section of the cham-
ber at the conclusion of the air in-

jection. The shell's center of mass
was positioned very close to the z = 0
plane with x ~ y ~ 0.ha as the probes

were retracted. (a is the average
radius of the outer surface.)

In additionto this initialdisplacement,the shell was given momentum
in the z=O plane as the probes retracted and the liquid in the shell adherred
to the probe tips slinging the shell through the center of the chamber. Be-
cause the shell was centered in the z direction before retraction there was

almost no component of the velocity in this direction.

Center of Mass Motion: First Half of the Experiment. Figures 2, 3, and 4

show data for the 140 seconds after deployment: the position of the center of
the shell's mass (with an estimate of the center of the chamber indicated by
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the dashed line), the rocket's accelerometer data for the same time period
and the Fourier transform of the time data. The horizontal bars in the time

data are used to identify the several sequences of the experiment: the ap-

plied torque sequence (I), the three forced oscillation sequences (IIa,b,c),
and the period when the chamber was being depressurized (IYIa,IIIb).

The top graphs show the position of the shell for each of the three axes
as a function of time normalized by the resting radius of the outer surface.

Data was taken every twenty frames (i.e. 0.42 sec) from both the main (z
axis) view for the x and y data and from a side (x axis) view for the z axis
motion. Note that in the x and y directions the response was primarily sinu-

soidal - as expected. The amplitude of the motion in the z direction was much

smaller and the signal was erratic.

Estimates of the resistance of the air to the motion of the shell

through it were obtained from the damping of the oscillations in the acoustic

potential well shown in Figures 2 and 3. The sinusoidal behavior of the x
axis data decreased at a rate characterized by the damping coefficients: Pair

~ O.019sec -I (between 141 and 173 sec) and _air ~ 0"003sec-1 (between 173 and
280sac). From the y-axis data: _air ~ 0"0123sec-I (between 141 and 173sec)

and _air ~ O'0117sec-1 (between 173 and 280 sec At0) for an average value of
0.012 sac -1. The characteristic decay time for the y-axis data was 80
seconds.

Examination of the accelerometer data (in the middle graphs) showed no

large spikes either during deployment or later in the flight. Table I at the
end of this section lists the average acceleration and the rms deviation for

various times during the experiment. There were no changes in amplitude of
the oscillations in the potential well which were the result of significant

g-events, nor did the smaller g-bumps give rise to observable changes in the
motion. Similarly there was little correlation between the time-average
accelerations and the displacement of the center of the oscillations from the
center of the chamber.

To aid in identifying the frequencies of oscillation of the bulk motion
the data in the top graphs were Fourier-transformed_ Instead of a single peak

x ax±s spectra showed a narrow peakat the expected frequency of 0.18 Hz, the - "
at 0.131 Hz and a broad peak at 0.240 Hz. The y axis data show the expected

signal at 0.179 Hz and a broader peak at 0.138 Hz. The strong peaks at 0o13
Hz in the x data and at 0.179 in the y data represent the oscillation fre-

quency in the well during complementary modulation. They correspond to a

values of Fma x of 7.1 and 13.3 dynes. The frequency spectra for the z direc-
tion shows three small peaks - small because there was little oscillation in
this direction and three (at 0.139, 0.179, and 0.220 Hz) because the expected

0.18 Hz signal was prominent "for very short periods of time.

The period of higher frequency response in the x axis data between 141
and 173 seconds At0 and lower frequency response in the y data (in Figures 2a

and 3a) corresponds to the rotation sequence. The x axis frequencies were
0.240, .24 + 0.05 Hz and in the y direction 0.139 Hz. These should have been
at the planned level of 0.18 Hz. Th_ peak in the x data had side lobes
because of the relatively short duration of the rotation sequence.
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During the rotation sequence the complementary modulation was turned off
and acoustic torque was applied to the shell by adjusting the x and y signals
so that there was a constant 90 degree phase difference between them. Because
the amplitudes of the signals entering the chamber for the x and y axes were
constant in this mode - not switching between zero and full amplitude as

during complementary modulation- the intensity was greater for the same
signal levels. To keep the centering forces balanced at the levels used
before and after this sequence, the amplitudes of the x and y acoustic
pressure were to be reduced to 87% of the level used during complementary
modulatlon. The signal in the z direction was not affected.

An error was made in the x-channel program: the two signal levels were
switched so that instead of the amplitude decreasing, It increased. Figure 5
shows the output of microphones in the center of the x and y axis speakers.

The y axis data shows the desired drop in amplitude during the Wtorque on'
sequence. The oscillatory behavior shown in Figure 5 before and after the
torque was applied is an artifact of complementary modulation and the
sampling rate used for the telemetry data. The levels after the rotation
sequence are slightly higher for both signals - this is due to the presence
of the shell in the chamber.
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Figure 5. Telemetry data showing the voltage levels of the x and y
axis signals used to center the shell. Both should decrease
between 141 and 173 seconds ALO (after liftoff).
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In the x direction the acoustic pressure increased by a factor of 1.32
and the strength of the centering force by a factor of (1.32) i, while in the

y direction the pressure amplitude decreased by 70%. Fourier analysis of the
time data showed that the frequencies of oscillation during complementary
modulation were 0.131 and 0.179 Hz for the x and y axes, respectively, while

those during the rotation sequence were 0.240 and 0.138 Hr. The corresponding

values of Fma _ (in dynes) are: 7.I (x,c.m.), 13.3 (y,c.m.), 23.9 (x, rot.),
and 7.9 (y, rot._.

One of the effects of the increase in the centering force of the x
direction compared to that of the y direction was the flattening of the
shell. Figure 6 shows the difference between the relative cross-sections of
the shell along the x and y axes before, during and after the rotation
sequence. For a rotating shell the average amplitude of the difference should
be zero. In the period between 141 and 173 seconds after liftoff there is
evidence of a sustained distortion of the shell on the order of 6% of the

shell's resting radius. That this unexpected behavior is due to a decrease in
the shellWs size along the x axis is supported by the data of Figures 2a and
Sa. A summary of information gathered about distortion due to the acoustic
forces is located later in this sub-section.
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Figure 6. Distortion due to the imbalance in acoustic pressure. The
difference between the she11Ps x and y dimensions should
average to zero, especially when rotating about the z axis.

During the stimulated oscillation sequences the bulk motion of the shell
in the z direction appeared to respond to the modulated force at the forced
oscillation frequency. This was due to the facts that the bubble was not

centered along the z axis and that the amplitude of the center of mass motion
in this direction was very small. The former meant that the true center of
mass was not approximated very well by the BOX method.

Some of the dislocations in the time data of the y axis-were due to
inconsistencies in the registration of the film image in the Vanguard Motion

III-48



Analyzer in the direction that the film travelled` They posed no problem in
studying the data, although it created frustration as non-existent g-events
were sought to explain the sudden changes.

Center of Mass Motion: Second Half of the Experiment. Figures 7a, 8a, and 9a
show the center of mass motion of the shell along the three axes between 280
sac and 420 sec ALO (when it hit the wall). During this period the chamber
was depressurized twice: between 292 and 322 seconds and between 326 and 365

seconds. After 276 seconds the only external force which acted on the shell
was the acoustic centering force.

The pressure drop while the first valve was open affected the size of
the shell but did not seem to change the character of the • and y axis bulk
motion. A graph showing the increase in the shell's size is given in sectio

5F - Figure 2. The opening of the second valve, an increase in the level of
g-jitter, and the slowing down of the she11*s rotation coincided with'gener-
ally increased amplitudes of the shellfs oscillation i_ the potential well.
There were also changes in the frequencies of the motion in the y and z
directions.

Along the • axis the motion was not affected by the early growth of the
shell. It continued to oscillate at a frequency near 0.13 Hz (0.ii$ Hz) until
340 seconds at which time there was a flurry of g-activity and the second
small bubble popped. After that the character of the center of mass motion
changed: after seven seconds of very small amplitude motion the excursions of
the shell increased rapidly until at 360 seconds the peak to peak amplitude

was almost twice the pre-expansion radius. Throughout this half of the ex-
periment the shell oscillated without any change in its frequency of oscilla-
tion in the acoustic well.

The amplitude of the motion along the y-axis began increasing shortly
after the second valve opened. The accelerometer data shows some activity
arround 340 seconds but no large events which might have have triggered the
change in the amplitude of the oscillation. The second small bubble popped
at 340 and the shell began to wobble, i.e. to precess as its rotation rate
neared zero. The shell slowed down at an increasing rate as it grew in order
to conserve angular momentum. After 350 seconds both of the larger surfaces
were visibly distorted by the small bubble. More importantly without rotation
there was no force to keep the centers of the two bubbles aligned along the z
axis. At his point the utility of the BOX method became questionable for the
center of mass was not near the intersection of the diagonals of a box
containing the outer surface but in the vicinity of where the two bubbles
met.

The amplitude of the z-axis motion was much smaller than that of the
other two directions when the first valve opened. It began to lose its random
behavior after 310 seconds as the the shell size began to increase. As in the
y signal the amplitude grew until arround 350 seconds. The change in frequen-
cy charcteristic of the rocking of the distorted shell did not occur for
another twenty seconds. Again the behavior was the result of rotation and
distortion effects as there were no large accelerations.
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(a) its relative position in the chamber, (b) the accelera-
tion measured at the rocket's center of gravity, and

(c) the Fourie_ spectra obtained from the data in (a).
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The stimulus for most of the activity during this period was the end of
the stability maintained by the rotation of the shell: as it slowed the
motion in the well caused more and more precession- with the result that
energy from the oscillation and from the shell's rotation fueled the increase
in amplitude of motion for all three axes. At 350 there was some jostling of
the payload: but as mentioned before it is difficult to reconcile the magni-
tudes of the changes in acceleration and in the amplitudes of the center of
mass motions.

Table 1, Acceleration History of the SPAR VIII Rocket

(all values are given in _grs)

e.

t ime x Xrm s Y Yrm s z Zrm s

100 - 138 -4.68 3.33 -15.58 4.06 5.46 6.15
138 - 141 -6.01 0.72 -14.99 2.74 4.33 2.44

141 - 173 -5.33 2.76 -13.32 3.55 2.38 2.99
173 - 198 -5.86 5.69 -15.91 8.36 0.91 2.87

198- 292 -5.00 2.77 -13.17 4.09 0.14 3.04
292 - 327 -0.74 4.19 -13.74 4.24 -1.33 3.86
327 - 366 -3.02 6.06 -12.90 6.34 -1.46 7.00

366 - 400 -2.58 3.70 -12.62 4.85 -1.71 3.00
400 - 420 128.52 172.46 43.46 67.67 -2.72 4.79

Effects of the Acoustic Forces on Shell Shape

1. Sphericity. The acoustic intensity must be sufficient to position the
shell without distorting its shape. To this end the acoustic field must be as
symmetric as possible. It is therefore critical that signals be correctly
balanced under all conditions of the experiment. Lack of balance may be the
cause whenever the average cross-sections of the shell image along two axes
differ for the same view. The imbalance was obvious during the rotation
sequence as shown in Figure 6 but other sequences of the experiment were
examined for smaller deviations. Table 2 lists the results of this comparison
at various times.

Table 2 indicates that the x and y forces were balanced to better than a
percent for the entire experiment except during the sequence in which the
torque was applied. This must be tempered by the observation that one of the
effects of rotation about the z axis was to keep the shell symmetric when
viewed along that axis. Rotation did not die out until roughly 350 seconds
and at that time the shell had expanded to the point where the distortion

caused by the presence of the small bubble was much more severe.
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Table 2. Sphericity Test Results: BOX Data

Time View Dir :Dim Dir :Dim % Difference
Sequence

Free Oscillation 138-141 z x: 0.683 y: 0.675 -0.59

Torque Applied 141-173 z x: 0.654 y: 0.689 -2.60
141-142 z x: 0.667 y: 0.686 -1.40

Relaxation 173-198 z x: 0.684 y: 0.682 0.15
173-175 z x: 0.678 y: 0.674 0.30

bet. Forced Osc. 216-231 z x: 0.681 y: 0.679 0.15
246-261 z x: 0.682 y: 0.674 0.59
276-292 z x: 0.689 y: 0.685 0.29

Adiabatic Exp. 292-322 z x: 0.721 y: 0.717 0.28
322-326 z x: 0.758 y: 0.753 0.33
326-379 z x: 0.867 y: 0.857 0.58
379-408 z x: 0.936 y: 0.922 0.75

Because complementatry modulation was required to remove the undesirable
interference during the non-rotation sequences, distortions peculiar to it -
although none were expected - would have been symmetric about the y = +x
planes. Although the frequency of the modulation was too high to measure its
dynamic effects from the film, a check was made for any static deformation.
None were apparent to the eye nor detectable by the data from the BOX analy-
sis. To check more thoroughly for possible distortion, for several frames
sets o£ po£nts along the outer boundary of the maln vlew _mage were taken

using the Vanguard Analyser, concentrating on points near the diagonals.
These sets were then fitted to ellipses from which the eccentricity and angle
of orientation of the major axis relative to the x axis were obtained. These
results are listed in Table 3.

Table 3. Sphericity Tesf Results: Complementary Modulation

Sequence Time N(pts) _ Angle

Rotation: T on 170.01 43 0.007 88.9
T off 180.02 42 0.005 -88.0

betw. Forced Osc 225.01 45 0.015 -38.4
255.02 44 0.003 16.0
285.00 46 0.007 -15.6

Expansion 315.01 45 0.004 28.7
345.02 50 0.005 1.9
375.02 53 0.004 18.3
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The data in Table 3 indicate that any static distortion due to the
complementary modulation or the acoustics in general were less than 1% which
was felt to be close to the limit of the technique used to digitize the
surface.

2. Concentricity. The other aspect of shell shape of concern in this
experiment was the concentricity of the two air/water boundaries. The torque
applied a few seconds after deployment quickly moved the bubble to the center
of the shell and it remained there until the middle of the expansion experi-
ment. There was no success in centering the bubble along the z axis. Rotation
and the stimulated oscillation were not able to move the bubble into a more

centered position. The effect of the presence of the three small bubbles was
to inhibit the bubble's centering. Even though they appeared small enough

to move freely between the two larger surfaces, the fact that they did not
leave the plane in which they were rotating - despite the centripetal forces
toward the center - indicated that there was no freedom of movement between
the bubble and the shell near the small bubbles. Just as the small bubbles
were constrained, so was the large one.
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C. Natural 0seillation

The experiment was designed to provide several opportunities for ob-

serving the frequencies and damping characteristics of the natural oscilla-
tions of the liquid shell and to compare the former with the predictions of
compound drop theory. 1_ne retraction of the injectors was expected to excite
oscillations in both boundaries. When the amplitude-modulated driving forces
were removed at the end of the three stimulated oscillation sequences, the
frequencies and decay times of the oscillations which occurred were charac-
teristic of the shell's free oscillations.

After deployment the shell oscillated freely for three seconds before
the acoustic torque was applied. The oscillations after each of the three
forced oscillation sequences damped out relatively quickly but some frequency
and damping information was available. During the expansion sequence two of
the three unexpected small bubbles popped causing ripples which were visible
to the eye when the film was reviewed at slow speed but were not accessible
to quantitative analysis. In addition because of an imbalance in the acoustic
forces during the rotation sequence which deformed the shell, there were
slight oscillations in the outer boundary at 173 seconds AL0 (after lift-off)
when the forces were brought back into balance.

The BOX method was used to describe the boundaries and various combina-

tions of this data were used to identify which modes of oscillation were

present. For each mode that was observed an oscillation frequency, fn' and
whenever possible, a damping coefficient, _n' were determined.

Because the inner and outer surfaces of the shell adherred to the co-

axial air/water injectors, they both were deformed when the probes retracted.
The surfaces moved with the probes until the adhesive forces were no longer
able to balance the surface tension forces and the surfaces broke free of the

metal tips. The extra surface energy gained in the 0.04 seconds ( ~ 138.0674-
138.0267sec) that it took for the shell to break free from the retracting
injectors was sufficient to generate surface tension-driven oscillations
whose amplitudes were 5 and 10_ of the outer radius for the outer and inner
surfaces, respectively. Because the injectors were in contact with both the
inner and outer surfaces and because both surfaces were 'plucked' at the same
time, the lowest order bubble mode, f(2+) ~ 6.3Hz, was expected to be promi-
nent. The n=2,+ sub-mode is the lowest frequency mode in which the two
surfaces move in phase. However since the shell was not centered between the
probes and hence the stimulation was not symmetric, it was not clear to what
degree this mode would be present.

Because the bubble was not centered, the existing theoretical develop-
ment did not apply exactly. However it was felt that the frequencies of the
free oscillation would be close to those for a concentric shell, especially
since the theory predicted that the oscillations of the two surfaces would
not be coupled very strongly (even if concentric) for such a thick shell. The
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three small bubbles which were injected before the air flowing from each
injector coalesced into what became the large bubble have been ignored in the
calculation of the oscillation frequencies because they occupied only 0.3% of
the volume of the total shell.

Data Analysis

A. Outer Boundary - after deployment. At no time was it possible to

visually identify a particular mode directly from the film record. Because
the inner boundary was difficult to define, the outer boundary alone was used

for the initial study. It was felt that the response of the outer boundary

would be adaquate for the identification and study of the lower order

sloshing modes which would excite primarily the outer surface.

The two points required to define

l the minimal rectangle
with vertical

sides which contained the entire image

of the shell and the time were re-
corded for each frame studied. The

four graphs of Figure I illustrate the
data obtained by combining the coor-
dinates of the two points in various

l ways for the time immediately
after

deployment.

PI:(x1'71)

The relative amplitude of the oscillations for the first fraction of a
second are 5% of the resting radius, a, for the response in the vertical

direction, i.e. V = (y2-yl)/2a. For comparison, the amplitude of the dis-
placement used to generate the shapes in Figure 2 of the theoretical section
(Section 4.2) was 20%. By studying the envelope of the oscillations as their

amplitude decreased an estimate of the damping was made. Using the first
second of the Vertical data, a rate of decay, _V = 0.58 sec -I was obtained

or an oscillation of roughly 6 Hz. Using the Difference data, _D = 0.74 sec
for oscillations which were at 6.6Hz for at least the first 0.6 second

after deployment.

The inviscid compound drop theory has predicted that the motions of the
two surfaces for a shell of this size will be uncoupled. Assuming that they

are uncoupled one can use the behavior of simple drops to estimate the
damping coefficient for the low order sloshing sub-modes of the compound

drop: _2-~ 0.028 sec -I, _3-~ 0.078 sec -I, and _4-~ 0.151 sec -I. Th_
damping coefficients predicted for the bubble sub-modes are b2+ ~ 0.149 sec

and b3+ ~ 0.278 sec -1. The observed values are greater than any of the
theoretical damping coefficients.
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Figure i. Fout combinations of the BOX data describing the outer sur-
face used to study the natural oscillations and damping after
deployment of the shell.
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To obtain more accurate values for the frequencies of these oscillations

and to identify any signals which were not apparent in Figure 1, the BOX data
was Fourier-transformed. Figure 2 contains the resulting frequency spectra
(actually the square root of the power spectra) for the four combinations
shown in Figure I. The frequencies for each of the sub-modes were calculated
from the theoretlcal model for a concentric water shell with the programmed
volumes and are indicated on each graph by vertical lines. The resolution is
limited by the length of time available to study the free oscillations after
deployment - only three seconds. This gives rise to a limit upon the resolu-
tion of .3 Hz. The largest frequency which can be detected depends on the

density of the time data: taking data from each frame available as was done

here, at 48 frames/second, the imposed limit was fmax ~ 24Hz.

The peaks near 1.9Hz in all four graphs of Figure 2 are identified with

the expected lowest order sloshing mode, f2-' predicted to have a value of
1.80Hz. It is visible in the data of Figure 1 in the undulations of the

envelope of the Difference data. The frequency peak for this combination has
a width of 0.50 sec -I at 0.707 times the maximum value. In the Vertical and

Horizontal data the peaks are approximately 0.30 sec -I wide. The widths of
the peaks indicates the magnitude of the damping coefficient. However in this
case the widths are the result of broadening due to the limited number of

data points, so the values of _v and _h are actually less than 0.30 sec -I.
The value from the analysis of the time data, _D ~ 0.78 sec -I, is much
greater.

The peaks near 3.7Hz in three of the four spectra are close to the

predicted value of 3.9Hz for the n=3- oscillatlon frequency. If this particu-
lar mode is sensitive to either the shell's non-concentricity or the presence
of the three small bubbles, the predictions of the concentric model may not

be appropriate. If this mode were present its response would be due to the
non-symmetrical stimulation of the shell at retraction. It is not possible to
obtain damping information from the time data for this peak. The width of the

frequenc_ peaks, ~ 0.33 sec -1, is due to the limited number of data, so _3- <_
0.1 sec -_. The value predicted by the model is 0.078 sec -1.

There is a collection of peaks in the Vertical data near the expected
frequencies of the n=2+ and n=4- oscillations, 6.32 and 6.51Hz, in which the
central peak is at 6.67Hz and there are eight side peaks at 6.7 +_ 0.4, 6.8 +
0.9Hz, 6.8 +_ 1.4Hz, and 6.7 +l.9Hz. The regular spacing of O.bHz between the
peaks and their number suggests that a degeneracy may have been broken in the
4- sub-mode. Another possible explanation is that the oscillation of both 2+
and 4- modes at frequencies which were almost the same causes an interaction
between them which produces such a family of peaks. More likely is that the
family of peaks is due to the Fourier-transformation of two decaying signals
with a frequency separation of 0.8 Hz for a short period of time. Similar
features in this frequency range were not seen in the spectra of the other
combinations: the Horizontal and Sum data show no symmetry about 6.THz and
the Difference data has a peak at 7.0Hz and two side peaks at 7.0 +_ 0.THz.
The widths of the Sum and Difference data are 0.30 and 0.54 sec -1, respec-

tivellY._. The overall width of the family of peaks in the Vertical data is 1.4
sec ,
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Figure 2. Fourier spectra obtained from the temporal data of Figure I.
The vertical lines _ndicate the predicted frequencies of the
oscillations.

111-60



No signals in this data were identified with the n=5- and n=3+ oscilla-
tions expected at 9.5 and 10.3Hz.

Table A, Summary of Information from Outer Boundary after Deployment

mode source Frequency Damp ing Coe f,
(obs.) (th.) (obs.) (th.)

2+,4-7 V[t] ~6 Hz 6.3,6.57 1.73s -1 0.15s -1
2+,4-? D[t] 6.6 6.3,6.5? 1.35 0.15

2- V,H, S[F] 1.89 1.80Hz. 1.60 0.028
3- V,H,D[F] 3.68 3.90 0.30 0.078

2+,4-? V[F] 6.67* 6.3,6.5? 0.40 ".O. 15
2- D[F] 1.84 1.80 0.50 0.028

2+,4-? D[F] 7.01 6.3,6.5? 0.50 0.150

* - family of peaks

B. Inner boundary- after deployment. The compound drop theory predicts
that the amplitude of the displacement of the inner boundary would be much

larger than that of the outer surface for bubble mode oscillations. Figure 3
shows BOX data for the bubble between retraction and the application of

torque. The data were normalized by the resting radius of the outer boundary.
No attempt has been made to remove the distortion due to viewing the bubble
boundary through a curved surface which itself may be oscillating. While this
extra signal may hide some of the bubble's behavior, it would be a complex
matter to unfold its effect from the data and it provided another source to
confirm observations and conclusions frown the outer boundary analysis.

The amplitude of the Horizontal signal just after retraction was 9% of
the resting radius. Also from this data a value of the damping coefficient

was determined for an oscillation arronnd 7 Hz: b H " 0.58 +.15 sec -1. This
was greater than the damping coefficient predicted for the lowest mode of

oscillation for a 4.21cm 3 bubble in an infinite host: b2+ ~ 0.149sec -I. The
oscillation frequency fox the n=2, bubble submode was 6.3Hz. There were brief
sequences of periodic behavior in the Sum and Difference data in which the
data appeared to be the result of the beating of two signals seperated
roughly by 0.6 Hz.

The Fourier transforms of the temporal data for the bubble dimensions
are shown in Figure 4. The spectra of the Vertical data contains peaks at 6.3
Hz (2+ o_ 4-?), 2.0 Hz (2-), and 10.4 Hz (3+), while in the spectra for the
Horizontal data there is a small 6.3 Hz signal and a large 7.1 Hz one. This
indicates that the oscillations of the bubble differ in frequency between the
two directions - meaning that the BOX method was sensitive to different
oscillations when viewed along a given axes. Signals from the n=4- oscilla-
tions for which the shapes have a four-fold symmetry, should be amplified by
the Sum and minimized by the Difference combinations. Similarly because the
n=2+ will be unsymmetric, its Difference signal will be larger than that of
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Figure 3. Box data using the inner surface for the three seconds after
deployment and before the rotation sequence.
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Figure 4. Fourier spectra of the Box data from the inner surface. The
predicted frequencies of the normal mode oscillations are
given by the vertical lines.

III-63



the Sum. The relative amplitude of the peak at 6.3 Hz in the Difference data
is roughly a third less than its value in the Sum data while the magnitude of
the 7.1 Hz peak does not change. This evidence indicates that the 6.3 Hz

signal could be the n = 4, sloshing, mode which was predicted to occur at 6.5
Hz.

There were peaks in the spectra of the Horizontal, Vertical and Dif-

ference data near the anticipated n=3+ oscillation frequency at 10.4 Hz. The
facts that it is at the predicted frequency, appears in three of the four
data combinations, and that the shell was stimulated assymmetrically all lend
support to identifying this signal as the n=3+ mode oscillation. No damping
information could be isolated for this mode.

The peaks at 2.0Hz in the Vertical and Sum data in Figure 4 were identi-
fied with the n=2 sloshing sub-mode. They were probably the result of viewing
the inner surface through the oscillating outer surface or possibly the
result of motion in the inner boundary on a greater scale than the theory had

predicted, i.e. 5Ri(n=2- ) ~ (i/597)SRo(n=2-).

Table B, Summary of Information from the Inner Bou_dRry after Deployment

mode source Frequency Damvin_ Coef,
(obs.) ( th. ) (obs.) ( th. )

2+,4-7 H[t] ~THz 6.3,6.5 0.58s -1 0.15s -1
2+7 H,S,D[F] 7.0 6.3Hz. 0.39 0.15
2- V,S[F] 2.0 1.80 0.36 0.03
3+ V,H,D[F] 10.4 10.3 0.30 0.28
4-? H, S,D[F] 6.3 6.5 0.39 0.15

C. Combined Data: inner and outer boundaries - after deployment. Because
the above data did not clearly identify the modes to which the 6.3 and 7.0
signals corresponded, the data from both surfaces were combined. Information

about the oscillation modes should be provided as well as about bubble cen-
tering by this data. If the motion of the two surfaces were coupled, the
presence of the bubble modes would be harder to detect, and the stronger the
coupling, the more prominent the sloshing modes should be.

Figures 5 and 6 contain the time and frequency descriptions of the
thickness of the shell as seen in the main view. The data indicate that the

bubble moved to the left and slightly towards the top during the first three
seconds. The data were checked to determine if they were the result of
surface oscillations or of center of mass motions. Study of the appropriate
combinations of data during this period indicated that this centering was not
due to relative bubble motion as the shell moved in the potential well. The
amplitude of the left side time data decreased with a decay constant of _ ~
0.83 sec -1 while oscillating near 7 Hz. The Bottom data shows a strong signal
at 6.3 Hz, as well as lesser peaks at 1.9 and 10.3 Hz. It also is the region
with the greatest thickness.
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Figure 5. Data combining the Box information from both surfaces for
the period between deployment and the applied torque.
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Figure 6. Fourier spectra from the thickness of the shell on the left
and the bottom.

It is surprising that a strong signal for the n=2- oscillation is not
present in any of the combined data for it was the lowest energy mode and was
present in the data for both the i_er and outer surfaces.

Table C. Summary of Information from the Combined Data after Deployment

mode source Frequency _Damvin_ Coef,
(obs.) (th.) (obs.) (th.)

2+,4-7 L[t] -7 Hz 6.3,6.5? 0.83s -1 0.15s -1
2+,4-? B[F] 6.3 6,3,6.5 0.27 0.15
2- B[F] 1.9 1.8

2+,4-7 L[F] 7.0 6.3,6.57
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D. Spot Study - after deployment. In an effort to verify and clarify the
above observations another look at the

oscillations after retraction was made

i
spots, reflected images of the same

photolight visible in the main view
from the two surfaces. The four num-

bers were put through the same an-

alysis described above. Some of the

@ time and frequency results are shown
in Figure 7.
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Figure 7. The reflections of a photo-lamp from the two surfaces were
used to study the frequencies and damping of the natural
oscillations after deployment.

Information on the damping coefficients was obtained from the Horizontal
and Sum data: _ " 0.22sec -1 and _ -0.33sec -1 at indeterminate frequencies.
The center of mass motion dominated the other signals because the relative

positions of the reflections were highly sensitive to the location of the
shell in the chamber. The effects of the bulk motion of the drop seemed to
cancel each other out for the Sum data. The resulting frequency spectra shows
peaks at 1.96, 6.43, 7.08 and 9.07Hz. The first peak corresponds well with

the previous identifications of the f2- mode (at least within the limits
imposed by the finite time available - .4Hz). The peaks at 6.4 and 7.1 Hz
were also seen in other data and have been identified with the n=4- and n=2+
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modes - although uhich is which is not clear - but the spot data adds no new
informa tion. The broad peak at 9.1 Hz was not seen in other spectra.

Table D. Summary of Information from the Two Spots after Deployment

(0b s • ) ( th • )
Frequency

0.03Hz
0.15
0.15

mode source

? H[t]
? S[t]
2- S[F]

2+,4-1 H,S[F]
2+,4-1 H,S[F]

? S[F]

1.96Hz
6.43
7.08
9.07

1.8Hz
6.3,6.51
6.3,6.51

Damping Coef.
(0b s • ) ( th. )

1. 74s-1

0.33
0.42
0.35
0.45

E. Outer boundary - after the acoust ic torque was removed. When the
acoustic torque was turned off at 173 seconds ALO the shell 'popped' back to
roughly spherical shape after having been flattened by an imbalance between
the x- and y-axis acoustic forces (see Section 5B for more information about
the imbalance). This flattening was along an axis perpendicular to the axis
of rotation. Figure 8 shows the data obtained from this period. The time data
includes the normalized amplitude for the last half second of the applied
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Figure 8. This data showing the effects of rotation and free oscilla
tion when the torque was removed.
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torque sequence while only the data after 173.15 seconds were Fourier
transformed. During this time the shell was rotating at roughly 3.1 radians
per second at the poles about an axis perpendicular to the images studied.
This rotation would produce a frequency peak near 3.1 rps (or 1.0Hz) for a
deformed shell and split any oscillation peaks by the same amount. The n=2-
mode was expected to dominate as the outer boundary relaxed, peaks were
expected at 1.9 + 1.0 Hr.

The peaks in the Horizontal frequency data at 1.2 and 2.55 Hz indicate a

rate of rotation of 4.2 radians/sec at the equator. It is probable that at
this time the equator was moving at a faster rate than the poles because the
trace bubbles at the top were rotating faster after the torque was removed.
The effects due to oscillation are small because of the rotation of the

shell. Changes in the acoustic centering forces require times on the order of

Q/fx ~ 0.05 sec and the expected time characteristic of the damping, roughly
36 seconds. The change from distorted to circular profile took approximately
0.2 seconds which would indicate that the restored balanced force pushed the
drop into symmetry rather than allowing it to relax naturally.

Table Et Summary of Information from Data Taken as Torque Was Removed

mode source Frequency Damping Coef t
(obs.) (th.) (obs.) (the)

2- H[F] 1.89 Hz 1.80 Hz 0.03s -1
Rotation Rate H[F] ±0.67

F. Both boundaries - after stimulated oscillations. At the end of each

of the three stimulated oscillation sequences, the amplitude modulation of
the z axis centering signal was turned off. As the force was removed the
shell responded with natural oscillations which decreased in a time char-
acteristc of the excited modets damping coefficient. Because the deformation
was greatest along the direction of propagation of the amplitude-modulated
sound, a side view which showed the image in the x=0 plane was used. The
outer boundary was described by a box and a spot of light reflected off the
top of the inner boundary was used as an indicator of the bubblees response.
Even though the shell was rotating during these sequences, D(216sec) ~
3.6rps,_(246sec)~ 3.Srps,and _(276)~ 3.0rps,its effects were minimized
by using data in the direction of the axis of rotation.

1) After the 5.0 to 7.0 Hz modulation. From analysis of the oscil-
lations of the shell's size after the modulated centering force had been

removed, _V ~ 0.59 s -I. Fourier analysis of the data after 216 seconds showed
that the dominant frequency was 7.23 Rz with smaller peaks at 6.5 and 8.0 Hz
(see Figure 8). The smaller peaks represent a rotation rate of 4.7 rps which
is 25% greater than the rate indicated by the small bubbles at the pole (see
scetion 5D). Close study of the shell's behavior on the film did not help to
distinguish whether the oscillations observed corresponded to the n=2 bubble
sub-mode or to the n=4 sloshing mode.
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2) After the 1.0 to 2.4Hz sequence. The data shown in Figure 9 give
~T - 0.86 sec-1 which is lower than that obtained from the data after deploy
ment but still quite a bit larger than the predicted value.

3) After the 2.5 to 4.0 Hz modulation. The already small signal
decreased at a rate of 1.95 sec-I. It should not be possible to stimulate odd
mode oscillations with a symmetric acoustic field. The dominant feature in
the transformed Thickness data is the n=2- peaL

6. e F,...q, (Hz) 12. B
Figure 9. Free decay of the oscillations stimulated by the amplitude

modulation of the z axis (swept from 5.0 to 7.0Hz).
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Table F. Summary of Information from Data Taken after Modulation

mode source Frequency Damping Coef.
(obs. ) (th. ) (obs.) (th. )

2+,4-1 l:V,B[F] 7.24Hz 6.3,6.51
Rota tion rate (4.7rps) ±.75Hz

2+,4-1 V[F] 6.5 6.3,6.5
2+,4-1 V[t] 0.59s-1 0.155-1

2+,4-1 B[t] 0.55 0.15
2- 2: T[t] 2.01 1.80 0.86 0.03
2- D[F] 1.85 1.80 0.59 0.03
2- T,H[F] 2.01 1.80 0.60 0.03
3- 3: B[t] 1.95 0.08
3- T[F] 3.90 3.90
2- T[F] 1.81 1.80 0.81 0.03
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Figure 10. Free decay of the oscillations stimulated by the amplitude
modulation of the z axis (swept from 1.0 to 2.4 Hz).
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Figure 11. Free decay of the oscillations stimulated by the amplitude
modulation of the z axis (swept from 2.5 to 4.0 Hz).
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D. Acoustically Induced Rotation

The purpose of the rotation sequence was to observe the centering of a
nonconcentric bubble when an acoustic torque was applied to the liquid shell.

The rotation will cause a large centripetal force toward the axis of rotation
and secondary flows may cause centering along the axis. This sequence also
provided an opportunity to study the spin-up characteristics of a shell
responding to an acoustic torque under controlled conditions.

At 141 seconds AL0- three seconds after the shell was deployed - the

complementary modulation was switched off and both the x and y drivers were

operated at constant amplitudes and with a constant phase difference of 900
between their acoustic signals. This produced an acoustic torque upon the
shell about the z axis which caused it to rotate. The torque was removed at
173 seconds and there was a 25 second relaxation period before the forced
oscillation sequence began.

Centerin_ of the Bubble, The two graphs in Figure I show the location of
the bubble's center relative to that of the outer boundary as functions of
time. The data were taken from the main view of the chamber, so the image is

that of the equatorial plane. The
degree of centeredness is quantified
by the parameter A,

ALR = 5L- _R

ABT = 5 B - 5 T

If the bubble's center is to the upper

right of the shell's, then both A's
will be greater than zero, and when
the surfaces are concentric both will

be zero. The position of the shell i#
the chamber along each direction is
included.

The bubble began on the left side and remained on that side. Along the
other direction the bubble center oscillated about the shell's center with

decreasing amplitude. The relation between the motion of the shell in the
chamber (the solid lines) and the bubble within the shell (the points) is not
clear from the first twenty seconds of this data when the amplitude of the
bubble's oscillation was decreasing. Thereafter the rotation was sufficient
to overwhelm it. The scatter in the data is a reflection of the difficulty of
determining the edge of the inner boundary. The non-zero mean value is due to
the camera's viewing the bubble at a slight angle to the z axis and beca_tse
the bubble did not center along the axis of rotation.
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Figure 1. Centering of the bubble in the equatorial plane as the shell

begins to rotate. The data points (and the left scale), show
the concentricity of the two surfaces. The solid curves (and
the right scale) give the position of the shell in the
chamber relative to the center.

No forces along the axis of rotation were expected after the shell had
achieved solid body rotation however it was considered that the differential
rotation during spin-up might cause secondary forces upon the bubble in that
direction. The fact that the bubble did not appear to move more to the center
of the shell along the z axis confirms that these forces if they exist are

very small.

In addition to the desired bubble, there were three small bubbles whose

diameters were about i0_ of that of the shell. As the shell began to rotate

they migrated to the axis of orotation where they formed a stable triad at 150
seconds which remained at the pole until two of them burst during the expan-

sion sequence.
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These bubbles appeared small enough to allow the large bubble to move
along the axis of rotation - but it did not move. That there was no room to
move along the axis of rotation was supported by the observation that the
bubbles remained in a plane perpendicular to that axis despite the centripe-
tal forces to which which they were subjected.

Study of the ShellPs Rotation. Without trace particles the only way of
establishing the existence of rotation of a drop or shell from a film record
is to observe the flattening of its poles and/or the bulging at the equator.
To obtain the magnitude of the rate of rotation the change of shape must be
used within a theoretical framework that relates the degree of oblateness to
the angular velocity in a well-defined manner. The pertinent theory has been
developed for simple drops in solid-body rotation by Chandrasekhar, Ross and
Brown but no development exists to describe the spin-up of a viscous drop in
which the angular velocity is not constant throughout the liquid. 25'25'27
Figure 2 in the theoretical section (sec. 4C) shows the relation between size

and the rotation rate for a simple drop in solid-body rotation.

Using the BOX data read from the Vanguard Motion Analyser, the increase
in the size of the shell in the equatorial plane (i.e. the image in the main
view) and its slow decrease after the torque was removed were visible. Figure
2 shows the sum of the vertical and horizontal dimensions of the outer

boundary of the shell as seen in the main view. When normalized by the
resting radius the result is an average radius for the shell in the equa-
torial plane. The dashed line is a no-torque baseline taken from the data
during the first three seconds when the shell was not being manipulated. The
spin-down data, 173 to 215 seconds ALO (after lift-off), were fit to the
function

F(t) = F(t°) (1)
(1+(8/2) F(to) (t-to)} =

which has the same form as the angular velocity when the only external force

is the resistance of the air (Equation 16/in Section 4C). Because the size
did not begin to decrease until five seconds after the torque had been

removed, t o was chosen to be 178 instead of 173sec. The solid line in Figure

2 shows the fit obtained using 8 = 0.00011 sec -1 and F(to=177.4) = 1.016R o.

T_e equatorial size generally increased during the time the torque was
applied and decreased when it was removed, however there were two unexpected
features: the size decreased for the first five seconds after the torque had
been applied and then did not stop increasing until 5 seconds after it was
scheduled to turn off.
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Figure 2. Average radius in the equatorial plane, normalized by the
radius of the shell at rest from the early part of the

experiment. The acoustic torque was applied between 141
and 173 seconds ALO.

To confirm that the torque was applied between the programmed times of
141 and 173 seconds ALO and not between 147 and 179 seconds- as it appears

to be in Figure 2, the microphone levels for the x and y axes recorded in the
telemetry data were checked to determine when those signals were switched
from the complementary modulation to the constant phase shift used during
rotation. The telemetry data indicated that there was a I second offset
between the programmed times and the times recorded with the telemetry data
and on the film record, but not 5 seconds• (The microphone outputs are shown
in Figure 6 of Section 5B.)

Inspectionof this graph revealedan error in the experimentprogram se-

quence: the intensity of the acoustic levels were to be reduced by a factor
of 0•87 during the application of the torque, however the microphone voltage,
and hence the acoustic pressure, for the x axis increased by roughly that
amount. This meant that the acoustic centering force in the x direction was
almost three times as large as that in the y direction (with the axis of
rotation along the z axis). The effect of this Imbalance was to distort the
shape of the shell - flattening it in the x direction despite both surface
tension and rotational forces trying to make it circular. By combining the
data used in Figure 2 in a different manner, the imbalance is highlighted:
Figure 8 in Section 5B shows the difference in size between the dimensions of
the shell in the vertical and horizontal (or x and y) directions• Under
normal circumstances the average difference will be zero for a rotating

liquid, however during this rotation sequence the horizontal size was signi-
ficantly greater.

Because the flattenlng due to the change in levels happened before the
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oblation due to rotation began, the average equatorial size decreased until
the rotation had built up to a sufficient level to cancel the effect (roughly
5 seconds). Similarly when the torque and the distorting force were removed
at 173 seconds, the size of the shell increased as it once again became
circular- this also took 5 seconds. Because the shell was not symmetric
about the z axis while the torque was applied, it could not have achieved
solid body rotation The energy required to keep the liquid flowing in ellip-
tical paths about the z axis acted as a brake and kept the rate from building
up. Other ramifications of the imbalance in the acoustic forces are discussed
in the section concerned with the acoustic positioning of the shell (sec.
5B).

A simple analysisparallellingthatvalid for a simplerotatingdrop was
initiated: the polar and equatorial dimensions were compared with the values
predicted by the theory developed for solid-body rotation. Using the dimen-
sions of the shell taken from the film record, the size of the equatorial
plane from the main view data (normalizedby the non-rotatingradius)and the
ratio of the polar to equatorial thickness from the data of a side view,
Figure 3 was constructed. The solid line represents the theoretical relation
of the parameters for a simple drop in solid-body rotation.

I.Z5 _ , , , ,
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_: 8Z

o
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RCequa_or_=i)/RC,-e,___S)
Figure 3..Comparisonof the polar and equatorialdimensionsof the

shell. The solid line is from theoretical data for a

simple water drop in air which is in solid-body rotation. 27
The symbols correspond to different time periods: * (138-141),

(141-173),o (173-198),+ (198-220).

Because of the imbalance in the centering force during the time when the
torque was applied to the shell, the data for that period (indicated by the
ellipses_) should not be compared to the theory. However the sizes for the
three seconds before torque was applied (when the shell was not rotating -
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indicated by *) and the 175 seconds after the torque was removed (and the
rotation was often solid-body) can be compared to the simple drop theory. The
data from the 25 seconds after the torque were removed are represented by
little o's and that from after 198 seconds ALO by +'s. The data from the
various sequences cluster well, however the scatter is too great to identify
a qualitative relation between the equatorial size and the ratio of radii
from this plot.

Fortunately (for the rotation analysis) there were three unexpected

bubbles (r ~ 0.10R o) in addition to the large programmed bubble (r ~ 0.79Ro).
They provided convenient trace particles to show the shell's rotation. Before
the torque was applied to the shell, they were located in a random pattern in
the liquid. As the shell began to rotate the small bubbles, responding to the
centripetal forces, moved to the pole of the shell and formed a triangular
cluster. By observing and recording the time at which each side of the
triangle formed by the centers of the small bubbles was vertical or horizon-
tal, twelve times were obtained for each complete revolution_ These data
provided a direct view of both the buildup of the shell's rotation and its
slow decrease which are independent of any theory. To minimize the effects of
errors inherent in the data-gathering process, a smoothed rate of rotation
was calculated

2_/3
it(j) = . (2)

TIME(j+2) +TIME(j-2)

The data for the first half of the experiment are shown in Figure 4.
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Figure 4. Rotation rate of the shell versus time from data obtained
by using three small bubbles as tracers. The solid line is
the best fit to the spin-down equation with 5 = 0.0013 sec -_2

and _(to=177 ) = 3.94sec -1.
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Using the data between 180 and 230 seconds, a value for the drag coef-
ficient was determined using a least squares fit to the function F(t) = _(t),
the rotation rate in radians/sec, in Equation I. The solid line is the fit

obtained for a rotation rate at the onset of spin-down of _o = n(to =177) =--I

3.94 rad/sec and a drag coefficient of 0.0013 sec _. Because it was diffi-
cult to determine the rotation rate until the small bubbles were close to the

pole where they were clearly visible, there are no data points for the

earliest part of the rotation sequence (141 to 150 sec).

The data shown in Figures 2 and 4 are similar on a large scale rising

to peaks at lg0 sec ALO and then slowly decreasing but on closer inspection

the small bumps and valleys do not correlate with each other. This is the
result of scatter in both sets of data rather than to a fundemental process.

Using the theoretical equation for the acoustic torque (Eq. 14 in sec-

tion 4E) with Px = 4.4 x 10 _ dynes/cm 2 and p_ = 2.6 • 102 dyneslcm 2 from the
center of mass analysis, a surface area _f 22.4 cm 2 and a viscous layer

thickness, Lv = v/_, of O.015cm, the torque is 2.57 dyne-cm. At this point
it has been assumed that the imbalance in the amplitudes of the acoustic

pressure has not affected the torque through its change of the shell's shape.

If the shell were rigid and concentric, its moment of inertia would have been

6.42 g-cm 2 - giving a value of the ratio, T/I, of 0.47 sec -2. The data from
the small bubbles between 149 and 154 seconds indicate a value of 0.17 sec-2.

Using values from the fit to the spin-down data for the rotation rate at
173 seconds and the drag coefficient, the solid spin-up curve in Figure 5 was

generated by requiring a valuelof the ratio of the torque to moment ofinertia of 0.13 sec -2. Using _/ = 0.17 sec 2, the two dashed lines deter-
mined: the upper with Q(173) = 3.94 sec -1 and _ = 6.012 sec 12 and with _(173)
= 2.82 sec -1 and 5 = 0.030 sec x_ for the lower. The remaining curve (composed
of dots and dashes) uses _/I = 0.47 sec -2 and in order to pass through both

fl(141 sec ALO) = 0.0 and _(173) = 3.94 sec -1, the drag coefficient was set to
0.058 sec x_. Although it is probable that the ratio of T/I was less than 0.47
sec 1, the data seem to indicate that while the torquue was on the 'effective
resistance' was close to 0.03 sec x2. This value is the result of the normal
braking due to air resistance on a sphere plus a component due to the braking
action resulting from the imbalance between the x and y centering forces.

There were several effects which might combine to cause the rotation of
the small bubbles to not mirror the rotation rate of the entire shell.

Because the torque at a point on the surface was greater the further that
point was from the center of the chamber, it was maximum at the shell's

equator and the fluid there was subject to a greater force and spun up more
quickly than the liquid at the poles. Because the small bubbles which were
being used as tracers were located at the pole where the magnitude of the
torque was least, the rate of rotation of the small bubbles was always less
than or equal to the rate at any other part of the shell. An additional
factor which would tend to increase the speed at the equator relative to that
at the poles was that when the torque was first applied the effective moment
of inertia was less than that of a rigid shell. Since stress was transmitted
into the interior by Viscous forces, initially only a thin shell at the outer
surface was affected by the torque and began to rotate. This 'affected shell'
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grew inward with time. Because energy had built up in the equatorial region,
the trace bubbles located at the pole continued to increase their rate of
rotation for another five seconds after the torque was removed at which point
solid-body rotation was achieved.

Figure 5. The rotation rate curves during spin-up were constructed for
various values of the damping coefficient and the ratio, _/I.
The points are the rates determined from observing the small
bubbles at the pole.

Both the polar to equatorial ratio and the equatorial size can be re-
lated to the drop's angular velocity (see Figure 2 in the theoretical sec-
tion). Using the dimensions of the shell's outer surface and the rotation

rate at the pole from the trace bubbles, the relationship between the angular
velocity and the size of the shell can be illustrated. Figure 6a compares the
polar/equatorial ratio to S 5 {_/_(n=2,-)} _, which has the same form as ,

the dimensionless rotation parameter used for simple drop analysis. The
normalized equatorial radius is plotted versus S in Figure 6b. The theore-
tical curves for a simple drop in solid-body rotation are included for com-
parison.

The shell continued to _otate throughout most of the experiment. The
last observation of rotation was at 339 seconds ALO when the second small
bubble popped leaving only one large and one small bubble. Figure 7 shows the
rotation rates obtained from the small bubbles for the 185 seconds the shell

was observed to rotate. Extrapolating from this data, the shell stopped
rotating arround 350 seconds or 175 seconds after the torque was removed. It
is clear that the modulated acoustic signals intended to stimulate the
shell's normal mode oscillations also affected the rotation rate: the rate
increased during the second half of the first two forced oscillation se-
quences.
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and the dimensionless parameter S, a function of the rotation
rates obtained from the tracer bubbles. The solid lines are

the theoretical relations for simple drops. 27

One of the features which was unresolvable from the cine film was the

shape of the bubble during the rotation of the shell. The same forces that
tend to flatten a simple drop - or the outer surface of a shell - which is
rotating would also tend to elongate a rotating bubble. The distortion
through the outer surface and the uncenteredness of the bubble along the axis
of rotation did not permit the measurement of the deformation of the inner
boundary. That the three small bubbles were not able to line up along the
axis indicated that the large bubble was constraining them in some way and,

in turn, may have been prevented from elongating by them.
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E. Forced Oscillation

A modulated acoustic force was applied to the drop over three different
frequency ranges in an effort to identify the frequencies of the normal mode
shape oscillations, to study the relative motion of the two boundaries and to
observe and quantify any centering forces generated by this type of external
stimulation.

In the first sequence which lasted 18 seconds (198 to 216 seconds ALO -
after liftoff) the amplitude of the centering force along the z axis was
modulated while the frequency of that modulation was swept from 5.0 to 7.0
Hz. For the programmed volumes of water and air the expected frequencies of
oscillation in this range were 6.32 Hz (n=2, bubble submode) and 6.51 Hz
(n=4, sloshing submode). After a 15 second relaxation period the z axis
acoustic signal was again amplitude-modulated for 15 seconds with the fre-
quency going between 1.0 to 2.4 Hz, a range which contained the expected n=2,
sloshing submode, resonance at 1.86 Hz. The final 15 second modulation se-
quence (after an equal resting period) spanned 2.5 to 4.0 Hz with the fre-
quency of the n=3, sloshing submode, oscillation at 3.90 Hz: a resonant
response was not expected because the symmetric acoustic forces should not be
able to stimulate odd modes of oscillation whose shapes are not symmetric
about the z=0 plane.

Several bright spots due to multiple reflections of the photo lamps
between the two boundaries of the shell were visible in the main view and
were observed to be sensitive indicators of oscillation. Their behavior

clearly showed that there was some response in each of the three sequences.
In the side views the oscillation of the outer surface in the z direction was
clearly visible.

Even though the image in the main view was the largest and sharpest of
the three, a side view was picked to study the forced response because the
stimulation was along the z axis, its response was more pronounced in that
direction and if there were any centering along the z axis, it would be
observable only in a side view. In addition the contrast between the motion
parallel and perpendicular to the forcing axis would aid the analysis and
interpretation.

The major purpose of these sequences was to center the bubble alonE the
z axis. Because of the the three small bubbles the large bubble was not able
to move closer to the center of the shell alertE that direction. As was
mentioned in the rotation section (SD), that the small bubbles were stuck
between the inner and outer surfaces was demonstrated by their remaining in a
plane perpendicular to the axis of rotation despite centripetal forces. Even
if the index of the amplitude modulation had been larger, the bubbles would
still have prevented motion of the blg bubble toward the center.

The bubble was discentered to such a degree that the bottom portion of
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its boundary was not visible in either side view making it impossible to to
study the relative boundary responses at the top, bottom, left and right as
hoped. The bubble boundary in the other three directions was not sharp be-

cause of the smaller image size and
slight disfocus of the side view. For

j these reasons a response the reflec-
Thiokn.,..a tion of one of the photo lamps which

was near the thick part of the shell
was used as an indicator of the bub-

SubblQ ble's response. The reflected spot of
light which was used was not at the
top of the bubble. Although these
points were not usable in the study of
the bulk motion, they did provide in-
formation about the response of the
inner and outer surfaces of the shell.

Distortions due to viewing the spot
through the curved outer boundary were
not corrected.

5,0 to 7.0 Hz Amplitude Modulation

This sequence began 25 seconds after the torque on the shell had been
removed. Because there wa.s no mechanism except air resistance to slow it
down, the shell was still rotating at a rate of 3.7 radians/sec (or 0.6
rev/sec) about the z axis when the amplitude modulation of the centering
force - also in the z direction- began. Because of the torque the bubble had
centered about the axis of rotation however along that axis it remained
uncentered.

The contrasting character of the surface motion was anticipated to have
been sufficient to indicate the presence of one or the other of the two
modes: in the bubble submode the two surfaces should move in phase (through a
progression of prelate/oblate oscillations) and the amplitude of the dis-
placement of the inner boundary should be significantly greater than that of
the outer one, while for the sloshing submode the surfaces would be moving
out of phase but with the inner surface moving muoh less (with the the outer
surface a series of square/diamond shapes). Even though it was clear that the
shell was responding, it was difficult to identify whether the surfaces were
moving in or out of phase but the bubble was oscillating more than the outer
surface. The shell's response was indicated not by identifiable shape oscil-
lations but only by regular motions of the zeflections of the lights and
slight motions of the boundary. From inspection of the film alone a tentative
identification of the bubble sub-mode (n=2,+) oscillation was made for the
second half of the sequence.

Figure 1" shows the results of the analysis of data from a side view
using the size of the outer boundary in the vertical (z) direction and the
position of the reflection of a photo lamp off the inner boundary. The times
corresponding to the resonant frequencies of free oscillation, 6.32Hz for
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n=2(+) and 6.51Hz for n=4(-), are roughly 210.0 and 211.6 seconds. Any reso
nant response corresponding to these modes should have been apparent by these
times. The graphs of the shell's response in Figure 1 show no such behavior
before 211 seconds ALD. There is a very gradual increase in amplitude of the
bubble and shell sizes between 198 and 216 seconds but there was no decrease
until the modulated force was removed.
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Figure 1. Data from the first stimulated oscillation sequence in which
the force was amplitude-modulated at a frequency which was
swept from 5.0 to 7.0 Hz between 198 and 216 seconds after
liftoff.
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The Fourier transform of the bubble size data - shown in Figure 2 -
has its greatest amplitude near 6.8 Hz which corresponds to the increase in
amplitude observed in the time data near the end of the stimulation. The
individual peaks between 5 and 5.5 Hz are not significant only the increase
in their maxima is. Because the seperation between the frequencies of the two
modes is so small, the two modes may have interacted with each other in such
a way to inhibit the growth of any single-mode oscillations. This may explain
the lack of a peak and between 6.0 and 6.8 Hz. The frequency information does
not corroborate the tentative identification of the bubble mode nor provide
any other explanantion of the shell's response.

i i !

• 16 ' ' ' FTs Bul _ble Size
R+

"i0 _0 _
4. _ 6. i_ Fr'eq, ('Hz) 8.

Figure 2. The Fourier spectra obtained from the bubble size data of
Figure I. The frequencies of the n=2+ and n=4- natural
oscillation modes are indicated for reference.

Study of the free decay after 216 seconds (section 5C) showed that
the frequency of the decreasing oscillation was 7.2 Hz which would indicate
that the amplitude of the time signals had not yet reached its maximum value
when the modulation was turned off which is not inconsistent with the data

shown in Figure 1. Possibly the n=2, bubble mode oscillation frequency is
higher than predicted. The effects which the three small bubbles located
along the z axis and between the two surfaces would have upon the shell's
response can not be estimated from the present understanding of compound, drop
behavior.

1,0 to 2,4 Hz

The second sequence began at 23t seconds ALO with the acoustic force in
the z direction amplitude-modulated at 1.0Hz and this frequency was increased
to 2.4Hz at 246 seconds - a rate of 0.93Hz/sec. The frequency of free oscil-
lation of the n=2 (sloshing) mode was predicted to be present within this
range at 1.80 Hz and the frequency of the forced response at a slightly lower
value.

Figure 3 shows three combinations of data taken from the film record:
the size of the shell, the size of the bubble, and their difference - the

distance between the two surfaces. The growth of the oscillation in the outer
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boundary ia very slight. The bubble does not appear to respond until 239
seconds AL0 when its amplitude increases. The thickness of the shell shows a
definite increase and decrease in the amplitude of its oscillations with a
maximum arround 241 seconds (at which time the force was amplitude-modulated
at 1.94 Hz). That most of the oscillation occurred in the outer surface was

reflected in the greater amplitude of the thickness oscillations compared to
those of the bubble size data.
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Figure 3. DLmensions of the shell and bubble and their difference for

the second stimulated oscillation sequence. Between 231 and

246 seconds ALO the frequency of the modulation was swept
from 1.0 to 2.4Hz.
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The Fourier transform of the shell thickness data is shown in Figure 4.
The peak at 2.0 Hz is not symmetric - reflecting the slow buildup and quick
decrease of the amplitude shown in Figure 3. It illustrates the typical
resonance response anticipated for this experiments with its start at a low
amplitude at 1.0 Hz and its increase to a maximum near 2.0 and its subsequent
decrease. The quick decrease in amplitude in both time and frequency data are
due to the interference of the forced oscillations with the dampened natural
oscillations stimulated shortly before.

The frequency of the decaying oscillations (after 236 seconds) was also
2.0 Bz. That this frequency is greater than the 1.9 Hz observed after deploy-
ment is due to the shell's rotation and/or the presence of the three small
bubbles and their distorting effect upon the shell's concentricit_
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Figure 4. Fourier-transformed thickness data for the 1.0 to 2.4 Hz
stimulated oscillation sequence.

2,5 to 4,0 Hz

Between 261 and 276 seconds ALO the amplitude of the acoustic centering
force in the z direction was modulated while the frequency of the modulation
was swept from 2.5 to 4.0 Hz. The n=3, sloshing submode of the shape oscilla-
tion was predicted to occur at 3.9 Hz. It was not expected that this mode
could be stimulated acoustically because the driving force was symmetric and
the shape oscillations were not. The BOX technique which was used in this
analysis is poorly designed to study shapes with threefold symmetry, for it
relies upon the Vanguard Motion Analyser which has two perpendicular cross
hairs.

Study of the boundaries indicated that the shell did respond to the
acoustic force (see Figure 5) with most of the oscillation occurring in the
inner boundary. The amplltude of the oscillations was less than half that of
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the other two sequences. The frequency spectrum of the shell thickness data
(Figure 6) has both resonant and non-resonant features. The amplitude of the
response is too weak to draw any definitve conclusions.

Figure 3. Stimulated oscillation data from the third sequence: fmod
was swept from 2.5 to 4.0 Hz.

The rate at which the modulation frequency is swept has been shown in
the laboratory to be important: sufficient time is required for the amplitude
of the oscillations to build up. In this experiment the rates were 111, 93
and 100 mHz/sec for the three sequences. Trinh reported that in his labora-
tory experiments, sweep rates of 10mHz/sec were used to prevent inaccurate
resonance curves. The sweep rates in the SPARVI and SPAR VII stimulated

oscillation sequences were 5mHz/sec and 8.3mHz/sec. The response of the drop
and shell to the low-frequency acoustic force was large in both cases. Be-
cause the frequency changed so quickly in this experiment, the resonance
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behavior could not build up in this experiment.

• I FT_ Bubble Size

Figure 6. Frequency spectra of the Bubble Size data during the 2.5 to
4.0 Hz stimulated oscillation sequence.

Another feature of these sequences was the coupling between the oscllla-
t_on and rotation. Figure 7 shows the rotation rate determined from the three
small bubbles during this time. At 243 seconds the amplitude of the oscilla-
tion response and the rotation rate were both at their maximum values. Simi-
larly in the first sequence both the rate and the oscillation increased
between 212 and 216 seconds.

2.50

ZI= IZB Iio
0.00 , , , , , , , , ,

lgO. 0 240. 0 TIN. mo AID 290. 0

Figure 7, Rotation rates during the stimulated oscillation sequences
showing the effects on rotation of the coupling between the

two types of behavior.
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F.Adiabatic Expansion

The purposes of this sequence were to study the slow expansion of the
shell and the centering of the bubble and to observe any manifestions of
instability. The expansion was accomplished using a two step decompression of
the acoustic chamber: at 293 seconds ALO (after liftoff) a valve which con-
nected the chamber to an overboard vent was opened and at 323 seconds it was
closed. A second valve was kept open between 327 and 366 seconds.

The relative volume of the bubble increased from 42% to 77% in 70

seconds. The three small bubbles which had been injected during the early
part of the bubble deployment were still present at the beginning of the
expansion sequence. Two of them popped out of the liquid during the expan-
sion. The other small bubble was still present when the shell hit the wall at
420 seconds.

Figure 1 shows the output from a pressure transducer connected to the
interior of the acoustic chamber. The change in the ambient pressure when the
valves were open is clear. The horizontal bars (IIIa and IYIb) indicate the
periods when the valves were open. A time constant to describe the decompres-
sion was determined by finding the best fit to the pressure data while the

valves were open. Using an exponential function, P = Poexp(-t/_), • ~ 39.5
sec. The telemetry data of Figure I indicate that the ambient pressure
dropped from roughly 14.1 psi to 9.4 psi during the time that the first valve
was ope_. By the time that the second valve closed the pressure had dropped
to approximately 6.8 psi.
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Figure 1. The static pressure in the acoustic chamber (from the tele-
metry record of the experiment).
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Figure 2 shows the response of the shell to the drop in pressure: its
average size as seen in the main view and normalized by the size at 280
seconds after liftoff. The size increased while the valves were open. The

relative radius increased from 1.0 to 1.1 during the first sequence and from

1.1 to 1.35 in the 36 seconds of the second stage of the decompression_ The

sl_ell's volume increased 33% while the the first valve was open and 250%
while the second remained open. The volume of the bubble increased by a

factor of 4.46, and its relative size (radius) increased from .421 (.750) to
0.765 (.915) at 365 seconds.
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Figure 2. The average size Of the shell as seen in the main view while
the pressure in the chamber decreased. The asterisks indicate
when two of the three small bubbles popped.

The times at which the two small bubbles popped out are indicated by the
asterisks. The oscillation that begins arround 345 seconds ALO reflects the

distortion caused by the remaining small bubble when the sheli began to rock

in the acoustic well as the rotation stopped. That small bubble had grown so

that its diameter was roughly 20% of the shell's. It was greatly deformed by

the two surfaces as the bubbles grew and in turn deformed the shell greatly

by causing most of the mass of the fluid to move to the area where the large
and s.mall bubble touched.

Figure 3 illustrates the adiabatic quality of the bubble's expansion:

using the data shown in the first two figures to construct the function K
which will be constant in time for an adiabatic process, versus time where

K(t) -Pbub {Vtot-Vliq}T (I)

Vbu b is the volume of the bubble and Pbub is its pressure which is the
external pressure plus a small correction due to the pressure jumps over the

111-91



two interfaces (Eq.5 in section 4E). The data was normalized so that
K(to=280)= 1.0.In the data shown 7, the ratio of the specific heats of the
gas, Is 1.4 and Vliq, the volume of the liquid part of the shell, is
0.5SVto t (t o )-

E..
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Figure 3. A check using data from both the telemetry (the pressure)
and the film (the shell size) records to determine the

quality of the bubble's adiabatic expansion. For an
adiabatic process K(t) = 1.

An indication of the temperature of the air inside the chamber was
provided by the telemetry data for the frequency of the z-axis acoustic
positioning signal (see Figure 4). As the temperature of the air decreased -
due to the drop in the pressure the frequency also dropped and at a rate
proportional to the square root of the change in the absolute temperature.
But because the walls of the chamber had a much greater heat capacity and did
not cool as much during the depressurization, the frequency increased be-
tween 322 and 326 when both valves were shut as the air was warmed slightly.
The decrease in the frequency from its value before expansion to the one
after it is due to the cooling of the entire payload.

The liquid of the shell provided some isolation for the bubble from
these temperature fluctuations. Because of the presence of the small bubble
one half of the shell became very thin after 345 seconds which removed the
isolation of the bubble.

The large bubble did not become centered during the early part of this
sequence because the small bubbles also grew and pushed against both the

inner and outer surfaces as they all expanded. The pressure on the small
bubbles exerted by the larger surfaces caused two of the small bubbles to pop
out of the shell at 316.6 and 338.6 seconds. When they burst they caused some
very short-lived surface oscillations but no other discernible effects. The
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third bubble never popped and as a result the large bubble was prevented from
being centered for the rest of the experiment.
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Figure 4. The frequency of the acoustic signal used for positioning
along the z axis. It is proportional to the square root of
the absolute temperature of the air in the chmnber.

Conservation of angular momentum required that as the shell expanded
its rate of rotation decrease - slowing it down much faster than air resis-
tance alone could have. The rotation of the shell increased its stability and
after the rotation rate had decreased below a critical level the precession
which led to the oscillations after 345 seconds in Figure 2 began. The
rotation persisted past 339 seconds when the second small bubble popped.
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Figure 5. Rotation rate of the shell as determined by observing the
relative positions of the three (or two) small bubbles.
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No evidence of instablity was present nor were any flows visible as the
bubble expanded slowly. Unlike the expansion sequence of Experiment 77-18/1
flown on SPAR VII, no very small bubbles were observed as the chamber was
depressurized. This was a result of the more thorough degassing procedure
used to treat the water. As a result the only flows visible were due to
either the rotation of the shell, as evidenced by the motion of the three
small bubbles, or after the two had popped the flow of fluid from arround the
large bubble to the area where it and the small bubble touched. No evidence
of any other flows was found.

The shell was stable enough to remain integral as the two small bubbles
burst and while it was stimulated into oscillation by the 30 Hz switching
frequency of the complementary modulation. It was not clear whether it was
the entire shell or one of the two bubbles which responded. The oscillations
were observed at several times between 350 and the end of the experiment.
There was some correlation between the position and orientation of the shell
and the times that the surface oscillated. The frequencies of both the
surface oscillations as the bubbles popped and of the stimulated shape oscil-
lations were too high, and their amplitude to small to analyze them quantita-
t iv ely.
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G. Concluding Remarks

The principal objective of this experiment was to study the dynamics of
a liquid shell in a micro-g environment: its sphericity, the concentricity of
the bubble within it and its behavior during adiabatic expansion

The camera, lighting and deployment systems worked as desired. The
shell, composed of 5.8cc of water and 4.2cc of air was successfully deployed.

The surface oscillations generated by the retraction of the injectors

permitted the study of the natural oscillations of an air-water-air compound
drop. Several modes were seen at the frequencies predicted by the theory: the

n=2/sloshing submode (1.9 Hz), the n=3/sloshing submode (3.7 Hz), the
n=2/bubble submode (7.0 Hz) and the n=4/sloshing submode (6.3 Hz) were iden-
tified.

The motion of the shell's center of mass was studied for the entirety of

the experiment. From the oscillations in the x and y directions the drag on
the shell as it moved through the air was determined. The large amplitude
behavior at the end of the experiment was due to the precession of the
expanding shell as its rotation rate became smaller - an effect which high-

lighted the stabiblizing influence of the rotation. The few small spikes in
the rocket's acceleration did not cause any significant changes in the bulk
motion of the shell.

In general the rotation of a liquid can be determined by studying the
behavior of trace particles within it or, if they are not available, by
observing changes in the relative dimensions of the drop. In this experiment
both means were provided allowing the comparison of the shell's dimensions
with its actual rate of rotation Three small bubbles were used to determine

the rotation rate at the pole. There presence was crucial because the neces-
sary theoretical framework relating shell dimensions to rotation rates does
not exist. The acoustic torque caused the shell to spin up to a rate of 4.1
rps. An imbalance in the acoustic forces distorted the shell and restricted
the analysis to a qualitative comparision with the theory of acoustic
torques. The shell rotated sufficiently to center the bubble and continued to
rotate for 175 seconds after the torque had been remove& From this experi-
ment, a very precise value of the drag on a shell due to air resistance was
determined (0.0012 sec-±2). Furthermore, this experiment for the first time

provided an opportunity to observe the interplay between rotation and stimu-
lated oscillation and between rotation and the expansion of the shell.

The shell responded to the modulated acoustic force durlns each of the
three stimulated oscillation sequences. When the modulation was swept through
the frequency of the n=2/sloshing submode the shell's response was weakly
resonant; when the shell was stlmulated at the n=3/sloshing frequency its
oscillations were very small and non_esonant - as expected. As the frequency
of the modulation was swept through a region containing both the n=2/bubble
and n=4/sloshing mode free oscillation frequencies, the shell responded to
the bubble submode at a resonant frequency near 7.0 Hz but showed no response
near the expected frequency of the other mode. The larger response of the
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n=2/bubble mode was due to the fact that the modulating acoustic force can
stimulate oblate/prelate oscillations much more easily than the symmetric
boundary motions of the higher modes. The amplitude of the response in all
sequences was not very large nor were the shell's oscillations able to center
the bubble along the z axis. We believe this can be attributed to the pre-
sence of three small bubbles at the pole. The rapid rate at which the fre-

quency of the amplitude modulation was swept also inhibitted the buildup of a
large-amplitude response.

The bubble expanded as the pressure in the chamber was decreased - its
volume increased by a factor of 4.5. Two of the small bubbles popped during
the first half of the expansion, but the third did not. Its presence pre-
vented centering due to the expansion of the shell.

From this flight several suggestions for improving this type of experi-
ment were obtained. The slow separation of the injector probes as the bubble
grows would allow it to remain closer to the center of the chamber and thus

minimize the amplitude of its oscillations in the potential well. A pro-
grammed variation of the acoustic force levels, distorting the field (and the
shell) and then releasing it, would permit the study of a drop or shell's
free decay for varying initial distortions as well as provide more data on
the static shape distortion due to acoustic force imbalances. The use of a

larger bubble would separate the resonant frequencies of the n=2+ and n=4-
modes. Theoretical and laboratory investigations into the damping character-
istics of compound drops should be initiated. A data gathering system inter-
mediate in sophistication between the manual digitization used with the
Vanguard Motion Analyzer and fully automated digitization provided by esta-
blished image processing facilities should be developed. The former is slow
and tiring for the operator while the latter does not have the speed and
flexibility required to study data in different ways as the analysis proceeds.
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The specific objectives of this experiment were met:

i) to study the sphericity of a liquid shell - during the periods
when the shell was not being manipulated the sphericity of the shell was
measured to be better than I_.

2) to use acoustic techniques to center a large bubble - rotation

generated by the acoustic torque centered the bubble in the x and y direc-
tions, but the stimulated oscillations were prevented from centering it along

the z axis by the presence of the small bubbles.

3) to study perturbations in centering as a result of motion of
the shell in the acoustic potential well due to g-jitter - rotation of the
shell prevented the effects of the large-amplitude oscillation in the chamber
from affecting the bubble position within the drop along the x and y axes. Yn
the z direction the shell's bulk motion was very small and the large bubble
was not free to respond as it was pinned between the small bubbles and the
outer surface.

4) to study the resonant frequency and damping mechanism of bubble
oscillation- the frequency data were consistent with the existing theory for
the two lowest frequency submodes and complex behavior was observed in the
region predicted for the next two modes. The damping information obtained
from the lowest modes will allow comparison with values generated by any
theoretical studies of compound drops which incorporate viscosity.

5) to expand a bubble adiabatically- the chamber depressurization
scheme worked causing the bubble to expand significantly. No new information
was provided on the feasibility of using bubble expansion as a centering
technique.
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CHAPTER III

APPENDIX

The BOX Method

This technique of collecting and analyzing data was developed to make
the data-gathering process using a Vanguard Motion Analyzer as quick and
simple as possible while providing adaquate information for studying the SPAR
experiments. The Analyzer allows the frame by frame viewing of 16ram cine film
and the characterization of any point in the frame by x and y coordinates
determined by the intersection of two manually controlled cross hairs. The
cross hairs are parallel to the edges of the viewing screen and to obtain a
different orientation of the perpendicular cross hairs, the projection head
of the Analyzer can be rotated.

The analysis - whether simple plotting of the time data or the study of
the Fourier spectra for that data - uses the dimensions and the positions of

boxes from each frame digitized to characterize the behavior of the drop and
its acoustic environment. This system has the flexibility of allowing the
operators to take or retake data on any part of the film whenever needed, but

the price which must be paid is sitting in front of the Motion Analyzer for
often long periods of time. The main virtue of the system is its simplicity.
However this simplicity limits the kinds of shapes that can be studied with

confidence to to those that are themselves simple: the less elliptical the
boundary, the less meaningful the data. This problem is particularly acute
when studying the shellWs behavior when it is distorted, e.g. just after
deployment.

Figure 1. Schematic of a shell image and the locations of the four
points used to characterize that shell in the BOX analysis.
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For a simple drop the data-gathering procedure would be to determine the
experiment time (in seconds after liftoff) from the edge of the film (which
was partially visible on the Analyzer) and then adjust the cross hairs to
just touch the bottom and left edge of the image, record the coordinates and
move the cross-hairs to the right and top edge and take the coordinates for

that position. This gives five numbers per frame: t, x I, Yl, x2 and y_. When
studying a shell an inner box is constructed producing four more coordinates:

x3" Y3' x4 and Y4 (see Figure i).

Two broad classes of information are sought from this kind of analysis:
motion of the entire shell in the chamber or the bubble within the shell and

motions of the surfaces as they oscillate. The former are obtained from
combinations of sums of the four points:

Xs xl+x2 x3+x 4 (x3+x4)-(Xl+X2)- , - , = , etc., (i)
2a Xb 2a Xbs 2a

where a = _ [(x2-xl)+(y2-yl)} (2)

is the average radius for that view determined by summing the vertical and
horizontal dimensions of the shell over n frames in the time period of

interest. The first quantity, Xs, approximates the position of the shell's
center of mass on the film image. Actually it is the center of the image - if

the image is symmetric, x b and Xbs are the positions of the bubble in the
chamber and relative to the shell's center. To correct x_, x b, and other
center-of-mass-type points so that they are relative to the chamber's center

for that view, the coordinate of the center, x c, must be subtracted before
normalizing. These combinations are used to generate date to study motion of
the shell in the acoustic potential well, eg. see Figure 2a in section 5B.

Xbs and Ybs can also be used to study the centeredness of the bubble within
the shell-(see Figure 1 in section 5q)).

When a shell contains a large bubble which is free to move through the
liquid as the shell oscillates in the potential well, a better approximation

* s

to the true center of mass than (xs,Ys) will be (Xs,Ys).

* - Xl+X2 I Xl+X2 x_+x4 _Xs 2a + Ap 2a 2a }

where Ap is the difference in density between the air and the liquid.

To study oscillations of the surfaces, differences between the four
points can be combined in many ways:

x2-xl x4-x3 x2-x4 , etc., (4a)Sx - 2a ' bx - 2a ' tt°p - 2a

111-102



D = (x2+Xl)-(Y2+Yl) S = (z2-Xl)+(Y2-Yl)
2a " 2a ' (4b)

5 s = (z2-Xl)-(z4-z3) (x2-zl)+(z4-z 3)2a ' 5b = 2a - . (4c)

The oscillation of the outer surface along the z axis will show up in the

shell size, s x, but also to a varying degree in the difference and sum data,
D and S. 5 s will highlight out of phase oscillations in the x direction while

6._ will do the same for oscillations in which the two surfaces move in phase.

e four thicknesses, .ttqp: t_ight: tbot , and tleft, p_rovide useful frequency
znlormation wnen the vuoole ±s not concentric with the outer surface. Exam-
ples of the various combinations are contained in the section concerned with
natural oscillations, section 5C. These combinations are also used to gen-
erate data on the relative dimensions of the shell parallel and perpendicular
to the axis of rotation ( Figure 2, section 5D). The relative dimensions

obtained indicate the how well balanced the acoustic forces are (Table 2,
section 5B).
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CHAPTER IV

SUMMARY

The second containerless glass melting experiment, NASA experiment 74-42,
was flown on the SPAR VIII sounding rocket on November 18, 1981.

This report includes descriptions of the flight sample and the flight

events for the SPAR VIII experiment and a summary of the SPAR VI experiment

which formed a basis for determining the objectives of the SPAR VIII experiment.

The flight experiment was designed to produce a single 0.64c_m (_ inch)

diameter silica-modified gallia-calcia glass (39.3 Ga2OB: 35.7 CaO: 25.0
SiO^ in mol percent, i.e. the same composition as the SPAR VI sample)z .
contalnerless melted and cooled in a single-axis acoustic levitator built

under contract to NASA by Intersonics, Inc.

In the first experiment (SPAR VI) (Ref. i) the performance of the

flight experiment hardware was in most regards satisfactory with one exception,

that being the acoustic levitator, which suspended the sample for only 27
seconds of the desired 240 seconds. Therefore, one of the principal objectives

of the SPAR VIII experiment was to increase the sonic positioning time to
encompass the entire processing cycle.

The payload parachute for the SPAR VIII experiment opened prematurely

at higher-than-planned altitude resulting in knotting of the central portion
of the parachute and tearing of the fabric. As a result of the parachute

malfunction, the payload impacted the ground at a speed of approximately
300ft/sec (_200MPH) and the experiment package suffered severe damage.

The flight experiment sample has not been recovered to date. The flight
motion picture film, however, was recovered and successfully developed. The

analysis of the motion picture showed that the experiment hardware functioned

in most regards as planned, except the acoustic levitator, which suspended the
sample for only 82 seconds of the desired 240 seconds.
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INTRODUCTION

If the promise of containerless melting and cooling, made possible by

space processing, is realized fully in the years that lie ahead, an important
new area of optical glasses will become a reality. In part, this new area
may be visualized by referring to the schematic of Figure I. The ordinate

is the index of refraction, and the abscissa, the Abbe number (_), an inverse

measure of dispersion. The higher Abbe numbers, to the left, of the diagram
indicate a low dispersion (i.e., a flatter slope of the index versus wave-

length curve). The lower Abbe numbers, to the right, have a high dispersion

(steep index versus wavelength curve). A century ago flint glasses were
developed. This permitted construction of the first achromatic, or color-

corrected, multi-element lenses. Responding to the demands for better

quality lenses, the optical glass industry developed more glasses with

properties between those of the crown and flint glasses. More recently

glasses have been developed to fill out the vertically hatched commercial
glass area. The trend has been to push the area up and to the left with
glasses of complex compositions.

If glasses beyond the reach of current terrestrial technology could
be prepared from the more reluctant glass forming oxides, the area of useful
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Figure i. n-_ Diagram for Optical Glasses
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properties could be expanded significantly. The expansion would occur by the
addition of space-prepared glasses (horizontally hatched area of Figure i) to
the terrestrial base.

THE RATIONALE FOR SPACE PROCESSING

For most of the past decade, the Principal Investigator has been investi-

gating possibilities for producing new optical glasses by containerless melting
and cooling utilizing the near-zero-gravity environment available in earth

orbit. The paragraphs that follow cover the technical thinking behind the

concept of containerless processing in space, a summary of experience to date,
and reasons for the interest in space processing of optical glasses.

When a molten oxide is cooled slowly enough to approach equilibrium

conditions, it crystallizes near its crystalline melting point. In the case

of the conventional glasses, usually based on oxides such as SiO 2, P20_,

B20_, or GeO^, the viscosity of the molten glass is very high. Wi_h t_is high
vls_osity, t_e molecular mobility is very low. Thus, when such substances
are cooled from the molten state, it is difficult for the molecules to

rearrange themselves into the orderly state of the crystalline lattice.

Because of this sluggishness, the movement of the molecules into the crystal-

line lattice positions is incomplete on cooling with normal cooling rates.
In these cases, the semi-random molecular arrangement of the liquid state is

essentially preserved on cooling, and the substance remains amorphous, the
resulting product being called a glass.

The crystallization phenomenon may be considered to occur in two stages:
(i) nucleation and (2) crystal growth. In conventional glasses the sluggish-

ness effectively inhibits both of these processes, especially the latter.

Therefore, even if the substance manages to nucleate on cooling from the melt,
the crystal growth rate is so slow that the nucleii remain, for practical

purposes, undetectable in the glass. There are, however, only a few oxides

that have sufficiently high viscosities to permit glass formation under normal
circumstances.

For the past two decades, glasses have been made terrestrially in the
laboratory from some of the less viscous oxides. Invariably, the technique

used for preparing them involves extremely high cooling rates from the liquid
state. The familiar splat-cooling technique (Reference 2) is a case in

point. While such techniques yield valuable research information about the

nature of the glasses so prepared, their application for commercial purposes

is extremely limited. By the nature of the technique, only very thin films
can be prepared. With this technique the ]iquid, as a very thin layer, is

cooled in contact with a chill plate, usually o_ copper. While the copper

provides numerous nucleation sites, the very rapid cooling effectively
suppresses crystal growth.
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Containterless melting in space offers the first practical opportunity to
prepare glasses in massive form from the large number of oxides whose liquid

viscosity* is not high. If nucleation can be prevented on cooling, then

crystal growth obviously cannot occur, and a glass should result.

It is generally recognized that there are two kinds of nucleation:

(I) heterogeneous and (2) homogeneous. Heterogeneous nucleation results from

contact of the cooling liquid with crystalline material. Such a material may
be entirely different in chemical composition from the melt. Common container

wall materisls are cases in point. Of course, it can also be of the same or

similar composition, for example, unmelted portions of the bath or cool seed

crystals of similar composition deliberately introduced into the cooling melt.
In practice it is very difficult, or virtually impossible, to eliminate

heterogeneous nucleation sites with conventional, terrestrial practice.

Normally, a crystalline container must be used both for melting and for cool-

ing. Further, the impingement of cool dust particles on the cooling melt may

be enough to cause heterogeneous nucleation, and if the viscosity remains low
enough in the supercooled liquid, crystal growth rates will be high and the

glassy state will not be obtained.**

Homogeneous nucleation is another matter. Theoretical studies (Reference

3) have shown that homogeneous nucleation rates for oxide glasses are much

slower than for heterogeneous nucleation. Experimentally, it is difficult to

determine whether nucleation is truly homogeneous. There are those who
believe that it may never truly have been observed in an oxide glass. Since

only a few molecules of a heterogeneous nucleator need to be present, the detec-

tion of such a small amount is a formidable technical problem. Thus, the

assumption, a p_i0_£, that nucleation which occurs, for example, throughout
the mass of a cooling substance is homogeneous may be erroneous. One can

always argue that an undetectably small amount of a crystalline substance was
present at the nucleation sites. At any rate, if heterogeneous nucleation can

be effectively prevented, it is probable that homogeneous nucleation, if it
can occur, will not occur unless the cooling rate is quite slow.

Over the past several years, the principal investigator has successfully
prepared numerous approximately 6-mm-diameter (about 3/4 gram) glass boules

*It is recognized that the slope of the viscosity versus temoerature curve

below the crystalline melting point (i.e., in the supercooled region) is very
important to the glass formation process. However no such data exist for tile

oxides proposed here. It is probable that the general tendencies of viscosity

change in the supercooled region can be inferred from future terrestrial

and space studies.
**The presence of insoluble crystalline material in the melt could also cause

heterogeneous nucleation. Fortunately oxides are very good solvents. It

therefore follows that with enough melting time this problem should be held
to a minimum.
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of roughly spherical shape from several oxide compositions that have low
viscosity in the molten state. That work is covered in detail in References 4

and 5. Among the compositions prepared are the gallia-calcia eutectic at

approximately 19 weight percent calcia, an alumina-calcia composition with
30 weight percent calcia, and a ternary, 40 weight percent lanthana-40 weight

percent alumina--20 weight percent calcia composition. The alumina-calcia

composition is well outside the reported glass-forming region based on 20 mg
melts _Reference 6). The gallia-calcia composition had been reported to be a

glass former in the laboratory, but in sizes less than 40 mg (Reference 7).
Furtheremore, water quenching was required to achieve the glassy condition.

Thus the preparation of crack-free boules with 50 times the mass of those
of the earlier work represents a significant technical achievement. A glass

of the ternary composition, to the principal investigator's knowledge has
never been reported in the literature.

The method for preparing the 6-mm boules is described in detail in

Reference 4. Briefly, the samples in contact with a silica (glass) sting are

suspended in a vertical air column. The energy for melting comes from a

CO2 laser beam aimed at one side of the boule. The silica sting was found
necessary to stabilize the motion of the melt and is a definite convenience
for getting the process started. The oxide is transferred to the sting from
a laser melted area of well-mixed powders of the desired composition. While

the technique developed by the principal investigator is excellent for
demonstrating that new glasses can indeed be prepared with containerless melting

and cooling techniques, it does suffer from several limitations, as follows:

I. Because of the relationship among viscosity, surface tension, and

mass, 6 mm is very near the maximum sized boule that can be prepared
in this fashion.

2. The silica sting material continuously dissolves into the sample during

melting and holding at superheat temperature. Simultaneously, the

sample constituents as well as silica are boiled out of the "hot

spot" where the laser beam impinges. The end result is a net
increase in the silica content. In order to keep the silica content

as low as possible it is necessary to keep the melting time as short

as possible (on the order of 30 seconds). As a consequence then,

good mixing is not obtained.

3. It is very difficult to eliminate dust in the air from the wind
tunnel. Thus the molten sample can be considered to be continually

bombarded by dust particles while it is cooling. For this reason
the technique may be unnecessarily restrictive compared with the
more favorable conditions expected to accrue from space melting.

Space melting promises to eliminate or significantly reduce all three
of the shortcomings inherent in the air suspension/laser melting equipment.

Very large boules should ultimately be possible if enough power for melting
can be made available. The silica sting will not be required with the acoustic
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positioning technique being developed by NASA. Since space melting can be
accomplished in a furnace with nearly isothermal conditions, the localized

heating of the specimen intrinsic in the terrestrial laser melting technique

will not be experienced. Space melting can be accomplished in an essentially
static atmosphere, significantly reducing the possibilities for dust-caused

nucleation. It is entirely possible that some of the compositions that failed

to form glass in our terrestrial experiments may prove to be glass formers
under space melting and cooling conditions.

THE SOUNDING ROCKET PROGRAM

The Space Processing Applications Rocket (SPAR) program is considered a

precursor to the Shuttle and later manned orbital programs. While conditions

are not ideal for glass melting aboard a sounding rocket, largely because of

the rather short melting time (less than five minutes) available, the program

does afford a good opportunity to gain early experience with glass melting

within the limitations and, more importantly, with space glass melting
equipment development.

The gallia-calcia composition mentioned in the previous section of this

report was originally chosen as a suitable composition for two sounding rocket
experiments and for early Shuttle experiments using the NASA-provided Materials

Experiment Assembly (MEA). The composition is a eutectic between the compounds

CaO:Ga20_ and CaO:2Ga_O_ and its composition, under equilibrium conditions, isJ
approxlmately 19 wt. _ _aO, balance Ga^O^ (approximately 56 mol % CaO). ThezJ
phase diagram for the binary gallia-calcia system is shown in Figure 2.

This particular composition was chosen for the following reasons:

i. It has the lowest melting temperature of any of the new optical glass

compositions studied by the principal investigator prior to the

initiation of the SPAR program.

2. It is a relatively good glass former in the I/4-inch (approximately

0.6-cm) (about 0.8 gm.) size under terrestrial containerless melting
conditions.

3. It potentially has optical properties of interest to the optics

industry.

4. Prior to our terrestrial melting work, it had not been prepared in a
size exceeding 50 mg (0.050 gm).
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Figure 2. The CaO - Ga203 Phase Diagram (From Reference 8)
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SUMMARY OF THE SPAR Vl EXPERIMENT

The first containerless glass melting experiment, NASA experiment 74-42

was flown on the SPAR VI sounding rocket on October 17, 1979. A detailed

reporting of that experiment is give in Reference I.

During the flight experiment, a single I/4-inch diameter (6.4 mm.)
sample of a silica-modified gallia-calcia glass of composition 39.3 Ga^0^

: 35.7 CaO : 25.0 SiO2 in mol percent was containerless melted and coo_e_
in a single-axis acoustic positioning apparatus built under contract to NASA

by Intersonics, Inc. Since this was the first containerless glass flight, the

principal• objective of the experiment was to determine the functioning of

the flight experiment hardware under actualflight conditions. The flight
hardware included a silicon carbide element furnace equipped with a single-_is

positioning device designed to prevent contact of the molten sample with

other than the gaseous (approximately one-ground-level air) atmosphere

during the 4 minutes of low-gravity flight. At the completion of the melting

and soaking portion of the processing cycle, which was performed at a nominal
temperature of 1575 C, a massive copper cooling shroud was introduced into

the hot zone of the furnace to radiation-cool the sample. An injection cage
fashioned from platinum and 30-percent rhodium alloy was used to inject the

sample into the sonic well, and a single motion-picture camera was provided

to observe the flight sample during the entire processing cycle. The hard-

ware package included necessary electronics, timers, temperature control
equipment, and mechanical devices, the last for operation of the injection
mechanism, furnace wall gates, and cooling shroud.

The sample was completely melted during the flight and was cooled to a

clear glass. Injection into the furnace hot zone was accomplished. After it
touched the cage four times in the first 9 seconds, the sample remained in

suspension 27 seconds, at which time it drifted to the injection cage and

attached itself to one of the platinum alloy wires making up the cage. It

remained attached and centered on the cage wire during the remainder of the
processing cycle.

During the post-flight evaluation, the sample was found to be free of

unmelted, crystalline, material. It contained three small bubbles near the

platinum wire. The shape of the sample was spherical except for projections

caused by wetting the wire by the glass at either pole where the platinum
wire emergedfrom the sample. Unexpectedly, the surface of the sample was

found to contain numerous small crystal rosettes not large enough to be seen

by the unaided eye. Analysis of the crystal rosettes with a scanning electron
microscope showed them to be of approximately the same composition as the

glass. Platinum (with some rhodium present) was found to be the probable
cause of crystal nucleation. The principal constituent of the rosettes

was found by indirect methods to be Ca2Ga2SiO_. The most probable causes of• !
the platinum contamination of the surface are thought to be either (i)

mechanical transfer from the loose-fitting injection cage during lift-off
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of the rocket or (2) surface diffusion from the platinum-rhodium wire which

was in contact with the glass sample during most of the flight experiment
cycle.

OBJECTIVES AND RATIONALE OF THE SPAR VIII EXPERIMENT

The principal objectives of the 74-42 SPAR VIII experiment were: (I)

To increase the sonic positioning time to encompass the entire heating and
cooling cycle, and (2) To eliminate the platinum contamination experienced
with the SPAR VI experiment.

In order to accomplish the first objective, Intersonics, Inc. replaced
the compact-design sonic driver used on SPAR VI with a less compact driver

which had been flight tested aboard several KC-135 flights. Intersonics'

analysis of the flight data showed that the sonic power had dropped significantly
during the SPAR VI experiment and it was strongly suspected that the compact
driver was at fault.

The second objective was addressed by covering the platinum injection
cage wires in the area where the sample was gripped prior to injection with

alumina (AI^O 3) beads. It was felt that the alumina would prevent the
platinum alloy from mechanically transferring to the specimen during the

lift-off, high vibration, portion of the flight. Any alumina that might

mechanically transfer to the sample would be quickly dissolved by the molten
flight sample. The secondpossibility for platinum contamination mentioned in

the previous section, i.e. surface diffusion from the Pt-Rh wire, would be

eliminated if the sonic positioning mechanism operated throughout the experiment
as planned.
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DESCRIPTION OF THE FLIGHT SAMPLES

It was decided to use the same, silica-modified, composition used on the

SPAR VI experiment for the SPAR VIII experiment. Samples No. i, 2, 4, and 5
shown in the table on page 14 of Reference i were diamond re-ground at a local

lapidary shop to reduce their sizes to more nearly match that of the SPAR VI

flight sample. Data on the six flight samples, which were all cut from the
same gallia-calcia-silica loaf casting are given in Table i.

TABLE I. WEIGHTS AND DISPOSITION OF SIX FLIGHT SAMPLES

Sample No. Weight gm. Disposition

Original Reground

I 1.2578 0.5948 SPAR VIII flight sample

2 --- ¢*) 0.5721 SPAR VIII all systems test(_._

3 0.8972 SPAR VI all systems test (**#

4 0.8975 0.5804 Not used to date

5 0.9865 0.6014 Not used to date

6 0.5778 SPAR VI flight sample

Details of the selection of the silica-modified composition and the

preparation of the flight samples shown above are given on pages 9 through 17
of Reference i.

(*) Sample No. 2 had been contaminated with porcelai n on the surface and

therefore was not considered for use in the SPAR VI experiment. It was felt
that the regrinding would effectively remove the contamination and therefore

this sample was deemed satisfactory for all systems test purposes.

(**) A ground test performed by MSFC prior _o flight during which the sample
was melted in a platinum crucible in the flight experiment hardware.
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FLIGHT EVENTS

EVENTS AT WHITE SANDS MISSILE RANGE

SPAR VIII, with flight sample No. I loaded in the injection

cage, was launched at 5:40 pm, MST - White Sands Missile Range, New Mexico,
Noyember 18, 1980. Flight telemetry data appeared normal during 74-42

experiment operation and all functions appeared to occur as planned.

The payload parachute opened prematurely at higher-than-planned altitude

resulting in knotting of the central portion of the parachute and tearing

of the fabric. As a result of the parachute malfunction the payload impacted
the desert floor at a velocity of approximately 300 ft./sec. _ 200 MPH).

Since the 74-42 package was located at the lower end of the payload stack

(opposite end from the parachute), it suffered severe damage from the impact,
its length being reduced from about three feet to less than one foo_. Two

views of the returned experiment hardware are shown in Figure 3.

On the morning of November 19, 1980 the remains of the experiment apparatus
were loaded onto the bed of anArmy truck and hauled approximately 45 miles
to the Vehicle Assembly Building (VAB). Durimg the trip, debris from the
crushed package spilled out over the truck bed.

After the crushed 74-42 package was removed from the truck and placed

in the VAB, the bed of the truck was swept, the debris was collected and placed

in the VAB. During the afternoon of November 19 the crushed payload was
pulled and cut apart. No trace of the flight motion picture film was found,
although the crushed remains of the Photosonics camera was identified. The

debris from the truck bed and from the crushed experiment package was screened.

The screening yielded several glass fragments but nothing that appeared to be

from the experiment gallia-calcia-silica sample. The crushed platinum alloy
injection cage was identified, but a portion of the outer cage could not be
located.

On the morning of November 20, 1980 the impact site was visited. Personnel

included Charles Rey and Tom Danley of Intersonics and the principal investigator.
The flight motion picture film, still entrapped in the twisted remains of the
film magazine was found under the crushed remains of an access door in the

bottom of the crater. Both were covered by 6 to 8 inches of loose dirt. The

crater was quickly covered with black plastic to keep exposure to sunlight

to a minimum; the film, canister and some of the dirt were double--wrapped in

heavy, black, opaque plastic; and the package was thoroughly taped.

Much of the dirt in the impact crater was screened at the site, but no

trace of the missing platinum cage wires or any glass fragments that appeared
to be from the flight sample was found.
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Figure 3. Two Views of the Returned Experiment Hardware
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An area around the impact crater within a radius of about 15 feet was
also searched. Much of this area was covered by tall grass as was the

immediate impact site, which made searching difficult. One fragment of the
experiment package shellwas found about 33 yards south (toward the launch

site) of the impact crater. After about an hour the search by 5 or 6 people
was abandoned and all personnel flew back to the VAB.

After returning to the VAB, the package containing the film was opened

in a dark room at LC 35. The film was separated from the remains of the

magazine, cleaned of loose dirt, and re-wrapped thoroughly in heavy, black

plastic and re-taped. Both the take-up and feeder spools of film appeared to

be intact. The film was hand carried to Los Angeles (without x-ray inspection)
by the P.I.

On January 9, 1981, the impact site was again visited by Rodger Chassay

of MSFC, two U.S. Navy people assigned to the Missile Range and the P.I. The
entire day was spent searching the impact crater and the area around it.

Screening of the dirt yielded several glass fragments - none of which appeared

to be from the flight sample. None of the missing Pt-alloy cage wires was
found.

During the latter part of the week of January 12, 1981, Rodger Chassay and

the two Navy people again visited the impact site. The grass around the impact
site was burned off and much of the surface dirt was again screened. Three

more glass fragments were found. A larger piece with a portion of an

approximately spherical surface was also found embedded in a piece of hard

dirt which had been compacted by the payload impact.

ANALYSIS OF GLASS FRAGMENTS

After the Principal Investigator received the larger piece of glass and the
three small fragments found at the site the week of January 12, a chip was

removed from the fracture face of the larger piece and it, along with the
smaller fragments, were spectrographically analyzed. The results follow:

I) Larger fragment (with portion of approximately spherical surface)

Silicon - major (I0 to 100%)

Magnesium - trace (0.01 to 0.5%)
Calcium - trace
Aluminum - trace

Zinc - slight trace (0.01%)

Iron - slight trace

2) Three smaller fragments

Silicon - major

Sodium - major
Magnesium - minor (0.5 to 10%)
Calcium - trace

Copper - slight trace
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Since none of the above contained the major gallium and calcium expected
with the flight sample, it must be concluded that none of them came from the
flight sample.

Additionally, fifty-five fragments of glass from the wreckage and/or

the vicinity of the impact site have been received by the P.I. Thirty three

of these were ruled out as being from the flight sample either because they

were too large or showed evidence of mirrored surfaces. The remaining twenty
two fragments were spectrographically analyzed even though none of them showed

the characteristic yellowish cast of the flight sample material. None of
them showed major or even traces of gallium content. Therefore it must be

concluded that as of the date of this writing, no trace of the flight sample
has been found. The possibility that the flight sample may still be intact
cannot be ruled out at this time.

It is the Principal Investigator's understanding that _SFC plans to con-
tinue the search for the missing flight sample in the future. If it is ever

located, the writer plans to examine it in detail and prepare a
supplement to this report giving the results of that examination.

FLIGHT MOTION PICTURES

On December i, 1980, the film was hand carried to Hollywood Film Enter-
prises (HFE). About two feet of film from the larger (take-up) spool was

removed because of excessive damage. After inspecting and re-spooling, the
remainder of the film was developed as a negative without further incident.

There was some edge damage and much wrinkling of the film. Because it was

an Estar base film, which is very tough, no further tearing occurred during
development.

It was obvious from cursory inspection of the processed flight film

negative that there was too much damage to permit positive motion picture
prints to be made using conventional printing techniques.

A frame-by-frame inspection of the film showed that it did indeed contain

the complete flight record beginning with the first appearance of the

platinum alloy wire injection cage and ending after the sample and cage had

cooled sufficiently that they could no longer be seen against the relatively
cool background of the cooling shroud.

Key events are summarized in the table which follows. All time calculations

are based on the assumption that the flight camera was running accurately at
24 frames per second.
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TABLE 2. KEY EVENTS OF FURNACE/LEVITATOR OPERATION

Seconds

Frame Event Time At

i Injection gate beginning to open

41 Injection cage first appears 1.7

67 Injection fully open, sample in 2.8

contact with inner cage (AI203
covered Pt)

161 Sample begins to drift free of cage 6.7 1

2080 Sample begins final excursion 86.71 83.3

toward Pt cage

2160 Sample contacts cage wires 90.0 _0.8 sec.

J2180 Sample centered on cage wire 90.8

3880 Cooling shroud gate begins 161.7

to open

3898 Cooling shroud gate fully open 162.4

_4000 Cooling underway 166.7 _LI_43

5040 Sample approx, same temperature 210

as background f_72
_5720 Pt. cage approx, same temperature 238

as background

6009 End of film (cut at HFE) 251
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It is obvious from the film records that the sonic suspension system was not

entirely successful, the sampledrifting to a platinum alloy cage wire and
attaching itself before the completion of the entire processing cycle. The
sample did remain suspended for 82 seconds as compared with 27 seconds for

the SPAR VI flight.

Itwas noted during detailed examination of the suspension portion of the

film that this portion is in somewhat better condition than the terminal end,

which contains the balance of the soaking portion of the cycle and the entire
cooling portion. After the suspension portion was repaired to eliminate

torn and/or frayed sprocket holes, an attempt was made by Hollywood Film

Enterprises to make a Print out of the film. The attempt proved to be a

success and the resulting print was used as a master for making additional
prints for distribution.

Prints of selected frames are shown in Figure 4. In frame 136 the sample
is still at the base (top in the pricture) of the sample cage. Frames 165
through 920 show the motion of the sample. The two streaks shown in frame

920 are an evidence of the film damage sustained from the crash landing.
Frames 1630 and 2120 indicate through poor contrast that the sample and the

cage approach closely the furnace wall temperature. Inframe 3898 the sample
is shown impaled by the cage wire. The clarity of the sample and the cage

indicates the relative coolness of the furnace wall. Frames subsequent

to 3898 show the sample remains embedded in the same location on the cage
wire.
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CONCLUSIONS

Despite the facts that the flight experiment sample has not been recovered

and that the acoustic levitator did not prevent the sample from ultimately
contacting the sample cage during the processing cycle, the experiment did
produce an encouraging result. Namely, the performance of the acoustic levitator

improved significantly compared with that during the SPAR Vl experiment, as

shown by the 82-second suspension compared with the 27 second suspension of the

SPAR Vl flight. The accomplishment of the other principal objective, i.e. the

elimination of the platinum contamination as found in the SPAR VI sample, could
not be verified because of the loss of the sample.

A detailed analysis of the motion picture film indicated that the experiment
hardware in most regards functioned as planned including the heater, the camera,

the camera gate, the specimen gate, the sound source, the acoustic gate, the

specimen injector, the specimen re]ease mechanism, the cooling shroud gate,
the cooling shroud, etc. Inadvertent water vapor contamination of the furnace

chamber is believed by theequipment contractor to have weakened the levitation

force and caused the sample to ultimately move out of the pressure we]l.

The less-than-completely-successful performance of the acoustic levitator
is a cause for concern, which warrants further demonstration tests of the

levitator after procedural or hardware changes are made.
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ffanuary7, 198! In Reply Refer t: S0]::,6362

l:_ticnalAeronautics and Space Administration
G¢o:ge C. Marshall S_ace Flig,t Center
Marshall Space Flig1_ Center, Alabama 35812

Attention: Robert Fallon, LAII

Subject: Experiment 74-42, Principal Investigator's
"Quick Lock" Re_ort - SPAR VIII - EAS$-32023

Eventsat _ite Sands Missile Ranse

SPAR VIII was launchedat 5:40 pm, I_T - _ite SandsMissileRange,
New Mexico,l_ovcmber18, 1980. Flighttelemetrydata appearednormal
during _%-42 experiment _erationand all functionsappeared_o occur
as planned.

The payloadparachuteopenedprematurelyat higher-than-planned
altituderesultingin knottingo? the centralportionof the para-
chute and tearingof the fabric. As a resultof the parachutema!-
functionthe payloadimpactedthe desertfloor at a velocityof
approximately300 ft./see.(_200 _H). Since the 74-42 packagewas
locatedat the lower end of the payloadstaeh (oppositeend frcn the
parachute),it sufferedseveredamage from the impact,its length
being reducedfrom about three feet to less thanone foot.

On the mornin_of November19, the remainsof the experimentapparatus
wereloadedonto the bed of an Army truckand hauledapproxi=ztely45
miles to the VehicleAssemblyBuilding(VAB). Duringthe trip, debris
from the crushedpackagesT:!lledout over the _ruckbed.

After the crushed74-42 packagewas zemovedfror the truck and placed
in the VAB, the bed of the truck was swept,the debriswas collected
and placed in the VAB. During the _fternoonof November19 :he crushed
payloadwas pu_ledand cut apart. No trace of the flightmotionpic-
ture filmwas found,althoughthe crushedremainsof the Photosonics
camerawas identified. The debris from the truckbed and frcmthe
crushedexperimentpackagewas screened. The screeningyieldedseveral
glass fragmentsbut nothingthat appearedto be fromthe experiment
gallia-calcia-silicasample. The glass fragm:ntshave been saved and
will be checkedfor indexof refractionalongwith additionalglass
fragmentsto be receivedby the P.I. fromP3FC and Intersonics.It
shouldbe noted at this point that a portion of the platinumouter
cage appeared to be missing.
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On the morning of November 20, the impact site was visited. Personnel
included Charles Rey and Tom Danley of Intersonics and the writer. The
flight motion picture film, still entrapped in the twisted remains of
the film magazine was found under the crushed remains of an access door
in the bottom of the crater. Both were covered by 6 to 8 inches of
loose dirt. The crater was quickly covered with black plastic to keep
exposure to sunlight to a minimum and the film, cannister and some of
the dirt was doubled-wrapped in heavy, black, opaque plastic, and the
package was thoroughly taped.

Much of the dirt in the hole was screened at the site, but no trace of
the missing platinum cage wires or any glass fragments that appeared to
be from the flight sample was found.

An area around the impact crater within a radius of about 15 feet was
also searched. Much of this area was covered by tall grass as was the
immediate impact site, which made searching difficult. One fragment of
the experiment package shell was found about 33 yards south (toward the
launch site) of the impact crater. After about an hour the search by
5 or 6 people was abandoned and all personnel flew back to the VAB.

After returning to the VAB, the package containing the film was opened
in a dark room at LC 35. The film was separated from the remains of
the magazine, cleaned of loose dirt, and re-wrapped thoroughly in heavy,
black plastic and re-taped. Both the take-up and feeder spools of film
appeared to be intact. The film was hand carried to Los Angeles without
x-ray inspection by the P.I.

Preliminar_ Post-Fli_ht Analysis

On December l_ 1980, the film was hand carried to Hollywood Film Enter-
prises. About two feet of film from the larger (take-up) spool was
removed because of excessive damage. After inspecting and re-spooling,
the remainder of the film was developed as a negative without further
incident. There was some edge damage and much wrinkling of the film.
Because it was an Estar base film, which is very tough, no further tear-
ing occurred during development.

It was obvious from cursory inspection of the processed flight film
negative that there was too much damage to permit positive motion picture
prints to be made using conventional printing techniques.

A frame-by-frame inspection of the film showed that it did indeed contain
the complete flight record beginning with the first appearance of the
platinum alloy wire injection cage and ending after the sample and cage
had cooled sufficiently that they could no longer be seen against the
relatively cool background of the cooling shroud. Sheets dated 12-3-80
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and 12-5-80 are attached as enclosures 1 and 2 giving a detailed summary

of key events depicted on the film and containing a sketch every twenty
frames (5/6 second) of the sample position during the suspension portion

of the cycle have been mailed to Intersonics, MSFC, and NASA Headquarters.

Key events are summarized in the table which follows. All time calculations
are based on the assumption that the flight camera was running accurately

at 24 frames per second.

Seconds

Frame No. Event Time At

I Injection gate beginning to open

41 Injection cage first appears 1.7

67 Injection fully open, sample in 2.8

contact with inner cage (AI203
covered Pt)

161 Sample begins to drift free of 6.7 ]

cage

2080 Sample begins final excursion 86.7 -83.3

toward Pt cage

2160 Sample contacts cage wires 90.0 _

- _-0. 8 sec.2180 Sample centered on cage wire 90.8

3880 Cooling shroud gate begins 161.7
to open

3898 Cooling shroud gate fully open 162.4

JO 4000 Cooling underway 166.71]#tp43
I

5040 Sample approx, same temperature _210 J I

as background _ _72

J#V 5720 Pt cage approx, same temperature #_238

as background 4

6009 End of film (cut at RFE) 251

It is obvious from the film records that the sonic suspension system was
not entirely successful, the sample drifting to a platinum alloy cage
wire and attaching itself before the completion of the entire processing
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cycle. The sample did remain suspended for 83 seconds as compared with
27 seconds for the SPAR VI flight.

Attempts to determine when sample melting occurred have been deferred
until it can be determined whether motion picture prints can be made of

the suspension portion of the film (see Future Work section). Based on
the SPAR VI film data, the knowledge that furnace temperatures were

probably somewhat higher in SPAR VIII than in SPAR VI, and that the

samples during the two flights were of almost identical size and composi-
tion, it is expected that melting should have occurred in the 22 to 35

seconds time span (frames 530 to 840) or earlier. Examination of the

sketches every 24 frames referred to earlier show that motions during

this portion were quite small and the sample remained reasonably well
centered in the energy well.

Future Work

It was noted during detailed examination of the suspension portion of
the film that this portion is in somewhat better condition than the tail

end, which contains the balance of the soaking portion of the cycle and

the entire cooling portion. The suspension portion has been repaired to
eliminate torn and/or frayed sprocket holes. A discussion was held with

Hollywood Film Enterprises, who examined the repaired portion of the film.
After we do more clean-up on the repairs, HFE feels that there will be a

50/50 chance of successfully making one print. The writer gave his autho-

rization to proceed. If this print can be made it w111_sed as a master
for making I0 or 12 additional prints for distribution to interested
parties.

If prints can be made and loaded into a projector, it may be possible to

detect sample melting. Such prints will also permit more detailed analysis

of sample motions during the suspension portion of the cycle. Selected in-
dividual frame still prints will be made during the latter part of the

soaking portion of the cycle and during the cooling portion.

Glass fragments from the experiment package will be examined to determine
whether any of them are of the flight sample (gallia-calcia-silica) compo-

sition. If a portion of the outer surface of the flight sample can be

recovered, it may be possible to determine whether elimination of contact

with the platinum cage during launch was successful in handling the Pt-Rh
contaminationproblemencountered with SPAR Vl.

Recommendations

It seems appropriate at this time to offer comments for improvements in

recovery operations at the White Sands Missile Range for future SPAR

flights. Even though the writer and the Intersonics people were on hand
well in advance of the arrival and departure of the helicopter on the

morning of November 19, no one who had a direct knowledge of the 72-42

experiment was included as a passenger on that flight.
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It is the writer's belief that had at least one of the Intersonics people

been included on the roster of the first helicopter flight, more care

would have been exercised in moving and transporting the remains and the

chances of finding the missing flight sample enhanced.

It is therefore strongly u_ged that in all future SPAR flights the first

recovery vehicle roster should include a minimum of one person who is

intimately familiar with the experiment package contents and the objectives
of the experiment. These three or four people should have top priority on
the roster of the first vehicle.

ROCKWELL INTERNATIONAL CORPORATION

Space Operations & Satellite Systems Division

R. A. Happe
Principal Investigator
Contract NAS8-32023
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SUMMARY

Bubbles are always formed during glass manufacture. They arise

from batch reactions, entrained voids contained in the original batch,

etc., and are commonly removed in earth based manufactured glasses by a

combination of buoyant and chemical fining procedures. Buoyant fining

requires the presence of gravity, and chemical fining requires the addition

of a chemical dopant to the glass--neither of which is applicable to

containerless melting of ultrapure or special glass systems in space.

Thermal fining, i.e. thermal migration of bubbles, on the other hand

requires only the imposition of a temperature gradient in the molten

glass and does not require physical contact with the sample or the presence

of a gravitational field. Theoretical models and ground .based experiments

both predict the thermal migration of bubbles under reduced gravity conditions.

The objectives of the present study were to demonstrate

the thermal migration of bubbles under reduced gravity conditions and if

possible provide quantitative data with which to verify current theoretical

models. An automatic system was designed to perform an experiment

aboard a SPAR rocket payload during the 5-6 minutes Of zero gravity

available. Experimental data (bubble location and temperatures as a

function of time) were recorded on film or telemetered back to earth.

The experimental sample was a sodium borate glass (29.9% Na20) for which

a negative temperature coefficient of surface tension was measured

(.0756 dynes/cm°C). The sample was contained in a cell which consisted

of fused silica and a tapered platinum rhodium (20%) heater strip.

The photographic record of the experiment indicated that bubbles

moved in response to the temperature gradient imposed on the molten glass

sample. The motion was both in the plane of the heater strip and perpen-

dicular to it In a way consistent with the temperature gradients measured

by thermocouples in the sample. It is not yet known if the data will be

quantitative enough to confirm the results of theoretical calculations.
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Further work is indicated to modify the experimental apparatus

to accept multiple samples and to refine the cell design to orient the

thermal gradient parallel to the cell axis. Future experiments should

include glasses with positive temperature coefficients, different melting

temperatures, and/or borax the glass studied in this experiment over

a different temperature range. The effect of impurities, e.g. water,

needs to be studied in these systems.
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CHAPTER V

i. INTRODUCTION

i.i Fining

There is one feature common to all aspects of glass melting.

At one stage or another, raw materials are melted together. This

liberates gases which were chemically combined or adsorbed on the

raw material, leading to bubble entrapment. To render the glass transparent

and to provide useable strength levels, these bubbles are eliminated in

a process known as "fining". While this particular terminology is

limited to bulk glasses, the requirement for eliminating bubbles is

a dominant feature of the processing of most glass-containing systems.

Ceramic-to-metal seals (high pressure sodium lamps) and glass-to-glass

or glass-to-ceramic seals (cathode ray tubes) are formed with powdered

glass (solder) seals. Hermeticity and acceptable strength directly

correlate with the elimination of the void structure. Predictability

and reliability in integrated circuits are commonly ensured by the use

of passivating glass coatings. These are applied by elaborate techniques

using powdered glass in liquid slurries to assure thin continuous

coatings. The typical low expansion semiconducting materials require

glasses which barely fuse at temperatures close to the stability limits

of some of the components. The necessity of eliminating the entrapped

bubbles dictates the times required at these elevated temperatures.

Another example of glass processing which is regulated by

bubble behavior is conventional porcelain enameling. In this process,

bubbles must be eliminated to the point of leaving a smooth glass surface,

but in this particular application a rather well defined subsurface

bubble structure imparts desirable performance benefits. In fact,

certain additives, such as clay, are introduced to generate a bubble

structure. The prevention of the defect called "fishscale" in sheet

iron is one such benefit.
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i.i.i Buoyant Fining

In spite of the great wealth of experience possessed by glass

manufacturers, little is understood about the process of fining and even

less is understood about bubble elimination in sealing glasses or enamels.

The traditional viewpoint I-2 of glass fining is based on the effect of

additives, called "fining agents." These decompose rapidly, to form new

bubbles, or the gases diffuse into existing bubbles, causing them to

grow, whereupon they rise quickly out of the melt under the action of

buoyant forces. The velocity at which bubbles rise in the molten glass

may be approximated by the following equation:

v = _ (i)
12n

where D = bubble diameter

g = gravitational constant

p = density of the melt

q = viscosity of the glass.

Simple calculation shows that beneath a particular size bubble,

buoyant fining does not occur fast enough to eliminate bubbles in the

times used in conventional processing. For example, a bubble 0.i mm

in diameter in a lime glass with a viscosity of i00 p will rise about

17 cm/day - too slow for commercial processing. An additional mechanism

is necessary to explain the fining of commercial glasses.

1.1.2 "Chemical Fining"

Another important mechanism of fining of commercial glasses

is due to small amounts of chemical agents added to the batch. Traditionally,

arsenic and antimony oxides as well as sodium sulfate have been employed

for this purpose in concentrations less than 1 weight percen[ of the

batch. The roleplayed by chemical agents is not qu_te clear at this

time. Two schools of thought prevail, both supported by incomplete
4

experimental evidence. The experiments of Greene and Gaffney as well

as others (Cable et al. 5) suggest that bubbles dissolve more rapidly
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the presence of fining agents than in their absence. This may be

attributed to chemical reactions of the diffusing gas with the fining

agents. However, Neme 6 has recently observed that bubbles, in fact,

grow more rapidly in the presence of fining agents than in their

absence. Since the buoyant rise velocity is proportional to the square

of the bubble diameter, his argument is that fining agents promote the

growth and therefore rapid rise of small bubbles from the melt. The

reason for this confusion in the literature and the two opposite schools

is simply that the experiments were not performed under sufficiently

controlled conditions. The initial gas concentrations in the melt

which are crucial in determining whether the melt is undersaturated

or supersaturated with respect to a given gaseous species were not

controlled in the different experiments to a sufficient degree. Further-

more, the melts typically contained several dissolved gaseous species.

Therefore, even if a single-component bubble is injected, soon, it

would become a multicomponent bubble with some species possibly

diffusing in while the others are diffusing out, and complex reactions

would be simultaneously occurring in the melt. Thus, while chemical

fining is effective as an industrial practice, much remains to be

done in elucidating the actual mechanisms by which it occurs.

1.1.3 "Thermal" Fining

"Thermal" fining, to coin a parallel phrase, is a mechanism
7

that has been largely overlooked and little understood. A temperature

gradient, with its effect on surface tension, produces a displacive

force on bubbles. Thermal fining may be the principal mechanism of

bubble elimination in sealing, soldering, and enamelling operations.

It is commonly observed that bubbles quickly come to the surface of

glass enamel, regardless of the orientation of the enamel. Since seals,

solders, and enamels are typically heated externally, it is presumed

that a driving force toward the external surface is established on the

bubbles in the fluid glass.
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While significant evidence has been reported 8-12 which confirms

that gas bubbles can move in a temperature gradient, no evidence has

been reported for this phenomenon in glass systems, in spite of its

obvious importance in glass sealing and enamelling. The effect of

this mechanism has possibly been observed in experiences with direct

electric melting of bulk glasses. Contrary to fuel fired furnaces,

electric melters are hottest at the bottom of the tank. This gradient

would oppose buoyant fining, and indeed, electrically melted glasses

require more time to fine, although there are other factors which

contribute to this.

Whilethe mechanism of thermal fining is obviously of great

commercial significance in many high technology applications, it

represents an even more important mechanism in the space processing

of glasses. There has been considerable interest in producing glasses

in a zero gravity environment, particularly because the materials could

be cooled in a containerless fashion avoiding heterogeneous nucleation

as well as contamination by the container walls. It has been proposed

that certain difficult glass formers be produced in free fall for this

reason (M. C. Weinberg, "Glass Processing in Space", Glass Industry,

p. 22, March 1978, G. F. Nielson and M. C. Weinberg, "Outer Space

Formation of a Laser Host Glass", J. Non-Crystalline Solids, 23, 43,

1977). One of us (RSS) is currently involved in planning space shuttle

experiments on the use of thermal gradients for fining bubbles from

levitated molten glass drops (see R. S. Subramanian and R. Cole,

"Experiment Requirements and Implementation Plan (ERIP) for Physical

Phenomena in Containerless Glass Processing", Marshall Space Flight

Center Document 77FR010, August 1979).

1.2 Thermal Fining in Molten Borax: Ground Based Laboratory Results

From Demonstration Study

As reported earlier 13, ground based experiments Were run to

demonstrate Bubble movement and the feasibility of the techniques to

be employed for a SPAR experiment. Thermal migration of bubbles in
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molten borax was observed in both a quartz capillary tube and in an

inverted silica channel. The temperature gradient was generated by

passing electrical current through a tapered platinum strip under the

capillary tube or channel. The best observations were made with the

inverted channel because its shallow depth (500 _m) allowed all bubbles

to be seen at once and because there was good thermal contact of the

melt with the heating strip.

This demonstration experiment was run by melting a piece of

glass cane containing bubbles into an inverted channel in a fused

silica cover using the platinum heater strip. A simple schematic of

this cell is shown in Figure 1.2-1. During the first minute or so the

molten glass flowed into the channel and formed a thin film between

the silica cover and the platinum heater strip. Once the channel was

full and the thin film occupied the rest of the areas between the silica

cover and platinum strip, the physical flow of the melt ceased. This was

clear from the fact that the physical boundaries did not change position

and bubble groups no longer moved _ m_6Se. During that initial melt down

period many of the bubbles moved toward the hot spot and coalesced into

few larger bubbles. However, bubbles further away from the hot spot

did not have time to move far during that time and they continued to

move individually toward the hot spot after the glass itself cease_

flowing. At this point several photographic sequences were taken with

time intervals of 5 or i0 seconds in the sections with rapidly moving

bubbles, and 20 seconds in the outer region with slower moving bubbles.

The bubble migration observed is illustrated by Figure 1.2-2.

Here bubbles next to the channel wall (dark band just above two larger

bubbles) are shown migrating toward a region of higher temperature.

Two features to look for in this series of pictures are: (i) bubbles

accelerate as they move to higher temperature, and (2) larger bubbles

move faster than smaller ones. The difference in velocity due to size

is illus[rated by the second largest bubble overtaking the smaller one

just ahead (to the right) of it by the 20-seco,d frame. Most interesting

was an apparent attraction of bubbles to one another, enhancing coalescence.

This ph_'uomena had not been reported before, Jlnd stimulated enthusiasm

for a flight experiment.
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top of each frame are trapped between platinum

heater strip and silica cover and do not move.

(Ground based demonstration experiment.)
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2. GLASS FINING IN ZERO GRAVITY PROGRAM

2.1 Need and Justification for Low-G Experiments

As described above , we demonstrated that a temperature

gradient can cause bubbles to move in a temperature gradient. However,

for several reasons it was impossible to do glass fining experiments

on earth which were free of the effects of gravity. Most obvious is

buoyancy, which can cause bubbles to rise, and natural convection,

leading to a rapid g!obal movement of the glass melt and irregular

thermal losses from the apparatus.

If a single bubble were used in a vertical apparatus, then

bubble movement rates could be measured. However, because of buoyancy

of the bubble, the movement rate would be quite different than in space.

Nevertheless, such ground-based experiments have been used to test

approximate theoretical results. For example, Young et al. adjusted

the temperature gradient so as to exactly compensate for buoyancy,

i.e., the movement rate was zero.

In glass fining we have the added complication that many

bubbles are present, with a variety of sizes. Thus with gravity they

will all rise at different rates, with the large ones overtaking the

small ones. In addition, as we have observed experimentally, the

bubbles appear to have been attracted to one another in a temperature

gradient. Such behavior could only be studied unequivocally in space.

2.2 Objectives

Ground based studies have shown that bubbles in molten sodium

borate (borax) do move in response to an imposed temperature gradient.

It was the primary objective of the experimental part of this study to

demonstrate that this observed movement was not due in some way to
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gravitational influences. The minimum success requirements to meet

this objective were designated as follows:

i. A good photographic record of the motion of bubbles

in molten sodium borate covering a period of at

least 60 seconds at zero gravity.

2. A hot spot temperature of about 900°C.

3. A temperature gradient of several hundred degrees per

centimeter in the molten glass region photographed.

It was also hoped that the thermal region of the hot stage

would be known well enough so that the experimentally measured motion

could be compared meaningfully with theory also to be generated as

part of this program. The photographs should also have provided

valuable information about bubble-bubble interactions and bubble-wall

interactions.

Parallel with the experimental work, there was the need to

advance the quality of the current theoretical models for bubble

motion due to the presence of a temperature gradient. This modeling

was to more accurately solve the hydrodynamic equations that govern

bubble motion, and to extend the theory to bubble-bubble and bubble-wall

interactions.

To make the comparison between theory and experiment as

meaningful as possible, the important physical parameters, viscosity

and surface tension, needed to be known as accurately as possible.

Therefore, measurements of the surface tension were made as a function

of temperature on a melt of known composition. Suitable viscosity

data were identified in the literature, so it was not necessary to

perform these measurements in the laboratory.

2.3 Program Task Definition

This program was organized into four tasks:
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2.3.1 Task I

Develop, assemble, and qualify a piece of experimental hardware

that could perform the experiment automatically and record photographi-

cally and telemetrically all of the critical experimental results. This

included the manufacture of the experimental sample for the flight.

The Westinghouse R&D Center carried out this task.

2.3.2 Task II

Make very accurate measurements of the surface tension of

dry, molten sodium borate under a dry N2 atmosphere as a function of

temperature. The temperatures included the total range to occur in

the experiment. The Westinghouse R&D Center carried out this task

and published the results in the Journal of Physics and Chemistry of

Glasses, Vol. 21, No. b_ Dec. 1980, pp. 221-223.

2.3.3 Task III

Develop mathematical models for bubble motion and interaction.

This included the development of computer programs which could make

the necessary calculations. These studies were made by Clarkson

College of Technology. Two articles based on this work have been

accepted for publication and will shortly appear in the Journal of

Colloid and Interface Science and the AIChE Journal (21,22). A

third article is currently under preparation.

2.3.4 Task IV

Evaluate bubble behavior from photogra_lic record of SPAR

experiment, using motion analyzer at Clarkson College of Technology.

Compare with theoretical predictions. An article based on this work

is currently under preparation.
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3. EXPERIMENT APPARATUS FOR THE SPAR VIII FLIGHT

The entire experiment was designed to be packaged in a 17" x

24" sealed cylindrical canister. The AFT plate of the canister was

blind tapped formounting 4 shock pads which supported the critical

sections of the experiment. These sections were: i) the camera,

2) microscope tube, 3) experiment hot stage, 4) stage support heat sink,

5) the electronic circuit boards for heater power control and thermo-

couple amplifiers.

A printed circuit card cage and some other sundry electrical

components were hard mounted directly on the AFT plate. In the

following sections, more detail is provided on the Photographic System,

which consisted of the camera and microscope tube with objective lens,

Experimental Hot Stage and the Electrical System.

3.1 Photographic System

The layout of the photographic system is shown in Figure 3.1-1.

The system consisted of an objective lens, phototube with front surface

mirror to deflect the optical path 90°, camera without lens and two

light pipes that acted as edge illuminators. One light pipe was actually

used with the other serving as a backup.

The camera was a Nikon F-2 equipped with a 250 frame magazine

back and a Nikon MD-2 motor drive. The camera was actuated by an

external timing circuit. The current drawn by the camera motor-drive

was monitored by telemetry and served as a record of the actual

photographing rate.

The objective lens was a 1.2X Nikon microscope objective which

provided _6X magnification. This lens had the necessary depth of focus

and included enough surrounding detail to make orientation and scaling
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of the photographic record relatively straightforward with little

chance of serious error. The magnification was still good enough to

track r_lO _m bubbles.

3.2 Experiment Hot Stage

An exploded view of the hot stage and of the sample plate-heat

shield assembly is shown in Figures 3.2.1 and 3.2.2. The hot stage was

designed to perform the following functions:

- To hold the sample plate-heater strip with

accompanying heat shields in alignment with the

objective lens so that the cell could be properly

photographed.

- To allow power to be applied to the heater strip

to establish the experimental conditions and light

to be ducted to the glass sample to properly

illuminate it.

- To act as a sink for the heat generated by the

heater-strip.

The heat shields and sample plate were fused silica. The

heat shields were gold flashed on the side away from the sample plate

only, to reduce the chance of shorting the thermocouple leads. The

spacers or shims isolating the plate and shields were made from either

Kapton tape or silicone rubber. The entire stack is shown in more

detail in Figure 3.2-2. This stack was pre-assembled so that with

minimal alignment it could be automatically located on the optic axis

and in the focal plane of the photographic system. The thermocouple

leads were arranged to coincide with the correct terminal on the side

of the hot stage. These leads were captured by laminating them between

pieces of Kapton tape which also insulated them from the hot stage

and thermocouple clamp.
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Two thermocouples were implanted in the glass with the leads

exiting from the top of the sample plate through .015" holes. The

other thermocouple was spot welded to the bottom of the platinum-rhodium

heating strip at the hot spot. This latter thermocouple was used to

control the strip temperature while the first two monitored the

temperature and the temperature gradient in the molten glass.

3.3 Electrical Control System

The electrical control system for this experiment consisted

of the five primary functional blocks shown in the block diagram of

Figure 3.3-1. These functional blocks are: (i) isolating power supply,

(2) ]ogic circuitry, (3) power conditioning circuitry, (4) signal

conditioning circuitry, and (5) the experiment itself. The relative

relationships of thcse functions are indicated in the block diagram.

Primary power to the sy_le_ was derived from the 28V dc bus. Power

for the isolating power supply, lcgic circuitry, and pcwer conditioning

circuitry was derived directly from this bus. The signal conditioning

circuitry for amplifying the thermocouple signals and generating

telemetry signals was isolated ohmically from the 28V dc bus. This

isolation was maintained by transformer isolation of power signals

and light-coupled (LED) isolation of control signals.
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3.4 Temperature vs. Position and Time in Typical Flight Samples

The first objective of the experimental apparatus was to develop

a stable temperature gradient in the sample of glass containing bubbles.

The gradient was generated by the tapered platinum rhodium (20%) heater

strip. The gradient was oriented along the axis of the strip pointing

horizontally toward the narrow spot where the hot spot occurred and

vertically into the strip (because a large vertical gradient also existed).

3.4.1 Temperature vs. Position

The platinum (rhodium 20%) heater strip shown in Figure 3.2.2

was cut from .001" x .4" (i0 mm) strip with a rubber die. The tapered

section of the strip decreased in width from 6 mm at the ends to 2.5 mm

at the center. This took place over a distance of i0 rmn.

The temperature profile of several heating strip-sample

assemblies was determined using an IRCON model #300 T5C optical pyrometer.

This model read the radiation in the interval 2.0 - 2.6 _m. The spot

size read was 2 mm in diameter.

The following procedure was used to determine the temperature

profile. The central hot spot was read with the IRCON and the emittance

control adjusted until the pyrometer read the same as the thermocouple

on the heater strip. The stage was then moved in .625 mm increments and

a temperature measurement made for each increment. The pyrometer was

kept stationary. Representative results are shown in Fig. 3.4.1-1.

The results are summarized as follows:

• The temperature gradient measured in this way was linear

over the region to be photographed.

• The gradient shape was quite reproducible from strip to strip.

• The gradient increased with temperature from _300°C/cm when

the hot spot read 700°C to _550°C/cm when the hot spot read

I035°C.
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Temperatures measured by the control thermocouple on the

bottom of the platinum heater strip and by another thermocouple at the

top of the channel directly above it in the glass indicated a strong

vertical gradient in all of the sample plate assemblies. The addition

of the gold-flashed heat shields decreased its magnitude about 20%.

With a shield, gradients of between 26°C and 50°C were measured. A

best estimate would be 30-40°C because the presence of large bubbles

in some cases appeared to raise the measured gradient.

3.4.2 Temperature vs. Time

The tirae-temperature characteristics of several sample plate

assemblies were recorded during test runs _hile the electronic control

system was adjusted. Figure 3.4.2-1 shows a typical set of traces

from the thermocouples _z "he g]ass. A final horizontal gradient

of 310°C/cm was generat_ In the case shown. It was very important

to accurately locate the vertical position of the thermocouples after

the flight experiment beck:use of the vertical gradient.
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Figure 3.4.2-i - Time-temperature profile for a sample plate assembly in place in the hot stage.
TCI indicated a maximum temperature of 887°C and TC2 a maximum temperature of 732°C.



4. SODIUM BORATE GLASS PREPARATION AND FABRICATION OF THE FLIGHT EXPERIMENT
CELL

4.1 Sodium Borate Glass Preparation

The glass was prepared by melting Fisher certified

Na2B407.10H20 in a platinum crucible at 800°C. The water content was

reduced to a measured (BOH) value of .0234% by bubbling the melt with

very dry nitrogen (liquid N2 boil-off) for 17 hrs. Samples were taken

from the crucible melt for chemical analysis before and after surface

tension measurements were made. Na20 was found to be about 1% higher

after the measurements. Since Na20 was expected to preferentially

volatilize, the before and after values were averaged giving 29.9 wt %

Na20. At this point one millimeter glass cane (rod) was drawn from the

crucible melt and stored under dry N2 in sealed glass vials in antici-

pation of constructing flight experiment samples.

4.2 Surface Tension and Viscosity of the Sodium Borate Glass

The surface tension of the sodium borate glass was carefully

determined using a maximum pull-on cylinder technique over the temperature

range 725°C - 925°C. The data over that range are well reproduced by the

equation o(dynes/cm) = 261 - .0756 T(°C),where the temperature coefficient-

.0756 has the units dynes/cm-°C. A full report of this study is given

in the report by Partlow et al. (1980) 14 .

Several studies of the viscosity of sodium borate have been

reported in the literature. However the study by Matusita et al. (1980) 15

specifically measured the viscosity of very low water sodium borate melts.

They state that the water content of a 29.6 wt % Na20 melt was .03 mole %,

which is close to the value found for our glass. The following values

were taken from a graph in their report:
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700°C - 681 poise

800°C - 40 poise

900°C - 5.0 poise

16
The other studies, by Shartsis et al. (1953) and Kaiura and Toguri

17
(1976) , were performed on glass melts that probably contained more

water, although their results do not differ greatly from the above

values.

4.3 Fabrication of the Flisht Experiment Cell

The flight sample was encapsulated by a fused silica plate

1 x 12 x 48 millimeters in dimensions. The sample cavity itself had

the dimensions .5 x 1 x I0 millimeters (see Figure 4.3-1). The sixth

surface of the sample was enclosed by the platinum heater strip.

The elimination of all free surfaces was necessary to prevent

thermocapillary convection from occurring and generating bulk flow in

the melt. The fused silica slide was also an excellent optical medium

to photograph through. The only drawback of this construction was the

generation of small cracks in the fused silica wall bounding the

sodium borate glass. However, as seen below this was an unavoidable

condition.

The flight experiment sample was generated in two steps.

First the leads of two platinum-rhodium thermocouples were threaded

through the ports in the top of the sample chamber and then a suitable

piece of glass cane (_i cm long) was laid in the channel on top of the

thermocouple beads. The system was placed in a furnace at _I000°C for

_45 seconds. The furnace was constantly flushed with dry N2 and the

cooling sample was flushed with N2 also. Figure 4.3-1 a b shows the

sample plate before and after the first firing. In the second step,

the platinum rhodium 20% heating strip was attached to the sample plate

bY fusing the sodium borate glass through passage of current through

the heater strip itself. When fused by the platinum strip, the glass

flowed into an equilibrium mechanical configuration under the influence
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of capillary and gravitational forces. By including this step, an

experimental cell was produced in which the glass had completely filled

the inverted channel and also filled the thin space between the silica

cover and the heater strip. This physical distribution of glass was

similar to that observed previously in the demonstration study. Hence,

it was expected that very little bulk flow would occur during the

initial phase of the flight experiment because most if not all of the

bulk flow occurred during the fabrication step. Incidentally, during

this step any bubbles present were observed to migrate toward the hot

spot. Figure 4.3-1 illustrates the effect of this second firing. Again

a stream of dry N2 was directed over the sample during this procedure.

The sample was stored under dry N2 until incorporated in the sample cell

assembly described previously.

The cracks in the sample glass caused by the expansion mismatch

between the sodium borate and the fused silica plate acted as bubble

generators for the experiment. Bubbles put into the glass prior to

the final firing were almost always completely removed by subsequent

processing due to thermocapillary movement. The cracks produced

microvolumes which were filled with the dry N2 atmosphere in which the

sample was stored. These voids rounded off into spherical bubbles during

the melt down of the glass at the beginning of the experiment. By

forming many bubbles, their distribution throughout tNe glass assured

that several would be in a position to provide useful data.

A complete sample cell assembly is shown in Figure 4.3-2.

This assembly was constructed so that the glass sample was in the focal

plane of the photographic system as installed and so that the thermo-

couple leads were captured for much of their length, preventing any

chance of shorting.

One final comment about the fabrication of the flight experiment

cell. Though the fabrication steps seemed straight forward, there were

several processes occurring that were difficult to control. These

included the wetting of the silica and platinum surfaces and flow of
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Figure 4.3-2. Top view of complete sample cell assembly

ready for installation. Figure 3.2-2 shows

the expanded schematic of the assembly.
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the melted glass, the formation and migration of bubbles during the

second melting step, and the cracking process that degraded the

photo-optlcs but generated bubbles for the experiment. As a result

of these factors, the yield of good cells varied from i0 to 50 percent.
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5. THEORY

Young, Goldstein and Block 8 (YGB) were the first to consider bubble

motion in a surface tension gradient. They assumed a spherical bubble and

neglected convective momentum and heat transfer. That is, they solved the

creeping flow hydrodynamic equations and the conductive heat transfer equations.

In the absence of gravity they predicted a bubble movement velocity V of

DT Do a
V -

Dx DT 2n (i)

where T is temperature far from the bubble, x is distance along the temperature

gradient, o is surface tension, a is bubble radius, and n is viscosity. The

results of YGB have been verified experimentally for low viscosity fluids in

8,18-20relatively low temperature gradients

Molten glasses have high viscosities, and some processing requirements

may call for moderately high temperature gradients. Under such conditions the

movement rate may be sufficiently low that the creeping flow approximation

is still valid, but appreciable convective heat transfer may occur. Convective

heat transfer would lower the temperature gradient along the bubble surface, and

thereby lower the movement rate V.

5.1 Single Bubble in Large Melt

We first attempted to develop a general finite difference numerical

scheme for the single bubble problem, using an M.S. student, Vincent Milito, who

was not actually paid from this contract. Several cases at low Marangoni number

were solved. Better agreement with the experiments of Hardl8was obtained than

provided by YGB's results. In attempts to develop a general new equation, we

* DT Do a2

Marangoni number, Ma - Dx DT _ ' where e = k/pC is tile thermal diffusivity.P
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decided to make a few more computer runs for different conditions. Unfortunately

Milito's computer program would no longer produce sensible results. Milito has

left Clarkson (without the M.S.) and consequently we now have little confidence

in his results.

Fortunately Professor Subramanian was able to reach an analytical
21

solution of this problem using a matched asymptotic expansion. The final

result is

V = _T _o a [i 301 Ma 2 O(Ma 4) ]_x _T n 14,400 + ..... (2)

which is probably valid roughly up to Marangoni number Ma ~ i. Note that the

first term (1/2) is YGB's result and that only even powered terms in Ma appear.

While this result should be sufficient for nearly all glass processing experiments,

there are some fascinating mathematical questions in going to high Ma that should

he considered in the work.

5.2 Single Bubble Near Surface

In real glass fining (bubble removal) isolated bubbles do not occur in

unbounded melts under static conditions. Bubbles interact with one another and

with walls. This was certainly true in our SPAR experiment. Thus we have devoted

considerable attention to interaction phenomena.

We have solved the problem of a bubble moving near a surface with a
22

temperature gradient normal to the surface. It was found that the bubble

slows down from the YGB velocity as it approaches a surface. The retardation

begins when the bubble surface is about one diameter from the surface, with

the retardation greater for a solid surface than for a free surface (liquid-gas).

This may be compared with the larger retardations experienced out to 5 diameters

by a bubble rising due solely to buoyancy (gravity).

5.3 Two Bubbles in Large Melt

Meyyappan and Subramanian have also solved the double-bubble problem,

using an analytical technique with bispherical coordinates. Since they are still
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interpreting these results, a manuscript has not yet been written. They

considered two bubbles in line along the temperature gradient. The results

are summarized in Figures 5.3-1 and 5.3-2. Note that a small bubble may be

greatly accelerated by the presence of a large bubble, with the velocity

increasing as the large bubble increases in size and as the distance between

the bubbles decreases. The result is the same whether the large bubble is

"in front" or the small bubble is in front. The large bubble is slowed down,

but only slightly. Bubbles which are both of the same size move at their YGB

velocity, i.e. they have no net influence on the movement of one another.

It appears that the large bubble will catch a small bubble when the

small bubble is in front, but not vice versa. We are not entirely certain

about this, however, because our solution does not yield results when the

bubbles are near one another.

5.4 Theoretical Work Remaining

Not all theoretical problems relevent to glass fining have been solved.

Among those remaining are:

a. Single bubble at large Marangoni number.

b. Bubble near surface with temperature gradient at angle to surface.

c. Physical explanation for absence of net effect with two bubbles of same size.

d. Two bubbles near one another.

e. Coalescence of two bubbles.

f. Two bubbles not aligned with temperature gradient.

g. Multiple bubbles.

Some of these are probably amenable to analytical approaches, while the

solution of others will require numerical modelling on the computer.
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6. The SPAR VIII Experiment 77-13

Description and Interpretation

6.1 Introduction

On November 18, 1980, the SPAR VIII rocket carrying experiment

77-13 was launched. During the flight, the experimental apparatus

operated flawlessly for more than 4 minutes under an average

acceleration near zero. During that time, 246 photographs of the molten

glass sample were taken at one second intervals. One of these photographs

clearly showing abundant bubbles is reproduced in Figure 6.1-I. At the

same time, temperature data from the three thermocouples embedded in the

molten glass and welded to the heating strip were telemetered back to the

ground. Telemetry of a signal proportional to the current drawn by the

camera film advance motor provided a time indicator for the film sequence.

The flight film was recovered intact despite a hard landing

by the payload. The developed film showed that the bubbles in the

molten glassclearly moved toward the hotter areas in the sample.

In the following sections we present an evaluation of the experiment

performance and a preliminary analysis of the data and a comparison

to the theory presented in the previous section.

6.2 Sample Description

The sample was constructed as illustrated in Figures 3.2-2,

4.3-2. Its appearance was changed little by the experiment. The sample

without the upper heat shield is shown in Figure 6.2-Ia, b, and c. The

sample does not appear clear because of the large amount of crazing

(cracking) that occurred due to expansion mismatch between the silica

and the sodium borate glass when the glass froze. The large void

coincident with one of the thermocouple wells at thecenter of the

channel formed during manufacture of the flight sample. The side

view shows that the platinum heating strip did not pull away from the

V-33



Figure 6.1-1 - Reproduction of one of the 70 mm photographs

taken during the flight while the glass sample was molten.

Unavoidable crazing (cracking) of the fused silica at the
channel walls is visible. Dashed lines indicate the position

of the walls and thermocouple lead wells.
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a) Side view of the

flight sample
(3.3X)

b) Top view of the
flight sample
(3.3X)

c) Close-up of the
photographed
area of the

flight sample
(13.5X)

Figure 6.2-1 - The flight sample with the upper heat shield removed
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Figure 6.2-2a,b,c - Diagramatic reproduction of photographed
section of SPAR Experiment Cell 77-13 and
some bubbles. The prominant pair of bubbles

is visible in figures 6.1,6.2-3,6.2-4.
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a) focused at the bottom of the b) focused at the top of the
channel channel

Figure 6.2-3 - Top views of the documented region of the flight
sample. Bubbles were found to be either at the silica cover or at

the platinum heater strip. Transmitted light, 27.5X.
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Figure 6.2-4 - Bottom view of documented area of the flight sample.

Objective focused on the surface that was next to the heater strip.
Almost all of the bubbles were found at this surface. Transmitted

light, 44X. Dendritic pattern on the surface is believed to be

due to reaction of moisture with the glass after the flight.
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silica plate during the flight (Figure 6.2-Ib). Figure 6.2-ic shows the

area photographed during the experiment. The glass was much clearer

during the experiment when it was molten, with the only cracks remaining

being those in the silica.

Figure 6.2-2a, b, c is a diagramatic sketch of the flight

cell shown in Figure 6.2-ic. The location of the thermocouples was

determined by first sectioning the sample alongside each pair of wells

and then viewing with the aid of an index oil from both the side and

the bottom (after the heater strip was removed). The relative thickness

of glass and fused silica as well as the shape of the channel cross

section was determined from the sawed sample cross section.

In Figure 6.2-3a, b, the sample is viewed from the top after

removing the bottom heat shield and the platinum heater strip. Bubbles

were found to be either at the top of the channel (Fig. 6.2-3b) or at

the bottom (Fig. 6.2-3a). The objective lens used to make these obser-

vations had a focal depth much less than the depth of the channel. By

focusing up and down it was apparent that the intervening glass had at

least no large bubbles >30 :Jmremaining in it. By turning the sample

over it was possible to focus directly on the bottom without interference

as shown in Figure 6.2-4. The sharpness of all these bubble images

indicates that they lay in the focal plane of the objective, and therefore

were on the platinum strip. This again reinforces the opinion that all

of the bubbles in the flight sample had moved to the platinum strip

except for a few which adhered to the silica cover.

6.3 Time-Temperature Data

Temperatures were measured at three different positions in the

experiment (see figure 6.2-2). Table I summarizes the available data for

the temperatures read by each thermocouple at i0 second intervals. These

data were originally taken from the strip chart recording of the tele-

metry signals made at the time of the flight. These have since been

corrected slightly by comparing them to the digitized telemetry data

provided by _rshall Space Flight Center. Corrections were 5°C or less.
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Table I - Time-Temperature Telemetry Data

Control TC TC in Glass TC in Glass

(from lift-off) (on heater strip) (hot spot) (cooler and sample)

94 (sec.) ambient ambient ambient

104 833°C 675°C 432°C

114 908 838 562

124 911 851 600

134 911 859 628

144 912 862 647

154 912 867 659

164 912 869 669

174 912 872 676

184 912 872 682

194 912 873 688

204 913 873 691

214 913 874 694

224 913 874 696

234 913 874 697

244 913 874 698

254 913 875 700

264 913 875 701

274 913 875 701

284 913 875 701

294 913 875 703

304 913 875 703

314 913 875 703

324 913 875 703

334 913 875 703
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The temperatures approached steady state asymptotically. The

farther a thermocouple was from the heating area the longer it took to

come to equilibrium. This is one reason we made the system so small.

It is clear that any bubble motion studies made roughly during the first

120 seconds will have to consider the changing temperature and

temperature gradients. After about 120 seconds the temperature changes

were small and so probably insignificant in comparison with the perturbing

effects of bubble interactions and proximity to silica or platinum

surfaces. Note that since velocity is proportional to VT, we need only

to know the parallel gradient because we are measuring velocity in that

direction.

Figure 6.3-1 is a diagram taken from Figure 6.2-2 with a

preliminary estimate of the attitude of the isothermal surfaces in the

flight sample. It is clear that the thermocapillary force was directed

toward the hot spot on the platinum strip with components of the force

both parallel and perpendicular to the strip. The attitude of the

isotherm at the hot spot was estimated by assuming that the temperature

gradient perpendicular to the heater strip was the same as the gradient

between the control thermocouple on the strip and the thermocouple in

the glass. This estimate is consistent with previous laboratory measure-

ments of this gradient. The other isotherms are considered to be

parallel to that one. The trajectories of the bubbles should be

perpendicular to the isotherms, except when they are near other bubbles

or near the platinum or silica surfaces.
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6.4 A Preliminary Analysis of Bubble Motion in the Presence of a

Temperature Gradient Under Zero Gravity Conditions

Since the flight film from experiment 77-13 was developed and

subsequently made into a strip of 16 mm movie film, we have had the

opportunity to observe the motion of the bubbles repeatedly. Based on

these observations and the post flight evaluation of the flight sample,

we have been able to qualitatively analyze the bubble motion that occurred

during the SPAR VIII flight. Unfortunately it took much longer than

anticipated to reproduce the same film strip on the stock that is

appropriate for the Clarkson Vanguard Motion Analyzer, so Mr. Meyyappan

of Clarkson has had a minimal amount of time to make quantitative measure-

ments of bubble motion and even less time to make a careful comparison
l

with the theory. This analysis is continuing and a thorough analysis

of the film and comparison of the bubble motion with theory will be

forthcoming.

We will restrict our analysis here to general observations and

to a first order evaluation of the motion of the few bubbles that

Mr. Meyyappan has been able to track with the motion analyzer.

6.4.1 Comments About the Film

The strip of movie film was made by copying the flight film

frame for frame. The movie film differs from the flight film in that

only the center half of the flight film was copied. This was done

because the Nikon was set to take a double 35 mm frame (i.e. 70 mm)

which gave excellent coverage of the experiment but could not be directly

reproduced in full on the 16 mm frame. However the section reproduced

was selected after studying the flight film. It appears to contain

the most pertinent information.
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6.4.2 Data Analysis Using Vanguard Motion Analyzer

The procedure involved the tracking of the center of a given

bubble through the frames, i.e. as a function of time. Usually this

was done by placing the vertical and horizontal cross wires of the

analyzer tangential to the bubble at points i, 2, 3, and 4 successively.

The corresponding x and y coordinate values and frame number (and hence

13
I

the time) may be fed directly to an IMSAI 8080 computer wherein these

data are stored on disks. A basic program to manipulate this data to

obtain the necessary parameters is available. Unfortunately the IMSAI

was malfunctioning, and so all data taking and analysis were done manually

because of the short time available.

In observing the SPAR f_lm it was noted that the frames jumped

around a bit. (This also occurred in the Papazian Grumman films). In

order to ascertain the correct bubble motion it was therefore also

necessary to measure the position of an immobile reference (fidueial)

mark. A crack was selected which seemed to be stationary.

A fe_J observations are worth mentioning.

l. The time duration of the experiment was 240 sees. (and

hence 240 frames). However the first 110 or 120 frames

contain little useful data because during this period the

temperature profile was being established. With melting in

progress, some bulk meit movement may nave oecurre6. After

120 seconds the temperature readings were steady..

2. This analysis has some level of uncertainty (i.e. in data

measurement), which is yet to be determined. Repeat

measurements at a later date will establish this.
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3. The size of each bubble was also calculated from the

measurements. This did change during the course of the

experiment. Some fluctuations were probably the consequence

of measurement errors, especially since the bubbles were

not as clear in some frames as in others. Expansion of the

bubbles due to changes in temperature and coalescence

also occurred as they moved toward the hot end of the channel.

Coalescence with a neighboring small bubble was observed

with one bubble that was monitored.

6.4.3 General Observations

The experiment can be broken down into two general periods of

activity. The first period is the melt-down of the glass. During this

period the sample becomes much more transparent as the fractures

disappear in the melting glass. As the clearing proceeds, many bubbles

are observed moving toward the hot spot. However since this is a period

of rapid temperature change and melting, it is impossible to know how

much of the bubble motion is thermocapillary migration and how much is

mechanical re-equilibration. Certainly there is some of both. The

second period is perhaps twice as long as the first. It is characterized

by the motion of one or two bubbles at a time while the others (there

are many visible) seem to be stationary. Those that move seem to

accelerate during their movement and then come to a sudden stop. Some

bubble coalescence is observed.

Based on what is known about the orientation of the temperature

gradients in the channel and what can be observed in the film, the

following general explanation can be given for the observed motion.

Many of the bubbles initially formed in the glass as it melts are

rapidly swept out of the glass by the high temperature gradients that

are present while the sample is heating up. Since there is also a strong

vertical gradient these bubbles not only migrate along the channel but

vertically to the platinum heater strip. Once they contact the strip they
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become attached to it, and move only slowly at best. As the experiment

progresses bubbles that were in cooler areas and/or at the top of the

channel are slowly drawn toward the center of the channel. Bubbles

touching the top of the channel may tend to stick there.

6.4.4 Measurement and Evaluation of the Motion of Three Bubbles

Two prominent bubbles in the center of the clmnnel were observed

to execute the motion shown in Figures 6.4-1 and 6.4-2. For convenience

the bubble positions were plotted in cm as viewed on the motion analyzer

vs. time. The magnification factor has since been determined to be

42.7 _ i. (These bubbles are clearly visible in Figure 6.1-1 near the

center. The larger of the pair is 212 _m in diameter; the smaller,

165 _m). Bubble 1 begins tO move slowly, then accelerates and finally

comes to a sudden stop. Bubble 2 appears to behave in a similar way,

as again it appears to be accelerating when it suddenly comes to almost

a complete stop. The early motion of bubble #2 was partially obscured

by a small crack in the silica at the top of the channel. Therefore

bubble #2 was not tracked in the earlier part of the motion, but its

behavior appears to be similar to that of bubble #i.

The motion of these two bubbles appears to be consistent with

the general picture outlined in the preceding section. These bubbles

appear to have been in contact with the top of the channel, moving at

first very slowly, perhaps retarded by interaction with the wall.

Finally as they move away from the wall, the influence of the temperature

gradient takes over and the bubble moves horizontally toward the hot

spot on the heater strip and at the same time downward toward the strip

because of the vertical temperature gradient. The bubble accelerates

as its diameter increases and as the melt viscosity decreases with

increasing temperature. Note that the temperature coefficient of surface

tension is quite constant over the range of temperatures encountered.

Therefore, the observed change in bubble velocity is most likely due to

the above reasons. When the bubble strikes the heater strip it apparently

sticks quite strongly Judging from its lack of movement after that instant.
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The velocities indicated on Figures 6.4-1 and 6.4-2 are the

horizontal components of the actual bubble velocities, but they should

be directly proportional to the actual velocities. Since the horizontal

temperature gradient is measured during the experiment we can make a

zero-order comparison with the modfied YGB theory from Chapter 5.

According to the YGB theory, the velocity of the bubble v is

v = 2_

where aT = 438°C/cm (from the temperature table)
aX

_Y = 0756 dyne/cm °C14aT

n = the viscosity in poise

a = the bubble diameter, .0212 cm, .0165 cm

The horizontal YGB velocities are 35 _m/sec for bubble 1 and

27 pm/sec for bubble 2. These velocities are in the same ratio as those

estimated in Figures 6.4-1 and 6.4-2 for the rapid period of motion

(i.e. 45 and 35 _m/sec). This strongly indicates that the velocity of

the bubble is linearly dependent on its diameter, as predicted by

the theory. The YGB velocties were calculated assuming a viscosity of

i00 poise which is a reasonable value in the estimated temperature range

of 750°-800°C. clarkson is currently conducting a more thorough analysis

of the bubble motion and its relation to the thermal field. When this

is complete, it will be possible to make a more precise comparison between

the theory and experiment. Though a complete verification of the theory

cannot be conducted, there are no serious discrepancies.

Bubble 3 is an example of a bubble "stuck" to the platinum

heater strip. Figure 6.4-3 shows the measurements taken in Bubble 3.

Bubble 3 maintained a fairly constant size of about 76 ;,m diameter.

(on the screen). This corresponds to a YGB velocity of 4.9 _m/sec.

In Figure 6.4-3 the data are extremely scattered and |t appears that
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there was vibration or oscillation, but no appreciable net movement.

In the neighborhood of Bubble 3, another bubble of roughly the same

size was also analyzed. It exhibited a similar oscillatory behavior.

We believe these bubbles were "pinned" to the platinum strip and

exhibited oscillatory behavior either due to the movement of nearby

"free" bubbles, or to an inherent oscillation of the thermocapillary

plumes emitted by each. This is an interesting phenomenon not reported

previously. In the months ahead we will quantify this behavior in more

detail and attempt to determine a mechanism.

6.5 Concluding Comments

It is clear from our work to date that the motion of the bubbles

is consistent with the Clarkson model of thermocapillary bubble migration.

This conclusion is based on the observed direction and rates of bubble

motion and the known orientation of isothermal surfaces in the flight

experiment sample. The agreement is at present only semi-quantitative

and it will take further careful analysis of the flight data to determine

if they will provide a quantitative test for the theoretical model. This

analysis is currently under way.

Other new information is also anticipated from further analysis

of the data. Our preliminary observations have already shown that bubble

coalescence, bubble--bubble interaction, and bubble-wall interaction all

occurred during the flight experiment. If even semi-quantitative infor-

mation can be extracted from the flight data it will indicate the validity

of the theoretical models of these kinds of bubble intereactions. Hence

we expect to obtain some equally exciting results from this further study

of the flight data.

Further studies of the thermocapillary migration need to be

carried out under low gravity conditions. The present experimental system

could perform several kinds of additional experiments such as measuring
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thermocapillary bubble migration glass systems with different surface

tension temperature coefficients (e.g. positive) or melts containing a

volatile component (e.g. water in a borate glass). These data, in

addition to confirming our SPAR VIII results, will either confirm the

general applicability of the Clarkson model or demonstrate its limitations

and indicate suitable modifications.

The present system may prove to be too qualitative to provide

a proper test for the Clarkson model. In that case, the experimental

system should be redesigned probably to a larger size and the definitive

experiments run on a shuttle flight. In any case an additional SPAR

flight with the present apparatus design is in order, perhaps with borax

at a lower temperature so that more bubble-bubble interactings can be

observed.
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