


NASA Technical Memorandum 82433 

Space Processing Applications Rocket 
Project SPAR VI Final Report 

R. Chassay. Con~piler 
George C. hlarsbuff Sptzt-c Flight Cmtm 
!%fczrsbuN Swt-e Ffigbt Cet~tcr, . ~ / U ~ I C J ~ I U  

Nat~onal Atlrtm,wt~cs 
and Sp,~ct~ 4r: !!~rl~r.:ratlorl 

Sdrntific .no T ~ I  ,ul 
Information dram& 





TABU OF CONTENTS 

CHAPTER Title Page 

I INTRODUCTION . . . . . . . . . . . . . . . . . .  1-1 

I1 SPACE PROCESSING APPLICATIONS ROCKET PROJECT 
SPAR VI POST-FLIGHT ENGINEERING REPORT . . . . .  11-1 

111 SPAR VI EXPERIMENT REPORT, CONTAINERLESS 
PROCESSING OF GLASS, LXPERIMENT 74-42 . . . . .  111-1 

I!T SPAR V? EXPERIMENT NO. 74-45, EPITAXIAL 
. . . . . . . . .  GROWTH OF SINGLE CRYSTAL FILMS IV-1 

V CONTAINERLESS PROCESSING TECHNOLOGY 
EXPERIMENT REPORT, SPAR VI EXPERIMENT 76-20 . . V-1  

VI SPAR VI TECHNICAL REPORT FOR EXPERIMENT 76-22, 
DIRECTIONAL SOLIDIFICATION OF MAGNETIC 
COMPOSITES................... VI -1 



CHAPTER I 

- - 

SPACE PROCESSING APPLICATIONS ROCKET (SPAR) PROJECT 

SPAR V I  - FINAL REPORT 

INTRODUCTION 

The unique low-g environment of space affords  a n  opportunity for  exploring and  
developing techniques for  processing a variety of mater ia l s  without  t h e  
constraicing gravitat ional  influences as evidenced with the processing of liquid 
phase mater ia l s  or mel ts  on Earth. The Materials  Processing in Space (MPS) 
program is directed toward the  stimulation and development of t he  associated 
science and technology required t o  pursue these invest igat ions This NASA 
act iv i ty  i s  undertaken in cooperation with the  scient if ic  community and  includes 
follow-on studies of specific a r e a s  of scient if ic  research emphasizing those 
selected nvestigations of mater ia l s  and processes which bes t  demonst ra te  
potential  benefi t  f rom t h e  enhanced sensitivity of t h e  controlled processing in a 
low-g environment. Examples of in teres t  in t h e  program are t h e  reduction 
and/or elimi-tion of adverse thermal  e f f e c t s  such as convection, sedimentat ion 
of heavy particles, buoyancy rise and positioning a spec t s  of buSbles in liquids o r  
melts,  and the  strati*ication e f f e c t s  of part iculates  of variable densities in 
solution. These and similar studies a r e  considered to be the  means t o  expand t h e  
Lmiting frontier  in t h e  development of new materials  and processes which a r e  
envisioned ul t imately t o  be  of immeasurable benefi t  t o  mankind. As 
complementary to the  research and technological na ture  of t h e  investigations, 
the  evolving emphasis  is being directed,  with t h e  advent  of t he  Shutt le  and  
increased payload potential,  toward commercial izat ion and t h e  development of 
self -sustaining programs yielding d i r ec t  product  benefit. 

The initial precursory zero-g demonstrat ions and investigations associated with 
this iamily of scient if ic  experiments  were  proposed and developed for  t h e  Apollo 
flights beginning in the  la te  1960's and conti.  ded with Skylab and Apollo-Soyuz 
flights through t h e  mid-1970's Uuring t h e  period between the  close of t h a t  e r a  
and t h e  orbital space  fligllts on the  Space Shu;;tle in t he  19801s, t he  Space 
Processing Applications Rocket  (SPAR) project  has  provided t h e  only viable 
f l ight  opportunity for  low-g scient if ic  investigations for  exper imenters  and is 
serving in a precursory role for  planned and approved Shutt le  investigations. It  is 
also ant icipated t h a t  sounding rocket  flights could satisfy a c o n t i n ~ i n g  need and 
a complementary role for the establ ishment and definition of fu ture  precursory 
Shutt le  experiments. 

The SPAR project  is p a r t  of t h e  Materials Processing in Space (MPS) program of 
t he  Cf f ice  of Space and Terrestrial Applications which i s  responsible for  
directing research into the  scient if ic  e f f e c t s  of mater ia l s  processing in the  
unique environment of space. This e f f o r t  involves pariicipation and interact ion 
from various disciplines of the  scient if ic  community, government-supported 
laboratories, universities, and industrial organizations, in addition t o  foreign 
participation. 



The Black Brant  VC (BBVC) sounding rocket  series, which is current ly the  ca r r i e r  
vehicle for  t he  scient if ic  payloads, with a ~ i k e - b o o s t e d  configuration avai lable 
for  heavier payloads, provides the  opportunity to  process mater ia l s  in a low-g 
environment for  periods up to  f ive minutes in durat ion during a sub-orbital flight. 

The rocket  flights, which a r e  conducted a t  t h e  White Sands Missile Range, a f ford  
experimenters  and apparatus developers a flight opportunity for  a proof-of- 
concept  verification and/or ref inement of equipment operation and procedures 
prior t o  the  longer duration, more sophisticated Shutt le  flights. 

This SPAR flight,  which is sixth in a planned ser ies  of rocket  flights, occurred on 
October 17, 1979, and carr ied four experiments. The investigations for  t h e  
experiments  comprising the  payload manifest  were  managed and coordinated by 
t h e  MPS Projects  Office af t he  Marshall Space Flight Center.  Three such 
experiments  were proposed and devised by industrial f i rms and one by a 
government-supported laboratory. 

Previous experiments  flown on the  f i rs t  f ive SPAR fl ights  include t h e  
measurement of liquid mixing due t o  spacecraf t  motion and the  dispersion of 
normally immiscible materials  in t h e  a r e a  of fluid dynamics. Solidification 
experinlents involving the  gravitat ional  e f f e c t s  on dendri t ic  growth, epi taxial  
growth, and solidification of c u t e c t i c  materials  with widely differing densi t ies  
have flown previously, in addition t o  solidification studies of interact ions 
between second-phase part icles  and a n  advancing crystal-liquid in t e r f ace  and 
gravity-induced convection on cas t  microstructures. In the a r e a  of multiphase 
part icle  interaction, various experiments  were conducted on the  migration and 
coalescence of bubbles and particles, closed-cell m e t a l  foam, and dispersion 
strengthening of composites. 

The SPAR project  has been increasingly ac t ive  in supporting research it. t he  
promising a rea  of containerless processing with previous flights, including 
experiments  on cas t  beryllium and the  processing of amorphous ferro-magnetic  
materials  in a n  e lec t romagnet ic  field, and control  of liquid droplets  by a n  
acoust ic  field in the  furtherance of state-of-the-art of acous t ic  containerless 
processing technology. 

The SPAR flights have, through a n  evolutionary program, addressed exper iments  
of increasing complexity and ref inement and have afforded additional flight 
opportunities consistent with the  maturi ty of e a c h  investigation. The payloads 
selected for  this flight manifest  were  based on the  advanced state-of- 
preparedness of their  ground-based research a c t ~ v i t y .  

The following experiments  a r e  included in this SPAR VI report:  a )  "Containerless 
Processing of Glass" (Experiment No. 74-42), describing the  ground-based 
research, including experiments  leading t o  selection of the  flight sample 
composition; b) " E p ~ t a x ~ a l  Growth of Single Crystal  Films" (Experiment No. 74- 
45), dealing with the successful design, fabricat ion and performance of t he  
experiment  apparatus;  c )  "Containerless Processing Technologyu (Experiment No. 
76-20), i l lustrating s t ab~ l i ty ,  oscillation and rotat ion as the three  major a spec t s  
of containerless processing technology in space; and d) "Directional Solidification 
of M a g n e t ~ c  Composites" (Experimeqt N a  76-22), investigating the  plane-front 
solidification of eu t ec t i c  BiJMnUi during both low-g and I-g experiments. 



The post-flight results and analyses of e a c h  experiment  flown on SPAR VI as 
prepared by the respective flight investigators, in addition to a n  engineering 
report  on t h e  performance of t he  SPAR VI Science Payload, a r e  contained in 
separa te  sections of this technical memorandum. With t h e  successlul  completion 
of this flight and subsequent da ta  analysis, much useful da t a  and informat.on 
were  accumulated for direct ing and developing experimental  techniques and  
investigations toward an  expanding, commercially beneficial program of 
mater ia l s  processing in the coming Shutt le  era. One of the  most  significant 
aspec ts  of S!',\L VI is t h a t  i t  carr ied the  I i rs t  experiment  of ~ e l t e d  glass in low- 
g, Experiment No. 74-42. It  was a lso  the  f i rs t  of a series  of mater ia l s  
processing low-g flights using a Nike-booster, which provides increased payload- 
carrying capabiiity. 
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SPAR VI POST-FLIGHT ENGINEERING REPORT 

SUMMARY 

The SPAR VI Nike-Black Brant VC rocket  lifted off the launch pad 
a t  WSMR on Wednesday, October 17, 1979, a t  1240:OO:OO G. m. t. (6:40 a. m., 
MDT). The launch was successful and the payload was recovered intact. 

Payload power was applied to a l l  experiments a s  planned, and a l l  
experiments operated within the predicted near  zero gravity. All MSFC 
flight support requirements to each experiment were  met  a s  indicated by 
the reduced flight data. Power to the payload experiments was programnled 
to be removed a t  Tt728 seconds, but this could not be  verified due to LOS a t  
Tt703 seconds. 

SPAR VI (R- 16) PAY LOAD CONFIGURATION 

The SPAR VI (R-16) science payload consisted of four mater ia ls  
experiments,  the Experiment Support Module (ESM), and the Abbreviated 
Measurement Module (AMM). The SPAR VI experiments a re :  

74-42 Containerless Processing of Glass 
74-45 Epitaxial Growth of Single Crystal Films 
76-20 Containerless Processing Technology 
76-22 Directional Solidification of Magnetic Composites 

The o r i e n t a t i ~ n  of the experiments within the SPAR VI rocket 
vehicle i s  shown in Figure 1. 

3.0 - ROCKET PERFORMANCE 

3.1 Flight Sequence 

The SPAR VI flight profile i s  shown in Figure 2. The predics.od and 
actual sequence of events a r e  shown a s  a function of flight time. 

3. 2 Low Gravity 

The predicted low-g o r  l e s s )  t ime was based upon an all-up 
payload weight of 11 39 pounds. The science payload furnished by MSFC 
weighed 818 pounds. 

The measurement module low-g accelerometer  measurements  
indicated that the low-g period on a l l  three axes began a t  Tt84, Tt83,  and 
Tt89 seconds on the X, Y ,  and Z axes,  respectively, and ended a t  Tt369, 
Tt352, and Tt364 stconds,  giving a low-g period of 263 seconds, The 
minimum low-g period required by experiments was 240 seconds. 
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4. C PAY LOAD SUPPORT 

4. 1 Payload Sequence of Events  

Experiments 74-42, 74-45, and 76-22 requi red  preheat  power 
p r io r  t o  launch that was supplied by ground power. At T-0, a lift-off s ig-  
nal  was given which activated a t i m e r  within each experiment fo r  control  
of events during the flight. These events  a r e  shown in Figure  3. 

The actual t imelines were  well within the  acceptable l imi ts  of each 
experiment. The planned power removal  t o  exper iments  at T+728 seconds 
could not bc verif ied due t o  the Lass of Telemetry  Signal (LOS) coverage  a t  
Tt703 seconds. 

4. 2 Pavload Power 

Trans fe r  of e l ec t r i ca l  power f r o m  ground support  equipment t o  the 
flight battery was accomplished a t  T-3 minutes. The science payload battery, 
located in the  Experiment Service Module, supplied power to a l l  experiments.  
Battery voltage measurement  (MO1 -SM) indicat.es that the bat tery voltage was 
31.0 volts at lift-off and jumped to  34.0 Vdc a t  Tt270 seconds, corresponding 
to Experiment 74-42 power cut-off. Here  it remained essentially- constant 
until Tt703 seconds. The bat tery c u r r e n t  measurement  (M39-SM) indicates 
that the current  was about 113 a m p e r e s  a t  lift-off, which i s  16 a m p e r e s  higher 
than had been calculated f r o m  battery load profi les ,  and s i x  a m p s  above the 
battery r a t i n g .  However, t h e  s h u n t  c i r c u i t  which mon i to r s  t h e  
b a t t e r y  c u r r e n t  was found t o  be i n  e r r o r  by app rox ima te ly  16 amps 
on t h e  h igh  s i d e .  S i n c e  t h e  error canno t  be  p r e c i s e l y  d e t e r -  
mined, t h e  fo l l owing  amperage v a l u e s ,  t a k e n  from t h e  f l i g h t  
t e l e m e t r y ,  a r e  i n d i c a t e d  v a l u e s  o n l y ,  and are p robab ly  e x c e s s i v e  
by some 16  amps. The da taar t '  ve ry  n o i s y  i n  t h e  e a r l y  p a r t  o f  
t h e  f l i g h t ,  b u t  t h e  c u r r e n t  a p p e a r s  t o  have dropped to  a b o u t  
100 amps a t  T+11  seconds .  A t  T+107 seconds ,  It i n c r e a s e d  t o  
113 amps a s  t h e  76-23. motors  were a c t i v a t e d .  T h i s  was p r e d i c t e d  
t o  be  109 amps, t h e r e b y  a g r e e i n g  f a v o r a b l y .  A t  Tt271 seconds ,  
t h e  c u r r e n t  dropped t o  45 amps, whereas  31 amps had been p r e d i c t e d  
due t o  t h e  7 4 - 4 2  f u r n a c e  power c u t - o f f  a t  t h i s  p o i n t .  A t  T+337 
seconds ,  it dropped t o  39 amps, whereas  2 3  had been p r e d i c t e d  due 
t o  complet ion o f  t h e  76-20 s p i n  f u n c t i o n .  F i n a l l y ,  i t  dropped t o  
36 amps a t  T+355 seconds ,  where it remained e s s e n t i a l l y  c o n s t a n t  
u n t i l  LOS a t  T+703 seconds .  The f l i q h t  v o l t a g e  and c u r r e n t  
p r o f i l e  ( F i g u r e  4 )  a g r e e  f a v o r a b l y  w i t h  what had been  p r e d i c t e d  
e x c e p t  f o r  t h e  16 amp o f f s e t  n o t e d  above. 
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5.0 EXPERIMENTS - 
5. 1 Experiment 74-42 - Containerless Processing of Glass 

This  experiment consF s ted  of process ing a g l a s s  specimen in a 
containerle  ss manner  in a s ingle ax i s  acoustic levitation furnace  a t  1 5 7 ~ ~ ~  
in a low-g environment. F i g u r e  3 shows the flight sequence t imelines.  

The preheat  t empera tu re  measurement  (C160-42) shows that  the  
specimen preheat  t empera tu re  a t  lift-off was about 1 20°c and inc reased  
steadily zo 160°C a t  T+114 seconds when sample  injection occurred.  

The Hot Zone Tenlpera ture  Measuremcnt  (C159-42) indicates that  
the  t empera tu re  was  approximately 1 5 8 0 ~ ~  a t  lift-off, i nc reased  .to 1 5 9 0 ~ ~  
a t  T t113  seconds, and dec reased  steadily to  1 5 5 5 O ~  a t  T+170 seconds, then 
inc reased  slowly to 1565OC a t  T i269  seconds, a t  which point the  Lurnace 
power was  cut  off and the cooling shroud inserted.  F r o m  th i s  point, the 
t e m p e r a t u r e  dec reased  a t  an average  r a t e  of 14.3°C/sec t o  r e a c h  114OC 
a t  Tt348 seconds. ,4t Ti359 seconds, an unusual s ignal  a p p e a r s  on both 
the  hot zone and preheat  zone channels  indicating an instantaneous t e m p e r -  
a t u r e  drop of g r e a t e r  than 1 0 0 ~ ~ .  This could have been caused by an e lec -  
t r i c a l  t rhns ient  of unknown origin, s ince a rapid  t empera tu re  change of th is  
magnitude is not physically possible in  th is  apparatus.  Tempera tu re  da ta  
a f t e r  th is  t ime  was  not re l iable ,  but the exper iment  had a l ready been corn- 
pleted. 

The gate  positic-n monitor  indicated that  the c a m e r a  gate, the sot 1 
source  gate,  and the sample  gate a l l  opened cor rec t ly  a t  T ~ 1 1 0  seconds. 
The sound source  turned on a t  Tt111 seconds and showed the proper  d r i v e  
amplitude until experiment shutdown. 

Injection of the  sample  occur red  a t  T+114 seconds. At Tt270 seconds,  
the  cooling shroud gate opened, power t o  the  furnace  n e a t e r s  was  removed,  and 
by Tt281 seconds,  the cooling shroud was fully inserted.  

At T t353  seconds, the experiment was  shut down and the c a m e r a  and 
sound ga tes  closed. The injector  gate c losed partially. This  could have been 
caused by a par t ia i  retract ion of the sample in jec tor ;  however, th i s  cannot be 
verified, s ince  t h e r e  was  no instrumentat ion t o  indicate par t ia l  re t rac t ion  of 
the  sample  injector.  At Tt413 seconds, 60 seconds af ter  the exper iment  
turned off, a l l  pates show some motion, possibly caused by the shock of the 
parachute deplob ments. 

The Cylinder P r e s s u r e  Monitor (D014-42) indicates that the  p r e s s u r e  
was  about 14.4 psia a t  lift-off and increased steadily to 17 ps ia  a t  Tt703 sec -  
onds when LOS occurred .  The Air  Tempera tu re  Measurement  (C177-42) 
indicates that the a i r  t empera tu re  was 2 5 ' ~  a t  lift-off and inc reased  steadily 
t o  reach 50°c a t  LOS at T+703 seconds. 



The a c o u s t i c  d r i v e r  amplitude measS1rement (M075-42) i n d i c a t e d  nominal 
opera t ion  throughout f l i g h t .  However, t h e  a c o u s t i c  amplitude apparen t ly  
s i g n i f i c m t l y  decreased as evidenced by t h e  i n f l i g h t  photographs. The molten 
experimrtnt sample was t o  have avoided any c o n t a c t  w i t h  t h e  r e s t r a i n i n g  
cage dur ing mel t ing,  ho t  soak,  and r e s o l i d i f i c a t i o n .  During t h i s  f l i g h t  t h e  
molten experiment sample contacted t h e  cage and s o l i d i f i e d  whi le  i n  con tac t  
wi th  the platinum cage wires .  A thorough f a i l u r e  a n a l y s i s  was performed 
a f t e r  SY'R VI and, a s  a r e s u l t ,  t h e  conf igura t ion  w a s  r ev i sed  t o  provide 
conside1 .ble a d d i t i o n a l  ins t rumenta t ion  f o r  t h e  SPAR VTII mission.  A s i m i l a r  
f l i , :hc  i.lomaly was experienced on SPAR VIII and, a s  a r e s u l t  of t h e  d a t a  
f r c  I I t - :  a d d i t i o n a l  ins t rumentat ion,  i t  was determtned t h a t  t h e  l o s s  of 
sa-i.pLe , # o s i t i o n  c o n t r o l  w a s  due t o  water vapor i n  t h e  a c o u s t i c  chamber. 
A p p r o p i a t e  r e v i s i o n s  a r e  being incorporated i n t o  t h e  a c o u s t i c  l e v i t a t i o n  
frtrn.~cz t o  be flown i n  t h e  Mate r ia l s  Experiments Assembly (NEA) on t h e  Space 
Shu\rt!e 

5.2 Experiment 74-45 - Epitaxial G r o w t h  of S i n g l e  Crystal F i l m s  

r h i s  experiment c o n s i s t e d  o f  b r ing ing  a  s u b s t r a t e  c r y s t a l  i n t o  b r i e f  
.-ontac* with a  molten s o l u t i o n  n e a r  i t s  mel t?ng po in t  by means o f  a  s l i d e r  
nechan:sm i n  a  low-g environment and then removing it before  leaving t h e  
It  tw-g c~nvironment . 

171e Location 1  Solut ion Temperature Measurement (C35-45) i n d i c a t e s  t h a t  
t h e  s o l ~ r t i o n  t e m p e n t u r e  a t  t h i s  l o c a t i o n  was 9 0 0 ~ ~  p r i o r  t o  l i f t - o f f ,  but  t h e  
measul.ercent s h i f t e d  domward s l i g h t l y  t o  sSOOC a t  1  i f t  - o f f ,  due t o  experiment 
'6-'0 turn-on a t  t h i s  time. From t h i s  p o i n t ,  t h e  temperatuse decreased s t e a d i l y  
t o  each 640°C a t  LOS, which occurred a t  T+703 seconds. Two s l i g h t  s h i f t s  
o c c ~  r r e d  i n  t h e  d a t a  a t  T+263 seconds when t h e  s l i d e r  i n s e r t e d  and a t  
T+3.?9 seconds when t h e  s l i d e r  r e t r a c t e d .  

19e  Location 2 Solut ion Temperature Measurement (C36-42) d i s p l a y s  e x a c t l y  
t h e  iane c h a r a c t e r i s t i c s  a s  were noted i n  t h e  Location 1  d a t a  desc r ibed  above. 
The S l i d e r  Pos i t  i f  ., Monitor (K004-45) shows t h a t  t h e  s l i d e r  was i n s e r t e d  a t  
T+263 s x o n d s  anu r e t r a c t e d  a t  T+339 seconds. The Hydrogen B o t t l e  Pressure  
(D003-4.;) was 640 p s i a  p r i o r  t o  l i f t - o f f .  There was a  s l i g h t  decrease  i n  
t h i s  value  u n t i l  LOS a t  T+703 seconds. No Experiment 74-45 anomalies could 
be deter-mined by examination o f  t h e  SPAR VI f l i g h t  engineer ing d a t a  by MSFC. 

5 . 3  Fxperiment 76-20 - Conta iner less  Processing Technology 

This  experi.ner.r cons i s ted  o f  l e v i t a t i n g  a  drop in  low-g environment 
and photographing . .  s s t a b i l i t y  and c o i k t r o l l a b i l i t y  i n  t h e  3-axis  a c o u s t i c  
l e v i t a t o r .  

The Experiment Voltage Monitors, M076-20 (+5 Vdc), M077-20 (-5 Vdc), 
M078-20 '-12 l 'dc), M079-20 (-15 Vdc), MO8O-20 (-18 Vdc), M081-20 (+I2 Vdc), 
M082-2n !+IS Vdc) and M083-20 ( + I 8  Vdc) , a l l  d isplayed midscale readings  
thros*ghout t h e  f l i g h t ,  i n d i c a t i n g  t h a t  t h e  va r ious  power supp l ies  were 
op . : t ive  and producing t h e  c o r r e c t  vo l t ages .  



The Commutator Reference Monitors, M040-20 (high) and M049-20 
(low), indicate that  the commutator references  remained constant throughout 
the flight a t  t5 Vdc and 0 Vdc, respectively, a s  expected. Regulator Surface 
Temperature  Measurement (C174-20) shows a temperature  r i s e  during flight 
of 1 8 O ~  which is normal. The Chamber Wall Temperature  (C173-20) was  
22OC at  lift-off; it increased 5 t o  10 degrees  during flight. 

The Syringe Position Monitor (Md50- 20) indicates that the bellows 
drive was  initiated a t  Tt105 seconds and ended a t  Tt117 seconds, exactly a s  
predicted by Figure  3. 

The reader  i s  referenced to the experiment 76-20 section of th is  r epor t  fo r  
detai ls  concerning the acoustic amplitude and frequency monitors. No experi-  
ment 76-20 anomalies could be determined by examination of the SPAR VI 
flight engineering data by MSFC. 

5.4 Experiment 76-22 - Directional Solidification of Magnetic Composites 

This experiment consisted of processing MnBifBi eutectic ma'- . r ia ls  
samples  in a four-furnace assembly;  these  samples  we re  heated during p re -  
launch countdown an.! directionally cooled in the low-g environment. 

The Coolant Pump 1 Current  Measurement (M053-22) indicates that 
the pump c u r  rent was  349 rnA a t  lift- off and dropped suddenly t o  40 mA a t  
Tt184 seconds, indicating a fai lure of the pump, the cause  of which is 
unknown. Since the re  a r e  two pumps in th is  coolant loop, no harmful quench 
block temperature  changes occurred due to the loss  of one pump. 

The Coolant Pump 2 Current  Measurement (M073-22) indicates that 
the ?ump cur ren t  was 300 m A  a t  lift-off, fe l l  to  100 mA while recovering f r o m  
the Pum;, 1 fai lure,  returned t o  300 mA, and remained constant throughout the 
flight until LOS a t  Tt703 seconds. The lnput Voltage Monitor (M070-22) shows 
thzt the input voltage mas 34.7 Vdc a t  lift-off and i nc r f a sed  to  36.4 Vdc when 
the experiment 74-42 hea te r s  were  cut off a t  Tt267 seconds, and remained a t  
th i s  value until LOS. The Coolant P r e s s u r e  Measurement (D10-22) indicates 
the coolant p r e s su re  to have been 30 psia a t  lift-off, falling to 25. 5 ps ia  a t  
T t40  seconds. Here  i t  remained until Tt184 seconds  hen it fe l l  to 11.3 psia 
a s  Pump 1 failed. F r o m  this point, it gradually increased,  reaching 28. 5 psia 
a t  L,QS. A 4-second transient  may be seen on the t r a ce s  of both pump cur ren t s  
and on the coolant p r e s su re  t r a ce  a t  Tt86 seconds, corresponding to the experi-  
ment 76-20 high power activation. During this  t ime,  the Pump 1 cu r r en t  fel l  
120 mA, the Pump 2 cur ren t  fel.1 80 mA, and the coolant p r e s su re  fe l l  8. 3 psia. 

The Furnace No. 1 Coolant Temperature  Monitor (C 149-22) indicates 
that the coolant temperature  was 4 6 O ~  a t  lift-off and increased steadily to 5 4 O ~  
a t  LOS. The Ambient P r e s su re  Measurement (D009-22) did not change after  
lift-off; therefore,  the p r e s su re  gage was apparently inoperative during flight, 
since normal  operation would have indicated minor p r e s su re  fluctuations in the 



data. Loss  of th i s  measurement  was  of no significance to the exper iment  
performed on th is  flight. The High Level Multiplexer Reference Voltages, 
M056-22 (high) and M055-22 (low), r emained  a t  5 Vdc and 0 Vdc, r e spec -  
tively, throughout the flight, a s  was  expected. 

The Upper Limit Switch Monitors,  Furnace  No. 1 (K069-22), 
F u r n a c e  No. L (K070-22), Furnace  No. 3 (KO7 1-22), and Furnace  No. 4 
(K072-22). al i  indicate no change of s t a t e  throughout the flight, and were  
activated the  whole t ime.  The Lower Limit S~vi tch  Monitors,  Furnace  1 
(KO73-22). Furnace  2 (KOi4-2L), Furnace  3 (K075-22), and Furnace  4 
iK076-221, a l l  indicate activation a t  lift-off f o r  a  duration of 101 seconds, 
and a r e tu rn  t o  no  activation a t  T+101 seconds. 

The Furnace  1 Cold Junction Tempera tu re  Measurement  (Cl44-22) 
shows that  the t empera tu re  a t  lift-off kvas 47OC and steadily inc reased  to  
5 2 ' ~  a t  I,OS, The Furnace  2 Cold Junction Tempera tu re  (C115-22) a l so  
was  4 i 0 c  a t  lift-off and inc reased  to  51°C a t  LOS. The Furnace  3 Cold 
Junction Tempera tu re  (C14b-22) was 4 8 O ~  a t  lift-off 'uld inc reased  to S.?OC 

a t  LOS. The Furnaces  1 and 3 Sample Cold Junction Tempera tu re  (Cl41-22) 
was  4b°C a t  lift-off and inc reased  to 49OC a t  LOS. The Furnaces  2 and 4 
.Salnple Ccld Junction Tempera tu re  (C142-22) Lvas 4b0c  at lift-off and 
inc reased  t o  51°c at LOS. 

The hdotor Linear Spced Monitors,  T001-23 ( F u r n a c e  1 ), TOOZ-22 
(Furnace  21, TG03-22 (Furnace  3 ) ,  and TO04-LL (Furnace  4). all  indicate 
motor  activation a t  T+lOi' seconds. F o r  de ta i l s  concerning the furnace  
t rans la t ional  r a t e s ,  the r e a d e r  is r e f e r r e d  to the Experiment 76-22 
report .  

The Lo\v Li- lrel blultiplexcr Reference Voltages, M059-22 (lo\v) and 
hld60-22 (high), \. e r r  O Vdc and 5 Vdc, respectively,  throughout the flight, a s  
was  e-xpccted, -nd  the Sync 2 Voltage (MOb2-22) was cilnstantly O Vdc, a s  
e x p - ~ t e d .  

The 2 c m  location t empera tu re  (C123-22) in Furnace  No. 1 \vas 
251" at lift-off and increased gradually to 2 7 ~ ~ ~  a t  LOS. The 1 cm location 
t e m p e r a t u r e  (C125-22) Lvas 2 1 4 ~ ~  at lift-off and inc reased  gradually to 2 4 V C  
a t  LOS. The S a n ~ p l e  1 Tempera tu re  (C12-I-22) was  2 7 3 O ~  a t  lift-off and de- 
c r e a s e d  gradually to  reach b l o c  a t  LOS. Sample 2 Tempera tu re  ( C  126-22) 
was L23OC at lift-off, increased t o  a  nlasimiinl of 2 ~ 8 ~ ~  a t  T t 7 5  seconds, and 

0 dec reased  stcadily to  r each  h l  C a t  LOS. The Sample 3 T e m p e r , ~ t u r e  (C122- 
22) \vns 1 9 3 O ~  a t  lift-off and dec reased  gradually to r each  59OC at I,OS. The 
Sample 4 Tenlpera ture  (C121-22) \\as 1 0 0 ~ ~  a t  lift-off, increasing t o  1 0Toc 
maximum a t  T t 1  1 2  seconds and decreas ing gradually to r each  570C a t  LOS. 
The sha rp  t r ans ien t s  seen on the Sample 1 and 3 t r a c e s  betxveen T t 4 0  seconds 
and T t 7 5  seconds a r c  tmcxplainable, although the star t ing t ime  ( T t 4 0  seconds)  
i s  coincident with the burnout of the BBVC rocket  nlotor. T' t s e  t r ans ien t s  a r e  
seen in thc Furnacc  3 sample  tt.nlpttrature also.  

II- 10 



The 2 c m  location t empera tu re  in Furnace  No. 2 (C128-22) was  
254OC a t  lift-off and remained constant until LOS. The 1 c m  location 
t empera tu re  (C129-22) was  204OC at lift-off and i nc reased  gradually to  
r e a c h  2 1 8 ' ~  a t  LOS. The Sample Tempera tu re  (C130-22) was  286OC at  
lift-off and dec reased  steadily to r each  63OC a t  LOS. 

CI? 2 c m  location t empera tu re  in Furnace  No. 3 (C;132-22) was 
2 9 1 ' ~  a t  lift-off and inc reased  gradually to r each  31 1°c  a t  LOS. The 1 c m  
locaticn tempera ture  (C135-22) was 2 5 8 O ~  a t  lift-off and inc reased  gradually 
t o  r e t c  1 2 7 7 ' ~  a t  LOS. The Sample 1 Tempera tu re  (C131-22) was 277OC a t  
lift-otf and dec reased  steadily to r each  6 8 ' ~  a t  LOS. The Sample 2 Tem- 
pe ra tu rc  iCi3b-22) was  2 5 4 O ~  a t  lift-off and dec reased  steadily t o  r e a c h  
b g O c  a t  LOS. The Sample 3 Tempera tu re  (C133-22) was 2 6 1 ' ~  a t  lift-off 
and dec reased  steadily to  reach 6 4 O ~  a t  LOS. The Sample 4 Tempera tu re  
(C133-22) was 2 3 3 O ~  a t  lift-off and dec reased  steadily t o  r e a c h  5 9 O ~  a t  LOS. 
Trans ients  occurring a t  T t402  seconds a r e  visible in the Furnace  3 sample  
t empera tu re  t r a c e s ,  but a r e  unexplainable. 

The 2 crn location t empera tu re  in Furnace  No. 4 (C137-22) was 2 8 9 O ~  
a t  lift-off and increased gradually t o  reach 313Oc a t  LOS. The 1 cl,: location 
t empera tu re  (C139-22) \vas 2 6 0 ~ ~  a t  lift-off and inc reased  gradually to  r each  
29Q°C a t  LOS. The Sample Tempera tu re  (C140-22) was 2 7 0 ' ~  a t  lift-off and 
dec reased  steadily t o  r e a c h  56OC at  LOS. No experiment 76-22 hardware  
anomalies,  other  than the fa i lure  cf coolant pump 1 ,  could be determined by 
examination of the SPAR VI flight engineering data. 

6.0 SCIENCE PAYLOAD INSTRUMENTATION 

6. 1 Lokv-G Accelerat ions 

The lo\\-g data indicate that  a low-g environment considerably l e s s  
than 1 x 1 0 ' ~ ~  was  achieved in a l l  3 axes.  The X-Axis Linear  Acceleration 
Measlirement (AO2-MM) indicates that  low-g ent ry  in that axis  was  a t  about 
84 aeconds and exit at about 369 seconds with the g levels  during th is  period 

4 ranging f r o m  -0. 12 to . O 1  x 10' g. The S-Axis  Linear Acceleration hleasllre- 
ment (A03-MM) indicates the same  low-g ent ry  t ime a s  the X-Axis and exit  a t  

4 352 seconds with the g levels  ranging f r o m  -0. 16 to .Ol x 10- g. The 7,-Axis 
Linear Acceleration Measurement (A04-MM) indicates the low-g entry in that 
axis  was a t  89 seconds and exit at 364 seconds with the g levels  ranging f r o m  
+ O .  04 o 0.28 x 

-4  
A spike of 0. 21 x 10 g occur red  on the X-axis plot in the +X (down- 

range?  nor th)  direction a t  approximately Tt112 seconds. A corresponding 
spike of 0.37 x l ~ - ~ ~  occur red  on the Y-axis plot in the + Y  ( c r o s s  range. 
e a s t )  direction. These spikes w e r e  probably caused by the movement of the 
76-22 iurnaces ,  which were  initiated a t  Tt107 seconds. 



A spike of -0.04 x l ~ - ~ ~  in the - Z (flight) direct ion occur red  a t  
approximately T+122 seconds and is unaxplainable s ince  no exper iment  
functions w e r e  p rogrammed t o  occur a t  th is  time. The c loses t  p rogram-  
med functions w e r e  74-42 specimen injection a t  Tt115,  76-20 bellows 
d r ive  end a t  Tt117, and 76-20 injector  re t rac t ion  and low power on a t  
Tt120 seconds. 

A period of accelera t ion  activity on the X-axis is seen between 
T t 2 5 4  seconds and Tt320 seconds with sp ikes  ranging between t 0.21 x 
1 0 ' ~ ~  occurring.  Ddring this period, the  exper iment  74-45 s l i z e r  
mechanism and the exper iment  74-42 cooling shroud w e r e  inser ted ,  and 
the  exper iment  76-20 spin cycle began. 

ErAgineering Tempera tu res  

Engineering t h e r m i s t o r s  w e r e  located on the SPAR VI Science 
Payload (SPL)  in the following locations ( s e e  F igure  5). 

C28-SM T r a n s m i t t e r  P la te  Tempera tu re  
C33-MM Linear Acce le romete r  Block Tempera ture  
C39-MM AMM External  Tempera ture  
C117-20 76-20 External  Tempera tu re  
C148-22 76-22 External  Tempera ture  
C161-42 74-42 Cylinder End Pla te  Surface Tempera tu re  
C162-42 74-42 Electronics Plate Surface Tempera tu re  

The Engineering Tempera tu re  Thermal  Analysis (Figure  6 )  was  
performed by Joseph Sims, EP41, MSFC. The data shows the SPAR VI 
t empera tu res  to  have been well  within the nominal  range of the  previous 
SPAR engineering t empera tu res  of ZO'C to 6Q0C. 

6. 3 P r e s s u r e s  

Ambient p r e s s u r e  in the AMM (DOl-MM) was  13. 4 ps ia  a t  lift-off, 
and 0.6 ps ia  ( % 30 t o r r )  a t  T t43  seconds. The S P L  ambient p r e s s u r e  
measur ing device (D06-MM) was a l s o  located in the AMM, and was  capable 
of monitoring f r o m  30 t o  t o r r  in s ix  ranges.  It indicated that  the  ambient  
p r e s s u r e  continued t o  d e c r e a s e  until a minimum of 6.8 t o r r  was reached at 
approximately Tt372 seconds. F r o m  this  point, the p r e s s u r e  r o s e  rapidly t o  
30 t o r r  a t  Tt405 seconds and inc reased  rapidly to  r each  5. 5 psia a t  T t478  
seconds when the heat shield and drogue chute w e r e  deployed. F r o m  th is  
point, the p r e s s u r e  inc reased  steadily until i t  reached 17.9 psia when te le-  
m e t r y  contact was lost  at Tt703 seconds. 
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6 .4  Vibration and Shock 

The engineering evaluation 9; the SPAR VI vibration data was made  
by Mr. William Clever of the Sys tems Dynamlcs Laboratory. His comments  
a r e  that vibration data  f r o m  the X, Y,  and Z vlhration measurements  (E02- 
MM, E03-MM, and E04-MM) a r e  of v e r y  low It e l  and a r e  bare ly  detectable 
above the noise  floor. The maximum m e a s u r e d  response  was  approximately 
1 g r m s  and represen t s  only about 3 112 percent  of the cal ibrated - + 40g range. 
The data  indicates a predominant  frequency n e a r  1100 Hz, but a t  ext remely  
low levels.  On the whole, the  data i s  ext remely  noisy and nothink of signifi- 
cance i s  apparent.  The osc i l logram t r a c e  and r e s u l t s  of the s ta t i s t ica l  
analysis  w e r e  sent  to  GSFC. 

Seven impact-o-graphs,  capable of measur ing shock levels  f r o m  120 
G ' s  to  650 G ' s ,  were  mounted on the fo rward  side of the CSFC Telemetry  
Module Extension (Figure  7). The impact-o-graph resu l t s  a r e  tabulated in  
Table I. Note that none of the  spr ings  o r  balls was  unset a t  impact  and the 
shock level  experienced was l e s s  than 120 G's. This i s  considerably l e s s  
than the 600 G ' s  experienced by the SPAR V payload which impacted a rock 
upon landing. 

7.0 PAYLOAD RECOVERY 

The payload landingl recovery  s i t e  was  a s t eep  sloping western  rock- 
covered foothill of the San Andres Mountains which b o r d e r s  the west  side of 
the range. The payload landed on its aft  end sinking approximately eight (8) 
inches into semi-sof t  sandy soil. Apparently, the payload was then dragged 
by the parachute down the s teep  slope f o r  approximately fifty (50) fee t  before 
falling downhill, forward  end f i r s t ,  striking and breaking a l a rge  rock;  th is  
caused the payload cylinder enclosing the automated direct ional  solidification 
furnace  (Experiment 76-22) to  be damaged beyond repai r .  

Upon a r r i v a l  of the recovery  t e a m  a t  the  payload landing a r e a ,  the 
e lec t r ica l  safing box was  used t o  ensure  the payload was de-energized. The 
parachute was  detached f r o m  the  four (4)  webb r i s e r s .  These r i s e r s  w e r e  
grouped into two p a i r s  and at tached to  a webb sling furnished by the helicopter 
crew. The payload was then lifted by a c a r g o  hel icopter  and t ranspor ted ,  while 
slung beneath the hel icopter ,  to  a level  a r e a  approximately one ( 1 )  mi le  north-  
west  of the landing site.  

Before loading into the helicopter f o r  t ransportat ion back to the vehicle 
assembly  building (VAR), the payload was separa ted  into two sect ions to mini-  
mize  the hazard  of lifting the heavy payload by hand. The separat ion plane was 
0%-tween the automated direct ional  solidification furnace  (Exper iment  76-22) and 
the  Experiment Service Module; the  e l ec t r i ca l  cables  bridging this  in ter face  
were  cut a s  planned, using cable cut ters .  The two payload sect ions were  then 
loaded aboard the ca rgo  hel icopter ,  s ecured ,  and t ranspor ted  to  the VAB with- 
out incident. 
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8.0 CONCLUSION - 

I n  c o n c l u s i o n ,  t h e  f l i g h t  d a t a  and  p o s t - f l i g h t  a n a l y s i s  
show t h e  l a u n c h ,  f l i g h t ,  and r e c o . e r y  of  S P A R  V I  t o  l - a v t  b e e n  
h i g h l y  s u c c e s s f u l .  However, a n o m a l i e s  d i d  o c c u r ,  p r i m a r ~ l y  
i n  Experiment 7 4 - 4 2 ,  a s  d i s c u s s e d  i n  paragraph 5 . 1 .  
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SUMMARY 

The f i r s t  c o n t a i n e r l e s s  g l a s s  mel t ing experiment, NASA experiment 74-42, 
was flown on t h e  SPAR VI sounding r o c k e t  on October 17, 1979. 

Th i s  r e p o r t  d e s c r i b e s  p e r t i n e n t  p o r t i o n s  of t h e  ground-based resea rch ,  
inc lud ing  experiments l ead ing  t o  s e l e c t i o n  of t h e  f l i g h t  sample composit ion,  
a  s i l i c a - ~ o d i f i e d  g z i l l a - c a l c i ~  g l a s s  of t h e  composition, i n  mol pe rcen t ,  
39.3 Ga;?33 : 35.7 CaO : 25.0 Si02. I u ~ - . ~ d e d  a r e  d e t a i l s  of t h e  p r e p a r a t i o n  of 
a n  a p p r o x i a a t e l y  one-fourth-inch-diameter f l i g h t  sample. 

During t h e  f l i g h t  experiment, a s i n g l e  sample of t h e  ~Ll ica -modi f i ed  
g s ~ l l i ! x - c a l c f a  g l a s s  was conta iner less-mel ted  and cooled i n  a s ing le -ax i s  
a c o t ~ s t i c  p o s i t i o n i n g  a p p x a t u s  b u i l t  under c o n t r a c t  t o  NASA by I n t e r s o n i c s ,  
Inc. S ince  t h i s  was t h e  f i r s t  c o n t a i n e r l e s s  g l a s s  f l i g h t ,  t h e  pr,ncipal  
o b j e c t i v e  of t h e  experiment was t o  determine t h e  func t ion ing  of t h e  f l i g h t  
experimental  hardware under a c t u a l  f l i g h t  cond i t ions .  The f l i g h t  hardware 
included a  s i l i c o n  c a r b i d e  element fu rnace  equipped w i t h  a  s ing le -ax i s  
p o s i t i o n i n g  dev ice  designed t o  Frevent c o n t a c t  of t h e  molten sample wi th  o t h e r  
than t h e  gaseous (apprcximately one-ground-level a i r )  atmosphere dur ing  t h e  
4  minutes of low-gravity f l i g h t .  A t  t h e  completion of t h e  mel t ing  and soaking 
p o r t i o n  of t h e  process ing c y c l e ,  which was performed a t  a  nominal temperature  
of 1575 C, a  massive copper coo i ing  shroud was in t roduced i n t o  t h e  ho+ zone 
of t h e  fu rnace  t o  radia t ion-cool  t h e  sample. An i n j e c t i o n  cage fashioned 
fr:lm platinum and 30-percent rhodium a l l o y  was used t o  i n j e c t  t h e  sample i n t o  
t h e  son ic  we l l ,  and a s i n g l e  motion-picture camera was provided t o  observe  t h e  
f l i g h t  sample dur ing  t h e  e n t i r e  process ing cvc le .  The hardware package 
included necessary  e l e c t r o n i c s ,  t imers ,  temperature c o n t r o l  equipment, and 
mechanical dev ices ,  t h e  l a s t  f o r  o p e r a t i o n  of the  i n j e c t i o n  mechanism, fu rnace  
wa l l  g a t e s ,  and coo l ing  shroud. 

The sample was completely melted dur ing  t h e  f l i g h t  and was cooled t o  a 
c l e a r  g l a s s .  I n j e c t i o n  i n t o  t h e  furnace  hot  zone was accomplished. Af te r  It 
touched t h e  cage four  t imes i n  t h e  f i r s t  9 seconds, t h e  sample remained i n  
suspension 27 seconds, a t  which time i t  d r i f t e d  t o  t h e  i n j e c t i o n  cage and 
a t t a c h e d  i t s e l f  t o  one of  t h e  platinum a l l o y  wires making up t h e  cage. It 
remained a t t a c h e d  and cen te red  on t h e  cage w i r e  dur ing  t h e  remainder of t h e  
p r o c e s s i w  cyc le .  

During t h e  p o s t - f l i g h t  eva lua t ion ,  t h e  sample was found t o  be f r e e  of 
unmelted, c r y s t a l l i n e ,  ma te r i a l .  I t  conta ined t h r e e  smal l  bubbles  near t h e  
platinum wire .  The shape of t h e  sample was s p h e r i c a l  except  f o r  p r o j e c t i o n s  
caused by we t t ing  t h e  w i r e  by t h e  g l a s s  a t  e i t h e r  po le  where t h e  plat inum w i r e  
emerged from t h e  sample. Unexpectedly, t h e  s u r f a c e  of the  sample was found t o  
con ta in  aumerous smal l  c r y s t a l  r o s e t t e s  no t  l a r g e  e n c ~ ~ h  t o  be seen by t h e  



unaided eye. Analys is  of t h e  c r y s t a l  r o s e t t e s  v t t h  a scanning e l e c t r o n  micro- 
scope showed them t o  be of approximately t h e  same composit ion a s  t h e  g l a s s .  
Plat inum (wi th  some rhodium presen t )  was found t o  be  t h e  probable  cause  of  
c r y s t a l  nuc lea t ion .  The p r i n c i p a l  c o n s t i t u e n t  of  rlre r o s e t t e s  was found by 
i n d i r e c t  methods t o  be  Ca2Ca2Si07. The most probable  causes  of t h e  plat inum 
c o n t a n i n a t i m  of t h e  s u r f a c e  a r e  thought t o  be e i t h e r  (1) mechanical t r a n s f e r  
from t h e  l o o s e - f i t t i n g  i n j e c t i o n  cage dur ing  l i f t - o f f  of t h e  r o c k e t  o r  
(2) s u r f a c e  d i f f u s i o n  from t h e  platinum-rhodium wi re  which was i n  c o n t a c t  wi th  
t h e  g l a s s  sample dur ing  most of t h e  f l i g h t  experiment cyc le .  

I t  is f e l t  t h a t ,  i f  dur ing t h e  next  f l i g h t  experiment t h e  plat inum cage 
g r i p s  t h e  sample f i r m l y  t o  e l i m i n a t e  o r  s u b s t a n t i a l l y  reduce r a t t l i n g  and t h e  
a c o u s t i c  p o s i t i o n i n g  dev ice  p reven t s  p h y s i c a l  c o n t a c t  w i t h  t h e  i n j e c t i o n  cage 
dur ing t h e  e n t i r e  process ing c y c l e  ( e l i m i n a t i n g  t b e  p o s s i b i l i t y  of s u r f a c e  
d i f f u s i o n ) ,  t h e  chances f o r  platinum contaminat ion of t h e  s u r f a c e  and con- 
sequent c r y s t a l  nuc lea t ion  w i l l  have been s u b s t a n t i a l l y  reduced. 



INTRODUCTION 

I f  t h e  promise of c o ~ ~ t a i n e r l e s s  me l t ing  and coo l ing ,  made p o s s i b l e  t y  
space  process ing,  is r e a l i z e d  f u l l y  i n  t h e  y e a r s  t h a t  l i e  ahead, a n  important  
new area of o p t i c a l  g l a s s e s  w i l l  become a r e a l i t y .  I n  p a r t ,  t h i s  new a r e a  may 
be  v i s u a l i z e d  by r e f e r r i n g  t o  t h e  schematic of Figure  1. The o r d i n a t e  :'s t h e  
index of r e f r a c t i o n ,  and t h e  a b s c i s s a ,  t h e  Abbe number (v) ,  a n  i n v e r s e  measure 
of d i spe r s ion .  The higher  Abbe numbers, t o  t h e  l e f t ,  of t h e  diagram i n d i c a t e  
a low d i s p e r s i o n  (i .e . ,  a f l a t t e r  s l o p e  of t h e  index v e r s u s  wavelength curve) .  
The lower Abbe numbers, t o  t h e  r i g h t ,  have h igh  d i s p e r s i o n  ( s t e e p  index v e r s u s  
wavelength curve) .  A cen tu ry  ago f l i n t  g l a s s e s  were developed. T h i s  per- 
mi t t ed  c o n s t r u c t i o n  of t h e  f i r s t  achromatic,  o r  color-corrected,  multi-element 
l enses .  Responding t o  t h e  demands f o r  b e t t e r  q u a l i t y  l e n s e s ,  t h e  o p t i c a l  g l a s s  
i n d u s t r y  developed more g l a s s e s  wi th  p r o p e r t i e s  between t h ~ s e  of t h e  crown and 
f l i n t  g l a s s e s .  More r e c e n t l y  g l a s s e s  have been developed t o  f i l l  o u t  t h e  
v e r t i c a l l y  hatched commercial g l a s s  a rea .  The t rend h a s  been t o  push t h e  a r e a  
up and t o  t h e  l e f t  w i t h  g l a s s e s  of complex cevposi t ions .  

I f  g l a s s e s  beyond t h e  reach of c u r r e n t  t e r r e s t r i a l  technology could b e  
prepared from t h e  more r e l u c t a n t  g l a s s  forming oxides,  t h e  a r e a  of u s e f u l  

1.50 

90 - Abbe Number ( V D )  

Figure  1. n-v Diagram f o r  O p t i c a l  Glasses  



p r o p e r t i e s  could be expanded s i g n i f i c a n t l y .  The expansion would occur by t h e  
a d d i t i o n  of space-prepared g l a s s e s  ( h o r i z o n t a l l y  hatched a r e a  of Figure  1 )  t o  
t h e  t e r r e s t r i a l  base.  

THE RATIONALE FOR SPACE PROCESSING 

For most of t h e  p a s t  decade, t h e  P r i n c i p a l  I n v e s t i g a t o r  has  been i n v e s t i -  
g a t i n g  p o s s i b i l i t i e s  f o r  producing new o p t i c a l  g l a s s e s  by c o n t a i n e r l e s s  mel t ing 
and coo l ing  u t i l i z i n g  t h e  near-zero-gravity environment a v a i l a b l e  i n  e a r t h  
o r b i t .  The paragraphs t h a t  fo l low cover t h e  t e c h n i c a l  th ink ing  behind t h e  
concept of c o n t a i n e r l e s s  process ing i n  space,  a summary of exper ience t o  d a t e ,  
and reasons  f o r  t h e  i n t e r e s t  i n  space process ing of o p t i c a l  g l a s s e s .  

Whcl a molten oxide  is cooled slowly enough t o  approach equ i l ib r ium 
condi t ions ,  i t  c r y s t a l l i z e s  near  i ts c r j s t a l l i n e  mel t ing  point .  I n  t h e  c a s e  
of t h e  conventional g l a s s e s ,  u s u a l l y  based on oxides  such a s  Si02,  P205, 
B2O3, o r  Ge02, t h e  v i s c o s i t y  of t h e  molten g l a s s  i s  very high. With t h i s  h igh 
v i s c o s i t y ,  t h e  molecular m o b i l i t y  is very low. Thus, when such substances  
a r e  cooled from t h e  molten state, i t  is d i f f i c u l t  f o r  t h e  molecules t o  
rea r range  themselves i n t o  t h e  o r d e r l y  s t a t e  of t h e  c r y s t a l l i n e  l a t t i c e .  
Because of t h i s  s luggishness ,  t h e  movement of t h e  molecules i n t o  t h e  c r y s t a l -  
l i n e  l a t t i c e  p o s i t i o n s  is incomplete on coo l ing  wi th  normal coo l ing  r a t e s .  
T.n these  cases ,  t h e  semi-random molecular arrangement of t h e  l i q u i d  s t a t e  is  
e s s e n t i a l l y  preserved on cool-ng,  and t h e  substance remains amorphous, t h e  
r e s u l t i n g  product being c a l l e d  a g l a s s .  

The c r y s t a l l i z a t i o n  phenomenon may be  considered t o  occur i n  two s tages :  
(1) nuc lea t ion  and ( 2 )  c r y s t a l  growth. I n  ronvent ional  g l a s s e s  t h e  sluggish- 
ness  e f f e c t i v e l y  i n h i b i t s  both  of t h e s e  processes ,  e s p e c i a l l y  t h e  l a t t e r .  
Therefore,  even i f  t h e  substance manages t o  nu cleat^ on cool ing from t h e  mel t ,  
t h e  c r y s t a l  growth r a t e  is  so  slow t h a t  t h e  n u c l e i i  remain, f o r  p r a c t i c a l  
purposes, unde tec tab le  i n  t h e  g l a s s .  There a r e ,  however, only  a few oxldes  
t h a t  have s u f f i c i e n t l y  high v i s c o s i t i e s  t o  permit  g l a s s  formation under normal 
c i r c u s  tances.  

For t h e  p a s t  two decades, g l a s s e s  have been made t e r r e s t r i a l l y  i n  t h e  
l abora to ry  from some of t h e  l e s s  v i scous  oxides.  Invar iab ly ,  t h e  technique 
used f o r  prepar ing them invo lves  extremely high cool ing r a t e s  from t h e  l i q u i d  
s t a t e .  The f a m i l i a r  spla t -cool ing technique (Reference 1 )  is a case  i n  
point .  While such techniques y i e l d  va luab le  resea rch  informat ion about t h e  
n a t u r e  of t h e  g l a s s e s  so  prepared,  t h s i r  a p p l i c a t i o n  f o r  commercial purposes 
is extremely l imi ted .  By t h e  n a t u r e  of t h e  technique,  only ve ry  t h i n  f i l m s  
can be prepared. With t h i s  technique t h e  l i q u i d ,  a s  a ve ry  t h i n  l a y e r ,  is 
cooled i n  con tac t  wi th  a c h i l l  p l a t e ,  u s u a l l y  of copper. While t h e  copper 
provides numerous nuc lea t ion  s i t e s ,  t h e  ve ry  rap id  cool ing e f f e c t i v e l y  
suppresses  c r y s t a l  growth. 



Conta iner less  mel t ing i n  space o f f e r s  t h e  f i r s t  p r a c t i c a l  oppor tun i ty  t o  
prepare  g l a s s e s  i n  massive form from t h e  l a r g e  number of oxides  whose l i q u i d  
v i s c o s i t y *  is n o t  high. I f  nuc lea t ion  can be prevented on cool ing,  then 
c r y s t a l  growth ob-~ ious ly  cannot occur,  and a g l a s s  should r e s u l t .  

It is  g e n e r a l l y  recognized t h a t  t h e r e  a r e  two kinds  of nuc lea t ion :  
(1)  heterogeneous and (2) homogeneous. Heterogeneous n u c l e a t i o n  r e s u l t s  from 
con tac t  of t h e  cool ing l i q u i d  wi th  c r y s t a l l i n e  mate r ia l .  Such a m a t e r i a l  may 
be e n t i r e l y  d i f f e r e n t  i n  chemical  composition from t h e  melt. Common con ta iner  
w a l l  m a t e r i a l s  a r e  c a s e s  i n  po in t .  Of course,  i t  can a l s o  be of t h e  same o r  
s i m i l a r  composition, f o r  example, unmelted p o r t i o n s  of t h e  b a t h  o r  coo l  seed 
c r y s t a l s  of s i m i l a r  composition d e l i b e r a t e l y  introduced i n t o  t h e  cool ing m e l t .  
I n  p r a c t i c e  i t  is  very d i f f i c u l t ,  o r  v i r t u a l l y  impossible,  t o  e l i m i n a t e  
heterogeneous nuc lea t ion  s i t e s  w i t h  convent ional ,  t e r r e s t r i a l  p r a c t i c e .  
Normally, a c r y s t a l l i n e  con ta ine r  must be used both  f o r  mel t ing and f o r  cool- 
ing.  Fur ther ,  t h e  impingement of cool  d u s t  p a r t i c l e s  on t h e  cco l ing  mel t  may 
be enough t o  cause  heterogeneous nuc lea t ion ,  and i f  t h e  v i s c o s i t y  remains low 
enough i n  t h e  supercooled l i q u i d ,  c r y s t a l  growth r a t e s  w i l l  be high and t h e  
g l a s s y  s t a t e  w i l l  no t  be obtained.** 

Homogeneous nuc lea t ion  is  anot5er  mat te r .  Theore t i ca l  s t u d i e s  (Reference 
2)  have shown t h a t  homogeneous nuc lea t ion  r a t e s  f o r  oxide g l a s s e s  a r e  much 
slower than f o r  heterogeneous nucleat ion.  Experimentally,  i t  is d i f f i c u l t  t o  
determine whether nuc lea t ion  i s  t r u l y  homogeneous. There a r e  those  who 
b e l i e v e  t h a t  it may never t r u l ,  have been observed i n  a n  oxide  g l a s s .  Since  
only a few molecules of a heterogeneous nuc lea to r  need be p resen t ,  t h e  detec-  
t i c n  of such a small amount i s  a formidable  t e c h n i c a l  problem. Thus, t h e  
assump t i o n ,  a p ~ o r i ,  t h a t  nuc lea t ion  which occurs,  f o r  example, throughout 
t h e  mass of a cool ing substance is  homogeneous may be erroneous.  One can 
always argue t h a t  an  undetectably  small  amount of a c r y s t a l l i n e  substance was 
p resen t  a t  t h e  nuc lea t ion  s i t e s .  A t  any r a t e ,  i f  heterogeneous nuc lea t ion  can 
be e f f e c t i v e l y  prevented, i t  is  probable  t h a t  homogeneous nuc lea t ion ,  i f  i t  
can occur,  w i l l  no t  occur u n l e s s  t h e  cool ing r a t e  is q u i t e  slow. 

Over t h e  p a s t  s e v e r a l  yea rs ,  t h e  w r i t e r  has s u c c e s s f u l l y  prepared 
numerous approximately 6-mm-diameter (about 314 gram) g l a s s  boules  of roughly 
s p h e r i c a l  shape from s e v e r a l  oxide  c o r p o s i t i o n s  t h a t  have low v i s c o s i t y  i n  t h e  
molten s t a t e .  That work is covered i n  d e t a i l  i n  References 3 and 4. .bong 
t h e  c o m p o s i ~ i o n s  prepared are t h e  g a l l i a - c a l c i a  e u t e c t i c  a t  approximately 19 
weight percent  c a l c i a ,  an alumina-calcia composition wi th  30 weight percent  
c a l c i a ,  and a t e rnary ,  40 weight pe rcen t  lanthana--40 weight percent  alumina-- 
20 weight percent  c a l c i a  composition. The alumina-calcia composition is  wel l  
o u t s i d e  t h e  repor ted glass-forming reg ion  based on 20 mg m e l t s  (Reference 5) .  
The g a l l i a - c a l c i a  composition had been repcr ted  t o  be a g l a s s  former i n  t h e  
l abora to ry ,  but  i n  s i z e s  l e s s  than 40 mg (Reference 6).  Furthermore, water 

*It 1s resopn~zed thdt the \lope o f  the vlscos~ty versus temperature curve below the crystdll~ne m e l t ~ n g  pomt (1.e. .  In the supercooled 
region) IS very Important t o  the glass formation process. However n o  sucf :ta ~ ~ 1 s t  for the o v d e s  proposed here. It 1s probable 
that the generai tendenc~es  o f  v issos~ty  change in the supercooled reglon can be ~nferred from future terrestrial dnd space studies. 

**The presence of  insoluble crystall~ne rna~er~al  in the melt could a l w  cause heterogeneous nucleat~on.  Fortunatel) o \ ~ d e s  are very 
good tolvents. It therefore follows that w ~ t h  enough melting time t h ~ t  problem should be held to a mlnlmum. 



quenching was required t o  achieve t he  g lassy  condition. Thus the  preparar4-on 
of crack-free boules with 50 times the  mass of those of t h e  e a r l i e r  work 
represen ts  a s i g n i f i c a n t  t echnica l  achievement. A g l a s s  of t h e  te rnary  
composition, t o  t he  w r i t e r ' s  knowledge, has never been reported i n  t he  
l i t e r a t u r e .  

The method f o r  preparing the  6-mm boules is described i n  d e t a i l  i n  
Reference 3. Br ie f ly ,  t he  samples i n  contact  with a s i l i c a  (g lass )  s t i n g  are 
suspended i n  a v e r t i c a l  a i r  column. The energy f o r  melting comes from a Cog 
l a s e r  beam aimed a t  one s i d e  of t he  boule. The s i l i c a  s t i n g  was found 
necessary t o  s t a b i l i z e  t h e  motion of t t ~  melt and is a d e f i n i t e  convenience 
f o r  ge t t i ng  the  process s t a r t ed .  The oxide is t ransfer red  t o  the  s t i n g  from 
a l a s e r  melted a r ea  of well-mixed powders of t he  desired composition. While 
the  technique developed by the  wr i t e r  is  exce l l en t  f o r  demonstrating t h a t  new 
g l a s se s  can indeed be prepared with conta iner less  melting and cooling tech- 
niques, i t  does su f f e r  from seve ra l  l im i t a t i ons ,  a s  follows: 

1. Because of t h e  r e l a t i onsh ip  among v i scos i t y ,  sur face  tension,  and 
mass, 6 mm is very near the  maximum s ized  boule t h a t  can be prepared 
i n  t h i s  fashion. 

A small amount of s i l i c a  s t i n g  mater ia l  i s  continuously d i sso lv ing  
i n t o  t h e  sample while t he  l a t t e r  is  being melted and held a t  super- 
heat  temperature. While t he  r e s idua l  s i l i c a  content of the  boules 
averages wel l  under one percent,  an  amount which may be :onsidered 
too small. t o  s i g n i f i c a n t l y  af f ec  t conclusions regarding g l a s s  
formation behavior, i t  apparent ly  i s  not d i s t r i bu t ed  uniformly, a 
possible  explanation f o r  t h e  presence of marked s t r i a e  i n  the  g l a s s  
boule. 

3. It is  very d i f f i c u l t  t o  e l iminate  dus t  i n  the  a i r  from the  wind 
tunnel. Thus the  molten sample can be considered t o  be cont inua l ly  
bombarded by dus t  p a r t i c l e s  while i t  i s  cooling. For t h i s  reason 
the  technique may be unnecessar i ly  r e s t r i c t i v e  compared with t h e  
more favorable  condi t ions expected t o  accrue from space melting. 

Space melting promises t o  e l imina te  or  s i g n i f i c a n t l y  reduce a l l  t h r ee  of 
t he  shortcomings inherent  i n  t h e  a i r  suspension/ laser  melting equipment. Very 
l a r g e  boules should u l t imate ly  be poss ib le  i f  enough power f o r  melting can be 
made ava i lab le .  The s i l i c a  s t i n g  w i l l  not be required with t he  acous t i c  
posi t ioning technique being developed by NASA. Space melting can be accom- 
pl ished i n  a s t a t i c  atmosphere, s i g n i f i c a n t l y  reducing the  p o s s i b i l i t i e s  f o r  
dust-caused nucleation. It is e n t i r e l y  poss ib le  t h a t  some of the compositions 
t h a t  f a i l e d  t o  form g k s s  i n  our t e r r e s t r i a l  experiments may prove t o  be g l a s s  
formers under space melting and cooling conditions.  

THE SOUNDING ROCKET PROGRAM 

The Space Processing Applications Rocket (SPAR) program i s  considered a 
precursor t o  the Shu t t l e  and l a t e r  manned o r b i t a l  programs. While condi t ions 
a r e  not i dea l  fo r  g l a s s  melting aboard a sounding rocket,  l a rge ly  because of 



t h e  r a t h e r  s h o r t  mel t ing time ( l e s s  than f i v e  minutes) a v a i l a b l e ,  t h e  program 
does a f f o r d  a good oppor tun i ty  t o  g a i n  e a r l y  exper ience wi th  g l a s s  mel t ing 
wi th in  t h e  l i m i t a t i o n s  and, more important ly ,  wi th  space g l a s s  mel t ing equjp- 
ment development. 

The g a l l i a - c a l c i a  composition mentioned i n  t h e  previous  s e c t i o n  of t h i s  
r e p o r t  was o r i g i n a l l y  chosen a s  a s u i t a b l e  composition f o r  two sounding r o c k e t  
experiments and f o r  e a r l y  S h u t t l e  experiments using t h e  NASA-provided M a t e r i a l s  
Experiment Assembly (MEA). The composition is a e u t e c t i c  between t h e  compounds 
CaO:Ga203 and CaO:2Ga203 and i ts composition, under equ i l ib r ium condf t ions ,  is 
approximately 19 w t .  % CaO, balance Ga2O3 (approximately 56 mol % CaO). The 
phrase diagram f o r  t h e  b inary  g a l l i a - c a l c i a  system is  shown i n  F igure  2. 

This  p a r t i c u l a r  composition was chosen f o r  t h e  fol lowing reasons:  

1. It has  t h e  lowest  mel t ing temperature of any of t h e  new o p t i c a l  g l a s s  
composit ions s tud ied  by t h e  p r i n c i p a l  i n v e s t i g a t o r  p r i o r  t o  t h e  
i n i t i a t i o n  of t h e  SPAR program. 

2. It is  a r e l a t i v e l y  good g l a s s  former i n  t h e  114-inch (approximately 
0.6-cm) (about 0.8 gm.) s i z e  under t e r r e s t r i a l  c o n t a i n e r l e s s  mel t ing 
condi t ions .  

3. It p o t e n t i a l l y  has  o p t i c a l  p r o p e r t i e s  of i n t e r e s t  t b  t h e  o p t i c s  
indus t ry .  

4. P r i o r  t o  our t e r r e s t r i a l  mel t ing work, i t  had n o t  been prepared i n  a 
s i z e  exceeding 50 mg (0.050 gm). 

OBJECTIVES AND RATIONALE OF THE SPAR V I  EXPERLMENT 

The 74-42 SPAR V I  f l i g h t  experiment was t h e  f i r s t  SP!.B experiment t o  
d e a l  wi th  son ic  p o s i t i o n i n g  coupled wi th  very high temperature (approximately 
1575 C). The prime o b j e c t i v e  of t h e  exper i sen t ,  then,  was t o  l e a r n  as much a s  
p o s s i b l e  about  t h e  func t ion ing  of tke f l i g h t  equipment, b u i l t  under c o n t r a c t  
t o  NASA by I n t e r s o n i c s ,  Isc, of Northbrook, I l l i n o i s ,  dur ing a c t u a l  f l i g h t  
cond i t ions ,  

A s i l ica-modif ied g a l l i a - c a l c i a  composition was flown on SPAR V I  t o  ga in  
a s  much informat ion as p o s s i b l e  about t h e  func t ion ing  of t h e  f l i g h t  hardware. 
One such composition had been developed by t h e  w r i t e r  e a r l i e r  i n  t h e  program 
f o r  o the r  reasons.  The reason f o r  modifying t h e  composition i s  t o  i n c r e a s e  
t h e  g l a s s  fcrmat ion tendency so  t h a t  a g l a s s  would r e s u l t  when it 1s melted 
and cooled i n  c o n t a c t  w i t h  a con ta iner .  The b inary  g a l l i a - c a l c i a  
composition has  such low v i s c o s i t y  t h a t  i t  cznnot be prepared i n  s i z e s  of 
i n t e r e s t  t o  t h i s  program as a g l a s s  when i t  is i n  con tac t  wi th  v i r t u a l l y  any 
c r y s t a l l i n e  m a t e r i a l .  Thus, f o r  example, i f  such a m a t e r i a l  i s  incompletely 
melted and allowed t o  coo l ,  t h e  r e s i d u a l  c r y s t a l l i n e  m a t e r i a l  would i n i t i a t e  
c r y s t a l l i z a t i o n  on coo l ing  so  t h a t  t h e  e n t i r e  mass would be re tu rned  from 
f l i g h t  i n  t h e  100 percent  c r y s t a l l i n e  condi t ion.  By c o n t r a s t ,  t h e  s i l i c a -  
modified composition can be incompletely melted,  and t h e  molten p o r t i o n  i s  
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Figure  2.  The CaO - Ca203 Phase Diagram (From Reference 2)  

r e t a i n e d  a s  a g l a s s  on cooling.  Thus i t  i s  p o s s i b l e  t o  d e t e c t  from exaninat ion 
of t h e  re tu rned  specimen whether complete mel t ing had indeed occurred,  t h e  
unmelted p o r t i o n  being c l e a r l y  v i s i b l e  a s  nontransparent  c r y s t a l l i n e  m a t e r i a l  
wi th in  t h e  body of t h e  t r a n s p a r e n t  g l a s s .  Had t h e  binary g a l l i a - c a l c i a  compo- 
s i t i o n  been flown i n  t h e  f i r s t  experiment and t h e  sample re tu rned  i n  t h e  
c r y s t a l l i n e  cond i t ion ,  it would have been d i f f i c u l t ,  i f  no t  impossible,  t o  
determine i f  mel t ing had been complete or ,  a l t e r n a t i v e l y ,  i f  t h e  c r y s t a l l i z a -  
t i o n  had occurred dur ing cool ing because t h e  mel t  had been contacted by a 
f o r e i g n  c r y s t a l l i n e  m a t e r i a l .  Occurrence of such an  even t  would have l e f t  u s  
i n  t h e  p o s i t i o n  of n o t  knowing which of two e n t i r e l y  d i f f e r e n t  mechanisms had 
caused f a i l u r e  and, consequently,  no t  knowing how t o  c o r r e c t  t h e  s i t u a t i o n  i n  
f u t u r e  f l i g h t s .  

It w a s  a l s o  decided t o  reduce t h e  s i z e  of t : ~  f i r s t  specimen from t h e  
e a r l i e r  planned 1/2-inch diameter t o  1 / 4  inch.  Th is  improved the chances f o r  
success  by (1) inc reas ing  t h e  p r o b a b i l i t y  of ob ta in ing  complete mel t ing dur ing  
t h e  s h o r t  t ime a v a i l a b l e  dur ing a sounding r o c k e t  f l i g h t  and (2)  reducing t h e  
mass t h a t  must be posi t ioned by t h e  s ing le -ax i s  son ic  system. 

Subsequent s e c t i o n s  of t h i s  r e p o r t  d e s c r i b e  i n  more d e t a i l  t h e  exper i -  
ments t o  determine t h e  f l i g h t  composition and t h e  p repara t ion  of t h e  f l i g h t  
samples. 



PREPARATION OF SAMPLES FOR FLIGHT EXPERIMENT 

SELECTION OF EIGHT SAMPLE CbMPOSITION 

During e a r l i e r  work a t e r n a r y  composition, 69 wt. % Ga203-19 w t .  % CaO - 
12 w t .  % Si02 (41Ga203: 36 CaO : 23 Si02,  i n  mol 2) was used t o  s tudy  t h e  
e f f e c t s  of t ime a t  v a r i o u s  fu rnace  temperatures  above t h e  mel t ing  p o i n t  on t h e  
p rogress  of mel t ing 6 g r a n  melts. The s i l i c a  a d d i t i o n  s t a b i l i z e d  t h e  mel t  s o  
t h a t  only  t h e  unmelted p o r t i o n  would be c r y s t a l l i n e  up011 removal from t h e  
fu rnace  and r a p i d l y  cool ing t o  room temperature.  The melted p o r t i o n  is r e t a i n e d  
a s  a c l e a r  g l a s s .  

It was decided t o  develop a s i l ica-modif ied  composit ion wi th  s i m i l a r  
c h a r a c t e r i s t i c s  f o r  use  on t h e  SPAR V I  f l i g h t ,  a s  d i scussed  i n  t h e  previous  
sec t ion .  To o b t a i n  o p t i c a l  p r o p e r t i e s  a s  c l o s e  a s  p o s s i b l e  t o  those  of t h e  
b ina ry  g a l l i a - c a l c i a  composit ion,  it  was d e s i r a b l e  t o  u t i l i z e  a s i l i c a  con ten t  
a s  low a s  poss ib le .  

Lacking il r ~ b l i s h e d  t e r n a r y  phase diagram f o r  t h e  Ga203 - CaO - Sf02 
system, i t  was assumed, a s  an  expedient ,  t.hat a n  e u t e c t i c  v a l l e y  e x i s t e d  i n  
t h e  t e r n a r y  system which extended from t h e  56 w t .  % g a l l i a  e u t e c t i c  composi+ion 
i n  t h e  b inary  g a l l i a - c a l c i a  system (Figure  2) t o  t h e  62 mol % s i l i c a  e u t e c t i c  
i n  Figure  3. 

A s e r i e s  of composit ions made from high p u r i t y  ox ides  was prepared wi th  
varying s i l i c a  c o n t e n t s  near t h e  pos tu la ted  e u t e c t i c  v a i l e y .  Nominal compo- 
s i t i o n s  a r e  g iven i n  t h e  fo l lowing:  

s i02,  mol 
(wt. X) 

5 (2.3) 
1 0  (4.8) 
15  (7.4) 
20 (10.4) 
22 (12) 
25 (13.8) 
33.3c19.8)  1 

Ga203, mol % 
(wt. X )  

CaC, mol % 
i w t .  %) 

Afte r  t h e  pure  oxide  powders were weighed and blended by tumbling, 100- 
gram (approximately 40 cc )  melts were prepared i n  plat inum c r u c i b l e s  and held  
molten a t  l e a s t  one hour. The c r u c i b l e  was then removed from t h e  furnace ,  
placed on a r e l a t i v e l y  massive al~uiinum s l a b ,  and allowed t o  cool .  The appear- 
ance  of t h e  h igher  s i l i c a - c o n t e n t  cooled mel t s  can be seen i n  F igure  4. It was 
observed t h a t  i n  those  composit ions t h a t  c r y s t a l l i z e d  completely,  i .e .  5, 
10 ,  15,  and 20 mol % s i l i c a ,  t h e  c r y s t a l  growth r a t e  slowed p e r c e p t i b l y  wi th  
i n c r e a s i n g  s i l i c a  con ten t ,  an  i n d i c a t i o n  of t h e  expected i n c r e a s e  i n  v i s c o s i t y .  



Figure 3.  The CaO-SI02 Phase Diagram (From Reference 9) 



20 Mol % S i 0 2  22 Mol % SiQ2 

Eigure 4. Cooled Melts, 20  to 33 Mol % SiD2 
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After photographing a s  shown i n  Figure 4, the  melts were remelted and 
heated t o  1550 C and held molten approximately m e  hour. Each c ruc ib l e  was 
agein removed from the furnace and a "loaf"* c a s t i r c  was poured. The loaf  
ca s t i ngs  a r e  shown i n  Figure 5,** and the  furnace and c h i l l  mold f o r  preparing 
the  ca s t i ngs  are shown i n  Figure 6. 

The behavior with t he  more rapid cool ing condi t ions of t h e  loaf  castings 
was s imi la r  t o  t ha t  of t h e  cooled melts, with t h e  exception t h a t  t h e  20 mol X 
s i l i c a  cocnposition was g l a s s  p lus  c r y s t a l  i n  t h e  case of t h e  loaf  cas t ing ,  
while it appeared t o  be 100-percent c r y s t a l  i n  t h e  case  of t h e  cooled m e l t .  

Based on these r e s u l t s ,  it was decided t o  select the  25 arol X s i l i c a  
content composition f o r  preparing the  f l i g h t  samples. The 20 mol X silica 
content was the  lowest i n  s i l i c a  t h a t  showed any g l a s s  r e t en t ion  on cooling, 
and g l a s s  r e t en t ion  appeared t o  increase rap id ly  between 20  and 25 mol X 
s i l i c a .  

PREPARATION OF FLIGHT SAMPLES 

A loaf cas t ing  was prepared from the  39.3 Gs203: 35.7 CaO : 25.0 Si02 
(no1 *h) composition with the procedure shown i n  the flow c h a r t  of Figure 7. 
Boch the  g a l l i a  and c a l c i a  powders used were of 99.999-percent pu r i t y  and were 
manufactured by Johnson Matthey Chemicals Limited of England under t h e i r  rade 
nnme "Puratronic." The s i l i c a  was o t  99.9-percent pu r i t y  and was obtain- from 
the Spectrum Chemical Manufacturing Corp. of Los Angeles. 

rhe platinum cruc ib le  was embedded*** i n  a cas tab le ,  high alumina re f rac-  
tory t o  (1) increase the thermal mass and slow cooling a f t e r  removal from the  
furnace ?nd (2) s t i f f e n  the  c ruc ib l e  s o  t h a t  i t  could be handled repeatedly 
with tongs without crushing. llro such c ruc ib l e s  a r e  shown i n  Figure 8. 
Figure 9A shows a p r in t  made of t h e  " f l igh t"  loaf cast ing.  The p r i n t  was made 
by placing t h -  cas t ing ,  a f t e r  pol ishing of opposi te  faces,  on photographic 
p r in t  paper and exposing by means of a l i g h t  placed above the  sample. Note 
t he  improvement i n  s t r i a e  a s  compared with Figure 9B, one of the  e a r l i e r  
experimental cclatirrgs made with l e s s  s t i r r i n g  with a s i l i c a  rod. The f l i g h t  
caqting was poured near one end, a s  can be seen by the c r y s t a l l i n e  ma te r i a l  
(white i n  the  p r in t ) .  rhe l e f t  one centimeter of the  ca s t i ng  is being held 
i n  reserve f o r  possible  f u t u r e  o p t i c a l  p roper t ies  measurements. Five of t he  
f l i g h t  scmples were taken from the  a rea  t o  t he  l e f t  of the  c r y s t a l  zone, and 
one (number 1 )  was taken from the a rea  t o  t he  r i g h t  bottom. 

For convenience f o r  suspending i n  the  f l i g h t  acous t ic  pos i t ioner ,  t he  
f l i g h t  samples were hand-diamond-ground t o  a roughly spher ica l  shape a t  a 
lapidary shop. Figure 10 shows the s i x  samples HO prepared. Figure l* 
shows therlr ar ' ter  dev i t r i fy ing  by heating 10 minutes a t  1250 C. 

*So n m d  k r a n r t h c ~ ~  ~ ~ c x o r h l e r  I~;II $11 .I ctrrnnlnn itral' trt h r c d  
**Rcgrctt;lhl~. !hc l t ~ ~ l '  <ast~n(: Irtr thc 10 pcr.wrt s111c.1 ~xbntent w.~c IOSI In .I c p I I  d u t l t ~  r renrclt~ng c\pcrlnrcnt hcfa>rc II W.IF 

phd~j#rrphrtl. I t  ap cawd l r b  bc A ~ ~ N I I  20 yr~ .cnt  $!at< .tnJ SO ( u r t ~ n l  r.1) \ral 
* * * \ I  the \wrstltbn OI f,r 1, ,,.I\ 111 Jtl\\ntl~l .\r.hr~rrl 01 Utnrs. R S ~ I I ~  



Figure 5 .  Loaf Castings of 5, 10, 15, 22, 2 5 ,  and 33.3  M o l  % 
SiOZ Experimental Compositions 



Ff gure 5 .  S I C  -Element Furnace [Hold for Preparing " ~ o a f ' ~ % s s t n g s  
Show in Front of Furnace) 

Data un t h e  sfx f l i g h t  samples are  give^ i n  the following: 

SmpLe No. 

1 

9 - 
3 

4 

5 

b 

w t  (gm) 

1.2578 

- 
0.8972 

0.8975 

0.8965 

0,5778 

Diameter I1n.j 

Min 

0.3305 

0.3117 

0.2790 

0.2J25 

0.21t6  

0.2473 

Averace Max I 

0.3364 0.3390 

0.3180 1 0.3202 

0.2866 

0.2972 

0.3014 

0.3163 

0,2875 

0.1544 

0.3079 

0.2670 



I Weigh charges I I, 
(Tumble 6 hours) 

Pack mixed oxides in Pt- 
lined alumina crucible 

I Hold molten 112 hour (1 560 C) I 
1 

Reduce furnace temperature to 1500 C 

I Raise temperature to 1550 C 
and hold 10 minutes 

I Pour "loaf" casting 1 
Grlnd opposite faces f l st 

Polish a 
Check for striae, etc. m 

Grlnd 1/4-10. spheres '-4 
I Deritrify (1250Ti1 

Figure 7 .  Preparation of F l ight  Samples 
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F i ~ u r ~  8. P t  Crucible With A l u m i n a  Castable 

F i ~ u r e  9 .  Cont.act Prints of " ~ o t l f "  C a x t i n ~ s  
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Figure 10. F l i g h t  Samples Before Devitrifpinp 

Figure 11. D e v i t r f f l e d  F L i ~ h t  Samples 



FLIGHT EVENTS 

I n  t h i s  sec t ion  the  wr i t e r  w i l l  attempt t o  g!va only d e t a i l s  per t inent  
to  an understanding of the f l i g h t  sample examination, which follows l a t e r .  
A de t a i l ed  repor t ing  on the  f l i g h t  hardware w i l l  be issued by In te rsonics  
a f t e r  the second SPAR f l i g h t  containing the  g l a s s  melting experiment, 74-41. 

SPAR V I ,  with f l i g h t  sample Number 6 loaded i n  the  in j ec t ion  mechanism, 
was launched a t  6:40 a.m., MST a t  the  White Sands Missi le  Range, New Mexico, 
on October 17, 1979. The payload suffered a rough landing a s  discussed i n  
more d e t a i l  i n  Appendix A. 

Shortly a f t e r  the payload was returned t o  the  Ver t ica l  Assembly Building 
a t  White Sands, t he  access doors on experiment 74-42 were removed, and the  
in j ec t ion  mechanism containing the  f l i g h t  sample w a s  removed from the  furnace. 
Figure 12 shows the  in j ec t ion  u n i t  with the platinum wire cage and g l a s s  
sample immediately a f t e r  r e m v a l  from the  f l i g h t  furnace. During the landing, 
the copper cooling shroud in s ide  the  furnace was t o m  from i ts  moorings and 
crashed i n t o  the  in j ec t ion  cage. The d a w ~ e  to  t he  cage is apparent i n  
Figure 12B. 

Tha g lass  sample was found "impaled" on one of the  f i n e r  platinum wires  
of the cage. Figure 13  shows two closeups of t he  cage with the g l a s s  sample. 
The l a t t e r  photographs were taken four  days a f t e r  t he  rocket f l i g h t .  Note 
t ha t  the g lass  sample appears t o  be qu i t e  wel l  centered on the platinum wire. 
Distor t ion of the  platinum wires  near the sample is fu r the r  evident i n  
Figures 13A and B. 

FLIGHT MOTION PICTURES 

Appendix A discussed i n  d e t a i l  the  processing of the  f l i g h t  motion 
p ic ture  f i lm developed under the  supervision of the  w r i t e r ' s  organization. 
The timeline f o r  the  f l i g h t  experiment beginning with the  "camera on" a f t e r  
low g is achieved i s  given i n  the following tabulat ion:  
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Fdgure 12. N o  Views of Injection Mechanism With Flight Glass Sample 
(Photographed October 17, 1979, Inmediately 

After Removal From Payload) 
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Flgure 13. Two V i e w s  of I n j e c t i o n  Cage K i t i t  F l i g h t  Glass Example 
(Photographed October 21, 1979) 



Event 

Cuuulat i ve  
Time 
(set> 

-- - - -  

Camera on 0 

In jec t ion  i n t o  furnace hot  zone and s t a r t  of 
heating sample 

Cooling shrouJ ga te  open and s t a r t  of i n se r t i on  160 
of cooling shroud 

Cooling shroud f u l l y  inser ted  170 

End of sample cooling and sample r e t r ac t ion  

Camera of f  

Examination of the f l i g h t  f i lm showed tha t  immediately a f t e r  the in j ec t ion  
mechanism released the sample, i t  moved around ins ide  the  cage and touched the  
cage wires four times during the f i r s t  9 seconds a f t e r  in jec t ion .  During t h i s  
time sample melting had not  begun. It remained i n  suspension i n  the  sonic  
well  without touching f o r  another 27 seconds, a t  which time i t  contacted the 
cage a t  36 seconds a f t e r  in jec t ion .  Since the sample was, by t h i s  time l a rge ly  
molten ( to  be discussed i n  more d e t a i l  l a t e r ) ,  i t  stuck t o  one of the  cage 
wires. A s  bes t  as can be judged by appearance of the sample i n  the  fi lm, i t  
seemed to be l a rge ly  molten about 30 seconds a f t e r  i n j ec t ion ,  o r  about 6 
seconds before i t  contacted the  cage wire f o r  the  l a s t  time. 

Table 1 shows s ign i f i can t  events on the  f l i g h t  f i lm,  and Figure 14  shows 
p r i n t s  of selected frames from the  f l i g h t  fi lm. The cont ras t  is  low i n  the 
ea r ly  frames because the exposure s e t t i n g s  of the f l i g h t  camera were chosen so 
the furnace wall ,  a t  a nominal 1575 C,  would be on the  verge of overexposure. 
This permitted maximum tracking during the  cooling cycle.  Of course, a s  t he  
sample and cage approach the  furnace wall  temperature, the  cont ras t  would be 
very low regardless  of exposure se t t i ng .  In  frame :. the i n j e c t o r  has j u s t  
appeared, and the sample is trapped between the outer  and inner  ( t o  t he  r igh t )  
portions of the cage. In  frame 4 the  inner port ion of t he  cage is r e t r a c t i n g  
(moving t o  the r i g h t ) ,  the  outer  port ion is moving t o  the  l e f t ,  and the  
sample has been released. In  frame 11 the cage has f u l l y  opened, and the  
sample can be seen near the  bottom of the  cage j u s t  before i t  contac ts  t he  
cage i n  the next frame. In frame 721, 30 seconds a f t e r  i n j ec t ion ,  the  sample 
i s  suspended near the center  of the cage. In frame 860, 36 seconds a f t e r  
in jec t ion ,  the sample has moved upward and is  j u s t  making contact  with a cage 
wire. Five frames (0.2 seconds) l a t e r  the sample has centered i t s e l f  on the 
platinurn wire. By frame 1303, 54 seconds a f t e r  i n j ec t ion ,  the sample and cage 
have both closely approached the furnace wall  temperature and a r e  almost 
inv is ib le .  In  frame C5, which i s  the  f i f t h  frame a f t e r  the  cooling shroud 
ga t e  opened, a portion of the  g l a s s  sample can be seen c l e a r l y  s t i l l  on the 
cage wire. In  t h i s  frame the hot sample and in j ec t ion  cage can be seen i n  
sharp cont ras t  t o  the cold background of the  cooling shroud. I n  the 316th 
frame (13 seconds) a f t e r  the cooling shroud ga te  opened, the sample and cage 
;an be seen t o  have cooled considerably. By frame C914 (not shown), 38 
seconds a f t e r  the gate  opened, the sample and cage have merged with the  cool- 





Table 1. S ign i f i can t  Events on Fligh.. Filia 

ing shroud background and can no longer be seen i n  t he  f i lm.  After  about 21 
seconds ( i n  t he  v i c i n i t y  of frame 500) t,he sample has blended with t h e  
background and cannot be seen. This is  not  shown i n  Flgure 14. A t  about 
frame 530 (22 nec) L . ~  sample aprears  t o  begin t o  become darker  than the  
background again.  This darkening of t he  sample with respec t  t o  t he  background 
continues,  and maximum con t r a s t  is achieved again by frame 780, 8 seconds 
l a t e r .  

Frame Number 

0 

1 

4 

11 

12 

41 

124 

207 

530 - + 10 

577 

780 

It is the  w r i t e r ' s  be l ie f  t h a t  t he  r eve r sa l  i n  con t r a s t ,  beginning i n  
the  v i c i n i t y  of frame 530, i s  ind i ca t i ve  of the  formation of the  l i q u i d  phase 
on the  sur face  of t he  sample. It is  t o  -be expected t h a t  t h e  phase change from 
so l id  t o  l i qu id  would be accompanied by a sudden chanae i n  t he  sample's o p t i c a l  
p roper t ies  and would c r e a t e  the  i l l u s i o n  t h a t  t he  temperature of the  sample 
had dropped. The f a c t  t h a t  the  sample quickly cen t e r s  i t s e l f  ( i n  0.2 seconds) 
a f t e r  contact ing and wetting t he  cage wire i nd i ca t e s  t h a t  t h e  bzmple must have 
been la rge ly  molten a t  t h a t  time. 

Seconds* 

0 

0.042 

0.17 

0.46 

0.50 

1.7 

5.2 

8.6 

22.1 - + 0.4 

24.0 

Event 

Clear 

In j ec t i on  cage f i r s t  v i s i b l e  

Cage begins t o  open 

Cage f u l l y  open 

Sample touches bottom o f  cage (1 s t  touch) 

Sample touches top of cage (2nd touch) 

Sample touches r i g h t  s i d e  ( inner  cage) (3rd touch) 

Sample again touches r i g h t  s i d e  (4 th  touch) 

Contrast  has increased, sample appears darker  
than before  

"Jiggling" (or  r o t a t i o n  of sample) f i r s t  not iced 

Contrast  be s t  (sample appears darkest)  s i nce  
frame 530 

Sample begins t o  move upward 

Sample appears t o  touch wire (5th touch) 
I 

Sample appears centered on wire, no 
fu r the r  m o t i ~ n  

Cooling shroud ga t e  f u l l y  open 

Sample appears t o  have reached cooling shroud 
temperature (everything i s  dark) 

here  necessar i ly  assume that the  f l i g h t  camera was 

1 32*5  

rur .ing a t  exac t ly  24 frames a secand during t h e  e n t i r e  f l i g h t .  
b - 

859 

860 

865 

C 2 

C914 

35.8 

35.8 

36.0 

0.08 

3 8 

* A l l  of the  times given 



ANAI.YSIS AND EVALTJATION OF RETURNED FLIGHT SAMPLE 

Magnified views of t h e  f l i ~ h t  sample a r e  shown i n  Figures 15 and 16. 
Note t h a t  the  sample i e  e n t i r e l y  f r e e  of  in te rna l*  c r y s t a l l i n e  mater ia l .  
This ind ica tes  t h a t  melting was complete d c r i ~ r g  t he  f l i g h t .  Any unmelted 
mater ia l  would have remained a s  opaque o r  t rans lucent  mater ia l  v i t h l n  the  
body of t h e  g l a s s  sample. 

It is  a l s o  apparent from Figures 15  and lti t h a t  the  sample is  w e l l  
centered on the  0.014-inch-diameter Pt-Rh wire. The diameter of t he  sample, 
a s  measured by micrometer, is 0.2501 + 0.5003. inches. Aw measured from %-in. 
by 10-in. photographs, the center ing appears  t o  be within 9.002 inches.  Gcod 
center ing is  to  be expected s ince  the  s:y-~ple, which wet:: the platinum a l loy ,  
would l i k e  t o  spread along the nlatinum a s  much a s  possible .  ,The naximum 
length i t  can achieve along the  platinum is a t  t h e  centered pos i t i on  i n  the  
absence of s i g n i i i c a n t  sonic  forces  a t  t h a ~  loca t ion .  The wet t ing angle 
between the  g l a s s  and the platinum was measured a t  about 50 degrees.  

I n  Figure 15, th ree  bubbles can be seen In  proximity t o  t he  wire. It 
is sucipected t ha t  the bubbles r e s u l t  from entrapment of a i r  caused by 
local ized zones of slcwer wet tin^ of t h e  p la t inuu  a i l o y  by the  g l a s s  a s  t h s  
g lass  spreads along t h e  wire. A s imi l a r  e f f e c t  has been frequent ly  noted 
by the  w r i t e r  i n  brazed and so1derc.d me ta l l i c  j o i n t s  where spreading :I£ the 
brazing a l l o y  o r  so lder  through the  j o i n t  i s  not  uniform, r e s u l t i n g  i n  
formation of V O ~ ( ~ A  within the  j o i n t .  

Figure 17 shows two end views taken a t  two d i f f e r e n t  angles  t o  t h e  wire.  
In  both of these  views, t h e  sample i s  c i r c u l a r  t o  within l e s s  than 0.0001 inch. 

Figure 18 shows the  sample under polar ized l i g h t .  It appears t o  be 
q u i t e  f r e e  of res idua l  s t r e s s  except near t he  glass/platinum j-nterface. 
This i s  no t  unexpected because the g l a s s  and the  platinum s l l z ,  ttndoubtably 
have d i f f e r e n t  tlrermal expansion coe f f i c i en t s .  Since t he  g l a s s  wets tlte 
wire, a stress f i e l d  must therefore  be s e t  up a s  t he  sampla and the  wire  cool .  

An attempt was made, without success,  t o  measure the index of r e f r ac t i on  
of the  f l i g h t  sample by immersing i t  i n  a s e r i e s  of f l u i d s  wieh ind ices  t h a t  
var ied i n  0.005 s teps .  Subsequently, a small chip was removed from the  loaf  
cas t ing  from which the  f l i g h t  sample had been removed and was, therefore ,  of 
the  same composition, i.e., 35.7 CaO : 39.3 Ga2Og : 25 Si02, i n  mol X a s  t he  
f l i g h t  sample. The index, measured with sodium D i l luminat ion,  was determined 
a s  f a l l i n g  betveen 1.710 and 1.715.** 

*ln Figure 16 pzrt~cularly. -urface crystall~tes may be seen out of focus. 'ihls rublect is d~scussed In more deta~l  later. 
2. 

T h ~ s  compared w ~ t h  a reported value In hefere~ce  7 of 1.7 12 for the Ca2tia2Si07 glass. The composition of the latter. 
In m o l ~ , i s S O C a O  : 25 ( ; d 2 0 3  . 25 SiO?. 
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Figure 15. F l i g h t  Samplc 
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Figure 16. Flight  Sample, O p p o s i t e  Side From Figure 15 



4 1 2  X 

E l ~ u r e  17. Two End V i e w s  of  Fl ight  Sample 



{Sample ~mrnersed In U .bromonaphthalerre and phorographed by 
transmitted light with rhe twa po iar~z~rs  a t  900 to each other.) 

Figure 18. Stress in Plight Sample - Polarized Light Photograph 

SURFACE CRYSTALS 

After the flight sample had been i n  the possession of the writer about 
four weeks, it was noted that lthe surface of the sample contained numerous 
surface crystal  rosettes oct visible t o  the unaidfid eye, They are sirown 
in Figure 19. There appears t o  be a greater concentration of crystals in 
one hemisphere than in the other (Figure 19 B). Similar appearing, but 
much larger, crystals had been noted on the  free surface of the cooled 
melt (Figure  4 )  and on the free surf ace (only) of the loaf cast ing (Figure 
5 ) ,  Figure 20 shows a port ion of the free {upper) surface of the loaf 
casting from which the flight material was removed. There are two forns 
of crystals  present on the casting's free surface. The larger white 
rosettes are similar t o  those predominating on the surf ace of the f l i g h t  
samp Le. The smaller, darker appearing crystals qre invaribly  roughly 
rectangular in shape when examined at high magnification. T h i s  subject 
w i l l  be addressed again later.  



-1NX --6 X 
(Immersed iil U bromonaphthalene for photography 1 

Figure 19. Twu V i e w s  of Flight  Sample Shoving Surface Crystals 

-40 X 

Figure 20. Crystals on Top Surface of  oaf" Casting 



The finding of c r y s t a l l i n e  material on the f l i g h t  sample's sur face  was 
of concern t o  the  wr i t e r  because of t he  poss ib le  ramificat ions i n  connection 
with t b -  next SPAR f l i g h t  experiment. Because of the r e l a t i v e l v  high s i l i c a  
content of the  SPAR V I  mater ial ,  c r y s t a l  growth is q u i t e  slow so  t h a t  any 
c r y s t a l  growth is ar res ted  during cooling from the  melt. However, i n  the 
binary ga l l ia -ca lc ia  mater ial  being considered f o r  the  next  SPAR f l i g h t  
experiment, the  c r y s t a l  growth rete Is estimated t o  be severa l  o rders  of 
magnitude grea te r  than with the sil ica-modified mater ial .  Therefore, i t  
is probable t h a t  such c rys t a l l i za t ion ,  i f  i t  occurs on the  sur face  of the  
ga l l ia -ca lc ia  :light sample, would r e s u l t  i n  conversion of  t he  e n t i r e  mass t o  
the c r y s t a l l i n e  condition upon cooling. It then becomes imperative t o  l ea rn  
as  much a s  possible ,  within t i m e  and funding l imi t a t ions ,  about the small  
c r y s t a l l i t e s  on the  surface of the  present  f l i g h t  sample. 

A port ion of the f l i g h t  loaf cas t ing  was remelted with the  l a s e r / a i r  
suspension uni t  (Reference 3). The sur face  of the  sample so  prepared 
was found t o  be f r e e  of c r y s t a l l i t e s .  A sample of the binary ga l l i a - ca l c i a  
g l a s s  prepared a l s o  by l a s e r l a i r  suspension melting w a s  a l s o  found t o  be 
e n t i r e l y  f r e e  of c r y s t a l l i t e s .  

The remelted ( l a se r )  sample w a s  immersed f o r  four weeks i n  the same 
f l u i d ,  (a bromonaphthalene) t h a t  the  f l i g h t  sample had been exposed t o  
p r io r  t o  noting of the c r y s t a l l i t e s .  Af te r  e q o s u r e  the sample was s t i l l  
f r e e  of c r y s t a l l i t e s .  This convinced the w r i t e r  t ha t  the  c r y s t a l s  must have 
formed on cooling during the SPAR V I  f l i g h t .  

Next, the f l i g h t  sample was gold-coated and examined with a scanning 
e lec t ron  microscope. Results a r e  shown i n  Figures 21 through 28. Figure 21 
shows the appearance of a typ ica l  c r y s t a l l i t e  a t  about 700X magnification. 
EDAX (energy d ispers ive  ana lys i s  by X ray)  ana lys is  (Figure 22) of the r o s e t t e  
mater ial  showed i t  t o  be of about t he  same composition a s  the surrounding 
glass .  Examination of the center  of s eve ra l  r o s e t t e s  f a i l e d  t o  revea l  a 
compositional d i f fe rence  t h a t  could give a c lue  t o  the nucleat ing mater ia l  i f  
indeed it is d i f f e r e n t  from the c r y s t a l l i t e  c o ~ p o s i t i o n .  

The sample was tnen etched by immersing severa l  hours i n  d i l u t e  KCN. The 
sample was again gold--coated, and about a dozen r o s e t t e s  were examined with 
the SEM (scanning e lec t ron  micrograph). In about one-third of them, the  
etching had l e f t  a d i f f e r en t  mater ia l  i n  r e l i e f  a t  the center .  Two such 
r o s e t t e s  a r e  shown i n  Figures 23 and 25. The EDAX analys is  of Figure 26 
(a and b) shows tha t  the mater ial  I n  the center  is la rge ly  platinum. Since 
about one-third of the rose t t e s  examined a f t e r  e tching were found t o  contain 
platinum i n  the center ,  i t  would appear t h a t  platinum is the  nucleat ing agent.  
Fa i lure  t o  f ind  plat in*m i n  the center  of the  remaining two-thirds of the  
r o s e t t e s  examined probably ind ica t e s  t h a t  e tching had not been ca r r i ed  f a r  
enough t o  expose the underlying platinum. 



Unetched, AuCcated -7OOX 

Figure 21. Scanning Electron Micrograph (SEMI of Typica l  Crystal Rosette 1 
on Surface of Flight Sample 1 

The finding that  ~latinum is most probably the nucleating agent fol the 
crystals leads one to speculate about how the platinum gat  there. -our 
different mezhanisms map be considered, as follows: 

1. Wgration of platinum bv diffusion from the wire embedded in the 
molten flight sample over the surface. 

2. Vapor transport from the  platinum wire t o  the sgrface of the 
fr ight  sample. 

3. Migration bv diffusior of the small amount of platinum disso lved  
in t h e  glass from the  terrestrial melting in platinum. 

4. Mechanical transfer of platinum from the cape t o  the sample durlng 
earlv pottfons of the f l i g h t .  

With respect to the fourth mechanism, the sample was apparently a rather 
loose f i t  in the cage. Vihratfon at launch could have caused it t o  rattle 
around between the inner and outer po r t i ons  of the cage, S i n c e  the cage 
material is a platinum and 30 per cent rl,odiurn alloy, one would expect the 
rhodim t o  be transferred along w i t h  the platinup. There are strong 



a l 
:lass, 
Near Rosette 

Figure 2 2 .  EDAX (Energy Dispersive h a l y s i s  by X Ray) of Glass of Figure 21. 
Near Rqset t e  (Top) and Rosette Material (~lttom) 



Etched, 2 hr dil KCN Aucoated 

Figure 25. SEM Photograph of Rosette on Surface of Flight  Sample 
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t t t  
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Figure 2 4 .  EDAX of Location a, b of Figure 23 





rhodium l i n e s  a t  2.7 and 2.8 Kev. Examination of the  EDAX of Figure 26b 
shows a small  peak i n  t h i e  area,  an ind ica t ion  t h a t  rhodium may well be 
present .  The t h i r d  mechanism would not  appear t o  be l i k e l y  s ince  the 
laser-remelted sample d id  not cor.:ain sur face  c r y s t a l s ,  as noted e a r l i e r ,  

The second mechanism cannot be pos i t i ve ly  el iminated a t  t h i s  t i m e .  
However, a vapor t ranspor t  mechanism would seem t o  requi re  t h a t ,  a t  the  time 
of t ranspor t ,  t he  sur face  temperature of the  g l a s s  sample be s i g n i f i c a n t l y  
lower than t h a t  of the platinum wire s o  t h a t  the  platinum would condense 
there .  There s5ould have been only a small  temperature d i f fe rence  between 
the  two during the  e n t i r e  f l i g h t  experiment schedule. I f  anything, dur!.ng 
t he  heat ing phase the p la t inun  would be expected t o  be a t  a lower temperature 
than the sur face  of t he  sample because i t  has  a higher r e f l e c t i v i t y  (lower 
abso rp t iv i t y ) .  During cooling, the  reverse  should be the  case because the 
g lass  has a much higher emiss iv i ty  than the platinum. However, such a 
condition e x i s t s  f o r  only a few seconds of the t o t a l  schedule.  During the 
longest par t  of t he  schedule, i .e ,  the  soak, t he  temperature of the  g l a s s  
and the platinum should be very near ly  the same. I f  there  is a d i f fe rence ,  
one would expect the platinum t o  be a t  a s l i g h t l y  lower temperature than 
the g l a s s  sur face  oecause it is i n  contact  with much cooler  por t ions  of t he  
hardware and is a r e l a t i v e l y  good thermal conductor, 

It is  the  w r i t e r ' s  opinion, l ack ing  f u r t h e r  evidence, t h a t  t he  f i r s t  
and four th  mechanisms a r e  t h e  s t ronges t  p o s s i b i l i t i e s  of the  four .  D r .  
Housely of Rockwall's Science Center s t a t e s  t h a t  he has f requent ly  encountered 
sur face  migration of platinum i n  contac t  wi th  non-metallic melts of other  
compositions. 

I f  the  w r i t e r ' s  reasoning is  cor rec t ,  the  l ack  of physlcal  contact  
with platinum during melting, which i s  planned f o r  during the  next SPAR 
experiment, should e l imina te  t he  p o s s i b i l i t y  of t r a n s f e r  by sur face  d i f fu s ion ,  

Ensuring tha t  the  sample i s  held f i rmly i n  the cage before launch should 
subs t an t i a l l y  reduce the  p o s s i b i l i t y  of mechanical t r ans fe r .  The next  SPAR 
experiment, i f  i t  i s  ca r r i ed  ou t  a s  planned, should c a s t  f u r t h e r  l i g h t  on 
the subject.* 

Returning to  the  SEM photographs, i t  was found t h a t  the  roughly 
rectangular-shaped c r y s t a l s  a r e  gallium oxide a s  is shown by the  EDAX of 
Figures 26 (c)  and 28 ( c ) .  

EDAX of the  white r o s e t t e s  on the  'surface of the  loaf  ca s t i ng  (Figures 
27 (b) and 28 (b) showed them t o  be of approximately the same composition 
a s  those found on the f l i g h t  sample. Acco rd i~g ly  some of the  mater ia l  was 
f i l e d  of f  and examined by X-ray d i f f r a c t i o n .  The d i f f r a c t i o n  pe t t e rn  
showed t h a t  the  m j o r  cons t i tuen t  is Ca2Ga2Si07 (2Ca0 : Ga2Og : Si021, 
Reference 7. This phase has  a te t ragonal  s t r u c t u r e  and cannot therefore  
be isolnorphous with those found i n  t he  binary ga l l ia -ca lc ia  system, i . e . ,  

* ~ t  thls wrltlng, a declslcn has not been made whether to fly the binary galli~i.alcla or the silica-modlfied composition on the 
next SPAR experiment. In the event the latter is chosen. kt will be poss~ble to check for plat~num contsminatlon if crystallites 
arc found on the surface. 
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Figure 26. EDAX of Locations a, b, and c of Figure 25 



Unetched, Au-Coated 

Figure 27. SEM of Top Surface of Terrestrially Prepared "Loaf" Casting 



Figure 28. EDAX at  Locations a, b, and c of Figure 27  



CaO : Ga2O3 (orthorhombic) and CaO : 2 Ga2O3 (monoclinic, Reference 10) .  
There is  no 2Ca0 : Capo3 compound i n  the  ga l l ia -ca lc ia  system according t o  
Reference 8 ( r e fe r  a l so  t o  Figure 2) . 

There a r e  a l s o  f i v e  unident i f ied  weak l i n e s  i n  the  d i f f r a c t i o n  pa t t e rn  
which do not f i t  the Ca2Ga2"107 pa t te rn .  This i nd ica t e s  t h a t  t he re  a r e  minor 
o ther  cons t i tuent  ( s )  present  a lso.  

I n  sunrmary, the  f inding of the  s i l i c a t e  phase, no t  ieonorphous with 
any of the possible  calcium ga l l a t e s ,  i nd i ca t e s  t h a t  the  r o s e t t e s  found 
on the surface of the f l i g h t  sample a r e  unique t o  the ternary system. 
The s i l i c a t e  cannot appear i n  the binary ga l l ia -ca lc ia  g l a s s  planned f o r  
the next f l i g h t  experiment. 



CONCLUSIONS AND DISCUSSION 

Despite the  f a c t  t h a t  t he  sonic  pos i t ion ing  device d id  no t  prevent t h e  
sample from contact ing s o l i d  ob j ec t s  wi th in  t he  furnace during t h e  e n t i r e  
processing cycle  a s  planned, t h e  SPAR V I  f l i g h t  experiment may be considered 
a qua l i f i ed  success. 

SCIENCE 

The f l i g h t  sample, which was returnr  i n  very good condi t ion,  had 
obviously been completely melted during .ae f l i g h t  processing cycle .  
It therefore  follows t h a t  the  f l i g h t  processing temperature-time cyc le  
was adequate. 

.In unexpected development was t h e  f inding of numerous s m a l l  c r y s t a l l i t e s  
of t he  compound Ca2Ga2Si07 which formed during cooling on the  sample's 
surface.  During the  pos t - f l igh t  evaluat ion t h e  c r y s t a l s  were i d e n t i f i e d  and 
t h e i r  presence almost c e r t a i n l y  l inked t o  the  presence of platinum (and 
rhodium) on the  su r f sce  of t he  g l a s s  sample. The platinum w a s  found t o  be,  
with very l i t t l e  doubt, the  nucleat ion sites f o r  t he  c r y s t a l l i t e s .  It w a s  
resu l ted  e i t h e r  from (1) mechanical t r a n s f e r  from t h e  loose- f i t t ing  platinum 
a l loy  in j ec t i on  cage during t h e  highest  v ibra t ion  port ion of the f l i g h t ,  i .e .  
during in j ec t i on  of the  m i s s i l e  i n t o  its t r a j e c t o r y ,  o r  (2 )  surf  ace d i f fu s ion  
of the platinum (and rhodium) from t h e  platinum a l loy  wire impaling the  
specimen while it  was molten. 

FLIGHT HARDWARE 

The f l i g h t  experiment hardware functioned e s s e n t i a l l y  a s  planned, with 
the  exception t h a t  the sample contacted and wet t he  platinum a l loy  cage 36 
seconds a f t e r  sample i n j ec t i on  i n t o  the hot zone of t h e  furnace. Among the  
hardware funct ions t h a t  occurred success fu l ly  were: 

1, The furnace and heat ing elements survived t h e  launch environment and 
held t o  a nominal temperature during the  e n t i r e  processing cycle  w e l l  
enough t o  permit complete melting of the sample. 

2. The acous t ic  posi t ioning device was ab le  t o  capture t he  sample, 
desp i te  a rough in j ec t i on .  Af te r  s eve ra l  contacts  wfth the  cage 
during the  f i r s t  nine seconds, the  acous t ic  post  t i one r  s a t i s f a c t o r i l y  
prevented contact of the sample with furnsce components f o r  27 seconds 
before it  contacted t he  cage wire. 

3.  The copper-rod cooling shroud was success fu l ly  deployed and cooled the 
sample approximstely t o  t he  shroud temperature i n  t he  a l l o t t e d  time, 
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4 .  The f l i g h t  no t ion  p i c t u r e  camera funct ioned f l a w l e s s l y ,  exposures were 
a s  planned, and t h e  re tu rned  f i l m ,  a f t e r  development, was inva luab le  
a s  an a i d  t o  understanding f l i g h t  even t s .  

While t h e  writer, from h i s  s t u d y  of t h e  f l i g h t  motion p ic tu -es ,  i s  con- 
vinced t h a t  the  sample must have been l a r g e l y  molter, a t  t h e  t i m e  of con tac t  
wi th  the  cage wire, t h e r e  is room t o  argue t h a t  t h e  s u c c e s s f u l  suspension of a 
l i q u i d  g l a s s  hds n o t  y e t  been conc lus ive ly  d e a j n s t r a t e d .  It has  n o t  been pos- 
s i b l e  t o  demonstrate t h a t  t h e  sample was completely molten a t  t h e  time of 
con tac t .  The f i r s t  evidence t h a t  t h e  sample appeared t o  have undergone a phase 
change occurred only s i x  t o  twelve seconds before  t h e  sample contacted t h e  wi re .  
It is  not  known whether the ,  presumably, molten cond i t ion  of t h e  sample con- 
t r i b u t e d  t o  its escdpe from t h e  s o n i c  w e l l .  The f a c t  t h a t  on C t s  f i f t h  and 
f i n a l  con tac t  w i t h  t h e  platinum cage t h e  sample s t u c k  t o  t h e  wi re  is s t r o n g  
evidence t h a t  t h e  su r face  w a s  molten at  t h a t  time. The f u r t h e r  obse rva t ion  
t h a t  t h e  sample e s s e n t i a l l y  cen te red  i t s e l f  on t h e  platinum w i r e  only  2/10 
of a second a f t e r  making con tac t  would appear t o  i n d i c a t e  t h a t  tile s u r f a c e  
mel t ing must have extended t o  a depth  of a t  l e a s t  one-quarter  d iameter  
a t  t h e  t i m e  of con tac t .  

While the  coal ing shroud funct ioned a s  planned, t h e  a b i l i t y  of t h e  s o n i c  
system t o  prevent  con tac t  wi th  t h e  cage dur ing and a f t e r  deployment of t h e  
shroud w a s ,  of course ,  not  demonstrated because t h e  sample's we t t ing  t h e  
platinum wire  overrode t h e  son ic  p o s i t i o n i n g  fo rces .  

It is t h e  writer's f i r m  convic t ion  t h a t ,  d e s p i t e  t h e  exper iment ' s  
l ack  of t3tal success ,  i t  was a va luab le  exper ience f o r  a l l  concerned and 
must be considered a major c o n t r i b u t i o n  t o  t h e  technology of glass-making 
i n  space.  
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APPENDIX A 

PRINCIPAL INVESTIGATOR'S 
"QUICK-LOOK" REPORT 



National Aeronautics and Space Administration 
George C.  Narshall  Space F l igh t  Center 
Marshall Space F l igh t  Center,  Alabama 35812 

Attention: David Schaefer,  LAll 

Subject: Experiment 74-42, Princj.pa1 Inves t iga tor ' s  
"Quick Look" Report - SPAR V I  - NAS8-32023 

Launch Inf o m a t  ion  

SPAR V I  Launched a t  6:40 a.m., MST - White Sands Missile Range, 
New Mexico, October 17,  1979. 

Payload returned t o  Missi le  Assembly Building a t  White Sands a t  
approximately noon, October 17,  1979. 

F l igh t  experiment i n j e c t i o n  cage and specimen removed from the  
furnace - e a r l y  af ternoon,  October 17 ,  1979, 

Payload reported t o  have landed i n  a gu l ly ,  toppled down-hill, 
s l i d  over 30 f e e t  i n t o  the  gu l ly  before  coming t o  rest. Tnere 
was a la rge  dent ,  with a f r ac tu re ,  i n  the  casing surrounding the  
General E l e c t r i c  (G.E.) experiment a t  the  upper and near  t he  nose 
cane. Experiment 74-42 was the  second from t h ?  nose cone. There 
were numerous sc ra tches  i n  t he  payload outer  sk in  i n  t he  74-42 
sec t ion .  

F l igh t  Experiment Sample 

The ga l l i a - ca l c i a - s i l i c a  sample was found impaled on a f i n e  
p l a t i n m  wire forming p a r t  af t he  wal l  of t he  ou t e r  i n j e c t i o n  
cage of t he  f l i g h t  hardware. The sample was c l e a r ,  100% g l a s s ,  
almost co lo r l e s s ,  and appeared t o  be  q u i t e  sphe r i ca l  i n  shape 
except f o r  small  p ro jec t ions  caused by wet t ing  t he  platinum 
wire a t  e i t h e r  end where i t  emerged from the  sample. One o r  
two small  bubbles can be seen in s ide  t he  g l a s s  sphere and i n  
contact  o r  c lose  proximity with t he  platinum. Except f o r  these ,  
the  s w p l e  appears e n t i r e l y  f r e e  from bubbles as determined by 
approximately 10X exanination with a hand g l a s s .  



Flight  Experiment Sample (cont 'd) 

The platinum w i r e  appears t o  be verp w e l l  centered in the  rphere. The 
f l i g h t  sample and the  P t  cage, along with pa r t  of t h e  in j ec t ion  mechanism, 
a r e  in the possession of the v r i t e r .  

Fl ight  k t i o n  Pictures  

The f l i g h t  f i lm w r s  signed over t o  t he  w r i t e r  and returned t o  Ins Angel- 
without erposing it t o  x-ray examination. It measured 159 f e e t  i n  length. 
In order  co cover t h e  co-glete t ime  l i n e  of  the f l i g h t ,  t he  length would 
have t o  have been 149 feet .  It v u  apparent, then, t h a t  the returned f l i g h t  
f i lm contained all  of the f l i g h t  information, p l w  10 f e e t  of leader  md 
ends. 

The ti* l i n e  f o r  the  f l i g h t  c a i r a  w a s  aa f o l l w s :  

Camera on 
Sample in jec t ion  
S d  
Cooling shroud gate  open 
Cooling shroud in se r t i on  
Cooling 
Sample r e t r ac t ion  
Camera of f  

Time,Sec. Cumulvtive Time, Sec. 

Camera Exposure Information : 

-P/8, 140. shut te r ,  24 framts/second. 

Pl ight  HotSon Pic turs  Processing and E v a l u a t i o ~  

A 21 foot  recticnwaa cut from the  f i lm mtartlng 42 f e e t  (70 reconda) from J 

the head end. The end of the cut w u  45 reconds l a t e r .  This  piece is 
being s tored  for  poorible fu ture  image mhancerpcnt experiments. & addit ional  
length of the  same type of f i lm (Elt Linagraph Shel lburst  2476) waa exposed 
outdoors using the  murufacturer'r ASA rating. 'Ihb piece w a s  developed 
d o n g  with the tvo pieces of f l i g h t  film. Normal r e s u l t s  were obtained. 

- .  *. 
P.. 



Fl igh t  Motion P i c t u r e  Processing and E v a l u a t e  (cont ' I ! )  

The f l i g h t  f i lm and a p r i n t  were received on October 29, 1579, and 
examined using a photo-optical  d a t a  analyzer.* 

It was reveaied t h a t  the  specimen contacted the  P t  wire ,  where i t  s tuck ,  
860 frames (36 seconds) a f t e r  sample i n j e c t i o n .  The specimen appeared 
t o  have centered i t s e l f  on t h e  wire  5 frames (0.21 seconds) l a t e r .  The 
specimen touched the  cage, while s t i l l  s o l i d ,  th ree  times during t h e  f i r s t  
8.5 seconds a f t e r  i n j e c t i o n .  It went through var ious  motions without 
touching the  cage f o r  27 seconds be fo re  touching and wet t ing the  P t  wire. 
The sample appeared t o  be f u l l y  molten about 29 seconds a f t e r  i n j e c t i o n ,  
o r  7 seconds before  i t  s t u c k  t o  t h e  wire.  

When the  cooling shroud g a t e  opened nea r  the  t a i l  end of the  f i lm t h e  
cage wi th  the  sample impaled on i t  could be seen c l e a r l y .  It had cooled 
t o  a temperature where nothing more could b e  seen on t h e  f i l m  ( a l l  b lack)  
9i4 frames (38 seconds) af  t e r  the cooling shroud g a t s  opened. 

Tenta t ive  Conclusions 

Everything functioned a s  planned during the  e n t i r e  experiment v i t h  the  
exception t h a t  Che specimen contacted and s t u c k  t o  t h e  p la t in l r s  wire  cage 
soon a £  t e r  i t  had melted. The fo l lov iug  ve re  accomplished success fu l ly :  

1. The furnace reached and held  a h i g t  enough temperature 
t o  permit  complete melt ing of t h e  f l i g h t  s3;upie in the  
time ava i l ab le .  

2. A l l  mechanical funct ions  appear t o  have been accomplished 
as planned. The only exception t o  t h i s  was t h a t  t h e  
specimen i n j e c t i o n  g a t e  d i d  not c lose  completely ( a s  shown 
by the  telemetry da ta ) .  This could have been caused by 
the  f a i l u r e  of the f n j e c t i o n  cage t o  r e t r a c t  completely 
because of a c lea rance  problem c rea tzd  by the  spedmen ' s  
p r o j e c t i n g  beyond t h e  cage. 

3. The f l i g h t  specimen w a s  recovered i n  e x c e l l e n t  condi t ion - 
w a s  f r e e  of s c r a t c h e s  and n icks  and i n  good condi t ion f o r  
completing the sc ience  evaluat ion.  

- -  

* L-U Photo, Lnc. - Type 224-A T-V. 



Tentat ive  Conclusions (cont'd) 

4. F l i g h t  motion p i c t u r e s  were proper ly  exposed accordulg 
t o  the P r i n c i p a l  Lnvestigator 'e  (P.I.) p r e - p l a n n ~ j .  
No camera jamming o r  o the r  malfunction appeared t o  ~ a v e  
occurred. Resolution is good enough t o  permit d e t a i l e d  
study of t h e  sample's behavior i n  t h e  sound f i e l d .  

5. h e  experimenf exceeded t h e  sc ience minimum success  
c r i t e r i a  es tab l i shed  before  f l i g h t  and m e t  t h e  sc ience  
ob jec t ives .  

Fur ther  Work Required 

During t n e  nex t  few weeks, t h e  following work needs t o  be done before  t h e  
F i n a l  Post  F l igh t  Analysis Report is prepared: 

1. Experiment Equipment Functioo 

It is important t h a t  the  exac t  cause of t h e  specimen's contact-  
ing the  platinurc cage be understood s o  t h a t  c o r r e c t i v e  measures, 
i f  ind ica ted ,  can be taken before  t h e  next  f l i g h t  experiment. 
This w i l l  involve : 

a- Further  d e t a i l e d  s tudy of t h e  f l i g h t  f i l m  by 
Lntersonics ,  Incorporated.  

b. Careful  comparison of t h e  f l i g h t  d a t a  obta ined 
vith accelerometer d a t a  t o  be p r o e d e d  by MSFC. 

c. Analysts of p e r t i n e n t  r e s u l t s  of o t h e r  experimenters 
on the  same f l i g h t ;  e s p e c i a l l y  those  of G.E. and J.P.L., 
and comparison with t h e  74-42 f l i g n t  information.  

2. F l i g h t  Sample Evaluation 

The sample w i l l  be cu t  from t h e  cage, a f t e r  which t h e  follow- 
Fog is planed t o  be accomplished: 

a. Sample dimensions and degree of s p h e r i c i t y  w i l l  be 
measured wing  photographic techniques.  

b. The index of r e f r a c t i o n  v i l l  be determined using 
immersion f l u i d  techniques. 



2, Fl igh t  Sample Evaluation (cont'd) 

c. & immersion f l u i d  wi th  . s t c h i n g  index of r e f r a c t i o n  
w i l l  be prepared and the  i n t e r i o r  of  the  sample w i l l  
be examined f o r :  

1. S t r i a e ,  and compared v i t h  p re - f l i gh t  
s t a r t i n g  mater ia l .  

2. S t r e s s  using polar ized  l i g h t .  

d. Centering of t h e  platinum wire  w i l l .  be measured using 
photographic techniques along with measurement o f  t he  
v e t t i n g  angles of t h e  g l a s s  t o  t h e  platinum. 

I f  a l l  of the  above can be accomplished success fu l ly ,  i t  w i l l  be unnecessary t o  
cu t  o r  grind t h e  sample and i t  can be preserved f n t a c t  as a space a r t i f a c t .  
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ABSTRACT 

This report describes an experiment in gallium arsenide liquid 

phase epitaxy (LPE). "his process appeared to be an appropriate 

subject for a SPAR experiment because (1) it is representative of 

crystal growth processes which are adversely affected by natural 

convection, and (2) the process variables, including temperatures and 

times, are within the capabilities of the SPAR flights. A general 

purpose LPE processor suitable for either SPAR or Space Transportation 

System flights was designed and built. For the SPAR flight the process 

was started before the launch, and only the final step, in which the 

epitaxial film is grown, was performed during the flight. The ex- 

periment achieved its objectives; epitaxial films of reasonably 

good quality and very nearly the thickness predicted for convection- 

free diffusion-limited growth were produced. The films have been 

evmined by conventional analytical techniques and compared with 

films grown in normal gravity. 
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1 .0 INTRODUCTION 

A. Natural Convection i n  Crystal  Growth Processes 

I n  near ly  a1 1 c rys ta l  growth processes, f l u i d  densi ty  var ia t ions  

caused by var iat ions i n  temperature o r  composition can r e s u l t  i n  f l u i d  

motion ca l l ed  natura l  convection. This can be a s i g n i f i c a n t  and even 

predominant factor i n  the t rans fer  o f  mater ia l  and heat i n  these processes. 

These flows can have adverse effects on growth rates, l i q u i d - s o l i d  i n t e r -  

face shapes, and d i s t r i b u t i o n s  o f  impur i t ies  o r  dopants. I n  some cases, 

t h i s  i s  be1ie;ed t o  cont r ibu te  t o  the formation o f  excessive s t ruc tu ra l  

defects o r  compositional inhomogenei t i e s  i n  the c rys ta l s  produced. These 

imperfections are l i k e l y  t o  impair the performance o f  devices made from 

such materials, and can be a p a r t i c u l a r l y  acute problem i n  the production 

o f  la rge quant i t ies  of devices. 

Natural convection occurs i n  a f l u i d  when i t s  Rayleigh o r  Grashof 

number exceeds a c r i t i c a l  value. I n  the discussion which follows, we 

sha l l  consider three cases: (1)  For a v e r t i c a l  temperature di f ference, 

ATv, across a f l u i d  depth, d, the Rayleigh number 

i s  appropriate. Here g i s  the grav i ta t iona l  acceleral ion, a i s  the volume 

thermal expansion coe f f i c i en t ,  K i s  the thermal d i f f u s i v i t y ,  and v i s  the 

kinematic v i scos i t y  o f  t$e  f l u i d ;  (2) The equivalent Rayleigh number for  a 

v e r t i c a l  so lute concentration gradient, My, i s  

where B i s  the change i n  volume per u n i t  change i n  solute concentration and 

D i s  the d i f f u s i o n  c o e f f i c i e n t  o f  the solute; ( 2 )  For a hor izonta l  tempera- 

tu re  di f ference, ATH, across a f l u i d  length, the Grashof number 



i s  appropriate. The c r i t i c a l  values o f  the  Rayleigh and Grashof numbers 

for  natura l  convection i n  a p a r t i c u l a r  c rys ta l  growth process depend on 

several factors, a2d can vary by an order o f  magnitude from one process 

t o  another. For the present discussion, i t  i s  not  necessary t o  specify 

the c r i t i c a l  values f o r  any p a r t i c u l a r  process, bu t  only t o  note f r o m  the 

forms of the above three equations t h a t  t o  suppress natura l  convection i n  

any given f l u i d ,  the Rayleigh o r  Grashof number can be reduced by reducing 

AT, AC, d, 2, o r  g. ( I n  some special cases, natura l  convection can be 

suppressed by adding a substance t o  the  f l u i d  which increases i t s  v iscosi ty ,  

v, bu t  t h i s  does not  apply t o  the f l u i d s  t o  be discussed here). 

Through the developmnt o f  space f l i g h t  i n  recent years, the 

inves t iga t ion  o f  c rys ta l  growth w i t h  reduced g has become possible. Sever- 

a l  c rys ta l  growth experiments were performed dur ing the Apollo, Skylab, 

and Apollo-Soyuz f l i g h t s .  During the i n te rva l  between the  Apollo-Soyuz 

f l  i g h t  (1975) and the f i r s t  Space Transportation System f l  igh ts  (ear ly  '80's) the 

National Aeronautics and Space Administrat ion i s  conducting a Space 

Processing Appl i ca t ions  Rocket (SPAR) Project.  This p ro jec t  u t i l i z e s  

Black Brant VC sounding rockets, which can car ry  payloads o f  several 

hundred pounds and provide durations of weightlessness of about f i ve  

minutes . 
B. L iqu id  Phase Epi taxy (LPE) o f  Gall ium Arsenide 

Gall ium arsenide LPE appeared t o  be an appropriate process f o r  

inves t iga t ion  on a SPAR f l i g h t  f o r  the fo l lowing reasons: (1 ) the process 

variables, inc luding growth temperatures and rates, are compati b l e  w i  t h  

the capab i l i t i es  o f  the Black Brant VC f l i g h t s ;  and ( 2 )  the numerous impor- 

t a n t  technological appl icat ions of gal l ium arsenide LPE f i lms  have st imula- 

ted broad i n t e r e s t  i n  t h i s  process a n d m a t e r i ~ l  , and therefore there was ava i lab le  



ample backgrouhd information on which t o  base the design o f  a space f l i g h t  

experiment, and w i th  which t o  compare resu l ts .  

I n  most ga l l ium arsenide LPE processes i n  normal gravi ty ,  the  

substrate i s  hor izonta l  and a wel l  o f  molten supersaturated so1ut:on o f  

arsenic i n  excess ga l l ium i s  s l i d  ho r i zon ta l l y  over the substrate t o  

cover i t  for  a t ime long enough t o  grow the desired e p i t a x i a l  f i l m  

thickness, a f t e r  which growth i s  terminated by s l i d i n g  the so lu t ion  away 

from the substrate (see Figure 1). 

I n  solut ions o f  arsenic i n  gallium, the  d i f f u s i o n  coe f f i c i en t ,  

D, i s  much smaller than the thermal d i f f u s i v i t y ,  K, and, therefore, 

sol  u te  concentration gradients predominate over temperature gradients 

i n  caus g natura l  convection (see Equations 1 and 2, above). To suppress 

convection due t o  solute concentration gradients, i t  i s  necessary t o  l i m i t  

the depth of solut ion, d, t o  1-2 mm. Care must a lso be taken t o  minimize 

hor izcnta l  temperaturr gradients  AT^ i n  Equation 3) i n  order t o  suppress 

the convection t h a t  they would cause. 

l l n t i l  now, these ways of suppressing convection appear t o  have 

sufficed,andLPE processes routinelyyi~ldgal1iumarsenideandothercompound 

semiconductor f i lms  adequate i n  qua1 i t y  f o r  t h e i r  appl icat ions,  Therefore, the 

p r inc ipa l  ob jec t ive  o f  the SPAR experiment was t o  improve our understanding o f  the 

process, and i n  par t icu lar ,  t o  conf irm theore t ica l  analyses o f  material  t ransport  

and growth k ine t ics ,  ra ther  ~ h a n  t o  achieve improved f i l m  qua1 i ty .  However, 

i t  i s  probable t h a t  natural convection i s  o f ten  no t  completely e l iminaied 

i n  conventional LPE processes i n  normal gravi ty ,  and t h a t  eventual ly the 

residual e f fec ts  may be found t o  1 i m i t  the usefulness o f  the f i lms.  



Furthermore, i f  fu tu re  appl i ca t i ons  requ i re  1 arger wafer dimensions, 

the approach o f  reducing g may be the only  one which can succeed. Thus, 

LPE processes i n  near-zem g r a v i t y  may eventual ly  t u r n  ou t  t o  be useful  

f o r  producing superior fi tins o f  gal 1 i urn arsenide and o ther  compound semicondlictors . 
For the process invest igated, the e p i t a x i a l  film thickness f o r  

the case o f  mater ial  t ranspor t  by d i f f us ion  only  i s  given by 
1 

where AT = supercooling i n t e r v a l  

Cs = concentrat ion of arsenic i n  c r y s t a l  l i n e  

gal 1 ium arsenide 

m = slope o f  the l i qu idus  l i n e  
2 

D = 5000e '20000'T, d i f f u s i o n  c o e f f i c i e n t  

o f  arsenic i n  1 i q u i d  g a l l  iumJ 

t = growth t ime 

Evaluat ion o f  ' 4 )  wi th  a growth temperature T = 990°K, AT = 10°K, and 

growth t ime t = 60 sec., a1 1 o f  which can be achieved on the Black Brant 

VC f l i gh ts ,  r e s u l t s  i n  df  - lpm. This i e  a desi rable thickness fo r  some 

gal 1 ium arsenide devices, such as f i e l d  e f f e c t  t rans is to rs .  



11. Apparatus and Procedure for SPAR Experiment 

A. Description of Apparatus 

A self-contained LPE processor suitable for the Black Brant 

VC payload was designed and fabricated (see Figures 2-9). It is 

mounted in two adjacent rocket sections, 21.6 and 18.1 cm in length. 

The outside diamzter of these sections is that of the rocket, 43.8 cm. 

The processor is composed of four major subsystems: 

1. Furnace 

The LPE processor has a specially designed tubular 

resistance heated furnace mounted in the upper rocket section (Fig. 6). 

Two doors in the secii~rt pro-~ide access for loading the furnace. The 

heating element is nichrome wire wound helically on a ceramic tube 

2.5 cm in inside diameter and 9.5 cm long. The windings are spaced 

closer at each end to minimize axial temperature gradients. The insu- 

lation between the inner and outer tubes of the furnace is an asbestos 

based blanket. All other parts of the furnace are stainless steel. 

Its outermost shell is 10.2 cm in diameter arid approximately 28 cm 

long. The maximum temperature of the furnace is approximately 13000K. 

2. Atmospheric Control 

Provision is made for a flowing hydrogen atmosphere 

inside the furnace (see Figure 9). Hydrogen gas is always used to 

provide a reducing atmosphere so as not to allow any oxygen to be 

incorporated into the crystal. The presence of oxygen would have 

a serious adverse effect on the electronic propirties of the cry:tals. 

The flow system includes the following components: (1) a 300 cm3, 

2000 ps! supply cylinder, (2) pressure regulator, (3) flow-rate valve, 

(4) bubbler t o prevent gas backstreaming , (5) non-propulsive exhaust, 
(6) two quick-release umbilical connectors used as inlet and exhaust 

durina ground operation, and for loading the hydrogen supply, and (7) 

a solenoid valve for routing the exhaust through the umbilical connec- 

tor during ground operation, and through the non-propulsive vents during 

the flight. 



A l l  components are sta in less steel. The bubbler uses a magnetic 

f l u i d  o f  very low vapor pressure held i n  place by a permanent 

magnet. The system i s  designed t o  operate a t  pressures up t o  30 
3 ps ig  and f low rates up t o  a few hundred cm per minute. 

3. S l i de r  

The s l i d e r  i s  operated pneumatically w i th  re t rac t i on  

by a spring when the gas pressure i s  released. I t  i s  enclosed i n  

a car t r idge (see Figure 7) which i s  removable through a door i n  the 

side o f  the rocket sect ion t o  f a c i l i t a t e  loading. A 50 cm3 cylfnder 

pressurized t o  100 ps ig  supplies gas for operating the s l ider .  A 

solenoid valve applies the pressure and releases it, and a microswi tch 

indicates the s l i d e r  posit ion. The s l i d e r  accomnodates two 1.1 x 1.3 

cm substrates located on opposite sides of the so lu t ion  cav i t y  i n  an 

assembly fabricated from graphite (Figure 8). The deptn o f  the sol u- 

t i o n  cavity,  6.35 mn, was in ten t iona l l y  made great enough t o  r e s u l t  

i n  natural convecticn i n  normal g rav i ty  . A spring-loaded volume 

compensator a1 lows for expansion and contract ion of the mol ten sol u t i  on 

w i th  temperature changes. Chrome1 -a1 umel thermocouples i n  a1 umina 

sheaths are located i n  grooves on e i the r  side of the graphite assembly 

adjacent t o  the solut ion cavity.  

4. Electronic Controller - 
An electronic controller thermally isolated in the lower 

rocket section controls the entire pracess, including temperature 

control and operation of the two solenoid valves in the gas system. The 



controller was provided by the Marshall Space Flight Center and 

i s  i den t i ca l  t o  t h a t  ussd i n  t h e i r  General Purpose Rocket Furnace 

(GPRF). To simplify the adaptation of the controller to the 

LPE processor, the furnace heating element was made t o  match tha t  

of the heat ing elements i n  the GPRF, and the same type of thermocouple 

was used. The growth temperature se t  point,  solenoid valve opera- 

t i o n  times, and power-off time are se t  by adjust ing potentiometers. 

In addition to controlling the process,  the controller provides 

readouts of thetemperatures sensed by the two thermocouples, the 

actual times of substrate i nse r t i on  and ret ract ion,  and the hydrogen 

supply pressure. These data are telemetered t o  the ground contro l  

f a c i l i t y  a t  the launchsite during the f l i g h t .  For ground and pre- 

launch operations, the temperature o f  the furnace and the operation 

o f  the s l i d e r  are contro l led manually, and the temperatures, s l i d e r  

posit ion, and hydrogen pressure are indicated a t  the contro l  panel. 

The e l e c t r i c a i  powei i s  provided by a 34 v o l t  D.C. 

power supply during ground and prelaunch operations, and by ba t te r ies  

i n  a service module i n  the sounding rocket during the f l i g h t .  

Besides the e l e c t r i c a l  contro l  panel, the ground 

support equipment includes a gas contro l  panel w i t h  valves, f low- 

ra te  meter, bubbler, and an o i l - l e s s  vacuum pump f o r  manual ground 

and pre-launch operation of the hydrogen system. I t  was designed 

to  be used f o r  evacuating the hydrogen system t o  a pressure of a 

few microns and back - f i l l i ng  w i th  hydrogen t o  s t a r t  the process. 



The f low-rate meter i s  used t o  ad jus t  the i n t e r n a l  f low-rate valve. 

The external bubbler was provided i n  order  t h a t  the  system could be 

operated wi thout  f i l l i n g  the i n te rna l  one. To ensure against 

sp i l l age  the i n te rna l  bubbler was not  f i l l e d  un+ i l  the rocket  was 

i n  pos i t i on  i n  the launch tower. 

The e n t i  r e  processor and ground support equipment 

were designed t o  be as mu1 ti-purpose as p o s s i b l ~ .  The s l i d e r  

car t r idge can r e a d i l y  be modi f ied f o r  d i f f e r e n t  mater ials,  and can 

be replaced by other  kinds o f  sample car t r idges.  Gases o ther  than 

hydrogen can be used f o r  atmosphzric cont ro l .  The temperature-time 

pr3gram can r e a d i l y  be changed f o r  other  mater ials.  Furthermore, 

the processor can be adapted t o  Space Transportat ion System f l i g h t s  

w i th  o r  wi thout  d i f f e ren t  packaging. 

B. Procedure 

For each p r e - f l i g h t  t e s t  o f  the apparatus and f o r  the 

fl i g h t  i t s e l f ,  the planned growth temperature was 390°K. For earh, 

the so lu t i on  was f i r s t  saturated a t  a temperature i n  the range of 

'10-lS°Kabove the planned growth temperature. The sa tura t ion  step 

was performed i n  the f l i g h t  apparatus, equipped w i t h  the same 

graphite s l i des  t o  be used i n  the growth step. The s l i d e r  was 

loaded w i th  a f resh  charge of pure gal 1 ium and two f resh l y  cleaned 

gal 1 ium arsenide source wafers. The furnace temperature war, ra ised t o  the 

desired sa tura t ion  temperature, and the s l  i d e r  was operated t o  t l * ing  the 

wafers i n t o  contact w i t h  the gall ium. The so lu t i on  was allowed t o  

equ i l i b ra te  f o r  one hour before the source wafers were ret racted.  

The e n t i r e  sa tura t ion  step was performed w i t h  r,lanual cont ro l  o f  

the temperature and s l i d e r  posi t ion.  



Two freshly c:eaned substrate wafers cut perpendicular 

to the 100 direction were loaded in the slider for the growth step. 

The temperature-time profile of the growth step, shown in Figure 10, 

indicates the procedure followed in this step. Ninety minutes before 

the launch, the solution temperature was raised to 1050°~, and then 

beginning at the launch was lowered at , rate that allowed the growth 

temperature, 990°K, to be reached within the first four minutes of the 

flight. By this time, the near-zero gravity condition was !.re11 

established, and the fluid motions induced by the launch were dampc ' 

out. Growth was startsd at this time and terminated after one 

minute, well before the end of the near-zero gravity portion of the 

fiight. Up to the time of the launch, the temperature was controlled 

manually. At the time of the launch, control of the procdss was 

transferred to the electronic controller. 

Throughout the prc-flight tests of the apparatus and during 

:he saturation step before the flight, the thermocouple outputs were 

monitored with a potentiometer giving much higher precision than the 

clectrnnic readouts. This was necessary for sufficiently precise 

control of the supercooling interval, A'I'. 

A hydrogen pressure of 5 psig and flow-rate of 100 cm3 

per minute were used for all pre-flight tests and for the flight. 

To provide adequate hydrogen for the flight, the hydrogen reservoir 

was pressurized to 600 psig heCore the launch. 



111. Pre-F l igh t  Test ing 

The LPE processor and I t s  ground support equipment were 

subjected t o  three phases o f  p r e - f l i g h t  test ing. The f i r s t  was 

a series o f  englneering developmnt t e s t r  t o  ensure t h a t  the 

apparatus could perform a1 1 I t s  interded functions re1 i a b l y  and 

safely. These included v i t ra t i ona l ,  acceler t t ion,  and prcssuriza- 

t i o n  tests and r e p e t i t i v e  funct ional tests. As may be expected 

f o r  apparatus o f  the complexity o f  the LPE processor, the tec ts  

revealed the need f o r  same modifications. The major modif icat ions 

were (1) add i t ion  o f  a s ta in less steel  fixture t o  support the 

graphite par ts  o f  the s l ider ,  which were found t o  be too f rag i l e  

t o  w i  ths.;and the mechal?ical lodds t o  which they here subjected, 

(2 )  be t te r  e l e c t r i c a l  i s o l a t i o n  of the thermcouples from the 

graphite parts, which was a requirement of the electronic control 

c i r c u i t r y  misunderstood a t  f i r s t ,  and ( 3 )  improved thermal i so la -  

tion of the electV.onic cantroller to correct the problem of a small 

upward d r i f t  o f  the furnace temperature caused by heating o f  the 

controller by the adjacent hot furnace. After these rnodiiica- 

t ions , the apparatus performed sa t is fac  :.~r"y throughout the 

remainder of the p r e - f l i g h t  tests  and the f l i g h t .  

I n  the second phase of p rbe- f l igh t  test ing,  several epitaxial 

f i lms were grown i n  the apparatus by s,imulating the prs-launch and 
- 

f l i g h t  procedures as c losely  a*, passible. Ihe ?urposes of these 

tests w e e  (1 ) t o  determine sl i i  .able temperatures f o r  bate pmcdss, 

(2 )  t o  b e r i f y  thn correctness of the pre-set s l i d e r  operation snu pou:f?r-otf 

times, hydrogen pressurea?, and hydrogen flaw-, ate, (3)  t o  per f? TI necesssry 



cal  i bra t  ions, and (4)  t o  ob ta in  experimental cont ro l  samples f o r  

comparison w i t h  the f l i g h t  samples. The t e s t  resu l t s  ind ica ted  

the growth temperature, 990°K, sol  u t i o n  sa tura t ion  temperature, 

1000°K, and the pre-set times, pressures, and f low-rate t o  be 

suitable. The best e p i t a x i a l  f i lms  were obtained i n  the l a s t  two 

tests, a - .; are described i n  Section I V  w i t h  the r e s u l t s  o f  the 

f! i ght eperiment. 

The hydrogen f low-rate meter was ca l i b ra ted  by determining 

the times required t o  c o l l e c t  one l i t e r  o f  hydrogen f o r  various 

f low-rate meter readings. The c a l i b r a t i o n  data are shown i n  

Figure 11, which indicates the cor rec t  readings f o r  the desired r a t e  

3 o f  100 cm per minute. 

The r a t e  of hydrogen consumption was measured by recording 

the pressure i n  the hydrogen reservo i r  a t  f i  ve-mi nute i n t e r v a l s  

u n t i  1 depletion. This was done f o r  several d i f f e r e n t  i n i t i a l  pressures, 

3 wi th  a f low-rate o f  100 cm per minute i n  each case. A t  the end of 

3 each tes t ,  the f low-rate f e l l  from 100 cm per minute t o  zero w i t h i n  

a five-minute i n t e r v a l .  Figure 12 shows the hydrogen pressure as a 

funct ion o f  t ime f o r  an i n i t i a l  pressure o f  600 psig. These data 

3 agree w i th  a simple ca l cu la t i on  o f  the expansion o f  300 cm of gas 

under a pressure change from 530 ps ig  t o  atmospheric pressure. 

The p r e - f l i g h t  tes ts  ind icated tha t  w i t h  power o f f  the fur- 

nace cools from the growth temperature t o  about 300°K i n  two hours. 

An i n i t i a l  hydrogen pressure o f  600 ps i  g was chosen t o  provide for  

continued f low f o r  t h i s  period and v i r t u a l l y  complete deplet ion o f  

the hydrogen a t  the end of the period. 



'Ihc ; tpproximatc powcr cons t~mpt ion  o f  t h e  p r o c e s s o r  was 

J c t c r n ~ i n c t l  t111ring tht. p r c - f l i g h t  t e s t s .  h ' i th t h e  powcr I i m i t c J  t o  

.\00 w; l t  t s ,  t he  t'tir11;lce t-c:lchcs : 0 5 0 ° ~  i n  f i  f t c c n  minu tc s .  Maintcn-  

;lncC of t h i s  tcmI,t8r:ltttrc rcclui r:s npproxim:ltcly 200 w a t t s ,  and o f  

tht* pi.clwth tcnrpt\r:lttirc . !190°);. :~ [q l ro s ima tc ly  1'0 w : ~ t  t s .  

'I'l~c t h i r d  ~ r l i a s ~  o f  ~jrc\- t.1 i p h t  t e s t  i ng  consisted of v a r i o u s  

t'u l l :lnJ I u r t  i ;ll t'tlnCt i 011;1 l t e s t s  ; i t  PI;rrsh;il 1 Spncc Fl  i s h t  C c n t c r ,  

t;nJct:~r~l Sp;lcc I:l i $1: t t ' t8ntcr.  :inJ Wh i t c S:lnJs PI i ss i l c  R:lngc hcforc 

; ~ r i ~ l  t lur ing t h c  I n t t ~ ~ r ; l t  iorr of t h c  jr:rylo:~J :~rrd rockc t  . During t l r i  s 

plr:~srx, tlr.. e l c ~ . t  r o n i c   orit it 1-01 I c r  w:is nlo~li f i  cil hy M:irsh:ll 1 Spscc  F l  i g h t  

('cnt:.r p r r s o n n c l  t o  improvtl i t s  s t ; i l l ~ l i t y  witti  v : l r i : i t ions  i n  tcmpcr: l turc.  

tn,l t hcrcl>y ii11-t :icr c n s u r c  s t  .llri I i t  y i n  t hc' I'ilrn:icc tcmlrcr;rtrlrt' c o n t r o l  . 
1 .  Kcbsi~lts - ---.. 

I'hc f l iglit  cs1wrimt~nt  w:i.; p c r  nctl s i ~ c c c s s f u l  l y  on t h c  SPAR 

V1 f l i pht an  Oc tnljc:. 1 ' . I!)'!). 'I'hc processor t'unct ioncil wt81 i 

thrntlglrnut t lr t8 t'l i gh t  . I:pi t ; is i : r l  f i lms o f  :ilmut t h C  thickness 

cspcc t  c'tl wcrc pro~lirzc\d. 'I'hc-y :lrc shown :i long wi th  1)t-t'- f l i g h t  

test r c s u l t s  i n  t : i ~ t ~ r c  1.2. :\lthougli t h c  f i l m s  ~ r o w r i  d u r i n g  t h c  

f! i g h t  ;lrc Ics.; smooth th:in t h c  b e s t  f i lnis ~ r r o t l l ~ ~ . c d   luring p r c -  

f l i g h t  t c s t s ,  t h c y  nppc:lr t o  iw :i s a t i s f ; i c t o r y  r c s t r l t  f o r  an i n i -  

t i ; ~ l  s l ~ : \ c c - f l i g h t  cul lcr imcnt .  

Whr*rr *ht. 4 i  i,lt\r w:is rc-nlo\.ctl iron; tl,ct fur.n;lcc : i f t c r  t h c  

t'l i gh t  . i t  w: i s  , I \  gooJ c o n ~ l i  t iorr. w: t h  t hc s l i d e s  !'ti1 l y  r c t  r;lctctl .  

l , ; ~ t c > r ,  :1ftcr t lrc8 \ I  i t lcr li:~d Iwc1n rv t  l ~ r n c ~ !  t o  otlr I:~htjr:i tory anti 

olreneJ t o  rc:mvc> t h e  w:\fcrs,  t h c  50lrlt ion c:lvi t v  rem:rincd ~ . o m p l c t c l y  

t ' i  l lrltl. L -a~ i  t ' i  ~ . n ~ i : j l ;  t I I ; I I  t lrcrc h:lJ llccl\ no 1c;lh:igc o f  s o l u t i o n  h ~ r -  



i n g  the f l i g h t .  On r e t r a c t i o n  of the s l ides,  the so lu t i on  had been 

swept from the wafers s a t i s f a c t o r i l y  and the amount o f  gal 1 ium 

remaining on them was small. 

S t r i p  char t  recordings of  data telemetered t o  the ground 

during the f l i g h t  a lso  ind ica te  sa t is fac tory  performance o f  the 

experiment. The recorded times o f  s l i d e r  i n s e r t i o n  and r e t r a c t i o n  

were T + 262 sec. and T + 338 sec., respect ive ly ,  both o f  which are 

w i t h i n  spec i f i ca t ions .  The recordrd H p  supply pressure was 640 ps i  

a t  i + 0, and decreased unifornily t o  620 ps i  a t  T + 700 sec., which 

also i s  w i th in  speci f i ca t ions .  The recorded furnace temperatures 

are a ~ n r v x i n ~ a t e l y  as expected, hut  a re  r e l a t i v e l y  imprecise, as 

expected. They i nd i ca te  tha t  the furnace cooled s i g n i f i c a n t l y  mire 

slowly duriqg the f l i g h t  than i n  p re - f l i gh t  tests. Presumably, t h i s  

i s  because of the absence of convection as a mechanism t o  remve heat. 

The recorded tenyeratures are no t  precise enough t o  confirm 

tha t  the desired supercooling i n t e r v a l ,  .IT = 1O0K, was achieved. 

Th: re1 i a b i  1 i t y  o f  temperature conttwl proven dur ing the !>re-fi i g h t  

tes ts  i s  the only  evidence ava i lab le  to show tha t  i t  was. More rdi- 

able cont ro l  o f  .\T could be achieved if the s l i d e r  were modif ied t o  

accoiiinlodate both the source and substrate c r y s t a l s  siniul taneously as 

i n  Figure 1, so the sa tura t ion  and growth steps could be performed 

wi thout  cool i n g  t o  anibient temperature and re loading the s l  ider .  This 

would e l  iminate var id t ions  (e. g., snlall changes i n  voltages, res is td f~ces ,  

and thernlocouple posi tian:,) which may resul t from re loading the s l  i der 

and nuking e l e c t r i c d l  interconnect icns w i t h  the r e s t  o f  the payload, 

and which can a f f e c t  temperature cont ro l  and measurement. The des i r -  

a b i l i t y  c f  t h i s  n u d i f i c a t i o n  was recognized ear ly  i n  the program but  

could not  be in~plemented because of scheduling constra ints .  The change 



should be made before the experiment i s  p e r f o m d  again on a fu tu re  

SPAR o r  Space Transportat ion System f l i g h t .  Be t te r  cont ro l  o f  AT 

m a y  be an important key t o  producing smoother f i lms. 

When the wafers were removed from the s l i de r ,  one was found 

t o  have sonle cracks (Figure 13f).  With subsequent hand1 ing, i t  

broke i n t o  f i v e  fragments, but  each was su i tab le  f o r  analysis,  ard 

the breakage d i d  not cause any seriuus problenl. The reason for  

the cracks i s  unknown. 

The returned f l i g h t  samples and several f i lms  grown dur ing 

the pre-f  1 i g h t  tests  have been exannned by conventicwal ana ly t i ca l  

techniques f o r  character iz ing semiconductor mater ials.  The th i ck -  

ness, s t ruc tu ra l  perfect ion, conlposi t i o n a l  homogeneity, and e l e c t r i  - 

ca l  proper t ies have been evaluated and are discussed i n  t h i s  section. 

A. F i  l m  Thickness 

The thickness o f  the e p i t a x i a l  f i lms  was deterniiiled by cleav- 

i n g  a narrow s l i v e r  fTom each wafer, z tch ing  i t  w i t h  a so lu t i on  known 

as dn "A-B etch", which makes the i n te r face  between the f i l m  and the 

substrate v i s ib le ,  and neking a photoniicrograph o f  the cross-sect ion 

of the cleaved wafer. The f i l m  thickness i s  nleasured on the photo- 

micrograph and d iv ided by the magni f icat ion factor .  The resu i t s  a re  

shown i n  Figure 14. Only one f l i g h t  saniple i s  show11 because of the 

d i f f i c u l t y  i n  obta in ing a su i tab le  cleavage o f  the other.  The t h i c k -  

ness of the f i lms grown dur ing the sounding rocket fl ight ,  1.5 microns, 

i s  very near ly  that predic ted (see Equation 4, Section I). The f i lms  

qrown i n  normal g rav i t y  are about twice as th i ck ,  a r e s u l t  tha t  was 

expected because o f  the con t r i bu t i on  o f  l la tura l  convection t o  trans- 

po r t  o f  the arsenic i n  the solut ions.  A1 though natura l  convection 



does not  have a serious ef fect  on the q u a l i t y  of the f i l m s  o f  the 

order of three microns th ick,  i t  i s  known t o  cause non-uniformity 

4 o f  thickness and surface roughness i n  t h i c k e r  f i lms  . 
8. X-ray D i f f rac t ion  Topography 

X-ray d i f f r ac t i on  topographs of four p re- f l  i ght samples and o f  

the f l i g h t  samples are shown i n  Figure 15. They were recorded by 

the Berg-Barrett r e f l e c t i o n  technique w i t h  CuKa rad ia t i on  and 

the 422 d i f f r a c t i o n  maximum. 

The to7ographs o f  the p r e - f l i g h t  samples were recorded a f t e r  

Ha l l  e f f e c t  measurements (see below) were completed and a f t e r  the 

s l i v e r s  had been removed for  thickness measurements. The f i l m  

coverage area i s  more eas i l y  v i s i b l e  i n  the topographs than i n  the 

photographs i n  Figure 13. The b r i g h t  areas i n  these topographs are 

shadows cast  by me ta l l i c  indium contacts appl ied f o r  the Ha l l  e f f ec t  

measurements. These topographs show t h a t  the f i lms are s ing le  crys- 

t a l s  o f  f a i r l y  good qua1 i t y  and uniform composition. One topograph, 

Figure 1% shows some contrast  near the center, probably caused by 

s t r a i n  i n  the f i l m  o r  substrate. 

Likewise, the topographs o f  the f l i g h t  samples show t h a t  the 

f i lms are s ing le  and of f a i r l y  good q u a l i t y  and uniform composition. 

The topographs i n  Figure 15 f  are f o r  the two l a rges t  fragments o f  

the broken wafer. The l i g h t  areas i n  the topographs o f  both f l i g h t  

samples are shadows cast  by high regions on the son~what rough 

surfaces. 



C. E l e c t r i c a l  Measurements 

The Ha l l  c o e f f i c i e n t  and r e s i s t i v i t y  o f  the samples were 

measured by the Van der Pauw technique. This technique al lows the 

use o f  rectangular  samples. I t  requires t h a t  four  metal1 i c  

e l e c t r i c a l  contacts be formed on the sample. Measurements were 

made a t  30C!"K and 77°K. The data, summarized i n  Table 1, are as 

expected fo r  n-type f i lms on semi- insulat ing substrates. The s ign 

of the Ha l l  coef f i c ien t  ind icates t h a t  the f i l m s  are  n-type. Know- 

ledse of the Ha l l  coe f f i c i en t  and r e s i s t i v i t y  allows ca l cu la t i on  

of the ne t  c a r r i e r  concentrat ion and the mob i l i t y ,  which are given 

i n  Table 1. The c a r r i e r  concentrat ion i s  one o r  two orders of 

magnitude greater than desired, bu t  t h i s  r e s u l t  i s  probably accep- 

tab le  because o f  the e a r l y  stage o f  development o f  the LPE processor. 

I t  may be re la ted  t o  impur i t ies  derived from the s ta in less  

steel  components o f  the furnace o r  from the hydrogen supply. The 

hydrogen was not  p u r i f i e d  by d i f f u s i o n  through palladium as i s  the 

usual pract ice. Photo1 uminescence measurements made on several 

samples i n  an e f f o r t  t o  i d e n t i f y  the impur i t ies  have no t  succeeded 

so far. The photoluminescence peak a t  8210A, normally found f o r  t h i s  

k ind  o f  f i lm,  i s  much broader and more symnetrical than usual. No 

other  peaks were found i n  the range 7800 t o  8500A. 

I d e n t i f i c a t i o n  and removal o f  the sources of any i n p u r i t i e s  

before the experiment i s  repeated i s  desirable. Replacement o f  some 

o f  the s ta in less  steel  furnace components by fused quartz components, 

and b e t t e r  pu r i  f i c a t i o n  o f  the hydrogen are reasonable approaches. 



V. CnncLusions 

The fo l lowing  s t a t e m e n t s  summarize t h e  r e s u l t s  of  t h i s  

expcr  iment . 
1. The exper iment  s u c c e s s f u l l y  produced s i n g l e  c r y s t a l l i n e  

e p i t a x i a l  f i l m s  of b3 l l i um a r s e n i d e  p r o c r s s e d  i n  t h e  n e a r  zero-g 

environment  p c ~ v i d e d  by t h e  SPAR V I  f l i g h t .  The c r y s t a l  growth 

p roces so r  f u ~ ~ c t i o n e d  p r o p e r l v  :hroughout t h e  f1ip;ht  and p o s t - f l i s h t  

examinatLon o f  t h e  d i s a s sembled  hardware  showed n o  ev idence  of 

malfunct ionin: ; .  

2 .  The c,xperiment provided  informat  i on  conce rn ing  t h e  e f f e c t s  

of t h e  n e a r  zero-g environment  on t h e  c r y s t a l  growth p roces s .  The 

e s p e r i m m t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  growth p r o c e s s  t )ok v l a c e  bv 

d i f f u s i v e  mass t r a n s p o r t .  S o l u t a l  c o n v e c t i o n  which is normal ly  

p r e s e n t  and is  t h e  dominant mass t r a n s p o r t  mode i n  a  one-g e a r t h  

environment  when a r e s e r v o i r  of t h i s  s i z e  is  u s e d  was e i t h e r  

e l i m i n a t e d  o r  g r e a t l y  reduced  i n  t h e  p e a r  zero-g envi ronment .  

The j u s t i f i c a t i o n  f o r  t h i s  c o n c l u s i o n  comes from t h e  f a c t  t h a t  

w i t h i n  expe r imen ta l  l i m i t s  t h e  f i l m  t h i c k n e s s  of t h e  f l i g h t  samples 

was i n  agreement  w i t h  t h e  c a l c u l a t e d  p r e d i c t i o n  f o r  d i f f u s i v e  mass 

t r a n s p o r t  c o n t r o l l e d  growth which is g iven  by t h e  r e l a t i o n s h i p  

d = =-- ' 'lT (,y -- . F u r t h e r  ev idence  was g o t t e n  bv a  comparison 
f C,m 

of  t h e  R r o w t h - r a t e s  of t h e  f l i g h t  and t h e  e a r t h  precessed samples .  

The p re sence  of s o l u t a l  convec t ion  d u r i n g  one-g e a r t h  p r o c e s s i n g  

would Se  expec t ed  t o  produce n s i g n i f i c a n t l y  g r e a t e r  growth r a t e .  

A comparison of t h e  f l i g h t  and e a r t h  p roces sed  samples showed t h i s  

t o  be t h e  c a s e .  



3. A comparison w a s  made of  t h e  p r o p e r t i e s  of the  f l i g h t  

samples wi th  those  of  t h e  ground processed samples. The ground 

processed samples were grown i n  t h e  f l i g h t  hardware under e s s e n t i a l l y  

i d e n t i c a l  cond i t ions  t o  t h e  f l i g h t  except  f o r  the  presence of t h e  

one-g e a r t h  environment. S e v e r a l  ground process ing runs  were made 

and i t  was found t h a t  t h e  q u a l i t y  of t h e  f l i g h t  samples was b e t t e r  

than t h e  wors t  b u t  n o t  as good as t h e  b e s t  of t h e  e a r t h  processed 

samples. Thus, wi th  regard  t o  t h e  e f f e c t s  of space p rocess ing  

on t h e  f i l m  q u a l i t y ,  no d e f i n i t i v e  conc lus ions  can b e  drawn from 

t h i s  experiment and f u r t h e r  f l i g h t s  would be necessa ry  t o  answer 

t h i s  ques t  ion. 

From t h e  above s t a t e m e n t s , i t  is  c l e a r  t h a t  t h e  experiment was 

c a r r i e d  o u t  s u c c e s s f u l l y  and achieved most of  its intended 

o b j e c t i v e s .  
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FIGURE CAPTIONS 

1. Schematic drawing o f  apparatus f o r  conventional gal 1 i um 
arsenide 1 i q u i d  phase ep i  t a w .  

2. LPE processor, photographed a f t e r  f l  i gh t .  

3. LPE processor w i t h  door open, showing end o f  furnace i n  which 
s l i d e r  car t r idge i s  inser ted  (furnace opening i s  covered w i t h  
tape). 

4. LPE processor w i t h  door open, showing other  i n t e r n a l  compone~its. 

5. LPE processor viewed from a f t  end w i t h  microprocessor sect ion 
removed. 

6. LPE processor, same view as Figure 5, but  w i t h  i nsu la t i on  blanket 
removed. 

7. S l i de r  car t r idge.  

8. Graphite s l i d e r  parts.  

9. Schematic drawing o f  gas systems. 

10. Temperature-time p r o f i l e  o f  f i l m  growth step. 

11. Flow-rate meter c a l i b r a t i o n  data. 

12. Hydrogen consumption data. 

13. Ep i tax ia l  f i l m s  grown i n  LPE processor: a-d, p r e - f l i g h t  t e s t  
samples; e-f, f l i g h t  samples, 

14. Microphotographs o f  cross-sections o f  LPE f i lms:  a-b, p r e - f l  i g h t  
t e s t  samples; b, f l i g h t  sample. 

15. X-ray d i f f r a c t i o n  topographs: a-d, p r e - f l i g h t  t e s t  samples; 
e-f ,  f l i g h t  samples. 
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Fig. 1-1: 3licrophutographs of 4crnss-sect ion of LPE 
Films: s - h ,  pre-flight t s t  samples; 
c ,  f 1 i g h t  sample. 
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T i p .  15: X-ray diff ract ic ln  topogrnphs: a - d ,  prc-r:i):ht 
r c s t  snmplcs; e - f ,  f l i g h t  samplcs. 
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T h i s  r e p o r t  d e s c r i b e s  a n  e x p e r i m e n t a l  r e s e a r c h  p rogram which  w i l l  

c o n t r i b u t e  t o  the  understanding of c o n t a i n e r l e s s  process ing of m a t e r i a l s  i n  

space. Study of t h e  s t a b i l i t y  and m a n i p u l a b i l i t y  of l i q u i d  d rops  i s  a use fu l  

and c o s t  e f f e c t i v e  i n t e r m e d i a t e  s t e p  i n  t h e  deve lopment  of a  b e t t e r  

understanding of t h e  phys ics  of l i q u i d  m e l t s  and t h e  c a p a b i l i t y  t o  manipula te  

them i n  a  zero-G environment. 

We w i l l  s tudy t h r e e  a s p e c t s  of c o n t s i n e r l e s s  process ing technology i n  

space:  s t a b i l i t y ,  o s c i l l a t i o n ,  and r o t a t i o n .  

S t a b i l i t y  s t u d i e s  w i l l  h e l p  u s  t o  d e t e r m i n e  t h e  e f f e c t  of r e s i d u a l  G- 

j i t t e r  on t h e  p o s i t i o n e d  sample .  A l s o ,  s t a b i l i t y  of t h e  sample  w i l l  

d e t e r m i n e  t h e  f o c u s  r e q u i r e m e n t  of t h e  h e a t  l a m p s ,  t h u s ,  i m p a c t i n g  the 

thermal i n s u l a t i o n  reauirements on the  chamber. 

O s c i l l a t i o n  s t u d i e s  w i l l  enable us  t o  b e t t e r  understand induced mixing 

c u r r e n t s  w i t h i n  the  mel t  and t o  de f ine  the  maximum a c o u s t i c  power requ i red ,  

thus  i m ~ a c t i n q  .+.he t o t a l  power, weinht, and a c o u s t i c  i n s u l a t i o n  requirements  

of the  chamber. -- 
Rotat ion s t u d i e s  w i l l  prove t h e  f e a s i b i l i t y  of degassing t h e  mel t ,  which 

w i l l  i n c r e a s e  t h e  q u a l i t y  of t h e  r e t u r n e d  s s m p l e ,  and of s h a p i n g  t h e  m e l t ,  

which w i l l  reduce waste  of the  re turned sample, thus  i m ~ a c t i n g  the economical 

f e a s i b i l i t y  of c o n t a i n e r l e s s  D r o c e s s i n ~ .  I n  a d d i t i o n ,  a  r o t a t i n g  sample  

re5,uires on ly  one hea t  lamp t o  r ; ise tire sample temperature  uniformly,  thus  

impactin4 the thermal design of the chamber. 



The p r a c t i c a l  knowledge obtained i n  t h e s e  s t u d i e s  w i t  1  a i d  i n  t h e  des ian  

o f  t h e  A c o u s t i c  C o n t a i n e r l e s s  E x p e r i m e n t a l  S y s t e m .  The s t u d y  w i l l  t a k e  

advax~tage o f  the  laboratory work and zero-C a i r c r a f t  t e s t s  a lready under way 

a t  JPL,  a s  p a r t  o f  t h e  o v e r a l l  O f f i c e  o f  A p p l i c a t i o n s  Space  P r o c e s s i n g  

Program. 



SECTION 2  

OBJECTIVES 

The b r o a d  o b j e c t i v e  o f  t h i s  t a s k  i s  t o  s t u d y  t h e  c o n t a i n e r l e s s  

p r e c e s s i n g  of m a t e r i a l s  i n  space.  I n  c o n t a i n e r l e s s  ~ r o c e s s i n g ,  most of t h e  

s t e p s  a r e  c o n d u c t e d  i n  a  l i q u i d - m e l t  s t a t e .  Our k n o w l e d g e  o f  t h e  p h y s i c a l  

p r o p e r t i e s  of  l i q u i d  m e l t s  t oday  is  q u a l i t a t i v e ,  o r  a t  b e s t ,  s e m i q u a n t i t a t i v e  

and e m p i r i c a l .  The aim of t h i s  program i s  t c  g a i n  a  b e t t e r  unders tanding  ?f 

t he  p h y s i c s  of  l i q u i d  m e l t s  and t h e  c a p a b i l i t i e s  of m a n i p u l a t i n g  them i n  a  

l o n g - t e r m ,  zero-G e n v i r o n m e n t ,  t h u s  a i d i n g  i n  t h e  f u t u r e  d e s i g n  o f  a  

p r a c t i c a l  sys tem f o r  space  p rocess ing .  

The p r imary  o b j e c t i v e s  of  t h i s  f l i g h t ,  a s  s t a t e d  i n  t h e  p roposa l ,  were  

t o :  

(1) S t u d y  the c e n t e r  of mass  m o t i o n  g~ an a c o u s t i c  chamber .  The 

i n i t i a l  p e r t u r b a t i o n  of t h e  drop  gene ra t ed  by t h e  drop  i n j e c t i o n  system w i l l  

be a l lowed  t o  damp down w i t h  t h e  a c o u s t i c a l  f i e l d  on. The t ime  r e q u i r e d  f o r  

a  p o s i t i o n e d  l i q u i d  d rop  t o  approach i t s  q u i e s c e n t  s t a t e  can be de t e rmined  

from t h e  f i l m  reco rd .  

( 2 )  D e t e r m i n e  t h e  r o t a t i o n  c a v a b i l i t y  o f  t h e  a c o u s t i c  chamber .  The 

t o r q u e  on t h e  d r o p  g e n e r a t e d  by t h e  a c o u s t i c  f i e l d  w i l l  b e  g r a d u a l l y  

i n c r e a s e d  t o  s l o w l y  a c c e l e r a t e  t h e  d r o p  up t o  2 rps.  The r a t e  of spin-up a s  

a  f u n c t i o n  o f  t h e  t o r q u e  w i l l  e s t a b l i s h  t h e  r o t a t i o n  c a p a b i l i t y  of  t h e  

chamber on a  l i q u i d  drop .  

( 3 )  S t u d y  t h e  n a t ~ r a l  r e s o n a n t  f r e a u e n c i e s  & d a m v i n a  mechan i sm of 

drop o s c i l l a t i o n .  The r e sonan t  f r e q u e n c i e s  and the  damping mechanism have 



b e e n  c a l c u l a t e d .  T h i s  e x p e r i m e n t  w i l l  a l l o w  c o m p a r i s o n  o f  o b s e r v e d  a n d  

c a l c u l a t e d  v a l u e s .  

( 4 )  S t u d y  t h e  d r o p  s h a p e  c h a n n e  due fi r o t a t i o n .  The e q u i l i b r i u m  

s h a p e s  of  n e a r - r i g i d  body r o t a t i o n  o b t a i n e d  i n  t h i s  e x p e r i m e n t  w i l l  b e  

compared w i t h  e x i s t i n g  e q u i l i b r i u m  c a l c u l a t i o n s .  I f  r o t a t i o n  i s  t o  be used 

a s  a  p r i n c i p l e  me thod  of  s h a p i n g  l i q u i d  m e l t s ,  i t  w i l l  b e  i m p o r t a n t  t o  

de te rmine  t h e  d e v i a t i o n  between c a l c u l a t e d  and observed  shapes .  



SECTION 3  

APPARATUS iSNn OPERATION 

1. APPARATUS 

T h i s  s t u d y  u t i l i z e s  t h e  e x i s t i n g  a c o u s t i c  l e v i t a t i o n  r o c k e t  i n s t r u m e n t  

d e s c r i b e d  i n  A0:OA-76-20 w i t h  m i n o r  m o d i f i c a t i o n s  f o r  t h i s  f l i g h t .  

F i g u r e  3-1 shows t h e  r o c k e t  76-20 payload and t h e  housing. The h e a r t  of 

t h i s  appa ra tus  i s  a  t r i a x i a l  a c o u s t i c a l  l e v i t a t i o n  resonance  chamber which i s  

used t o  p o s i t i o n  and c o n t r o l  l a r g e  l i q u i d  d rops  i n  zero-g envi ronments .  The 

chamber i t s e l f  i s  n e a r l y  c u b i c a l ,  w i t h  i n s i d e  d imens ions  of 11.43 x 11.43 x 

12.70 cm, w h i c h  a r e  t h e  x,  y ,  and  z  f a c e s .  r e s p e c t i v e l y .  T h r e e  a c o u s t i c  

d r i v e r s  a r e  f i x e d  r i g i d l y  t o  t h e  c e n t e r  of t h r e e  m u t u a l l y  p e r p e n d i c u l a r  f a c e s  

o f  t h e  chamber .  D u r i n g  o p e r a t i o n  o f  t h e  c h a m b e r ,  e a c h  d r i v e r  e x c i t e s  t h e  

lowest -order  s t a n d i n g  wave a long t h e  d i r e c t i o n  t h a t  t h e  d r i v e r  f aces .  I n  a  

r e sonan t  mode, t h e  ambient  p r e s s u r e  i s  maximum a t  t h e  nodes of t h e  v e l o c i t y  

wave ( t h e  w a l l s )  and  minimum a t  t h e  a n t i n o d e s  ( t h e  c e n t e r ) .  C o n s e q u e n t l y ,  

t h e r e  i s  a  tendency f o r  i n t roduced  l i q u i d s  and p a r t i c l e s  t o  be d r i v e n  toward 

t h e  an t inodes ,  where they  c o l l e c t  and remain u n t i l  e x c i t a t i o n  ceases.  

C a l c u l a t i o n  o f  t h e  a c o u s t i c  p r e s s u r e  on  t h e  d r o p  i s  s i m p l i f i e d  by  t h e  

f a c t  t h a t  t h e  c h a r a c t e r i s t i c  impedance  of  t h e  l i q u i d  pdcd i s  v e r y  much 

g r e a t e r  t h a n  t h a t  o f  t h e  g a s  P C :  pdcd  ( -lo5 c g s )  I pc ( -40 c g s )  ) )  l o 3  

wbere t h e  d e n s i t i e s  of t h e  l i q u i d  and a i r  a r e  pd and p ,  r e s p e c t i v e l y ,  and cd 

and c  a r e  t h e  sound v e l o c i t y  o f  l i q u i d  and g a s ,  r e s p e c t i v e l y .  Because  of  

t h i s  impedance  m i s m a t c h ,  t h e  a c o u s t i c  p o w e r  t r a n s m i t t e d  i n t o  t h e  d r o p  i s  

t h r e e  o r d e r s  of  magnitude s m a l l e r  t han  i n  t h e  gas  and i s  n e g l i g i b l e .  



3-1.  Triaxial Acoustical L e v i t a t i o n  Resonance Chamber 
( w i t h  houciagl. 



R o t a t i o n  o f  t h e  s a m p l e  r e q u i r e s  t h a t  t w o  a x e s ,  t h e  x  a n d  y ,  b e  o f  t h e  

same l e n g t h  and t h a t  they  be d r i v e n  a t  t h e  same a c o u s t i c  f requency  s h i f t e d  by 

90' ( s e e  s e c t i o n  4-51. For t h e  non - ro t a t i on  mode t h e  two a x e s  can  be d r i v e n  

a t  0' o r  180' w i t h  r e s p e c t  t o  o n e  a n o t h e r .  Uowever ,  a t  t h e s e  p h a s e  s h i f t s  

i n t e r f e r e n c e  p a t t e r n s  a r e  produced i n  t h e  chamber t h a t  can s e v s r e l y  d i s t o r t  

t h e  s h a p e  of  t h e  d r o p .  I n  o r d e r  t o  a l l e v i a t e  t h i s  p r o b l e m  t h e  a c o u s t i c  

f i e l d s  a r e  t u r n e d  o n  and  o f f  j n  a  c y c l i c  m a n n e r  s o  t h a t  when t h e  x a x i s  

a c o u s t i c  f i e l d  i s  o n  t h e  y  a x i s  a c o u s t i c  f i e l d  i s  o f f  a n d  when t h e  x  i s  o f f  

t h e  y  i s  on. This  complementary modu la t ion  of t h e  r and y  a x e s  i s  done a t  a  

f r e q u e n c y  t h a t  i s  h i g h  compared  t o  t h e  n = 2 ,  3 ,  a n d  4  n o r m a l  modes  of  t h e  

drop .  Complementary modula t ion  i s  d i s c u s s e d  i n  S e c t i o n  4.1.  

The a c o u s t i c  c h a m b e r  was  l o c a t e d  i n  t h e  r o c k e t  p a y l a o d  s o  t h a t  t h e  z 

a x i s  of t h e  chamber was p a r a l l e l  t o  t h e  c e n t e r  l i n e  of t h e  rocke t .  F i g u r e  3-2 

shows t h e  o r i e n t a t i o n  of t h e  payload w i t h  r e s p e c t  t o  t h e  r o c k e t .  

The p r i m a r y  d a t a  f r o m  t h i s  e x p e r i m e n t  i s  o b t a i n e d  w i t h  a  1 6  m m  c i n e  

camera. The camera was run  a t  48  f rames  p e r  second. The camera i s  d i r e c t e d  

a l o n g  t h e  z a x i s  ( s e e  F i g u r e  3-21; i n  a d d i t i o n  t w o  m i r ~ o r s  g i v e  n e a r l y  

o t h o g o n a l  v i e w s  a l o n g  t h e  x  and  y a x e s .  The v i e w  of t k e  c a m e r a  f o r  e a c h  o f  

t h e  a x e s  i s  from t h e  p o s i t i v e  a x i s  t o  t h e  nega t ive  a x i s  of  t h e  a c c e l e r o m e t e r .  

I n  a d d i t i o n ,  t h e  sound  i n t e n s i t y  a t  e t ich w a l l ,  t h e  d e p l o y m e n t  s y s t e m  

c o n d i t i o n ,  camera and l i g h t i n :  s t a t u s ,  and t h e  f requency  of t h e  z a x i s  s i g n a l  

were moni tored  and recorded .  T h i s  d a t e  was t e l e m e t e r e d  t o  i h e  ground s t a t i o n  

i n  r e a l  t i m e .  The MSFC a c c e l e r o m e t e r  d a t a  was  s u p p l i e d  t o  a i d  i n  t h e  d a t a  

a n a l y s i s .  The x, y,  and z a x e s  of t h e  a c c e l e r s m e t e r  & r e  c o a . ~ . i a l  w i t h  t h e  r ,  

y,  and z axes  of t h e  a c o u s t i c  chamber. 



2. INSTRUMENT CALIBRATION 

( a )  Acous t ic  C a l i b r a t i c -  

The a c o u s t i c  i n t e n s i t y  c a l i b r a t i o n  w a s  d i f f i c u l t  t o  a c c o m p l i s n  

because t l e  i n s t rumen t  d i d  n o t  have c a l i b r a t e d  microphones i n  t h e  chamber. 

However, s i n c e  t h e  p r imary  i n t e r e s t  was no t  i n  t h e  sound i n t e r s i t y  i t s e l f  b u t  

i n  t h e  p o s i t i o n i n g  f o r c e  p r o d u c e d  b y  t h e  a c ,  u s t i c  s t a n d i n g  waves ,  t h e  

a c o u s t i c  i n t e n s i t y  was c a l i b r a t e d  by mdasuring t h e  a c o u s t i c  p o s i t i o n i n g  f o r c e  

i t s e l f .  The f o r c e  m e e s u r e m e n t  was made b y  s u s p e n d i n g  a  low d e n s i t y  

( S t y r o f o a m )  s p h e r e  (1.25 cm r a d i u s  and  0.229 3 w e i g h t )  3.175 cm f r o m  t h e  

c e n t e r  o f  t h e  chamber  o n  a  t h i n  s t r i n g  5.08 cm l o n g  ( s e e  F i g u r e  3-3) . ,  The 

s i g n a l  t o  each  sy:aker  was a d j u s t e d  s o  t h a t  t h e  a c o u s t i c  f o r c e  d e f l e c t e d  t h e  

s p h e r e  0 . 2 9 2  cm ( 0 . 1 1 5  i n )  t o w a r d  t h e  c e n t e r  o f  t h e  c h a m b e r .  T h i s  

c o r r e s p o n d e d  t o  a  f o r c e  o f  1 2 . 9  d y n e s .  T h i s  t e c h n i q u e  o f  a c o u s t i c  

c a l i b r a t i o n  h a s  b e e n  s t a n d a r d i z e d  f o r  a l l  of  t h e  SPAR f l i g h t s  t h a t  u s e  t h e  

t r i a x i a l  a c o u s t i c  chamber. 

I t  should  be noted  t h a t  t h e  f o r c e  ~ e & s n r e m e n t s  and c a l i b r a t i o n  a r e  

made a t  t h e  JPL s i t e  which i s  a t  a  lower  a1 t i t t : de  t h a n  t h e  White Sands ' l e s t  

Range w h e r e  t h e  s y s t e m  i s  h e r m e t i c a l l y  s e a l e d .  T h i s  d i f f e r e n c e  i n  

a tmosphe r i c  p r e s s u r e  between t h e  two s i t e s  r e s u l t s  i n  a  s m a l l  d e c r e a s e  i n  t h e  

a c o n s t i c  f o r c e  ( s e e  S e c t i o n  5.3 f o r  a  d e t a i l e d  d i s c u s s i o n ) .  

( b )  L iqu id  Volumetr ic  C a l i b r a t i o n  and S u r f a c e  Tens ion  Measurements 

The l i q u i d  deyloymcnt system was t e s t e d  b e f o r e  t h e  f l i g h t  by  t a k i n g  

r e p e a t e d  v o l u m e t r i c  m e a s u r e m e n t s  of t h e  d e p l o y e d  l i q u i d .  T h e r e  was a  

v a r i a b i l i t y  of s e v e r a l  p e r c e n t  i n  t h e s e  measurements  caused by back la sh  i n  

t he  g e a r  system t h a t  drove t h e  f l u i d  d e l i v e r y  system. The t y p i c a l  measured 

vo lume  was  8.6 5 0.2 c c  r a t e r .  



The l i q u i d  used i n  t h i s  r x p e r i m e n t  was d i s t i l l e d  w a t e r  w:th s rna l l  

q u a n t i t i e s  of  dye  added  t o  p rnv ide !  o p t i m u r  c o n t r a s t  i n  t h e  c i n e  f i l m .  The 

s u r f a c e  t e n s i o n  of  t h e  dyed w a t e r  sample was measured b e f o r e  and a f t e r  t h e  

f l i g h t  and was found t o  be 71.0 2 2.0 dyneslcm. T t e  wa te r  was deployed i n t o  

t h e  c e n t e r  of  t h e  c h a m b e r  t h r o u g h  t h c  t w o  c o a x i a l  i n j e c t o r s .  The 8.6 c c  o f  

w - t e r  was deployed i n  12  seconds. The s low l i q u i d  d e l i v e r y  was chosen s o  a s  

t o  min imize  u n w a ~ t e d  f l o w s  w i t h i n  t h e  drop. The i n j e c t o r  t i p s  were  wi thdrawn 

from t h e  drop  wh i l e  t h e  a c o u s t i c  f i e l d  2 o s i t i o n e o  t h e  drop. 

The t i p s  c f  t h e  i n j e c t o r  t u b e s  were  t r e a t e d  w i t h  a  s m a l l  q u a n t i t y  

of s i l i c o n e  o i l  s o  a s  t o  minimize  t h e  w e t t i n g  of t h e  t i p s  by t h e  water .  T h i s  

t r e a t m e n t  f a . - i l i t a t e d  t h e  d e p l o y m e n t  of  t h e  d r o p  wheo  t h e  i n j e c t o r s  w e r e  

w i t h d r a w n  f r o m  t h e  d r o p .  P o s t - f l i g h t  da ,a  a n a l j s i s  h s s  shown t h a t  t h e  

s i l i c o n e  o i l  t r e a t m e n t  o f  t h e  t i p s  h a s  v e r y  l i t t l e  e f f e c t  on t2.e s u r f a c e  

t e n s i o n  of t h e  s a m ~ l e .  

( c )  Sequence and Time L ine  C ~ l i b r a t i o n  

The e p e r i m e n t  c o n t r o l  p r o g r a m  had b c e n  r u s  t h r o u g h  t h e  f l i g h t  

s e q u e n c e  o v e r  1 0 0  t i m e s  i n  p r e - f l i g h t  t e s t s .  No d s v i a t i o n  f rom t h e  

p rog rammed  s e q u e n c e  was  o b s e r v e d  i n  t h e s e  t e s t s .  I n  a d d i t  i o n ,  f l i g h t  

t e l e m e t r y  conf i rmed t h e  se puence o p e r a t e d  a s  programmed & r i n g  t h e  f l i g h t  and 

subsequent  p o s t  f l i g h t  t e s t s  of t h e  sys tem showed no anomaiy. The i n s t r u m e n t  

c o n t r o l  f u n c t i o a  i s  shown i n  Tabla 3-1. 

( d )  Cine Camera and L i g h t i n g  C a l i b r a t i o n  

Camera, l i g h t i n g  and f i l m  t e s t s  were  r u n  a t  JPL b e f o r e  t h e  f l i g h t .  

The q u a l i t y  of t h e  image was conf i rmed by t h e  PI and CoI t o  be a c c e p t a b l e  f o r  

d a t a  a t ra lys is .  The camera was a l s o  ran a t  White Sands j u s t  b e f o r e  t h e  f l i g h t  

t o  conf i rm proper  o p e r a t i o n  of t h e  system. 

v-3-5 



Fipre 3-2. Schematic Drawing of the Payload 
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Figuze 3-3. Method used t o  c a l i b r a t e  the  sound prdssure  l e v e l  i n s i d e  
the chamber. Each speaker was adjusted  s o  that  the 
cen ter in8  force  a t  3.175 cm from the  c e n t e r  was 12.9 
dynes . 



TA3LE 3-1  INSTRUMENT CdNTROL FUNCTIONS 

2B un'. u2Ifmxi 

1. I n j o c t o r s  Tn--1.evel t o  nlavo i n j e c t o r s  i n .  

2 .  I n j e c t o r s  Out--1.evcl t o  novc i n : cc to r s  o u t .  

?.  F l u i d  Ilelivery--1,cvel t o  cause t h o  d e l i v c r ;  of f l u i d  t o  t h o  i n j e c t o r s .  

4 .  F l u i d  R e v c r s c - - l e v e l  t o  c a u s e  f l u i d  n o t o r  t o  d r i v e  f l u i d  i n  dr o u t  o f  
injectors. 

5 .  1:lnicl Continuous/Incrcmc~rtal--Lcvc! t o  c n u s c  f l u i d  d c l i v c r y  t o  b c  
c c n t i n u o u s  o r  t o  be  d e f i n e d  a s  o p r s s c t  nnount  by r. I - b i t  c o n t r o l .  

6 .  I:lrlid :.mocnt--4 b i t  c o n t r o l  o f  t l ~ c  f l u i d  d c l i v c r a d  i r i  t h c  i n c r e n i c r . t ; i l  
ncee .  

7. r l i ~ i d  Valve CnIOff - -1 .avcl  t o  c o n t r o l  a s a l c n o i d  nnd a l l o w  t h c  I c l i v c r y  of 
f l u i d .  

. Prop  Ymnnvirl--1.evcl t o  c o n t r o l  t h e  Crop  rcnov31 r n ~ c l r a n i s n . ~  

9.  !A' Prabc  In--1,crcl t o  cove  :ha liip.1. v o l t s ~ a  p robc  i n t o  thc c h a n l c r . *  

1 .  !q' I'robc ('ct-- !.cvcl t o  n o w  tlrc 13' proljc act. 

1 !I' !'n--Lcvcl t o  cn .b l c  ~ h c  In' p o ~ ~ c r  supp ly .*  

1 7 .  :Xr 1,cvcl--2 b i t s  t o  c c n t r o l  t l ic  oi : tput  of t h e  In' l locr r  s u p p l y - *  

13. ( ' a ~ c r n  CrlOCf--Level t o  c n a b l c  t h c  cnr.:cra. 

1 4 .  C c n c r a  .7prcd--;  h i t s  t o  co t r t r n l  t l ~ c  s l l rcd of tltc. czrlctr? s l ~ r ~ t  C C ~ . '  

.IUD 10 C0i;TI:OI.S --- 

1 . ,\ac!ica D n I O f f - - 1  c v c l  t o  ctrnblc tlrc nuc:io power. 

4 .  ~'oc;nlstc-?- b i t s  t o  cr!ablc t h e  a u d i o  ~ . : o i n l a t i o t ~  on t k c  x ::nd 1 a x e s .  

0 .  " c ~ t ' t t l a t i o ~ ~  !*rt*f:ut.~cy--lC 1 ) l t :  t o  c o n t r o l  t l \ c  f rcquc~rc!  o f  1 1 1 ~  I : I \ ~ ~ ~ I I ~ , \ ~ I ~ > I I .  

Vutrct lor, n o t  i r r r l  c ~ c t t c c '  i n  1:xpcr inrn t  76-20. 



SECTION 4 

TEIEORETICAI. BACKGROUND FOR THE SPAR DATA ANALYSIS 

The d a t a  a n a l y s i s  r e q u i r e d  p r e l i m i n a r y  t h e o r e t i c a l  a n a l y s i s  of a  number 

o f  s i t u a t i o n s  a r i s i n g  i n  t h e  v a r i o u s  sequence:  of t h i s  e x p e r i m e n t .  

1 .  Two Dimensional  Denene ra t e  P r e s s u r e  P r o f i l e s  i n  t h e  Acous t i c  Chamber. 

The a c o u s t i c  c h a m b e r  u s e d  i n  t h e  SPAR h a s  t w o  e q u a l  d i m e n s i o n s .  

T h i s  g i v e s  r i s e  t o  a  degene racy  o f  t h e  t r a n s v e r s e  a c o u s t i c  modes and t o  non- 

c i r c u l a r  s t a t i c  p r e s s u r e  p r o f i l e s  a t  t h e  c e n t e r  o f  t h e  c h a m b e r .  I t  i s  

t h e r e f o r e  i m p o r t a n t  t o  a n a l y z e  r h e s e  p r e s s u r e  p r o f i l e s  i n  some d e t a i l .  The 

v e l o c i t y  p o t e n t i a l  i n s i d e  a n  empty chamber o f  d i m e n s i o n  L, which  i s  d r i v e n  a t  

i t s  r e s o n a n t  f r equency ,  w, i s  

P  
d = ( coskx  + cosky  ) coswt 

w h e r e  k = n / L  = w/c i s  t h e  wave  number .  The a c o u s t i c  p r e s s u r e  i s  

a p = - p - d  = Po ( coskx  + cosky  ) s inwt  a t  

and t h e  components of  t h e  p a r t i c l e  v e l o c i t y  a r e  

a uX = --d = h s i n k x  c o s o t  
ax PC 

a u  = - d  = & s i n k y  coswt 
V bx PC 

The a c o u s t i c  r a d i a t i o n  p r e s s u r e  i s  g i v e n  by (Landau and L i f s h i t z ,  1959) 

Note t h a t  i t  i s  a  second o r d e r  e f f e c t .  T h i s  r a d i a t i o n  p r e s s u r e  does  n o t  e x i s t  

i n  l i n c a r  a c o u s t i c s ,  i t  v a n i s h e s  f o r  t r a v e l l i n g  w a v e s ,  a n d  i s  s m a l l  b u t  



f i n i t e  f o r  s t and ing  waves. The a c o u s t i c  r a d i a t i o n  p r e s s u r e  gi-,es r i s e  t o  a n  

a c o u s t i c  p o t e n t i a l  w e l l  and t o  an  a c o u s t i c  f o r c e  f i e l d  ir t h e  chamber. The 

b a r s  i n  Eq. (1 .4)  d e n o t e  t i m e  a v e r a g e s  o v e r  tfie h i g h  f r e q u e n c y  component .  

S u b s t i t u t i n g  t h e  p r e s s u r e  and v e l o c i t y  i n t o  (1.41, ire o b t a i n  

T h i s  e x p r e s s i o n  i s  f o r  a  c o o r d i n a t s  s y s t e m  w i t h  i t s  o r i g i n  a t  t h e  c o r n e r .  

T r a n s f e r i n g  t o  a  c o o r d i n a t e  s ~ s t e m  whose o r i g i n  i s  a t  t h e  c e n t e r  o f  t h e  

chamber, i . e .  

x -+ x  - Ll2 and y -+ y  - Ll2 

we have 

c o s Z k x 4 - c o s 2 k x  and c o s k x - - + - s i n k x  

r e s u l t i n g  i n  

P '  
<Ap) =-*I  cos2kx+ c o s 2 k y  - 2 s i n k r  s i n k y  I (1.6) 

4 PC 

The l a s t  term i s  t h e  i n t e r f e r e n c e  term due t o  mode degeneracy,  which we w i l l  

show g i v e s  r i s e  t o  a  n o n - s p h e r i c a l  p r e s s u r e  p r o f i l e  n e a r  t h e  c e n t e r  o f  t h e  

box. Expanding t h e  t r i g o n o m e t r i c  f u n c t i o n s  t o  0 ( x 2 ) ,  we o b t a i n  t h e  f o l l o w i n g  

i s o b a r i c  con tou r s  

The l a s t  t e r m  on  t h e  l e f t  hand s i d e  comes  f rom t h e  i n t e r f e r e n c e  t e r m ,  and 

g i v e s  r i s e  t o  t h e  n o n - s p h e r i c a l  p r e s s u r e  p r o f i l e .  The e x p l i c i t  i s o b a r i c  

c o n t o u r  i s  found  by  d i a g o n a l i z i n g  t h i s  q u a d r a t i c  f o r m  by t h e  s i m p l e  

t r a n s f o r m a t i o n s  



1 - v l  

I = s  
J 2 

and y = 

I n  te rms  of I' and y '  

we o b t a i n  t h e  fo l lowing  

i s o b a r i c  contour  

T h i s  i s  a n  e l l i p s e  w i t h  a n  a l b  r a t i o  o f  &. I n d e e d  d r o r  e l o n g a t i o n  was  

o b s e r v e d  i n  KC-135 f l i g h t s  when b o t h  s p e a k e r s  w e r e  o p e r a t e d  w i t h  00 p h a s e  

s h i f t .  I 'h i s  s i t u a t i o n  was  r e m e d i e d  by c o m p l e m e n t a r y  m o d u l a t i o n ,  t h e  

a r r a n g e m e n t  i n  w h i c h  t h e  x and y s p e a k e r s  a r e  o p e r a t e d  o n  a m u t u a l l y  

e x c l u s i v e  b a s i s ,  i.e., whel: one  i s  on and t h e  o t h e r  i s  o f f .  We c a l c u l a t e  t h e  

r a d i a t i o n  p r e s s u r e  p r o f i l e  i n  t h i s  c a s e  u s i n g  t h e  s i m p l e s t  p e r i o d i c  

r e p r e s e n t a t i c n  o f  complementary modula t ion :  

p  = po I caskx  coswmt + cosky sinw,t ) s i n o t  (1.9; 

where om ( <  w i s  the  complementary modu la t ion  frequency.  The p receed ing  

g e o m e t r i c  a p p r o a c h  c a n  b e  e x t e n d e d  t o  t h i s  c a s e .  E q u a t i o n  (1 .7)  f o r  t h e  

p r e s s u r e  p r o f i l e  nea r  t h e  c e n t e r  of t h e  chamber i s  r e p l a c e d  by 

This i s  a  q u a d r a t i c  e q u a t i o n  of t h e  form 

Ax' + 2Bxy + Cya + F = 0 

which i s  d i a g o n a l i z s d  by t h e  t r a n s f o r m a t i o n  
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1 = I' cosa  - y' s i n a  

y  = I' s i n a  + y '  cosa  

wi th  

t a n  2 a ( t )  = 2 = 1 t a n  2%t 
A-C 2 

The p r i n c i p a l  a x i s  i s  n o  l o n g e r  t h e  d i a g o n a l ,  a s  was t h e  c a s e  w i t h o u t  

complementary modulation; the  new a x e s  o s c i l l a t e  a r o u n d  t h e  c e n t e r  w i t h  a  

f r e q u e n c y  2um, w h i c h  i s  c h o s e n  t o  b e  l a r g e  i n  c o m p a r i s o n  w i t h  t h e  d r o p  

o s c i l l a t i o n  f requencies .  The i s o b a r i c  contours  a r e  now 

T h i s  i s  a g a i n  a n  e q u a t i o n  of a n  e l l i p s e ,  b u t  i t s  p r i n c i p a l  a r e s  p r e c e s s  t o o  

qu ick ly  f o r  t h e  wa te r  drop t o  respond to .  When t h i s  p r e c e s s i o n  i s  averaged 

o v e r  a  l e n g t h  o f  t i m e  c o m p a r a b l e  t o  a  p e r i o d  of  t h e  n  = 2  n a t u r a l  

o s c i l l a t i o n ,  t h e  drop f i n d s  i t s e l f  e f f e c t i v e l y  i n  a  s p h e r i c a l  a c o u s t i c  f i e l d ,  

and i t s  shape w i l l  not  become d i s t o r t e d .  



2.  A P a r t i c l e  i n  a  S t a t i c  Acous t i c  P o t e n t i a l  Well.  

Cons ider  now a  d rop  moving i n  a  3-dimensional  a c o u s t i c  p o t e n t i a l  

w e l l  

I f  two d imens ions  happen t o  be equa l ,  we sssume t h a t  complementary modula t ion  

has  been a p p l i e d ,  s o  t h a t  t h i s  i s  t h e  e f f e c t i v e  s t a t i c  p r e s s u r e  expe r i enced  

by t h e  drop .  The f o r c e  on a  d r o p  i s  approximate ly  

w h e r e  n  = ( s i r & c o d ,  s i r & s i ~ ,  cod31 i s  t h e  n o r m a l  t o  t h e  s u r f a c e ,  and 
m 

dS = a '  s i n e d e d d  i s  t h e  a r e a  e l e m e n t  on t h e  s u r f a c e  o f  a  s p h e r e .  I t  i s  

o n l y  a n  a p p r o x i m a  t i o n  b e c a u s e  s c a t t e r i n g  e f f e c t s  h a v e  n o t  b e e n  i n c l u d e d .  

Comparison of l a b o r a t o r y  measurements  (Leung e t  a l . ,  1979) w i t h  King's t h e o r y  

of a c o u s t i c  f o r c e s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  e f f e c t  of  s c a t t e r i n g  i s  

t o  e n h a n c e  t h e  a c o u s t i c  f o r c e  b y  25% o v e r  t h e  v a l u e  i n d i c a t e d  b y  Eq.  (2.2) .  

A f u r t h e r  app rox ima t ion  i s  t h a t  t h e  f o r c e  was c a l c u l a t e d  f o r  a  r i g i d  sphe re ,  

n o t  on a  d e f o r m a b l e  d r o p ,  t h u s  n e g l e c t i n g  t h e  i n t e r a c t i o n  o f  t h e  a c o u s t i c  

f i e l d  w i t h  t h e  d r o p .  T h i s  i s  a  c o m p l i c a t e d  p r o b l e m  w h i c h  m e r i t s  f u r t h e r  

a n a l y s i s .  With t h e s e  r e s t r i z t i o n s  t h e  a c o u s t i c  f o r c e  i s  fouqd t o  be 

. - cos2kia  
where r ( 2 k , a )  = I 

i s  t h e  s i z e  f a c t o r ,  t c n d i n g  t o  1 f o r  2 k i a  < <  1. The c a l c u l a t i o n  o f  (2 .3)  



r e q u i r e d  t h e  e v a l u a t i o n  of  n i n e  n o n - t r i v i a l  su r f  ace  i n t e g r a l s  (Eqns. 2.2). I t  

was found  t h a t  e a c h  t e r m  i n  t h e  p r e s s u r e  p r o f i l e  c o n t r i b u t e d  t o  t h c  f o r c e  

component i n  t h a t  d i r e c t i o n  only ,  a s  expected.  

C o n s i d e r  now t h e  m o t i o n  of  a  p a r t i c l e  i n  s u c h  a  f o r c e  f i e l d .  B e c a u s e  

n e a r  t h e  c e n t e r  of t h e  chamber we can  r e p l a c e  s i n  2k i r i  by i t s  argument,  t h e  

o b j e c t ' s  mot ion  i s  l i k e  t h a t  of a  harmonic o s c i l l a t o r ,  d e s c r i b e d  by 

.. 
m i i  + K i r i  = 0 

w i t h  

T h i s  g i v e s  r i s e  t o  o s c i l l a t i o n  w i t h i n  t h e  p o t e n t i a l  w e l l  a t  t h e  f r e q u . n c y  Q, 

which i s  g i v e n  by 

where pd i s  t h e  d e n s i t y  of  t h e  s c a t t e r i n g  o b j e c t .  The o s c i l l a t i o n  f requency i s  

p r o p o r t i o n a l  t o  t h e  a c o u s t i c  p r e s s u r e  i n  t h e  chamber. Such behav io r  was seen  

on t h e  SPAR f i l m ,  where t h e  f requency dropped w i t h  p r e s s u r e ,  and was s t u d i e d  

on the  Vanguard Motion F i l m  Analyzer  ( see  S e c t i o n  5.2),  



3 .  A DroD's R e s ~ o n s e  t o  Amplitude Modulat ion i n  t h e  Acous t i c  Chamber. 

E q u a t i o n s  o f  m o t i o n  a r e  d e r i v e d  i n  t h i s  s e c t i o n  f o r  t h e  b o u n d a r y  o f  a 

d rop  p l aced  i n  a  modulated a c o u s t i c  p o t e n t i a l  we l l .  The d i s p l a c e m e n t  from 

t h e  e q u i l i b r i u m  s p h e r i c a l  s h a p e  i s  expanded  i n  s p h e r i c a l  h a r m o n i c s  and  

r e p r e s e n t e d  i n  t h e  form 

E q u a t i o n s  o f  m o t i o n  a r e  t o  be  d e r i v e d  f o r  t h e  b o u n d a r y  d e f o r m a t i o n  

c o e f f i c i e n t s  a l m ( t )  from t h e  Navier-Stokes e q u a t i o n s  o f  t h e  system. I n  t h e  

p o t e n t i a l  f l o w  a p p r o x i m a t i o n ,  i n  w h i c h  v i s c o s i t y  e f f e c t s  a r e  i n i t i a l l y  

neg lec t ed ,  t h e  v e l b c i t y  f i e l d  v i s  r e l a t e d  t o  a  s c a l a r  f i e l d  d  v i a  v  = Od, - - 
and t h e  momentam ( N e v i a r - S t o k e s )  a n d  c o n t i n u i t y  e q u a t i o n s  arc.: expressed  i n  

t h e  form 

The boundary v e l o c i t y  i s  g iven ,  on one hand, by 

and ,  o n  t h e  o t h e r  hand ,  by  t h e  s o l u t i o n  of  t h e  L a p l a c e  e q u a t i o n  ( 3 . 2 )  i n  t h e  

i n t e r i o r  ~ f  t h e  drop ,  namely, 

M a t c h i n g  t h e  b o u n d a r y  v e l o c i t y  i n  e x p r e s s i o n  ( 3 . 3 )  w i t h  v r  = a d / a r  ( t h e  



k inema t i c  boundary c o n d i t i o n )  r e s u l t s  i n  

and by Eq. (3.2) t h e  p r e s s u r e  a t  t h e  i n t e r i o r  of t he  drop  i s ,  t o  l o w e s t  o r d e r  

of  app rox ima t ion  

P i n t  ad  = , = -  e x  as r g  ycm[fi) 
P a t  

P, m 

The p r e s s u r e  i n  t h e  i n t e r i o r  i s  r e l a t e d  t o  t h e  a c o u s t i c  p r e s s u r e  of t h e  

e x t e r i o r  

b y  t h e  Young-Laplace  c o n d i t i o n  o f  p r e s s u r e .  1mp a t  a  b o u n d a r y  (Landau  and  

L i f  s h i t  z, 1959) 

P i n t  - pex t  = u 

where a i s  t h e  s u r f a c e  t e n s i o n ,  and t h e  e x p r e s s i o n  i n  t h e  p a r e n t h e s i s  i s  t h e  

e f f e c t i v e  c u r v a t u r e .  F o r  n o t  t o o  d r a s t i c  s u r f a c e  d e f o r m a t i o n s  t h e  e f f e c t i v e  

c u r v a t u r e  can  be exp re s sed  i n  t h e  form 

When t h i s  e x p r e s s i o n ,  a s  w e l l  a s  Eqs. (3 .4 )  a n d  (3.59, a r e  s u b s t i t u t e d  i n t o  
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Eq. (3 .61 ,  we o b t a i n  t h e  r e q u i r e d  e q u a t i o n  o f  m o t i o n  f o r  t h e  b o u n d a r y  

de fo rma t ion  c o e f f i c i e n t  

whe re  w i s  t h e  n o r m a l  mode f r e q u e n c y  o f  a  w a t e r  d r o p .  W i t h  pp,  b e i n g  t h e  

component of t h e  a c o u s t i c  d r i v i n g  p r e s s u r e  a t  t h e  s u r f a c e  of t h e  drop ,  t h i s  

mode o b e y s  t h e  e q u a t i o n  of  r f o r c e d  h a r m o n i c  o s c i l l a t o r .  When v i s c o s i t y  

e f f e c t s  a r e  a d d e d ,  t h i s  e q u a t i o n  i s  r e p l a c e d  b y  t h a t  o f  a f o r c e d ,  damped 

harmonic o s c i l l a t o r ,  b e i n g  t h e  b a s i c  e x p r e s s i o n  f - r  a n a l y z i n g  a c o u s t i c a l 1 ; r  

induced o s c i l l a t i o n s  i n  t h e  nex t  s e c t i o n .  



4. m s l l v  IpPUced Oscillation. 

To g t n e r a t z  t h e  c h a r a c t e r i s t i c  o s c i l l a t i o n s  o f  a  l i q u i d  d rop  i t  i s  

n e c e s s a r y  t o  e x c i t e  t h e  d r o p  s u r f a c e  a t  i t s  n o r m c l  mode o s c i l l a t i o n  

f r e q u e n c i e s ,  F o r  a  l i q u i d  s p h e r e  o f  s u r f a c e  t e n s i o n  a ,  d e n s i t y  pd ,  and  

r a d i u s  a ,  t h e  normal  mode f r e q u e n c i e s  a r e  g iven  by 

The lowes t  d r d e r  nonzero  f requency  cor responds  t o  h i  = 2; n = 0 co r r e sponds  t o  

a  r a d i a l  mode, w h i c h  c a n n o t  e x i s t  i n  a n  i n c o m p r e s s i b l e  f l u i d ,  a n d  n  = 1 

d e s c r i b e s  t h e  t r a n s l a t i o n a l  m o t i o n  o f  t h e  who le  d rop .  The s u r f a c e  

de fo rma t ion  f o r  t h e  n-th m ~ d e  i s  

where Pn i s  t h e  Legendre polynominal  of o r d e r  n. 

The s i m p l e s t  way t o  g e n e r a t e  s a m p l e  o s c i l l a t i o n s  i n  a  r e c t a n g u l a r  

chamber i s  t o  modulate  t h e  scund p r e s s u r e  from one of t he  a c o u s t i c  d r i v e r s .  

I n t r o d u c i n g  a  s i n u s o i d a l  a m p l i t u d e  m o d u l a t i o n  a t  f r e q u e n c y  no i n  t h e  x 

d i r e c t i o n ,  a r  example,  we have 

a = pxo coskxx sincuxt cozLlot 

+ pyo cosk y sinw t + pZo coskZz s i n o z t  
Y Y 

These e x p r e s s i o n s  and t h e  a s s o c i a t e d  components of  t h e  p a r t i c l e  v e l o c i t y  l e a d  

t o  a r a d i a t i o n  p r e s s u r e  (which i n c l u d e s  s c a t t e r i n g  e f f e c t s )  



We see  t h a t  wh i l e  t h e  a c o u s t i c  p r e s s u r e  i s  ampl i t ude  modulated a t  no, t h e  

r a d i a t i o n  pressurs ,  wh ich  dr!.;is t h e  sample i n t o  o s c i l l a t i n n  and which i s  a  

second o r d n r  e f f e c t ,  i s  moduiated a t  2Q,. 

The canipl i tude o f  t h e  n o r m a l  modcs  o f  a  d r o p  d r i v e n  by t h e  m o d u l a t e d  

a c o u s t i c  f i e l d  may be c a l c u l a t e d  a s  f o l l o w s .  The e x p r e s s i o n  f o r  t h e  s u r f a c e  

of an ax i symmet r i c  d rop  i s  

An e q u a t i o n  of  m o t i o n  f o r  e a c h  mode a , ( t )  c a n  b l  f o u n d  b y  a p p r o x i m a t e  

s o l u t i o n  of t h e  momentum (Navier -Stokes)  e q u a t i o n  a n d  i n c o r p a r a  t i o n  of  t h e  

Yobng-Laplace p r e s s u r e  jump c o t l d i t i o n  a t  t h e  s u r f a c e .  T h i s  r e s u l t s  i n  a  

f o r c e t  damped harmonic o s c i l l a t o r  e q u a t i o n  f o r  a n i t )  

w h e r e  u n a  i s  g i v e n  i n  Eq. (4 .1) ,  Fn  i s  t h e  f o r c i n g  t e r m ,  dnd t h e  v i s c o u s  

damping pn i s  ( Lam3, 1932)  

w h e r e  v = q / p  i s  t h e  k i n e m a t i c  v i s c o s i t y .  S i n c e  i n  o u r  c a s e  t h e  s a m p l e  i s  

b e i n g  d r i v e n  a t  2no ,  we a s s u m e  a  s o l u t i o n  o f  t h e  f o r m  a , ( t )  = A , e x ~ ( ~ i ~ ~ t )  

and s u b s t i t u c e  i t  i n t o  Eq. (4.G), g i v i n g  ampl i t ude  coef f  i c i z n t s :  

The a ~ p l i t u d e  of t h e  n-th mode i s  n o t  maximum when t h e  sample i s  d r i v e n  a t  



t h e  normal  mbde r e s o n a n c e  20, = on, b u t  a t  20, = k m  . A t  t h e  l a t t e r  

frequency the  amplitude becomes 

To eva lua te  1 ~ ~ 1 , ~ ~  we must know t h e  magnitude of t h e  f o r c i n g  term Fn. 

T h i s  i s  o b t a i n e d  by i n t e g r a t i n g  t!-: r a d i a t i o n  p r e s s u r e ,  Eq. (4.41, o v e r  t h e  

surface  of the  sphere. This g i v e s  

wherz In i s  the  i n t e g r a l  

I t  is  s e e n  t h a t  I, = 0 f o r  odd n ,  t h a t  i s ,  one  c a n n o t  e x c i t e  t h e  odd modes 

acous t i ; . - . l ly .  T h i s  i s  a  consequence  of t h e  f a c t  t h a t  t h e  p r e s s u r e  p r o f i l e  

(Ap> i s  a  symmetric f m c t i o n  of t h e  coord ina tes ,  and odd modes w i l  I only  b3 

observed a s  a  r e s u l t  of asymmetries i n  the  p ressure  p r c f i l e .  For even n  the  

i n t e g r a l  In has  been evaluated a n a l y t i c a l l y .  An cxample of t h e  normal n6de 

a m p l i t u d e s  i s  g i v e n  i n  T a b l e  4-1 f o r  some t y p i c a l  p a r a m e t e r  v a l u e s  

characterizing a  2.5 cm d iamete r  d rop  of water.  



Table 4-1. Amplitudes of The Normal Nodes n=2 and n 4  f o r  Various Y a l w  
of the  Acoustic Pressure .  

Parameters (water drop i n  a i r ) :  

JaX = 11 cm. 
a  = 1.25 cm. 

= 1.3 g/cc. 
4 c = 3.5 x  10 cm./sec. 
2 - V = 0.012 cm I sec .  

u = 70 dynes/cm. 

The f c r c e  exer ted  by a  s-:anding a c o u s t i c  wave on a  sphere was o r i g i n a l l y  

c a l c u l a t e d  by King (King, 1934). For the  example considered here  t h e  minimum 

a c o u s t i c  p r e s s u r e  required t o  p o s i t i o n  t h e  drop i s  P  - lo3 dyne/cm2 - 134 dB. 

2 r e l a t i v e  t o  t h e  re fe rence  p ressure  2.0 x. dynelcm . For a  50% e f f i c i e n t  

c o m p r e s s i o ~  d r i v e r ,  l e s s  than  0.2 W of e l e c t r i c a l  power i s  needed t o  provide 

the  requ i red  a c o u s t i c  pressure .  A t  t h i s  a c o u s t i c  pressure  l e v e l  the  su r face  

t e n s i o n  f o r c e  (F,) t h a t  a c t s  on t h e  w a t e r  d r o p  i s  two o r d e r s  o f  magni tude  

l a r g e r  than t h e  a c o u s t i c  fo rce  (FA): Fs/FA - 100. 



5. A c o u s t i c r l l v  I n d ~ c e d  Rota t ion.  

We cons ide r  the problem of the  f low f i e l d  i n  t h e  neighborhood of an  

axisymmetric r i g i d  body induced by p e r i o d i c  p r e s s u r e  f l a c t u s t i o n s ,  

It i s  assumed t h e t  the  p r e s s u r e  f i e l d  (Equation 2.1) has  been determined such 

t h a t  che boundary cond i t ion  

is  s a t i s f i e d  where n i s  t h e  normal   it v e c t o r  on t h e  su r face  of the  r i g i d  - 
body. S i n c e  we a r e  r e s t r i c t i n g  a t t e n t i o n  t o  s m a l l - a m p l i t u d e  m o t i o n s  i n  a 

n e a r l y  i n v i s c i d  f l u i d ,  t b e  v e l o c i t y  f i e l d  ud i s  g i v e n  by  t h e  l i n e a r  e d  

i n v i s c i d  equat ion of motion 

where p i s  t h e  mean d e n s i t y  of t h e  homogeneous f l u i d  o u t s i d e  t h e  surface  . 
The second p rob lem i s  posed  by t h e  c o n d i t i o n  t h a t  t h e  t a n g e n t i a l  v e l o c i t y  

compcnext must vanish  on t h e  su r face  x, 
n x u  = 0 ,  
.w - (5 .4 )  

where u  i s  t h e  t o t a l  v e l o c i t y  f i e l d .  
Z 

I n  accordance wi th  e a r l i e r  work on a c o u s t i c  s t reaming and damping, we 
* 

assume t h a t  E q u a t i o n  (5.4) can  be  s a t i s f i e d  by a  m o d i f i c a t i o n  u  i n  a  t h i n  - 
V 

boundary  l a y e r  of t h e  s o l u t i o n  u  of t h e  i n v i s c i d  e q u a t i o n  of mot ion.  Thc - 
- 

boundary  l a y e r  h a s  a  t h i c k n e s s  o f  t h e  o r d e r  j u l o  which we assume t o  be  

s m a l l  compared t o  t h e  t y p i c a l  w a v e l e n g t h  A = 2 n / k  of t h e  a c o u s t i c  f i e l d  a s  



w e l l  a s  t h e  r a d i u s  o f  c u r v a t u r e  o f  C. S i n c e  t h e  p r e s s u r e  i s  c u n t i n u o u s  f 

L 

a c r o s s  t h e  boundary l a y e r ,  t h e  e q u a t i o n s  of mot ion  f o r  u  reduce  t o  - 

The s o l u t i o n  f o r  t h e  t o t a l  v e l o c i t y  f i e l d  

proceeds  by expanding b o t h  p a r t s  of t h e  v e l o c i t y  f ~ e l d  i n t o  -I power s e r i e s  o f  

- 
of the  s m a l l  pa rame te r  E ,  where E = kdl'io , 

W E  r e q u i r e  t h a t  s a t i s f i e s  e q u a t i o n  (5.5) and decays  e x p o n e n t i a l l y  - 
V 

towards  t h e  o u t s i d e ,  w h i l e  u  s a t i s f i e s  e q u a t i o n  (5.3) and r ema ins  c o n s t a n t  on - 
t h e  s c a l e  of t h e  .bbnndary l a y e r  t h i ckness .  The t w s  problems a r e  coupled by 

t h e  boundary c o n d i t i o n s  

V 
Assuming t h a t  uA i s  g i v e n  by  e q u a t i o n  (5 .3)  i n  t e r m s  o f  po ,  we f i n d  a s  

s o l u t i o n  o f  (5.5b) 

The boundary l a y e r  c o o r d i n a t e  5 i s  de f ined  by 



where  r d e n o t e s  t h e  p o s i t i o n  v e c t o r  of  a  p o i n t  a t  t h e  s u r f a c e  C. While  
3 

s o l u t i o n  (5.8) s a t i s f  i e s  t h e  boundary  c o n d i t i o n  (5.7b). i t  d o e s  n o t  s a t i s f y  

t h e  c o n t i n u i t y  e q a a t i o n  (5.5a). To t h e  o r d e r  s o ,  t h i s  e q u r t i o n  can  be 

w r i t t e n  i n  t h e  form 

w h i ~ h  y.4 I d s  the  s o l u t i o n  

Th i s  s o l u t i o n  decays towards t h e  e x t e r i o r ,  bu t  i t  r e q u i r e s  a  p e r t a r b a t i c n  of 

the  e x t e r i o r  v e l o c i t y  f i e l d  i n  o rde r  t o  s a t i s f y  boundary cond i t ion  (5.7a) 

A t o r q u e  T i n  t h e  d i r e c t i o n  o f  t b e  a x i s  o f  an  a x i s y m m e t r i c  body c a n  
rn 

only  be genera ted by viscous  s t r e s s e s  e x e r t e d  on t h e  su r face  3. Using t h e  

u n i t  v e c t o r  a  i n  t h e  d i r e c t i o n  of t h e  a x i s ,  t h e  t o r q u e  T = a  ' T can b e  
rn .- - 

w r i t t e n  a s  

- 
where  a i s  t h e  t i m e  a v e r a g e  c f  t h e  v e l o c i t y  f i e l d .  A c o n t r i b u t i o n  t o  t h z  - 
t ime average < o f  the  v e l o c i t y  f i e l d  can on ly  be generated by t h e  non l inea r  



te rms ) f  t h e  equa t ions  of motion. Since t h e  p o t e n t i a l  f low u  of t h e  e x t e r i o r  
.I. 

d o e s  n o t  g e n e r a t e  a  t i m s - i n d e p e n d e n t  component o f  t h e  v e l o c i t y  f i e l d ,  t h e  

mean f l o w  must  a r i s e  i n  t h e  b o u n d a r y  l a y e r .  D e n o t i n g  t h e  t i m e  and t h e  
- 

azimuthal  average w i t h  a  b a r  and n o t i c i n g  t h a t  od ly  t h e  az imuthal  component u6 
- - 

of u  c o n t r i b u t e s  i n  t h e  i n t e g r a l  (5.13), we o b t a i n  an  equa t ion  f o r  u4 ... 

I n  p r i n c i p l e ,  a  second term corresponding t o  t h e  d e r i v a t i v e  i n  t h e  d i r e c t i o n  

(a x n ) x  n  should be added t o  t h e  r ight-hand side.  But s ince ,  i n  genera l ,  i t  - m m 

d o e s  n o t  g i v e  a  c o n t r i b u t i o n  t o  T, i t  h a s  b e e n  n e g l e c t e d .  By i n t e g r a t i n g  
- 

equat ion (5.14) and us ing  the cond i t ion  n_'Vu*--0 f o r  6 +-, we o b t a i n  

Since we a r e  i n t e r e s t e d  i n  t h e  s t r e s s  genera ted by s m a l l  ampl i tude motions,  

t h e  v e l o c i t y  f i e l d  d e r i v e d  e a r l i e r  can b e  u s e d  a s  a  f i r s t  a p p r o x i m a t i o n  on 

t h e  r ight-hand s i d e  of (5.15) wi th  t h e  r e s u l t  

Using e x p r e s s i o ~ s  (5.3) and (5.12) and t ak ing  i n t o  rccount t h a t  o n l y  t h e  r e a l  

p a r t  (Re) of  t h o s e  e x p r e s s i o n s  d e s c r i b e s  t h e  p h y s i c a l  v e l o c i t y  f i e l d ,  

r e l a t i o n s h i p  (5.16) can be r e w r i t t e n  a s  

= - E R ~ ( ( ~ ~ V )  - a pwk - I (?:)I ~ e c a ~ ~ ) *  rn rn 

R e s t r i c t i n g  a t t e n t i o n  t o  t h e  l i m i t  I k r s l  < <  1, t h e  p r e s s u r e  f i e l d  

genera ted by two s t and ing  waves of the  same frequency can be w r i t t e n  



w h e r e  r. 8, and d a r e  s p h e r i c a l  c o o r d i n a t e s ,  j l ( k r )  and y l ( k r )  a r e  t h e  

s 2 h e r i c a l  Besse l  f u n c t i o n s  of o r d e r  1, S1 i s  a  phase angle  due t o  s c a t t e r i n g  

e f f e c t s  and @to i s  t h e  p h a s e  a n g l e  b e t w e e n  t h e  two s i g n a l s .  E v a l u a t i o n  of  

Equation (5.17) f o r  t h e  p r e s s c r e  g i v e n  i n  (5.18) y i e l d s  

which g i v e s  r i s e  t o  a  to rque  about the  p o l a r  a x i s  wi th  magnitude 

where  A i s  t h e  s u r f a c e  a r e a  o f  t h e  s p h e r e  and i s  d e f i n e d  a s  t h e  v i s c o u s  

l e n g t h ,  =m:. F o r  a  w a t e r  d r o p  2.5 cm i n  d i a m e t e r  a n d  a  p h a s e  s h i f t  of 

90° b e t w e e n  t h e  x and y s i g n a l s ,  a  t o r q u e  of 2.0 dyne-cm i s  g e n e r a t e d  by a n  

a c o u s t i c  p ressu re  of px - - PY 
= 3 x 10' dyneslcma. 



6 .  The Power S ~ e c t r u m  of  a  F r e e l v O s c i l l a t i n n  D r o ~ .  

The d rop  boundary can be  r e p r e s e n t e d  i n  t h e  form 

On t h e  m o v i e  f i l m  t h e  b o u n d a r i e s  s e e n  a r e  c r o s s  s e c t i o n s  t h r o u g h  t h e  

e q u a t o r i a l  p l a n e  of  t h e  d rop  and a long  two o r t h o g o n a l  l o n g i t u d i n a l  p l a n e s ,  

i.e., on t h r e e  s e l e c t e d  g r e a t  c i r c l e s .  They c a n  n o t  c o m p l e t e l y  c h a r a c t e r i z e  

t he  s u r f a c e  of t h e  drop.  Y l m ( Q )  a r e  t h e  s p h e r i c a l  h s rmon ic s ,  t h e  normal  modes 

of an o s c i l l a t i n g  drop; a i , ( t ) ,  t h e  c o e f f i c i e n t s  of t h e  3ormal  modes, depend 

on t i m e .  S p e c t r a l  i n f o r m a t i o n  i s  d e r i v e d  f r o m  t h e  a p m ( t )  by  F o u r i e r  

t r a n s f o r m i n g  them: 

Taking i n t o  accoun t  t h a t  mode 4 i s  (22+1)-fold d e g e n e r a t e ,  t h e  power spec t rum 

a s s o c i a t e d  w i t h  mode Z i s  

The a d d i t i o n  theorem o f  s p h e r i c a l  harmonics  i s  

where 8 i s  t h e  a n g l e  be tween  nl, and %. T h i s  theorem i s  e x t r e m e l y  i m p o r t a n t  

f o r  t h e  d a t a  a n a l y s i s  of t h e  f r e e  o s c i l l a t i o n  s e q u e n c e .  Though t h e  



ind iv idua l  a e m ( t )  depend on t h e  p a r t i c u l a r  choice of coord ina te  system used 

i n  a n a l y z i n g  t h e  d a t a ,  t h e  t o t a l  power  s p e c t r u m  i s  i n v a r i a n t  t o  a n y  

p r r t i c u l a r  c h o i c e .  E q u a t i o n  (6.2) c a n n o t  b e  u s e d  a s  g i v e n ,  s i n c e  t h e  

boundary  i s  n o t  g i v e n  o v e r  t h e  whole  d r o p  s u r f a c e ,  b u t  can  be u s e d  i n  t h e  

v e r s i o n  

e 

The i n d i v i d u a l  c o e f f i c i e n t s  ae , ( t )  c a n  be  d e t e r m i n e d  i n  a n  a r b i t r a r y  

c o o r d i n a t e  sys tem;  t h e  most  c o n v e n i e n t  s y s t e m  h a s  t h e  p o l a r  a x i s  i n  t h e  z 

d i r e c t i o n .  But t h e  t o t a l  power  s p e c t r u m  w i l l  be i n d e p e n d e n t  of t h i s  

p a r t i c u l a r  choice. Note t h a t  the  procedure o u t l i n e d  by Eq. (6.3) i s  f a r  from 

t r i v i a l .  The s t e p s  i n v o l v e d  i n  e v a l u a t i n g  t h e  power  s p e c t r u m  a r e :  1) 

c a l c u l a t i n g  s ( t )  by angu la r  i n t e g r a t i o n  over each boundary, 2 )  c a l c u l a t i n g  t"' 

t h e  c o r r e l a t i o n  f u n c t i o n  between t h e  va r ious  p a i r s  of frames,  3) c a l c u l a t i n g  

the Four ie r  t ransform of the  c o r r e l a t i o n  funct ion.  



SECTION 5  

DATA ANALY S IS 

1. I n t r o d u c t i o n  

D e s c r i ~ t i o n  o f  t h e  F i lm  Record 

We surveyed t h e  f i l m  t o  d e t e r m i n e  what k ind  of i n f o r m a t i o n  was a v a i l a b l e  

from it.  ~ h ~  main events occu r r ing  i n  the  expe r imen t  a r e  summarized i n  Tab le  

5-1. Of t h e s e ,  t h e  f o l l o w i n g  f i v e  t i m e  s e q u e n c e s  w e r e  i d e n t i f i e d  f o r  

a n a l y s i s .  

( a )  F r e e  O s c i l l a t i o n  (127-145 s e c )  

The f l u i d  i n j e c t o r s  a r e  p u l l e d  o u t  and t h e  d r o p  i s  h e l d  i n  p o s i t i o n  

by t h e  a c o u s t i c  f i e l d .  F r e e  o s c i l ! a t l o n s  ( e x c i t e d  by t h e  r e t r a c t i n g  

i n j e c t o r s )  damp o u t ,  and  t h e  d r o p  moves  b a c k  a n d  f o r t h  i n  t h e  a c o u s t i c  

p o t e n t i a l  w e l l .  T h i s  p a r t  c a n  b e  u s e d  t o  o b s e r v e  f r e e  o s c i l l a t i o n s ,  t o  

m e a s u r e  t h e  r a d i u s  o f  t h ~  d r o p  and  t o  s t u d y  i t s  c e n t e r  of  m a s s  m o t i o n  a s  a  

check upon t h e o r e t i c a l  p r e d i c t i o n s  of mot ion  i n  a  p o t e n t i a l  w e l l  f o r  a  g i v e n  

p r e s s u r e  p r o f i l e .  

( b )  Forced O s c i l l a t i o n  (145-147 s e c )  

As t h e  m o d u l a t i o n  o f  t h 6  a c o u s t i c  p r e s s u r e  a l o n g  t h e  z  a x i s  i s  

t u r n e d  on ,  t h e  r e s u l t i n g  o s c i l l a t i o n s  o f  t h e  d r o p  a r e  v e r y  r e g u l a r .  T h i s  

sequence r e q u i r e s  d e t a i l e d  a n a l y s i s  and compar ison  w i t h  p r c d i c t i o n s  cf  f o r c e d  

o s c i l l a t i o n  ampl i tudes .  

( c )  Combined O s c i l l a t i o n  and R o t a t i o n  (147-265 s e c )  

T h e  r e g u l a r  b e h a v i o r  o f  t h e  d r o p ' s  r e s p o n s e  t o  t h e  z a x i s  

m o d u l a t i o n  q u i c k l y  d e v e l o p e d  a n  u n e x p e c t e d  t w i s t :  t o  t h e  l a r g e  a m p l i t u d e  

o s c i l l a t i o n s  was a d d e d  r o t a t i o n  of  t h e  d r o p .  T h i s  p o r t i o n  i s  t h e  m o s t  



Clock Time 
(Sec a f t e r  L i f t o f f )  

Tab le  5-1. Seauence o f  Events  

Event  

Camera on 

Complementary modu la t ion  on 

F l u i d  d e l i v e r e d  th rough  i n j e c t o r  105 

117 F l u i d  a e l i v e r y  o f f  

12'1 F l u i d  i n j e c t o r  e x t r a c t e d  

127-145 F r e e  o s c i l l a t i o n  

z modula t ion  on 

Forced o s c i l l a t i o n  

z modula t ion  o f f  

Drc? r e l a x a t i o n  

Complementary modu la t ion  o f f  

90' phase s h i f t  on  

Induced r o t a t i o n  

90' phase s h i f t  o f f  

Complementary Modlilation o n  

Coas t ing  

Drop h i t  wa l l  



d i f f i c u l t  and i n t r i g u i n g  t o  i n t e r p r e t .  The a c o u s t i c  f o r c e s  and t o r q u e s  on a  

s t r o n g l y  deformed d rop  a t  a n  a r b i t r a r y  p o s i t i o n  a r e  p o o r l y  u n d e r s t ~ o d .  

( d )  Relax ing  Drop (265-300 s e c )  

With t h e  complementary  modu la t i on  of t h e  x and y  a x e s  on, t h e  d r o p  

r e l a x e s  p r i o r  t o  b e i n g  spun up. The i n f o r m a t i o n  i n  t h i s  sequence should be 

s i m i l a r  t o  t h a t  i n  sequence ( 1 ) .  

( e l  R o t a t i n g  Drop Spun Up from R e s t  (300-330 s e c )  

W i t h  a  p h a s e  d i f f e r e n c e  of  90° b e t w e z n  t h e  n a n d  1- p r e s s u r e  

a m p l i t u d e s  a  ! - r q u e  i s  g e n e r a t e d  o n  t h e  d rop  c a u s i n g  i t  t o  r o t a t e  about  t h e  

z  a x i s .  The t i m e  a l l o t t e d  i s  p r o b a b l y  i n a d e q u h t e  f o r  r e a c h i n g  s o l i d  b o d y  

r o t a t i o n ,  and so  same a m o ~ n t  of d i f f e r e n t i a l  r o t a t i o n  s t i l l  t a k e s  p l a c e .  The 

l a c k  o f  t r a c e r  p a r t i c l e s  p r e v e n t s  t h e  m e a s u r e m e n t  of  i n t e r n a l  f l o w s  a n d  

r o t a t i o n  r a t e s .  D e f o r m e d  s h a p e s  a r e  o b s e r v e d ,  w h i c h  c a n  b e  c o m p a r e d  w i t h  

t h e o r e t i c a l  p r e d i c t i o n s  of t h e  e q u i l i b r i u m  shape of a  r o t a t i n g  l i q u i d  drop.  

Procedure  f o r  Data  A n a l v s i s  

The s t r a t e g y  i n v o l v e d  i n  p r o c e s s i n g  a n d  a n a l y z i n g  t h e  SPAR V I  d a t a  

c o n s i s t e d  o f  t h e  f o l l o w i n g  s t e p s :  ( a )  d i g i t i z i n g  t h e  d r o p  b o u n d a r y  f a 1  

s e l e c t e d  f r ames ,  per formed by t h e  Image P r o c e s s i n g  L a b o r a t o r y  (IPL) of JPL, 

(b)  t r a n s f e r  of t h e  d i g i t i z e d  d a t a  from magne t i c  t a p e ,  t h e  ou tpu t  of IYL, t c  

f l oppy  d i s k s ,  t h e  i n p u t  t o  an AODC microcompil ter  d e d i c a t e d  t o  t h e  use of our  

group  ( t h i s  s t e p  was per formed on a  UNIVAC-1100 computer ) ,  ( c )  p r e l i m i n a r y  

d a t a  a n a l y s i s  done  d i r e c t l y  f rom t h e  f i l m  w i t h  t h e  a i d  o f  a Vangua rd  f i l m  

a n a l y z e r ,  and (d l  a n a l y s i s  of t h e  I P L - d i g i t i z e d  d a t a  w i t h  t h e  a i d  of t h c  AODC 

m i c r o c o m p u t e r .  The f i r s t  t w o  s t e p s  a r e  b r i e f l y  d e s c r i b e d  h e r e ,  w h i l e  t h e  

l r t t e r  c n e s  c o n t a i n i n g  t h e  b u l k  of t h e  d a t a  a n a l y s i s ,  a r e  d i s c u s s e d  i11 d e t a i l  

i c  t h e  r e m a i n i n g  s e c t i o n s  of t h i s  c h a p t e r .  



The d i g i t i z a t i o n  o f  t h e  d a t a  was  p e r f o r m e d  a t  JPL 's  M e d i c a l  Imags  

A n a l y s i s  F a c i l i t y .  By m a k i n g  ~ n l y  a few c h a n g e s  i n  a n  e x i s t i n g  r o u t i n e  t o  

d e t e r m i n e  t t e  vo lume  o f  a  v e n t r i c l e  f rom a  s e q u e n c e  of  3 5  m m  a n g i o g r a m s ,  

t h e i r  s y s t e m  w a s  a b l e  t o  t r a c k  t h e  d r o p  and p r o d u c e  a s  o u t p u t  d i g i t i z e d  

bounda r i e s  f o r  each  of t h e  t h r e e  views.  

Us ing  a  Vanguard  35 m m  f i l m  t r a v s p o r t  and  a  S p a t i a l  D a t a  S y s t e m s  

v i d i c o n l d i g i t i z e r  each  of t he  s e l e c t e d  f r ames  was com?le t e ly  d i g i t i z e d  i n t o  a  

480 x  5 0 0  p i x e l  g r i d  w i t h  256  p o s s i b l e  l e v e l s  o f  g r e y .  i'.n o p e r a t o r  t h r o u g l  

i n t e r a c t i o n  w i t h  a  PDP 11 /55  computer  was a b l e  t o  s t r e t c h  t h e  c o n t r a s t  of tLe 

d i g i t i z e d  frame t o  enhance t h e  v i s . i b i l i t y  of p a r t i c u l a r  f e a t u r e s .  

The a u t o m a t e d  d i g i t i z a t i o n  r e q u i r e d  a  r o u g h  b o u n d a r y  t o  i n i t i h t e  i - s  

sea rch  r o u t i n e  f o r  t h e  edge of t h e  drop. The o p e r a t o r  provided  ' h i s  l i n e  by 

l o c a t i n g  f i v e  t o  t e n  p o i n t s  p e r  boundary w i t h  a  j o y s t i c k - c o n t r o l l e d  c u r s o r  on 

the  v i d e o  moni tor .  The m ini-VICAR programs (a  m inicomput er-based subse t of 

JPL's Video Image Communication and R e t r i e v a l  System) connected  t h e  p o i n t s  t o  

f o r m  t h e  f i r s t  o r d e r  edge .  Looking  w i t h i n  a  window e i g h t e e n  p i x e l s  w i d e  

p e r p e n d i c u l a r  t o  t t i s  houndary, t he  program ased  the  l a r g e s t  change i n  grey  

:eve1 t o  de t e rmine  t h c  edge. This  i s  known a s  t h e  s lope  o r  f i r s t  d e r i v a t i v e  

me thod  of  edge  d e f i n i t i o n .  The ' r aw '  v a l u e s  of  t h e  x  a n d  y c o o r d i ~ a t e s  

ob ta ined  were + h averaged ove r  l l ine p o i n t s .  Th i s  'smocthed' s e t  was used 

a s  t h e  i n i t i a l  boundary f o r  t he  n e x t  f rame t o  be analyzed.  Tbe 'raw' s e t  was 

used f o r  t h e  d a t a  a n a l y s e s  d e s c r i b e d  below. A f t e r  t h e  i n i t i a l  input  of p o i n t s  

t h e  o p e r a t o r  was  o n l y  r e q u i r e d  t o  m c n i t o r  t h e  p r o g r e s s  of  t h e  r o u t i n e  on  a  

v i d e 0  d i sp l ay .  



A sample f r ame  i s  shown i n  Fig.  5-1. Both a c o l o r  and r b l a c k  and w h i t e  

photograph a r e  - h o r n  t o  i l l u s t r a t e  t h e  d e t e r i o r a t i o n  i n  c o n t r l s t  o c r ' ~ r r i n g  i n  

t h e  conve r s ion  t o  b l a c k  and w h i t e  f i l m .  Th i s  t r a n s f e r  was made when t h e  16mm 

c o l o r  f i l m  was  b l o w n  u p  t o  t h e  35mm BIW, a  f o r m a t  i n  w h i c h  t h e  Image  

P r o c e s s i n g  Lab could  u t i l i z e  i t s  au tomated  equipment.  z i g u r e  5-2 show: t h e  

c o m p u t e r - g e n e r a t e d  b o u n d a r i e s  f o r  t h e  f r a m e  i n  t h e  p h o t o g r a p h s .  b o t h  t h e  

'raw' 6 a t a  and a  q u a d r a t i c a l l y  smoothed b w n d a r y  a r e  shown f o r  each  of t h e  

t h r e e  v i e r s .  I t  m ~ s t  be no ted  t l  ; d e s p i t e  t h e  s a t i s f a c t o r y  appearance of t h e  

o r i g i n a l  p h o t o g r a p h s ,  some i r r e g u l a r i t i e s  do a p p e a r  i n  t h e  d i g i t i z e d  a n d  

s m o o t h e d  v e r s i o n s .  T h e s e  may be  due  t o  o v e r l a p  w i t h  t h ;  s p  , k t r  p o r t s ,  

s p e c u l a r  o r  b a c k  r e f l e c t i o n s ,  o r  t o  a  p e c u l i a r i t y  i n  t h e  d i g i t i z a t i o n  

a lgo r i thm.  I t  i s  a  p e r s i s t e n t  f e a t u r e  throughout  t h r  : ' i l m .  

When t h e  a c t i v i t y  of t h e  d rop  was of  s m a l l  ampl i tude  i n  space and t i m e ,  

t h i s  scheme worked very  we l l .  However, wheg the  d rop  underwent  l a r g e - s c a l e  

mot ion  o r  t h e  d e n s i t y  of f r ames  d i g i t i z e d  wa- low, t h e  a r o c e s s  was n o t  q u i t e  

a s  r e l i a b l e ,  r e q u i r i n g  t h e  o p e r a t o r  t o  i n t e r v e a e  more of ten .  

The f o l l o w i n g  f r a m e  s e q u e n c e s  w e r e  d i g i t i z e d  a t  t h e  g i v e n  c ramp  

d e n s i t i e s :  

Time ( s e c )  Event Low R e s o l u t i o n  A igh R e s o l u t i o n  

127.1  - 130.4 F r e e  O s c i l l a t i o n  11 1 
130.4 - 144.6 F r e e  O s c i l l a t i o n  1 / 3  
144.6 - 147 .1  Forced Response: Rcgular  111 
147.1 - 170.4 Forced Response : R o t a t i o n  112 
263.7 - 300.4 F r e e  0 : : i l l a t i o n  1/ 4  
300.4 - 3?3.7 R o t a t i o n  115 

The t o t a l  number of f r ames  p rocessed  was 1826. I n  t h e  l o w - r e s o l u t i o n  

c a s e  t h e  s c a n n e r  v i e w e d  t h e  w h o l e  f r a m e  ( c o n t a i r i n g  a 1 1  th rc?e  v i e r s ' , ,  

r e s u l t i n g  i n  a  reduced namber of p i x e l s  ( p i c t u r e  e lements) .  T h i s  gr,%c 90 :o 



Figure  5-1. Photographs of  a typical framz fram t h e  16mm f i E m  record. 
The color and b l a c k  a-d white pic tures  d .  Instrate t h e  
quality of  t h p  image  ' c h  i s  t o  be digitized. They a r e  
frame # 5 5  ( t  = 147.:, . .  L .  from t h e  farced oscillation 
stquence of the experincqt. 



Figure 5 -2 .  D i g i t i z e d  da ta :  frame # 9 5 5 .  The p o i n t s  are  the  'raw'  
a t a  t r a n s f e r r e d  from I?L and t h e  l i n e s  a r e  t h e  

quadrat i ca l l y  srnoot;led d e s c r i p t i o n  of  them. A l so  &own 
are the axes  corresponding t o  each v iew.  



Figlrre 5-3. PI e a g t i f i c t  p i c t ~ r c  o f  L t e  drop pr ior  t o  r e l e a s e .  This 
x i c ~ a t i v c  p i c t u r e  Is t t e  form of d i g i t i z e d  i a a g c  t h e  T e a ~ e  
Processing 1,abaratory of JPL g e n e r r t e s  f r o c  t b t  c i n e  f i l n .  
l'bc c i r c l e  i n  the lower  l e f t  i s  t h e  port f a r  t h e  aco l ; s t i c  
d r i v e r .  Hote t h e  t r u  spots on t t e d r o p .  These a r e  s p e c u l r r  
x c f l s c t i o n s  from the  pl?otalnnps. nc scales for the  axes .re 
hwlr'reds of p i x c I s .  



Filmre 5-4. These ten boundaries show the d i ~ i t i z e d  'sroothed' version of 
the drop's ~ocndary as  the drop roves from the lower l e f t  t o  
the upperri8ht dor in l  the two secondr f  t e r  i t s  r e l e a s e .  The 
sca les  rre i n  hundreds of p ixe ls .  



150 p o i n t s  p e r  boundary. I n  t h e  few p i c t u r e s  t a k e n  a t  h i g h  r e s o l u t i o n ,  t h e  

s c a n n e r  v i e w e d  o n l y  t h e  d r o p  b o u n d a r y  o f  t h e  m a i n  v i e w ,  p r o v i d i n g  450-500 

p o i n t s  around t h e  boundary. The boundary d a t a  were  r eco rded  i n  t h e  form of 

3 - d i g i t  i n t e g e r s ,  t h u s  p l a c i n g  a  l i m i t  u p o n  t h e  r e s o l u t i c n  o f  t h e  

d i g i t i z a t i o n .  The d a t a  w e r e  s t o r e d  on m a g n e t i c  t a p e  i n  t h e  two  v e r s i o n s :  

raw and smoothed. F i g u r e  5-3 shows t h e  f u l l y  d i g i t i z e d  image of t h e  drop  j u s t  

p r i o r  t o  r e l e a s e .  I t  i s  t a k e n  f r o m  t h e  m a i n  v i e w  and i s  n t  t h e  h i g h  

r e s o l u t i o n .  Samples of t h e  d i g i t i z e d  drop  bounda r i e s  a t  t h e  h igh  re .  > l u t i o n  

a r e  shown i n  F i g .  5-4. 

Data process in^ 

The n e x t  s t e p  was  t o  t r a n s f e r  t h e  d i g i t i z e d  d a t a  s u p p l i e d  by  IPL t o  

f l o p p y  d i s k s ,  t h e  i n p u t  t o  t h e  AODC m i c r o c o m p u t e r .  T h i s  was  done  t h r o u g h  a  

UNIVAC-1100 gene ra l  purpose computer. Though s imple  i n  p r i n c i p l e ,  t h i s  s t e p  

t u r n e d  o u t  t o  b e  q u i t e  l a b o r i o u s ,  d t e  i n  p a r t  t o  f r e q u e n t  c h a n g e s  i n  

development of t h e  A3DC system which was new a t  t h e  t i n e ,  and t o  t h e  ~ ? e e d  t o  

i n t e r a c t  w i t h  s e v e r a l  g r o u p s  a t  t h r e e  d i f f e r e n t  c o m p u t e r s .  T h i s  s t a g e  o f  

c v e n ~ s  i s  d e s c r i b e d  i n  Appendix A. 

The r e m a i n d e r  of  t h i s  c h a p t e r  i s  a r r a n g e d  a s  f o l l o w s :  S e c t i o n  2 

d e s c r i b ~ s  t h e  p r e l i m i n a r y  d a t a  a n a l y s i s  p e r f o r m e d  u s i n g  P Vanguard  f i l m  

a r a l y z e r ,  d e s i g n e d  t o  p r o v i d e  some i n s i g h t  i n t o  t h e  n a t u r e  and q u a l i t y  o f  

d a t a  a t  hand.  S e c t i o n  3 d i s c u s s e s  t h e  s l o w  p e r i o d i c  m o t i o n  of  t h e  d r o p  i n  

t h e  a c o u s t i c  p o t e n t i a l  w e l l .  I n  t h z  next  s e c t i o n  we d i s c u s s  some computer- 

s i m u l a t e d  expe r imen t s ,  i n  which t y p i c a l  s i t u a t i o n s  a r e  gene ra t ed  and s t u d i e d  

under c o n t r o l l e d  c o n d i t i o n s .  I n  S e c t i o n s  5 and 6 we d i s c u s s  t h e  a n a l y s i s  of  

a c o u s t i c -  ' l y  induced o s c i l l a t i o n  and r o t a t i o n .  



2. Analvsis  

I t  was f e l t  t h a t  p r i o r  t o  a u t o m a t i c  p r o c e s s i n g  o f  r e l a t i v e l y  l a r g e  

amounts  of d a t a ,  i t  would b e  u s e f u i  t o  i n v e s t i g a t e  some of t h e  i n t e r e s t i n g  

f e a t u r e s  manually on a  Vanguard Motion F i lm Analyze?. These measurements, 

though s p a r s e  and of u n c e r t a i n  accuracy,  provide some i n s i g h t  i n t o  what might 

be expected from a  more d e t a i l e d  ana lys i s .  Three t o p i c s  were handled: a)  

The drop moves p e r i o d i c a l l y  i n  t h e  a c o u s t i c  p o t e n t i a l  well .  The frequency of 

t h i s  m o t i o n  was measured and compared w i t h  a  t h e o r e t i c a l  p r e d i c t i o n  

a p p r o x i m a t i n g  t h e  a c o u s t i c  p o t e n t i a l  w e l l  by a n  e q u i v a l e n t  h a r m o n i s  

o s c i l l a t o r  p o t e n t i a l .  These  f r e q u e n c i e s  a r e  c c r r e l a t e d  w i t h  t h e  a c o u s t i c  

fo rce  and w i t h  the  p ressure  l e v e l  i n  t h e  chamber. b) The two lowest  normal 

mode f r e q u e n c i e s ,  f 2  and f j  - . e r e  i d e n t i f i e d .  With a  knowledge of t h e  

su r face  t e n s  ion, measured s h o r t l y  be fore  t h e  f l i g h t ,  these  measurements a r e  

used  t o  i n f e r  t h e  volume of  t h e  d rop .  c )  The r a t i o  of t h e  minor  t o  m a j o r  

axes was measured before ,  dur ing,  and a f t e r  the  r o t a t i o n a l  sequence. While 

t h e r e  was s i g n i f i c a n t  s c a t t e r  i n  t h e  r e s u l t s ,  b / a  i s  c l o s e  t o  1.0 p r i o r  t o  

r o t a t i o n ,  and shows a measurable change when t h e  drop i s  spun up. 

Center of Mass Motion. 

The f r e q u e n c y  w i t h  which  t h e  c e n t e r  of mass  of a n  o b j e c t  moves i n  a  

p o t e n t i a l  w e l l  can be  r e l a t e d  t o  t h e  r e s t o r i n g  f o r c e  t h e  o b j e c t  f e c l s .  I f  

t h e  drop i s  ne i t l t e r  t o o  l a r g e  nor moves t o o  f a r  from the  c e n t e r ,  t h e  force  i t  

f e e l s  i n  t h e  i - t h  d i r e c t i o n  ( i  = I, y,  z )  i s  

2 
F1 = - d i d i  (1 )  

w i t h  m t h e  mass  o f  t h e  d r o p ,  d i  t h e  d i s t a n c e  of i t s  c e n t e r  of mass  f rom t h e  

c e n t e r  of t h e  box a l o n g  t h e  i - a x i s ,  and Q i  t h e  f requenc .1  w i t h  which i t  



o s c i l l a t e s  i n  t h e  a c o u s t i c  f i e l d .  T h i s  f r e q u e n c y  c a n  be r e l a t e d  t o  o t h e r  

parameters  a s  w e l l  

w i t h  wave number k i  = 2n/2Li a l o n g  t h e  i - a x i s  ( w i t h  chamber  d i m e n s i o n  Li) ,  

and a c o u s t i c  pressure ,  pi f o r  each of t h e  axes  and d e n s i t i e s  pd f o r  the  drop 

and p f a r  a i r .  

Using t h e  Vaquard  Motion Analyzer, t h e  t i m e s  when t h e  drop was a t  i t s  

f u r t h e s t  f rom t h e  c e n t e r  f o r  t h r e e  a x e s  were  r e c o r d e d .  T h r e e  were  c h o s e n  

from t b e  s i x  a v a i l a b l e :  t h e  x  and t h e  y f rom t h e  main view and t h e  z  f rom 

t h e  l o w e r  l e f t .  The p e r i o d  was a v e r a g e d  o v e r  two c y c l e s  and  f rom t h i s  t h e  

frequency was determined. 

Fig. 5-5 i s  a  p l o t  of t h e  frequency of o s c i l l a t i o n  i n  t h e  p o t e n t i a l  w e l l  

a l o n g  t h e  z a x i s  a s  a  f u n c t i o n  of t i m e .  Note  t h a t  t h e r e  a r e  two  r e g i o n s :  

from deployment ( a t  127 sec.) t o  265 sec., t h e  frequency i s  roughly 0.163 Hz, 

f rom 265 sec .  u n t i l  t h e  d r o p  b e g i n s  t o  move t o w a r d  t h e  w a l l  a t  3 6 1  sec .  t h e  

f r e q u e n c y  i s  0.131 Hz. A t  265 sec .  t h e  sound p r e s s u r e  l e v e l  was d e c r e t s e d  

f rom 1 4 8  dB t o  145  dB. T h i s  c o r r e s p o n d s  t o  a  d e s r e a s e  by a  f a c t o r  o f  2  i n  

the  fo rce  and of F i n  t h e  frequency. The r a t i o  of t3e  obremed f r e g u e ~ c i e s  

a l o n g  t h e  z a x i s  i s  0.131 t o  0.163 Hz o r  0.81. The f o r c e  d e t e r m i n a t i o n  

r e q u i r c s  a n  a d c u r a t e  r a d i u s  w h i c h  i s  n o t  a v a i l a b l e  a t  p r e s e n t .  A s i m i l a r  

change i n  f r e q u e n c y  w a s  r e f l e c t e d  i n  t h e  o t h e r  two d i r e c t i o n s .  I n  t h e  x  

d i r e c t i o n  t h e  a v e r a g e  f r e q u e n c y  c h a n ~ e s  f rom 0.143 Hz t o  0.120 Hz ( f o r  a  

r a t i o  of 0.84) and i~ t h e  y  d i r e c t i o n  f rom 0.149 H z  t o  0.111 Hz (0.80). 

The s c a t t t r  of t h e  p o i n t s  r e f l e c t s  t h e  p e r t u r b a t i o n s  t h e  chamber f e e l s  

f rom t h e  o u t s i d e  a s  w e l l  a s  e r r o r s  due t o  t h e  c r u d e  d a t a  r e d u c t i o n .  A f o r c e  





of 0 .9  dynes a c t i n g  o n  a  9 .2  gram d r o p  corresponds  t o  1 0 ' ~ ~ .  

Natu ra l  O s c i l l a t i o n s  

F o r  a  s i m p l e  l i q u i d  d r o p  t h e  f r e q u e n c i e s  of  o s c i l l a t i o n  f o r  s m a l l  

ampli tude s u r f a c e  motion a r e  

where f n  i s  t h e  f requency of t h e  n t h  mode, a t h e  drop's  s u r f a c e  t e n s i o n ,  pd 

i t s  d e n s i t y  and a  i t s  r e s t i n g  r a d i u s .  

I n  t h i s  exper iment  when t h e  d r o p  o s c i l l a t e d  t h e  r e f l e c t i o n s  of t h e  pho to  

lamps showed t h a t  motion. ?:hen t h e  o s c i l l a t i o n s  were r e g u l a r ,  t h e  mot ion  of 

t h e  r e f l e c t i o n  was too.  Using t h e  t i m e  i n f o r m a t i o n  on t h e  edge of t h e  f i l m  

and advancing t h e  f i l m  through .I c e r t a i n  number of c y c l e s ,  a rough va lue  of  

t h e  f r e q u e n c y  o f  t h e c e  o s c i l l a t i o n s  c o u l d  be o b t a i n e d .  T h e r e  w e r e  two  

p e r i o d s  of t ime d u r i n g  which t h e  d rop  was mere ly  p o s i t i o n e d  by t h e  a c o u s t i c s  

i n  t h e  c e n t e r  of t h e  chamber and n o t  manipula ted:  t h e  e i g h t e e n  seconds a f t e r  

deploq-ment (127  t o  1 4 5  s e c . )  and  t h e  t h i r t y - f  i v e  s e c o n d s  b e t w e e n  z - a x i s  

modu la t ion  and t h e  r o t a t i o n  sequence (265 t o  300 sec) .  I n  t h e  e a r l y  segment 

t h e  impulse provided  by t h e  probe r e t r a c t i o n  l e d  t o  t h e  d e t e c t a b l e  presence  

of I.igher modes (i.e. n  2 3) which damped out  ve ry  quickly .  The second p e r i o d  

p e r m i t s  s t a d y  of t h e  decay of t h e  o s c i l l a t i o n s  and motion gene ra t ed  d u r i n g  

t h e  modu la t ion  seGuence. 

The f r e q u e n c i e s ,  f 2  = 2 .48  2 .10 Bz and f 3  = 4.67 5 .05 Hz, w e r e  

o b t a i n e d  from t h e  e a r l y  sequence and f 2  = 2.54 2 .03 Hz from t h e  l a t e r .  f2 = 

2.74 Hz and f 3  = 5.31 Hz w e r e  t h e  f r e q u e n c i e s  expectc . '  f o r  a n  8.6 c c  w a t e r  

drop  w i t h  a  s u r f a c e  t e n s i o n  of  71.0 dyneslcm. 



Using t h e  expe r imen ta l  f r e q u e n c i e s  and t h e  measured s u r f a c e  t e n s i o n  of 

71.0 d y n e s l c m ,  t h e  v o l u m e  o f  t h e  d r o p  wou ld  b e  r o u g h l y  9 . 8 ~ ~ .  B e c a u s e  t h i s  

i s  q u i t e  a b i t  h i g h e r  t han  w s s  expected ,  one s u s p e c t s  t h a t  t h e  a c t u a l  s u r f a c e  

t e n s i o n  may h a v e  b e e n  l o w e r  t h a n  t h a t  m e a s u r e d  s e v e r a l  d a y s  b e f o r e  t h e  

l a u n c h .  The f i n a l  v e r d i c t  m u s t  a w a i t  t h e  d e t e r m i n a t i o n  o f  t h e  r a d i u s  and  

volume from t h e  f i l m .  

Rota t  i o n  

A t  300  seconds a f t e r  l i f t - o f f  t h e  complementary modula t ion  i n  t h e  r and 

y  a x e s  was t u r n e d  o f f  and a  90 deg ree  phase s h i f t  was in t roduced  be tween t h e  

two  s i g n a l s .  T h i s  g e n e r a t e d  a  t o r q u e  on  t h e  d r o p  w h i c h  t r i e d  t o  r o t a t e  i t  

a b o u t  t h e  z  a x i s .  

Due t o  t h e  l a r g e  a m p i i t u d e  of  t h e  d r o p ' s  r e s p o n s e  t o  t h e  z - a x i s  

m o d u l a t i o n  ( w h i c h  s t o p p e d  a t  265 s e c . ) ,  t h e  d r o p  was  s t i l l  s t r o n g l y  

o s c i l l a t i n g  and r o t a t i n g  about  t h e  x a x i s  when t h e  r o t a t i o n  sequence began. 

As a  r e s u l t  i t  was  d i f f i c u l t  t o  i s o l a t e  t h e  change  o f  d r o p  s h a p e  c a u s e d  by  

t h e  torque-induced r o t a t i o n  from t h a t  due t o  t h e  modulat ion-induced motion.  

By averaging  measurements  of t h e  g r e a t e s t  and l e a s t  d imens ion  of t h e  drop  f o r  

each  view over  a  comple te  c y c l e  of t h e  o s c i l l a t i o n ,  t h e  e f f e c t s  of t h e  l a t t e r  

w e r e  m i n i m i z e d  somewha t .  F i g .  5-6 shows  t h e  r e s u l t s  o f  t h e  a t t e m p t  t o  

s e p a r a t e  t h e  e f f e c t s  and t o  the reby  d e t e r m i n e  t h e  r a t e  of r o t a t i o n .  

A., t h e  d r o p  b e g i n s  t-, r o t a t e  a b o u t  t h e  z a x i s ,  i t s  p r o f i l e  i n  t h e  x a n d  

y d i r e c t i o n s  should  f l a t t e n ,  l ead ing  t o  l o v e r  v a l u e s  of t h e  r a t i o ,  b / a  (i .e.  

l e a s t  d i m e n s i o n l g r e a t e s t  d imension) ,  wh i l e  i n  t h e  view  long t h e  z  a x i s  t b e  

d r o p  s h o u l d  b e  c i r c u l a r  ( i , e .  b / a  - 1.0) .  The d i s t o r t i o n  due t c j  r o t a t i o n  i s  

mos t  e a s i l y  s e e n  i n  t h e  y  a x i s  d a t a  of F i g .  5-6: b e f o r e  3 0 0  s e c .  t h e  r a t i o  

i s  c l o s e  t o  1.00. A f t e r w a r d s  i t  d e c r e a s e d  t o  0.67. The z a x i s  d r ' a  a l s o  



d e m o n s t r a t e  t h e  e f f e c t s  o f  r o t a t i o n :  t h e  r a t i o  i n c r e a s e s  t o  1.0 a f t e r  t h e  

sequence b e g i n s  and d e c r e a s e s  when t h e  phase s h i f t  i s  tu rned  o f f .  

I f  t h e  d r o p  r o t a t e d  a s  a  r i g i d  body ,  t h e n  f r o m  s t u d y i n g  i t s  s h a p e ,  a  

va lue  of i t s  r o t a t i o n  r a t e  cou ld  be found. F ig .  5-7 i l l u s t r a t e s  ,.ir r e l a t i i u  

b e t w e e n  b / a  and  t h e  r o t a t i o n  r a t e .  The o b s e r v e d  r a t i o  o f  a x e s  o f  0.67 

c o r r e s ~ o n d s  t o  a  va lue  gf t h e  r o t a t i o n  pa rame te r  of 0.32 w i t h  

and  , pd,  and  a b e i n g  t h e  d r o p ' ?  s u r f a c e  t e n s i o n ,  d e n s i t y  a n d  r a d i u s  and  

w i t h  o b e i n g  i t s  a n g u l a r  v e l o c i t y  i n  r a d i a n s / s e c  and  to2 t h e  f r e q u e n c y  of  

o s c i l l a t i o n  o f  t h e  n  = 2 mode. T h i s  v a l u e  of  and t h e  e x p e r i m e n t a l l y  

d e t e r m i n e d  o2 w o u l d  i n d i c a t e  a  r o t a  t i o n  r a t e  o f  8.92 r a d i a n s / s e c .  ( o r  1 .42  

r e v o l u t i o n s / s c c . )  i f  t h e  d rop  weIe  !n s o l i d  body r o t a t i o n .  F o r  p u r p o s e s  of 

comparison,  t h e  t h e o r e t i c a l  b i f u r c a t i o n  p o i n t  a t  which t h e  e q u i l i b r i u m  shape 

c a n  e i t h e r  b e  a x i  s y m m e t r i c  o r  h a v e  t w o  d i s t i n c t  l o b e s  i s  l o c a t e d  a t  = 

The a s s u m p t i o n  h a s  b e e n  made i n  t h e  f o r e g o i n g  a n a l y s i s  t h a t  t h e  d r o p  

c o u l d  b e  c o n s i d e r e d  mov ing  i n  s o l i d  b o d y  r o t a  t i o n ,  d e s p i t e  t h e  p r e s e n c e  of  

o s c i l l a t i o n  and  a b s e n c e  o f  e q u i l i b r i u m .  How f a r  one  c a n  u s e  t h i s  t y p e  o f  

a n a l y s i s  must  be  c r i t i c a l l y  examined. 
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Figure 5.4. Rotational Analysis 



Fig 5 . 5 .  Theoret ical  c a l c u l a t i o n  r e l a t i n :  t h e  r a t i o  of  axes t o  t h e  r o t a t i o n  

r a t c  of a l i q u i d  drop i n  s o l i d  body rotation. 



3. C e n t e r  eE Mass Motion 

The a c o u s t i c  p r e s s u r e  i n  t h e  chamber was s e t  s o  t h a t  an  o b j e c t  d i s p l a c e d  

f r o m  t h e  c e n t e r  b y  a  c e r t a i n  d i s t a n c e  a l o n g  o n e  o f  t h e  r x e s  wou ld  f e e l  t h e  

tame f o i c e  f o r  any of  t h e  t h r s e  axes. F ig .  3-3 i l l u s t r a t e s  t h e  method used 

t o  ba l ance  t h e  a c o u s t i c  f o r c e s .  An a c o u s t i c  f o r c e  of 12.9 dynes a t  2.883 cm 

f r o m  t k e  c e n t e r  c o r r e s p o n d s  t o  a sound p r e s s u r e  1 e ; e l  o f  146  dE and  a 

p r e s s u r e  hmpl l tude  of rough ly  3  x lo3  dynes/cmP s t  t h e  wa l l  -. 

The s p a t i a l  d e p e n d e n c e  o f  t h e  a c o u s t i c  f o r c e  h n s  b e e n  s h c a n  b o t h  

t h e o r e t i c a l l y  and e x p e r i h e n t a l l y  t o  behave l i k e  Fo s i n  2 k i t i  where r i  i s  z e r o  

a t  t h e  = e n t e r  o f  t h e  box  I Leung,  J a c o b i ,  Wang, 1981) .  As l o n g  a s  t h e  

d i s p l a c e m e n t  o f  a n  o b j e z t  i n  t).' f i e l d  i s  no: t o o  f a r  f r o m  t h e  c e n t e r ,  t h e  

r e s t o r i n g  f o r c e  w i l l  be a p p r o x i a a t e l y  Fo2ki i i  which i s  t h e  sasle form as  t h e  

r e s t o r i n g  f o r c e  i n  a  s imp le  harmcnic  o s c i l l a t o r .  I n  t h a t  ca se ,  t h e  f o r c e  on  

t h e  mass m i s  g i v e n  by -moi s t i  when i t  i s  d i s p l a c e d  a d i s t a n c e  r i ,  and o i  i s  

t h e  f r e q u e n c y  a t  w h i c h  i t  w i l l  o s c i l l a t e .  I f  a  d i s s i p a t i v e  mechan i sm i s  

p r e s e n t  t h e  ampl i tude  of t h e  d i sp l acemen t  w i l l  d e c r e a s e  w i t h  t ime .  

From t h e  f i l m  r e c o r d  i t  i s  e a s y  t o  de t e rmine  v a l u e s  of t h e  f r e q u e n c i e s  

w i t h  which t h e  drop  moves i n  t h e  t r i a x i a l  a c - u s t i c  chamber. i h e  r e s u l t s  of a  

s imple  s t u d y  of the  p e r i o d  of t h e  drop  motion . r e r e  p r e s e n t e d  i n  S e c t i o n  5.2. 

I t  was hoped  t h a t  u s i n g  t h e  more  n u m e r o u s  and a c c u r a t e  d i g i t i z e d  d a t a  any  

d e p a r t u r e  of t h e  acou? t i c  r e s t o r i n g  f o r c e  from t h e  s imp le  harmonic o s c i l l a t o r  

model would be i n d i c a t e d .  

Because t h e  d rop  was w i t h i n  t h e  a c o u s t i c  p o t e n t i a l  w e l l  t h e  e n t i r e  t ime 

the  camera was on, any and a l l  of t h e  d a t a  d i g i t i z e d  x e r e  s u i t a b l e  f o r  t b i r  

a n a l y s i s .  Pr imary  i n t e r e s t  focused  on t h e  t ime j u s t  a f t e r  r e t r e . z ; i i  n i 2h.e 

p r o b e s  (127  t o  1 3 0  s e c o n d s )  when t h e  d r o p  was  n o t  b e i n g  l a n i p u l a t e d  vnd a t  



265 s e c o n d s  wh; .h i s  when t h e  sound p r e s  s u r e  1 eve1 was d ropped  by 3  dB and 

the  acous t i c  r e s t o r i r g  fo rce  decreased by a  f a c t o r  of  2. 

Laboratorv C a l i b r a t i o n  

A s  d e s c r i b e d  i n  S e c t i o n  3,  t h e  a c o u s t i c  l e v e l s  i n  t h e  chamber  w e r e  

c a l i b r r t e d  by b a l a n c i n g  f o r c e s .  R e f e r r i n g  t o  F i g .  3-3 t h e r e  i s  a b a l a n c e  

between t h e  t e n s i o n  of  t h e  s t r i n g  'I, t h e  weight of t h e  b a l l ,  and t h .  a c o u s t i c  

force  Fa,: 

Fgrav = mg = T c o s  8 

= T sin 8 a c  

= mg t a n  8 

d  where s i n  8 = - S 

A .229g b a l l  w i t h  a  r a d i u s  of 1.27 c n  which was suspended 03 a  5.08 cm s t r i n g  

3.175 cm from :!le c e n t e i  of  of t h e  chamber  was d e f l e c t e d  0.232 cm by  t h e  

acous t i c  f i e l d .  This ind ica ted  an  a c o u s t i c  fo rce  of 12.9 dynes. 

A s p h e r e  of  r a d i u s  a  i n  a n  a c o u s t i c  s t a n d i n g  wave i s  s u b j e c t  t o  t h e  

force:  

n Fat = - qi p i  a2 r ( q i )  s i n  (2k i r i )  
3pca 

r~ ( s i n  q i ) / q i  - cos q i  
and , ( q i )  = - - 

(113) ( q i ) '  

i.r the  c o r r e c t i o n  ( see  LC; . I ,  Jasob i .  Wlng, 1981) due t o  t h e  f i n i t e  s i z e  of 

4 t h e  ,f.heze. 



Using  Eq. 1 and t h e  c a l i b r a t i o n  a c o u s t i c  f o r c e  of 12.9 d y n e s  a t  r i  = 

2.883 c n  w i t h  t h e  fo l lowing  parameters:  

k, = k,, = 0.275 cm-I 

we a b t a i n  the  p ressure  amplitudes 

- 
Px - py = 2.84 x lo3 dyne/cm2 

2  p, = 2.99 x  10) dyneslcm . 
These p r e s s u r e s  gave r i s e  t o  an overa: A sound p r e s s u r e  l e v e l  of 145.0 dB ( r e  

3 .0002 d y n e s / c m a )  a t  a  c o r n e r  of  t h e  c h a m b e r .  When t h e  a c o u s t i c  

c a l i b r a t i o n  f o r c e s  w e r e  doub led  t o  25.0 d y n e s ,  t h e  r e ~ u l t i n g  p r e s s u r e  

ampl i tudes  increased by a f a c t o r  of 2 and the SPL became 148.0 dB. 

These  p r e s s u r e s  c a n  be  r e l a t t d  t o  t h e  f r e q u e n c y  n f  t h e  o s c i l l a t o r y  

m o t i o n  a n  o b j e c t  u n d e r g o e s  i n  t h e  p o t e n t i a l  w e l l .  Apply ing  t h e  s i m p l e  

harmocic o s c i l l a t o r  approximation t o  t h e  p o t e n t i a l  w e l l  g i v e s  t h e  r e l a t i o n  

f; = p ~ r ( q i '  
P ( P C ? )  

For a water  drop of any s l z e  

f,  = fy  = 0.145 Hz 

and f ,  = n.138 nz. 

Because  t h e r e  i s  a  change i n  e l e v a t i o n  b e t w e e n  JPL ( w h e r e  t h e  package 



was c a l i b r a t e d )  and W h i t e  S a n d s  T e s t  Renge ( w h e r e  i s  w a s  s e a l e d  p r i o r  t o  

launch) ,  t h e r e  were changes i n  t h e  a c o u s t i c  p a r a m e t e r s  innvolved.  E x a c t l y  how 

the  a c o u s t i c  p r e s s u r e  changes would be d i f f i c u l t  t o  d e t e r m i n e  f o r  any s e t  o i  

c o n d i t i o n s ,  however  t h e  s y s t e m  was d e s i g n e d  s o  t h a t  t h e  acous : ic  p r e s s u r e  

de termined by a  microphone i n  t h e  chamber was h e l d  c o n s t a n t  by a d j u s t i n g  t h e  

power  t o  t h a  d r i v e r s  t o  ' ~ i n t a i n  t h e  ~ r e s s u r e  a t  t h e  c a l i b r a t e d  l e v e l .  The 

o t h e r  t e r m  i n  Eq. 1 w h i c h  ' e p e n d s  upon t h e  a m b i e n t  c o n d i t i o n s  of  t h e  g a s  i s  

p c 2 ,  which i s  t y p i c a l l y  1.40 x  l o6  dynes/cm2 a t  JPL and 1.12 x l o 6  dyneslcm 
2  

a t  White Sands. The sound p r e s s u r e  l e v e l  w i l l  n o t  change a s  a  r e s u l t  of t h e  

change i n  e l e v a t i o n  5 u t  t h e  a c o u s t i c  f o r c e  w i l l  i l . :rease from 12.9 t o  13.6 

d y n e s  and s i m i l a r l y  t h e  o b s r z v a b l e  f r e q u e n c y  o f  t h e  c e n t e r  of  m a s s  m o t i o n  

w i l l  i n c r e a s e  b y  a  : a c t o r  o f  p c 2  ( i . e .  by 1.07).  g i v i n g  

f x  = f y  = 0.162 Hz 

and f z  = 0.154 nz .  

Data Ana lys i s  

The c e n t e r s  of mass c f  t h e  d i g i t i z e d  bounda r i e s  were  de t e rmined  f o r  t h e  

drop  i n  e a c h  view f o r  each  frame. T h i s  i nva lved  t h e  average of app rox ima te ly  

90 p o i n t s  f o r  t h e  s i d e  v i e w s  and 1 5 0  f o r  t h e  m a i n  v i e w .  The v a l u e  o f  t h e  

c e n t e r  of t he  chamber f o r  each  of t h e  s i x  c o o r d i n a t e s  was s u b t r a c t e d  These 

m o d i f i e d  c o o r d i n a t e s  w e r e  F o u r i e r  t r a n s f o r m e d  a n d  t h e  f r e q u e n c  i e s  o f  t h e  

o s c i l l a t i o n  i n  t h e  a c o u s t i c  p o t e n t i a l  w e l l  w e r e  f o c n d  f r ~ a  t h e  r e s u l t i n g  

power s p e c t r a .  

When t h e  f i l m  was  d i g i t i z e d  b y  t h e  Image  P r o c e s s i n g  Lab t h e  o p e r s t o r  

d i v i d e d  t h e  da t a  i n t o  b l o c i s  of 10 ,  20, 30, o r  40 frames.  Due t o  t h e  methods 

used i n  t h e  i n i t i a l i  &: 'on  of t h e  d i g i t i z a t i o n  p r o c e s s ,  e r r o r s  of a  p e r i o d i c  

n a t u r e  were in t rod rced .  To minimize  t h e  e f f e ~ t  of t h i s  problem a  c o r r c c t i o n  



f u n c t i o n  corresponding  t o  t h e  p a r t i c u l a r  b l o c k  s i z e  used was f o l d e d  i o  w i t h  

t h e  d a t a .  F i g .  5 -8  s h o w s  t h e  r e s u l t s  b e f o r e  t h i s  c o r r e c t i o l :  w - 8  

i nco rpora t ed .  The peaks a t  i n t e g e r  m u l t i p l e  of 0.80 Ez a r e  t h e  r e s u l t s  of  

d a t a  b l o c k s  twenty  f r ames  long:  ( 4 8  f p s / 3 ) / ( 2 0  f r a m e s )  = 0.80 Hz. F i g .  5-9 

shows t h e  c o r r e c t e d  ve r s ion .  I n  bo th  i n s t a n c e s  t h e  d e a i r e d  s i g n a l  ii.e. t h e  

p e a t  a t  0.15 Hz) is  c l e a r l y  p r e s e n t .  

Tab le  5-2 l i s t s  t h e  r e s u l t s  o f  a n a l y z i n g  t h e  t r p e r i m e n t a l  d a t a .  From 

F o u r i e r  a n a l y s i s  of  t L e  c e n t e r  o f  m a s s  c o o r d i n a t e s ,  s p e c t r a  w h i c h  a r e  

q u a l i t a t i v e l y  i d e n t i c a l  t o  Fig.  5-9 a r e  obta ined;  t h e  observed f r e q u e n c i e s  

of t h e  o s c i l l a t i o n  i n  t h e  chamber, fobs, a r e  t aken  from t h e s e  s p e c t r a .  bf  i s  

t h e  f u l l  w id th  a t  h a l f  of t h e  maximum l a l u e  of t h e  expe r imen ta l  peak l o c a t e d  

a t  fobs .  f t h i J P L )  and  f th(WS) a r e  t h e  f r e q u e n c i e s  p r e d i c t e d  b y  t h e  s i m p l e  

harmonic o s c i l l a t o r  a p p r o x i - ~ a t i c n  t o  t h e  a c o u s t i c  p o t e n t i a l  w e l l  f o r  a  w a t e r  

drop  i n  t h e  t r i a x i a l  chamber a t  JPL and White Sands T e s t  Range, r e s p e c t i v e l y .  

I t  s appa ran t  t h a t  t h e  s i m p l e  model used t o  d e s c r i b e  t h e  o s c i l l a t i o n  i s  an 

i n a d a q u a t e  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  s i t u a t i o n .  I f  o n e  e x t e n d e d  t h e  

approx ima t ion  t o  t h e  next  h i g h e r  o r d e r ,  Equa t ion  1 would become 

F,, = Fo s i n  ( 2 k r )  

- F, ( 2 k r )  (1 - \ 2 k r ) l / 6 ) .  

I n s p e c t i n g  t h i s  e q u a t i o n  o n e  wou ld  p r e d i c t  t h a t  t h e  f r e q u e n c i e s  o f  

o s c i l l a t i o n ,  w h i c h  a r e  p r o p o r t i o n a l  t o  thc  F q u a r e  r o o t  of  Fa,, t o  d e c r e a s e  

s l i g h t l y  and t o  d i s p l e y  sone  a c h s r m o n i c i t y  a t  t h e  f u r t h e s t  d i s t a n c e s  from t h e  

c e n t e r  of  t h e  chamber .  Even a t  t h e  maximum e x c u r s i o n s  t h i s  e f f e c t  oti t h e  

f o r c e  i s  o n l y  6?5 ~f t h e  m a g n i t u d e  of t h e  s i m p l e  h a r m o n i c  o s c i l l a t o r  

p r e d i c t i o n .  Thc p r e s e n t  l e v e l  of  a n l y s i s  h a s  b e e n  u n a b l e  ; o  d e t e c t  t h e  



ex i s tence  of t h i s  term. 

Table 5-2: --Center o f  Mass Motion Analysis  

coordinate fobs A f f th(WS) f t h ( J P i )  

- - -. - - - - - 

view 1, coord.1 x 0.15011~ 0.076Hz 0 .I6282 0.146IIz 

view 2, coord.1 x 3.153 0.074 0.162 0.146 

view 3, coord.1 z 0.139 0.079 0.154 0 -137 

coord .2 y 0.146 0.085 0.162 0.146 



SPAR VI: POWER SPECTRUM 
CENTER OF MASS MOTION 

FREWEFCY, (HZ. ) 

Figure 5-8. Center of Mass Motion in tile y-direction. The peak s t  0.146 Hz 
indicates the frequency of the drop's motion in the acoustic potential 
well. The peaks at integer multiples of 0 .80 Hz are the results of 
the block s ize  used in the data digitization. 



SPAR VI: PGWER SPECTRUM 
CENTER OF MASS MOTION 

FREQUENCY, <HZ. ) 

Figure 5-9. Center of Mass Motion in the y-direction. The peak at 
0.146 Hz is the frequency at which the drop oscillated 
ir; the acoustic WPU. The effects of the blxk size have 
teen reduced by incorporating a correction function. 



4 .  Numerical E x ~ o r i m e n t s  

Some of  t h e  a n a l y s i s  r e q u i r e d  t o  s tudy  t h e  behav io r  of  t h e  d r o p  i n  t h i s  

e x p e r i m e n t ,  s u c h  a s  c l l c u l  a t i n g  t h e  p o w e r  s p e c t r u m  o f  a n  o s c i l l a t i n g  d r o p  

from i t s  d i g i t i z e d  bounda r i e s ,  was f a i r l y  complex and had n o t  been  handled  

be fo re .  For  t h i s  r ea son  i t  was dec ided  t o  i n v e s t i g a t e  n u m e r i c a l  t e s t  c a s e s  

i nvo lv ing  t h e  r ecove ry  of a  known s i g n a l  i n  t h e  p re sence  of v a r i o u s  amounts  

of n o i s e .  Two such expe r imen t s  were performed:  t h e  f i r s t  was des igned  t o  

r e c o v e r  t h e  c o e f f i c i e n t s  o f  t h e  n o r m a l  modes  o f  a  p e r t u r b e d  b o u 3 d a r y .  a  

s i t u a t i o n  e n c o u r t s r e d  when ena lyz ing  t h e  o s c i l l a t o r y  mot ion  of a  drop. The 

second numer i ca l  exper iment  was des igned  t o  d e t e r m i n e  t h e  r a t i o  of t h e  major  

t o  minor a x i s  of a  g e n e r a l  p e r t u r b e d  e l l i p s e ,  a  s i t u a t i o n  encoun te red  when 

t h e  d rop  i s  e i t h e r  d i s t o r t e d  by r o t a t i o n  o r  o s c i l l a t i o n .  

Normal Mode Ana lvs i s  of  an A x i s m e t r i c  D r o ~  

Consider  a  one-dimensional  d e s c r i p t i o n  i n  which t h e  d r o p  bounda r i e s  a r e  

gene ra t ed  by 

where Pn (cos  0 )  dre  t h e  Legendre po lynomia l s  of o r d e r  n, t h e  normal modes of 

an a x i a l l y  ST i m e t r i c  osc i l la t . !ng  f r o p ,  and N i s  a  f u n c t i o n  s i m u l a t i n g  n o i s e  

supp l i ed  by a  random noisc n e r a t o r .  I n  our ca l cu l , , i ons  both  un i fo rm and 

G a u s s i ~ n  random number  d i s t r i b u t ~ o n s  w e r e  u s e d ,  b u t  o n l y  r e s u l t s  w i t h  t h e  

G a u s s i a n  d i s t r i t j u t i o n  a r e  r e p o r t e d  h e r e  b e c a u s e  i t  i s  a b e t t e r  model  o f  

n o i s e .  The a p p r o a c h  u s e d  was  t o  g e n e r a t e  t h e  f u n c t i o n s  r ( 8 , t )  f o r  ~ i v e n  

c o e f f i c i e n t s  a, and  b ,  and  t o  c a l c u l a t e  f r o m  t h e s e  r i 0 . t )  t h e  v a r i o u s  a,, a s  

f u n c t i o n s  o f  g i v e n  a m o u n t s  o f  n o i s e .  F i g .  5-8 s h c w s  b o t h  t h e  componen t  



normal modes used t o  b u i l d  up r(8,t) and t h e  f i n a l  o u t l i n e ,  w i t h  and w i t h o u t  

n o i s e .  

The c o e f f i c i e n t s  a n ( t )  w e r e  r e c o n s t r u c t e d  i n  t w o  ways .  F i r s t ,  t h e  

o r t h o g o n a l i t y  of  t h e  L e g e n d r e  p o l y n o m i a l s  was  u s e d  d i r e c t l y  w i t h  t h e  

numer i ca l  i n t e g r a t i o n  

t o  r e c o v e r  t h e  c o e f f i c i e n t s  an ( t ) .  Th i s  c a l c u l a t i o a  h a s  been  done f o r  a  s e t  

of  c h a r a c t e r i s t i c  c a s e s  and is  summarized i n  Tab le  5-3. I t  i s  seen  t h a t  f o r  

t h e  e x p e c t e d  l e v e l s  o f  n o i s e  ( i . e .  b  15% of r a d i u s )  t h e  r e c o v e r e d  

c o e f f i c i e n t s  a r e  r e a s o n a b l y  c l o s e  t o  t h e  o r i g i n a l  v a l u e s  f o r  a  s u f f i c i e n t  

number  o f  d a t a  p o i n t s .  When, howe t . e r ,  t h e  s i g n a l  t o  n o i s e  r a t i o  i s  

c o m p a r a b l e  t o  1.0 t h e  i n p u t  s i g n a l  i s  o n l y  p a r t i a l l y  r e c o v e r e d ,  a n d  o t h e r  

modes  w h i c h  o r i g i n a l l y  had  v a n i s h i n g  c o e f f i c i e n t s  a p p e a r  w i t h  n o n z e r o  

amp1 i tude  . 
A s l i g h t l y  more a c c u r a t e  approach,  avoid ing  t h e  approx ima t ion  involved  

i n  t h e  numer i ca l  i n t e g r a t i o n ,  i s  t o  r e c o v e r  t h e  c o e f f i c i e n t s  of t h e  n o r n c l  

modes a n  b y  a  l i n e a r  l e a s t  s q u a r e s  procedure .  T h i s  scheme g e n e r a t e s  a  l i n e a r  

sys tem of normel e q u a t i o n s  f o r  t h e  r e q u i r u d  c o e f f i c i e n t s  an,  t h e  o r d e r  b e i n g  

t h e  number of b a s i s  f u n c t i o n s  o r  modes used  i n  t h e  c a l c u l a t i o n s .  The o u t p u t  

f o r  t h e  same s e t  of  i n p u t  p a r a m e t e r s  a s  u s e d  i n  T a b l e  5-3 i s  shown i n  

Table  5-4. 

C o m p a r i s o n  o f  b o t h  s e t s  o f  d a t a  s h o w s  t h a t  on t h e  w h o l e  b o t h  m e t h o d s  

p r o d u c e  s i m i l a r  r e s u l t s ,  t h o u g h  t h e  c o e f f i c i e n t s  o f  t h e  o r i g i n a l l y  

n o n e x i s t e n t  modes  ( n  2 5 )  a r t  s y s t e m a t i c a l l y  s m a l l e r  i n  t h e  l e a s t  s q u a r e s  

apprc;  :h t h a n  i n  t h e  numer i ca l  i n t e g r a t i o n  method. I t  must be no ted  t h a t  t h e  

V-5-28 



numer i ca l  c a s e s  t e s t e d  h e r e  a r e  a r  i d e a l i z e d  v e r s i o n  of  t h e  r e a l  s i t u a t i o n ,  

and t h e  q u a n t i t a t i v e  e s t i m a t e s  gene ra t ed  can o n l y  p rov ide  an upper l i m i t  on 

t h e  expected  accu racy  when us ing  a  s i m i l a r  a r a l y s i s  f o r  t h e  r e a l  da ta .  

An impor t an t  i n g r e d i e n t  i n  bo th  t h e  numer i ca l  work and the  subsequent  

a n a l y s i s  o f  a c t u a l  d a t a  i s  t o  h a v e  a  s u b s t a n t i a l  l i b r a r y  o f  s u b r o u t i n e s  

a v z i l a b l e  w h i c h  a r e  c a p a b l e  o f  b e i n g  u s e d  OI! t h e  AODC. T h i s  r e q u i r e d  

developing  Jr adap t ing  from o t h e r  s o u r c e s  a  number of s p e c i f i c  r o u t i n e s ,  such 

a s  an  e x t e n s i o n  oi' Simpson's i n t e g r a t i o n  r u l e  f o r  t h e  case  of n o n e q u i d i s t a n t  

p o i n t s ,  g e n e r a t i o n  of s e t s  of  random numbers w i t h  e i t h e r  uni form o r  Gauss ian  

d i s t r i b u t i o n s ,  e v a l u a t i o n  of t h e  Legendre a s s o c i a t e d  f u n c t i o n s  from r e c u r s i o n  

r e l a t i o n s ,  development s f  l i n e a r  l e a s t  squa re  programs which c o n s t r u c t  t h e  

normal e q u a t i o n s  and f i n d  t h e i r  s o l u t i o n s ,  and development of  l daqua te  normal  

and f a s t  F o u r i e r  t r ans fo rms .  More d e t a i l s  p e r t a i n i n g  t o  s o f t w a r e  de-~elopment  

can be f o u n t  i n  Appendix B. 

E l l i ~ s e  Ana lys i s  

A s  a  f i r s t  a p p r o x i m a t i o n  t o  a  d i s t o r t e d  d r o p ,  i n  w h i c h  t h e  d i s t o r t i o n  

may be due t o  o s c i l i a t i o n ,  r o t a t i o n  o r  a  combinat ion  of both ,  we can t a k e  an 

e l l i p s e .  I n  t h e  gene ra l  s i t u a t i o n  t h e  c l l i p s e  w i l l  have i t s  p r i n c i p a l  axes  

o r i e n t e d  a r b i t r a r i l y ,  and t h e  c e n t ~ r  of t h e  e l l i p s e  w i l l  be a t  some l o c a t i o n  

w h i c h  i s  n o t  t h e  o r i g i n .  F o r  t h e s l  r e a s o n s  we u s e  t h e  g e n e r a l  fo rm of a n  

e l l i p s e  

I n  a d d i t i o n ,  t h e  a c t u a l  d a t a  w i l l  a l s o  have n o i s e  due t: *he v a r i o u s  s t a g e s  

o f  d a t a  d i g i t i z i n g  and  h a ~ l d l i n g  and i m p e r f e c t i o n s  .u t h e  i n s t r u m e n t a t i o n .  



G i v e n  a  s e t  o f  p o i n t s  ( x i ,  y i )  d e s c r i b i n g  a n  a r b i t r a r i l y  p o s i t i o n e d  n o i s y  

boundary, t h e  l e a s t  s q u a r e s  r o u t i n e  f i n d s  t h e  b e s t  e l l i p s e  which d e s c r i b e s  

them. T h i s  p rocedu re  i n v o l v e s  min imiz ing  t h e  mean s q u a r e  d e v i a t i o n ,  S, where  

Only t h e  r a t i o s  

can be de t e rmined ,  and t h e  normal e q u a t i o n s  f o r  them e r e  

S o l v i n g  f o r  a ,  b ,  c ,  d ,  e ,  i t  c a n  b e  shown t h a t  a ,  t h e  a n g l e  b e t w e e n  t h e  

p r i n c i p a l  a x i s  of t h e  e l l i p s e  and t h e  x-ax is ,  i s  g i v e n  by 

2b 
t a n  ( 2 a )  = - 

a-C 

and t h e  r a t i o  cf  t he  major  t o  t h e  minor  a x i s  i s  

T h i s  p r o c e d u r e  w a s  u s e d  t o  s t u d y  a n  e l l i p s e  w h i c h  h e 4  b t e n  g e n e r a t e d  - A  

v a r i o u s  amounts  o f  n o i s e .  The n o i s e  i s  s i m u l t t e d  by random cumbers  w i t h  a  



G a u s s i a n  d i s t r i b u t i o n  m u l t i p l i e d  b y  a  g i v e n  d i s t o r t i o n .  The pe rcen tage  of 

n o i s e  i n  a  g i v e n  r u n  i s  g i v e n  a s  2x(maximum d i s t o r t i o n ) / ( m e a n  r c d i u s ) .  I n  

a d d i t i o n  t o  t h e  l e a s t  s ~ u a r e s  p r o c e d u r e  we a l s o  u s e d  a  d i r e c t  a p p r o a c h ,  

c a l l e d  'Min/Max', i n  which t h e  minimum and maximum r a d i u s - v e c t o r s  from an 

approximate  c e n t e r  a r e  found and used  t o  o b t a i n  t h e  r a t i o  of t h e  a x e s  a-.ii t h e  

a a g l e  o f  o r i e n t a t i o n .  W h i l e  i n  t h e  c a s e  o f  l i t t l e  o r  no  n o i s e  b o t h  

approaches  should  be e q u i b a l e n t ,  i?i t h e  p re sence  of a p p r e c i a b l e  n o i s e  i t  i s  

expected  t h a t  t h e  l e a s t  s q u a r e s  approach w i l l  be s u p e r i o r ,  a s  it u s e s  a l l  t he  

d a t a  p o i n t s  r a t h t  - t h a n  c o n c e n t r a t i n g  o n  a  few s e l e c t e d  d i r e c t i o n s ,  t h u s  

enhancing the  s i g n a l l n o i  s e  r a t i o .  

F i g u r e  5-11 i l l u s t r a t e s  t h e  g e n e r a t i o n  and a n a l y s i s  o f  a n  e l l i p s e .  

Table  5-5 p r v v i d e s  t h e  compute; o u t p u t s  f o r  v a r i o u s  n o i s e  l e v e l s .  The o u t p u t  

c o n s i s t s  o f  t h e  c o e f f i c i e n t s  a ,  b ,  and c ,  a s  r e c o n s t r u c t e d  b y  t h e  l e a s t  

squa res  a n a l y s i s ,  and t h e  r a t i o  of axes  and t h t  ang le  of r o t a t i o n  a s  provided  

by bo th  methods. I n s p e c t i o n  of  t h e  r e s u l t s  r e v e a l s  t h a t ,  a s  expected ,  when 

n o i s y  d a t a  a r e  involved  t h e  d i r e c t  MintMax approach can provide  on ly  crude 

r e s u l t s ,  and  a  more  s o p h i s t i c a t e d  p r o c e d u r e  i s  r e q u i r e d  t o  o b t a i n  u s e f u l  

i n f o r m a t i o n  whenever rhc  l e v e l  of p o i s e  cannot  be assumed smal l .  







TABLE 5-3.  NUMERICAL TEST CASE: 

STUDY OF NORMAL MODES BY NUMERICAL IEXEGRATION 

Input: r (B)  = R ( 1 + Can P, ( c o s  0 )  t bN ) 

O G ~  . r  . :  a m  = l / 2 1 : ( B )  P m ( r o s 8 1  s i n 0 d B t  i i n 8 d B  

Input Pnrameters: 

81 = 0 . 0 ,  82 = 0 . 3 ,  83 = 0 . 2 ,  8 4  = 0 .1  

a, = 0 . 0  for  n 2 5 

100 p o i n t s  

INPUT RESULTS 
--.* 



TABLE 5-4. 

STUDY OF NORMAL MODES BY LEAST S Q U A B E S Y S I S  

Input : r ( B )  = R(l  + C a n  Pn(cos 0 )  + bN) 

Output: am, where r (8) - Cam ~ , ( c o s  

Input Parameters : 

al = O . O , a z  = 0 . 3 , a 3  = 0 . 2 , a 4  = 0 . 1  

a, = 0 . 0  for n 2 5 

190 p o i n t s  

INPUT RESULTS 



TABLE 5-5. -w A am 

Input :   AX^ + 2B.y + cy2 + 2Dx + 2Ey + F + 6N = 0  

Output :  1. Least Squares Method: f ind  a ,  b. c such t h a t  

ax2 + 2bry + c g  - 1  

als, o r i e n t r t i o n  angle 

PIS. r a t i o  of major t o  minor -.is 

2. 'MintMax' mthod:  h. o r i e n t a t i o n  m a l e  

om, r a t i o  of major t o  minor a x i s  

Input P a r u e  t e r s  : 

Axes: 30 and 20. Angle: IS0. Offse t :  (250,661. 

Number of po in ts :  100 

( these  correspond t o  A=0.0048, B=0.0014, C=0.0096, k0 .1125)  

INPUT OUTPUT 



5. -ad Osa- 

The amplitude modulation of t h e  a c o u s t i c  p r e s s u r e  f i e l d  810- t h e  x a x i s  

was s w e p t  f r o m  2.3 R t  t o  2.9 Ex o v e r  c two m i n u t e  p e r i 3 d ,  s o  a s  t o  o o n t a i n  

t h e  e x p e c t e d  r a s o n a n o e  f r e q u e n c y ,  2.6 Rz, w i t h  a  s u f f i c i e n t  s a f e t y  m a r a i n .  

The d r o p  b e t a n  o s o i l l a t i n a  i q  t h e  n  - 2 n o r m a l  mode d u r i n a  t h e  f i r s t  few 

seconds a s  intended. However, a t  t h e  amplitude became very  l a rge  very  qu ick ly  

t h e  r e t u l a r i t y  d e t e r i o r a t e d  and r o t a t i o n  s e t  in. 

119  f r a m e s  w e r e  d i a l t i z e d  i n  t h a s  s h o r t  p e r i o d  of  r e ~ u l a r  r e s p o n s e  

corresponding t o  2.5 reoonds. The sample f ra rc ,  ahown i n  F igures  5-1 and 5-2 

i s  f rom t h i s  sequence .  T h i s  a n a l y s i s  a t t e m p t e d  t o  c h a r a c t c r i x c  t h e  

dave lopment  o f  t h e  n-2 n o r m a l  mode of  o s o  il l a  t i o n  a s  a  f u n c t i o n  o f  t i m e  by 

s tudyin8 t h e  boundary of t h e  drop. 6 p e c i f i c a l l y  t h e  c o e f f i c i e n t  a q ( t )  whcrc 

a 2 ( t )  - 2 /?(e.tl p2(cose)  s i n e  . 

This  parameter can be obta ined i n  one of t h e  fo l lowing ways: 

1. D i r e c t  Numer ica l  I n t e a r a t i o n .  The z  a x i s  was u s e d  a s  t h e  p o l a r  a x i s  

because t h e  fo rc ing  modulation was i n  t h a t  d i r e c t i o n .  The boundary i n  each of 

the  s i d e  v iews provides two va lues  of a2 one f o r  the  boundary between 0 and n 

and one b e t w e e n  0 and -n). The b n a n d a r i e s  p r o v i d e d  by t h e  s i d e  v i e w s  

correspond t o  two orthoaonal a r imc tha l  angles .  I n  the  main view t h e  u n ~ u l a r  

dependence is t h a t  of t h e  aximuthal  angle. F i ~ u r e  5-11 shows t h e  d i g i t i r e d  

b o u n d a r i e s  o f  f r a m e  4955 and t h e  a c t n a l  c o o r d i n a t e  a x e s .  T h i s  method 

e n o o u n t e r e d  s e v e r a l  n o n t r  i v i a l  p r o b l e m s  which  had t o  be overcome b e f o r e  

proosedina wi th  the  ana lys i s .  Tk i s  e n t a i l e d  c o r r e c t i o n s  when p o s s i b l e  and 

a l t e r n a t i v e  rpproaches f o r  determinina  a2  o r  r e l a t e d  q u a n t i t i e s  when not.  
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2.  G e n e r a l  E l l i p s e  A n a l y s i ~ .  T h e  d o m i n a n t  mode  P 2 ( c o s e )  w h e n  

s u p e r i m p o s e d  upon  a n  e q u i l i b r i u l b  c i r c l e  c a n  b e  l o o s e l y  a p p r o x i m a t e d  by  a n  

e l l i p s e  ( s e e  J a c o b i ,  Barmat r ,  1979) w i t h  m a j o r  and minor  semi-axes a  and b. 

h a v i n p  t h e  r a t i o  

whca -c  we h a v e  u s e d  t h e  r e l a t i o n  P 2 ( c o s ( n 1 2 ) )  = - P Z ( c o s ( 0 ) ) / 2  = - 112 w i t h  

P 2 ( c o s e )  = ( 3 c o s 2 e  - I ) / ? .  T h i s  r e l a t i o n  c a n  be i n v e r t e d  t o  e x p r e s s  a 2  i n  

t e r m s  of t h e  obse rved  a / h  r a t i o  

3. The  VcrHor Method. An a p p r o a c h  s i m i l a r  t o  t h e  N i n I N a x  r o u t  i n c  

( d i s c u s s e d  i n  S e c t i o n  5.4) was employed a s  t h e  l owes t  o r d e r  method. I n  i t  t h e  

d i s t a n c e s  f r o m  t h e  c e n t e r  o t  m a s s  t o  t h e  b o u n d a r y  a l o n 8  t h e  v e r t i c a l  and  

h o r i z o n t a l  a x e s  a r e  d e t e r m i n e d .  A s  l o n g  a s  t h e  d r o p ' s  b e h a v i o r  r e m a i n s  

r e g u l a r  t h i s  a p p r o a c h  w i l l  i n d i c a t e  t h e  g r o w t h  of  a m p l i t u d e  of  t h a  

o s c i l l a t i o n .  To min imize  t h e  e f f e c t s  of n o i s e  from any s o u r c e  t h e  d a t a  were 

smoothed q u a d r a t i c a l l y  o v e r  n i n e  p o i n t s  b e f o r e  t h e  d i s t a n c e s  w e r e  d e t e r m i t a d .  

A n a l y s i s  c o u l d  s t o p  h e r e  o r  i f  s u c c e s s  w i t h  t h e  o t h e r  t w o  p r o c e d u r e s  

p r o v e d  e l u s i v e  t h e  r a t i o  ( v e r t i c a l  d i s t a n c e ) / ( h o r i x o n t a l  d i s t a n c e )  c o u l d  be 

r e l a t e d  t o  a / b  i n  a  p i e c e w i r e  f a s h i o n  and e q u a t i o n  ( 3 )  uded t o  f i n d  a  v a l u e  

of 9. 



Jhxlu 

B e c a u s e  a p p a r a n t  l y  good r e s u l t s  w e r e  o b t  a i n e d  w i t h  t h e  i n t e g r a t i o n  

r o u t i n e .  t h e  o t h e r  t w o  a p p r o a c h e s  w e r e  u s e d  o n l y  t o  p r o v i d e  q u a l i t a t i n v e  

conf i r m a t  i o n  of  t h e  former ' s  behavior .  

The VerEor Method d i d  p r o v i d e  i n f o r m a t  i o n  which il l u s t r a t e d  t h o  b u i l d u p  

of  t h e  a m p l i t u d e  o f  d i s o r t i o n  o f  t h e  dxop  b o u n d a r y  f r o m  a  c i r c l e .  F i g .  5 - 1 2  

shows  t h i s  c l e a r l y .  R e c a l l  t h a t  t h e  m o d u l a t i n g  f r e q u e n c y  o f  t h e  d r i v e r  1nQ 

h e n c e  t h e  d r o p  was  b e i n g  s w e p t  f r o m  2.30 Hz a t  1 4 5  s e c o n d s  t o  2.31 Hz a t  1 4 7  

s e c o n d s .  F i g .  5-13 s h o w s  t h e  same d a t a  a n a l y s e d  i n  t h e  f r e q u e n c y  Comai. 

Because a  c o n s t a n t  b lock  s i z e  was used  i n  t h e  d i g i t i z a t i o n  p r o c e s s .  a  s i g n a l  

w i t h  a  p e r i o d  o f  t w e n t y  f r a m e s  was  g e n e r a t e d ;  t h i s  c o r r e s p o n d s  t o  a  

f requancy  of  2.40 Hz. T h i s  i s  u n f o r t u n a t e  because  t h e  drop ' s  r e sponse  should  

b e  t h e  s ame  a s  t h e  f o r c i n g  f r e q u e n c y  i.e., 2.30 Hz. B e c a u s c  o f  t h e  f i n i t e  

number  of  d a t a  t h e  b e s t  r e s o l u t i o n  o b t a i n a b l e  s t 3 a t  s h o r n  i n  F i g .  5-13. 

i.e., expanding t h e  f requency  s c a l e  docs  not  h e l p  t o  s e p a r a t e  t h e  peaks. A l so  

because of t h e  poor t ime / f r equency  r e s o l u t i o n  t h e  a n t i c i p a t e d  b u i l d u p  a s  t h e  

r e s o n a n c e  was  a p p r o a c h e d  w a s  o b s e r v a b l e  o n  t h e  f i l m  b u t  h a s  e l u d e d  

q u a n t i t a t i v e  d e s c r i p t i o n .  

R e s u l t s  from t h e  g e n e r a l  e l l i p s e  a n a l y s i s  we re  s i m i l a r  i n  form t o  t h o s e  

o f  VerUor a n d  s o  a r e  n o t  p r e s e n t e d .  B e c a u s e  o f  t h e i r  d e t e r m i n a t i o n  o f  

minimum and maximum semi-axes  t hey  a r e  c o n f u s i n g  t o  s t u d y  because t h e  a x i s  of  

o r i e n t a t i o n  of t h e  ma jo r  a r i s  when t h e  d rop  i s  e longa ted  d i f f e r s  by 90' from 

t h a t  when t h e  d r o p  i s  f l a t t e n e d .  

The numer i ca l  i n t e ~ r a t i o n  scheme provided  d i r e c t  e v a l u a t i o n  of a 2 ( t )  and 

a o ( t )  f r o m  t h e  d a t a .  T h e r e  w e r e  f o u r  v a l u e s  o f  e a c h  p e r  f r a m e  b e c a u s e  t h e  

b o u n d a r i e s  i n  t h e  s i d e  v i e w s  were  i n t e g r a t e d  from 0  t o  b o t h  2 n ( s e e  F i a .  5 -  







1 4 ) -  The p l o t  o f  a 0  i n  t h e  t i m e  d o m a i n  c l e a r l y  s h o w s  t h e  b l o c k  b e h a v i o r  of 

t h e  da ta ;  i n  t h e  f requency  domein t h i s  f e a t u r e  m a n i f e s t s  i t s e l f  a s  a peak a t  

2.4 Hz and a  secondary  peak a t  tw ice  t t r t  f requency  ( s e e  Fig.  5-15). As no ted  

a b o v e ,  t h i s  b e h s v i o r  ccrused p r o b l e m s  b e c a u s e  t h e  r e g i o n  of i n t e r e s t  was  

c e n t e r e d  about  2.3 Hz. 

To min imize  t h e  b l o c k  s i z e  problem, t h e  a o ( t )  were used t o  no rma l i ze  t h e  

a 2 ( t )  f o r  t h e  same v i e w  a n d  a p p r o p r i a t e  h a l f  of t h e  b o u n d a ~ y .  T h i s  was  

t h o u g h t  v a l i d  s i n c e  b o t h  i n t e g r a l s  w e r e  d i v i d e d  by  t h e  same r a d i u s  f a c t o r  

R(t) .  A s  R ( t )  d e c r e a s e s  from f rame t o  f rame w i t h i n  a  g iven  b lock ,  d i v i d i n g  a2 

by a. s h o u l d  h e l p  t o  c a n c e l  t h e  e f f e c t  a n d  e n h a n c e  t h e  t h e  d e s i r e d  s i g n a l .  

Ficlure 5-16 shows t h e  r e s u l t s  of t h i s  procedure .  S i m i l a r l y  t h e  v e r t i c a l  and 

h o r i z o n t a l  d imens ions  found i n  t h e  VerHor Method can  be d i v i d e d  t o  e l i m i n a t e  

t h e  b lock  s i z e  problem; t h e  r e s u l t s  a r e  shown i n  F ig .  5-17. The l a r g e  w id th  

of t h e  peaks  i s  due t o  t h e  s m a l l  number of d a t a  p o i n t s .  

The b u i l d u p  was expec t ed  t o  be r e l a t e d  t o  t h e  damping c o e f f i c i e n t ,  p2,  

and t o  h a v e  t h e  same o r d e r  o f  m a g n i t u d e .  F o r  t h e  e x p e c t e d  v a l u e  of  p2  - 
0 .0361sec  t h e  t i m e  c o n s t a n t  of t h e  r e s p o n s e  s h o u l d  h a v e  b e e n  r o u g h l y  2 8  

seconds. T h i s  d i s c r e p a n c y  can  e i t h e r  be a t t r i b u t e d  t o  a n  u n d e r e s t i m a t i o n  of 

t h e  f o r c e  due t o  t h e  a c o u s t i c  modula t ion  o r  t o  an unexpected  i n t e r a c t i o n  of  

t h e  modulated a c o u s t i c  f i e l d s  w i t h  each o t h e r  and t h e  drop. 

The cause  of t h e  r o t a t i o n a l  i n s t a b i l i t y  which developed 2 seconds  o n t o  

t h e  fo rced  o s c i l l a t i o n  sequcnce i s  no t  unders tood  v e r y  w e l l  a t  t h e  p r e s e n t  

t i m e .  The  a c o u s t i c  f i e l d  i n  w h i c h  t h e  d r o p  f i n d s  i t s e l f  i s  f a i r l y  

c o m p l i c a t e d .  I t s  c o m p o n e n t s  a l o n g  e a c h  a x i s  a r e  m 0 ~ 7 u l a t e d :  t h e r e  i s  

ampl i t ude  modu la t ion  a long  t h e  z a x i s ,  and complementary modu la t ion  a long  t h e  

x  and  y  a x e s .  I n  a d d i t i o n ,  t h e  d r o p  u n d e r g o e s  a  c o n t i n u o u s  l o w - f r e q u e n c y  
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center-of-mass motion i n  t h i s  complex p o t e n t i a l  f i e l d .  Solving t h e  equa t ions  

of m o t i o n  f o r  such  a  d r c p  : see  S e c t i o n  4.3, i n  which  a  s i m p l e  c a s e  was 

descr ibed)  i s  not  t r i v i a l ,  but  must be a t t empted  t o  provide some i n s i g h t  i n t o  

the  ques t ion  of whether such a n  off -center  drop w i l l  exper ience  an e f f e c t i v e  

t o r q u e  i n  t h e  g i v e n  a c o u s t i c  f i e l d .  Another  exper imenta l  i n v e s t i g a t i o n  i n  

which the  drop is  b e t t e r  s t a b i l i z e d  and centered i s  obviously  c a l l e d  for .  

The onse t  of r o t a t i o n  can a l s o  be a  r e s u l t  of t h e  o s c i l l a t i o n  ampl i tude 

a t t a i n i n g  a  s u b s t a n t i a l  v a l u e .  Such a  r o t a t i o n  h a s  b e e n  o b s e r v e d  i n  t h e  

l a b o r a t o r y  ( T r i n h  and Wang, 1981)  d u r i n g  l a r g e  a m p l i t u d e  s t e a d y - s t a t e  

o s c i l l a t i o n s ,  i n  which  a  r u n n i n g  wave a p p e a r e d  o n  t h e  d r o p  s u r f a c e  and  

subsequently developed i n t o  solid-body r o t a t i o n  of t h e  e n t i r e  f l u i d .  

The o r i g i n  of t h i s  i n s t a b i l i t y  i s  not  y e t  c l e a r .  I t  might be a - s o c i a t e d  

wi th  t h e  c h a r a c t e r i s t i c s  of large-ampl i tude o s c i l l a t i o n s ,  but  i t  could a 1  s o  

a r i s e  because of the  asymmetry and misalignment of the  drop i n  t h e  a c o u s t i c  

f i e l d .  Analysis  r e v e a l s  t h a t  such a  d e s t a b i l i z i n g  torque should a r i s e  whez 

the drop response l a g s  the  o s c i l l a t i o n  d r i v e  i n  phase by an angle  l a r g e r  than  

90°, a  s i t u a t i o n  which  would  a r i s e  w i t h  a  d r i v e  f r e q u e n c y  l a r g e r  t h a n  t h e  

drop resonance frequency. Th i s  is  not  the  s ~ t u a t i o n  i n  the  exper iment  a t  t h e  

o n s e t  of t h e  r o t a t i o n .  A t  t h e  p r e s e n t  t i m e  i t  i s  n o t  p o s s i b l e  t o  t e l l  w h a t  

the phase r e l a t i o n  was between t h e  f o r c i n g  modulation and the  drop's response  

t o  i t .  



6 .  Aa,ustically Induced btation 

F o r  t h e  t h i r t y  s e c o n d s  o f  i n d u c e d  r o t a t i o n  ( 1 6 0 0  f r a m e s  o n  t h e  f i l m )  

every f i f t h  f rame was d i g i t i z e d ,  r e s u l t i n g  i n  320 f r ames  t o  be analyzed.  The 

e x p e c t a t i o n  was  t h a t  t h e  d r o p ' s  a p p e a r a n c e  i n  t h e  m a i n  v i e w ,  f o r  w h i c h  t h e  

l i n e  o f  view co inc ided  w i t h  t h e  a x i s  of r o t a t i o n ,  would be c i r c u l a r ,  w h i l e  i n  

t h e  s i d e  v i ews  i t  would a p p e a r  c i r c u l a r  i n i t i a l l y  and become g r a d u a l l y  mere 

and more e l l i p t i c a l .  A l l  t h r e e  v i ews  of t h e  320 f r ames  were analyzed  by t h e  

p rocedure  which c h a r a c t e r i z e d  a  gene ra l  e l l i p s e  o u t l i n e d  i n  t h e  second h a l f  

of  S e c t i o n  5.4. T h i s  was  done  b o t h  f o r  t h e  r aw d a t a  a n d  f o r  q u a d r a t i c a l l y  

smoothed da t a .  I n  t h e  s r o o t h i n g  p rocedure  used (Hamming 1977) i t  was assumed 

t h a t  e a c h  s e t  o f  p o i n t s  c o u l d  be d e s c r i b e d  a p p r o x i m a t e l y  by a  q u a d r a t i c  

f u n c t i o n  ( u n l i k e  ave rag ing ,  which assumes a  l i n e a r  dependence and does  n o t  

a l l o w  f o r  c u r v a t u r e ) .  I n  t h e  c a l c u l a t i o n s  we u s e d  9 - p o i n t  q u a d r a t i c  

smoothing, i n  which t h e  o r i g i n a l  boundary p o i n t  xn i s  r e p l a c e d  by 

The i i r s t  s t u d y  o f  t h e  d i g i t i z e d  r o t a t i o n  d a t a  was  u s i n g  t h e  MinIMax 

r o u t i n e s  d e s c r i b e d  i n  S e c t i o n  5.4, i n  which t h e  g r e a t e s t  and l e a s t  d i s t a n c e s  

b e t w e e n  t h e  d a t a  and  t h e  c e n t e r  o f  m a s s  w e r e  f o u n d  f o r  e a c h  h a l f  o f  t h e  

boundary. The r a t i o  of t h e  sums of t h e  g r e a t e s t  t o  l e a s t  d i s t a n c e  i s  a  c rude  

i n d i z a t o r  of t h e  r a t i o  of major  t o  minor axes.  Also, an  a n g l e  was found from 

t h e  f o u r  ex t r eme  p o i n t s  which c h a r a c t e r i z e d  t h e  o r i u n t a t i o n .  n e  r e s u l t s  of  

t h i s  a n a l v s i s  f o r  one of t h e  s i d e  v i e w s  a r e  con ta ined  i n  F igs .  5-18 and 5-19. 

Fig.5-18 i s  t h e  r e s u l t  of t h e  a n a l y s i s  performed on t h e  raw d a t a  w h i l e  Fig.5- 

19 shows t h e  same f o r  t h e  smoothed d a t a .  The q u a l i t y  of t h z  smoothed d a t a  i s  

on ly  s l i g h t l y  b e t t e r  t han  t h a t  of t h e  raw d a t a  s e t s .  Note t h e  s low i n c r e a s e  
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i n  a / b  i n  b o t h .  T h i s  c o r r e s p o n d s  t o  t h e  f l a t t e n i n g  o f  t h e  d r o p  a s  t h e  

a c o u s t i c  t o r q u e  c a u s e s  i t  t o  r o t a t e  f a s t e r .  B e f o r e  3 1 0  s e c o n d s  t h e  wide  

s c a t t e r  i n  t h e  a n g l e  d a t a  r e f l e c t s  t h e  f a c t  t h a t  t h e  d r o p  was  s t i l l  

o s c i l l a t i n g  a s  a  r e s u l t  of t h e  fo rced  o s c i 1 I a t i o n  sequence. 

The more a c c u r a t e  l e a s t  sqaa res  method was a l s o  used, Examples of t h e  

r e s u l t s  from it a r e  shown i n  F i g u r e s  5-20,s-21 and 5-22. Fig.  5-20 shows t h e  

l e a s t  sqaa res  r e s u l t s  on t h e  same boundar ies  a s  shown i n  Fig. 5--19. The b a s i c  

f e a t u r e s  a r e  the  same, only  t h e  s c a t t e r  of the  p o i n t s  appears  somewhat l e s s  

f o r  t h e  l e a s t  s q u a r e  a n a l y s i s .  For  v iew 1 (F ig .  5-20) t h e  a / b  r a t i o  s t a r t s  

f r o m  1.0 and g r a d u a l l y  b u i l d s  up, r e a c h i n g  a  l e v e l  a / b  - 1.5 a t  t h e  end  of 

t h e  r o t a t i o n  sequence  (330 s e c ) .  Dur ing  t h e  a v a i l a b l e  few s e c o n d s  of  s p i n  

down t h e r e  i s  a  d ramat ic  r e d u c t i o n  of a /b ,  seeming t o  tend back t o  1.0 r a t h e r  

quickly.  The peak value  of a /b  i s  c o n s i s t e n t  w i t h  the  r e s u l t  of t h e  Vanguard 

a n a l y s i s  i n  S e c t i o n  5.2, and c o m p a r i s o n  w i t h  t h e  t h e o r e t i c a l  r e s u l t s  of 

Chandrasekhar and Ross g ives  a  r o t a t i o n a l  parameter  - 0.3, which i s  r a t h e r  

c l o t -  t o  t h e  v a l u e  of t h e  f i r s t  b i f u r c a t i o n  p o i n t .  T h i s  s u g g e s t s  t h a t  

s p e n d i n g  a  l i t t l e  l o n g e r  o n  t h e  s p i n  u p  s e q u e n c e ,  o r  a p p l y i n g  a  somewhat  

l a r g e r  a c o l l s t i c  t o r q u e  m i g h t  p roduce  n o n - a x i a l l y  s y m m e t r i c  e q u i l i b r i u m  

s h a p e s .  Though t h e  g e n e r a l  t r e n d  i s  p r o p e r ,  t h e  d a t a  show an o s c i l l a t o r y  

s t r u c r  . r e ,  due t o  b o t h  t h e  c e n t e r  of  mass  m o t i o n  and t h e  o s c i l l a t i o n s  and 

t a t i o n  caused by t h e  previous  sequence. 

Fig .  2-21 i l l u s t r a t e s  t h e  behavior  along t h e  intended a x i s  of r o t a t i o n .  

The r a t i o  a / b  i s  v e r y  c l o s e  t o  1.0 and d e c r e a s e s  s l o w l y  t o w a r d s  t h a t  v a l u e .  

The f e z r  t h a t  a / b  i s  d i s p l a c e d  f rom 1.0 c o u l d  be  t h e  r e s u l t  of a symmet ry  

hntwaen the x  and y  axes. The f a c t  t h a t  t h e r e  appears t o  be a d e f i n i t e  angle  

of o r i e n t a t i o n  f u r t h e r  i n d i c a t e s  a  l a c k  of c i r c u l a r i t y  but  t h e  c l u s t e r i n g  of 
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t h e  d a t a  i s  i n t r i g i n g  because  i t  i s  unexpected.  

F o r  c o m p l e t e n e s s , F i g .  5-22, t h e  r e s u l t s  o f  t h e  l e a s t  s q u a r e s  a n a l y s i s  

p e r f o r m e d  u p o n  t h e  t h i r d  v i e w  i s  i n c l u d e d .  F o r  some r e a s o n  i t s  p a t t e r n s  do 

n o t  i n d i c a t e  t h e  b u i l d  up of r o t a t i o n  t h a t  t h e  o t h e r  two v i ews  d id .  

I n  v i e w s  1 and 3 t h e  a x e s  o f  o r i e n t a t i o n  d u r i n g  r o t a t i o n  w e r e  r o u g h l y  

20' and 60 O r e s p e c t i v e l y .  The f a c t  t h a t  t hey  a r e  n o t  0' and 90' i s  a  r e s u l t  

of t h e  ang le  of v i ewing  n o t  be ing  p a r a l l e l  t o  t h e  a p p r o p r i a t e  chamber axes.  

The a p p e a r a n c e s  o f  s y s t e m a t i c  s p i k e s  i n  t h e  d a t a  o f  t h e  s e v e r a l  v i e w s  i s  

b e i n g  i n v e s t i g a t e d  t o  check f o r  c o r r e l a t i o n  w i t h  d i g i t i z a t i o n  b l o c k  s i z e  o r  

g - j i t t e r .  

An a t t e m p t  was made t o  push t h e  a n a l y s i s  one s t e p  f u r t h e r .  A d r o p  h e l d  

t o g e t h e r  by  s u r f a c e  t e n s i o n  r o t a t i n g  a s  a  s o l i d  body can  be  d e s c r i b e d  by  

s e v e r a l  p a r a m e t e r s  which can  be r e l a t e d  t o  p a r a m e t e r s  e a s i l y  o b t a i n a b l e  from 

t h e  d e s c r i b e d  d a t a  a n a l y s i s :  T h e  r o t a  t i o n  p a r a m e t e r ,  x, w h i c h  i s  

p r o p o r t i o n a l  t o  t h e  square  of t h e  a n g u l a r  v e l o c i t y  can he o b t a i n e d  from t h e  

r a t i o  a / b  from t h e  s i d e  views.  A r e l a t i v e  e q u a t o r i a l  a r e a  can be found from 

t h e  product  ab from t h e  main view. A curve  r e l a t i n g  t h e s e  two p a r a m e t e r s  h a s  

been  c o n s t r u c t e d  from t h e  t h e o r e t i c a l  r e s u l t s  of Chandrasekhar (19651, ROSS 

(19681, and Brown (1979). T ~ i s  curve  h a s  a n  ax i symmet r i c  t r u n k  ( i n  which t h e  

shape i s  symmetr ic  about  t h e  p o l a r  a x i s )  and two b ranches  which correspond t o  

lcbed  shape:. The b i f u r c a t i o n  p o i n t  f o r  t h e  two-lobed f a m i l y  occu r s  a t  = 

0.313 and f o r  t h e  three- lobed f a m i l y  a t  = 0.500. F i g u r e  5-23 r ep roduces  

t h e i r  d a t a .  For t h e  s l o w e r  r o t a t i o n  r a t e s  







Using t h e  l e a s t  s q u a r e s  r o u t i n e  m t h e  d a i  9f v iew 2 t o  g i v e  a  v a l u e s  of t h e  

p r o d u c t  a b  a n d  a n d  t h e  v i e w  1 d a t a  f o r  t h e  s ame  f r a m e  t o  g i v e  a / b  a n d  h e n c e  

2 : .  Only q u a l t i t a t i v e  compar i sons  can  be made a s  t h e  r e s t i n g  r a d i u s  and t h e  

c e n t e r  of mass mot ion  have  n o t  b e  f o l d e d  in.  The r e s u l t s  a r e  shown i n  F ig .  5- 

2 4  a l o n g  w i t h  p a r t  o f  t h e  t h e o r e t i c a l  c u r v e .  The a g r e e m e n t  b e t w e e n  t h e s e  

measurements ,  per formed f o r  t h e  f i r s t  t ime  under  c o n d i t i o n s  s i m i l a r  t o  t h e  

s t a n d a r d  t h e o r e t i c a l  a s sumpt ions ,  and t h e o r y  i s  v e r y  encouraging .  T h i s  c a l l s  

f o r  more s t u d y  and e x p e r i m e n t a t i o n  i n  t h i s  d i r e c t i o n .  



SECTION 6 

CONCLUDING REMARKS 

Some c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  t h e  w o r k  d e s c r i b e d  above ;  t h e s e  

c o n c l u s i o n s  b o t h  s u m m a r i z e  t h e  e f f o r t  made  s o  fa: a n d  r h o u l d  h a v e  some 

impetus  on  f u t u r e  expe r imen t s .  

We h a v e  a c h i e v e d  t h e  o b j e c t i v e s  o f  t h i s  e x p e r i m .  - n c c e s s f u l l v .  The 

d rop  was deployed  and a c o u s t i c a l l y  m a n i p u l a t e d  a s  p lanned .  Some more ' j p e c i f i c  

remarks  a r e  i n  o r d e r .  

1. As t o  f o r c e d  o s c i l l a t i o n s ,  t h e r e  i s  n o  s a t i s f a c t o r y  q u a l i t a t i v e  

understandj?lg of t h e  i n i t i a l l y  s t r o n g  o s c i l l a t i o n  ( a t  2.3 Hz r a t h e r  t h a n  2.5 

Hz) w i t h  t h e  subsequen t  h igh ly  i r r e g u l a r  mo t ion  which i s  a  s u p e r p o s i t i o n  of 

o s c i l l a t i o n  and r o t a t i o n .  One l i k e l y  p o s s i b i l i t y  i s  t h a t  a n  of : ' - cen te r  d rop  

i n  a compl i ca t ed  p r e s s u r e  f i e l d  ( a l l  t h r e e  a x e s  a r e  e x c i t e d  and modula ted  i n  

d i f f e r e n t  ways),  accompanied by l a r g e  a m p l i t u d e  mot ion ,  would e x p e r i e n c e  an 

e f f e c t i v e  t o rque .  I n  t h e  p r e s e n t  expe r imen t  t h e  i n i t i a l  low-frequency c e n t e r -  

of-a. . s s  mot ion  p e r s i s t e d  t h roughou t  t h e  e n t i r e  e x p e r i m e n t ,  and most p robab ly  

a f f e c t e d  t h e  c o m p l i c a t e d  o u t c o m e .  O b v i o u s l y ,  t h i s  e x p e r i m e n t  s h o u l d  be 

r e p e a t e d  i n  a  s i t u a t i o n  i n  which t h e  d rop  i s  i n i t i a l l y  b e t t e r  s t a b i l i z e d .  

2 .  As t o  r o t a t i o n ,  t h e  f i r s t  b i f u r c a t i o n  p o i n t  was a l m o s t  reached  ir. 

o n l y  t h r i t y  seconds of r o t a t i o n .  S ince  e q u i l i b r i u m  h a s  n o t  y e t  bzen r eached ,  

t h i s  means t h a t  spending  more t ime  on t h e  r o t a t i o n  seqL.ace o r  i n c r e a s i n g  t ) le  

t o r q u e  by u s i n g  a  h i g b e r  sound p r e s s u r e  might  t a k e  :he drop  b e y o ~ d  t h e  f i r s t  

b i f u r c a t i o n  p o i n t .  J n  p a r t i c u l a r ,  such an  e x p e r i m e n t  uould  show whe the r  non- 



a x i a l l y  symmet r i c  e q u i l i b r i u m  r t ~ a p e s  a r e  e x c i t e d  beyond ,he f i r s t  b i f u r c t i o n  

p o i n t .  We n o t e  t h e  e x c e l l e n t  a g r e e m e n t  b e t w e e n  t h e  o b s e r v a t i o n s  of  t h e  

expe r imen t .  per formed f o r  t h e  f i r s t  t i m e  under  c o n d i t i o n s  c o n s i s t e n t  w i t h  t h e  

a s s u m p t i o n s  made i n  t h e  t h e o r e t i c a l  t r e l h t m e n t s  of C h a n d r a s e k h a r ,  R o s s  a n d  

Brown. 

3 .  Concerning t t h e  IPL d i g i t i z ~ t i o n ,  e x i s t i n g  programs were  used w i t h  

v e r y  ulinor m o d i f i c a t i o n s .  We f e e l  t h a t  w i t h  some mote s o f t w a r e  deve lopment  

IPJ.  cou ld  supp ly  u s  w i t h  more u s c f u l  i n f o r m a t i o n  from t h e  same q u a l i t y  f i l m .  

, ' j i s  a c t i v i t y  w i l l  b e  p u r s u e d  when i t  o e c o m e s  n e c e s s a r y  a g a i n  t o  d i g i t i z e  

whole d r o p  boundar ies .  

4. F i n a l l y ,  t h e  a n a l y s i s  p r e s e n t e d  h c r e  p e r t a i n s  t o  some key f e a t u r e s  

i~ t h e  f i l m .  S e v e r a l  s eq3ences  of t h e  f i l m  have been p roces seed  b u t  n o t  y e t  

a n a l y z e d .  a n d  t h o s e  t h a t  w e r e  m u s t  b e  c o m p a r e d  i n  m o r e  d e t a i l  w i t h  t h e o r y .  

T h e s e  a c t i v i t i e s  w i l l  b e  v i g o r o u s l y  p u r s u e d  i n  t h e  t e a r  f u t u r e .  R e s u l t s  o f  

t h e s e  a n a l y s t s  w i l l  be  p r e s e n t e d  i n  p u b l i c a t i o n s  and mee t ings  l a t e r  t h i s  y e a r  

and n e x t  year .  
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APPFJDIX A 

COMPUTER DATA 'iRANSLATIW PROGRAM 

IL a r d e r  t o  a n a l y z e  t h e  d a t a  p r e p a r e d  b y  J P L D s  I m a g e  P r o c e s s i n g  

Labora to ry  (IPI,), i t  was n e c e s s a r y  t o  develop  a  program f o r  u s e  on  t h e  Univac 

1100/81 c o m p u t e r s  a t  J P L  w h i c h  w o u l d  c o r r e c t l y  r e a d  t h e  d a t a  p r o v i d e d  o n  

magnet ic  t a p e  by IPL. T h i s  d a t a  was i n  t h e  form of p o s i t i v e  i n t e g e r s .  T h i s  

s i m p l i f i e d  t h e  t a s k  of  i n t e r p r e t i n g  t h e  d a t a  bccause  t h e  program t o  i n t e r p r e t  

IPL's d a t a  die. n o t  h a v e  t o  be d e s i g n e d  t o  k e e p  t r a c k  o f  f l a g s  f o r  n e g a t i v e  

s igns ,  man t i s sa s ,  o r  exponents .  However, t h e  t a s k  was compl i ca t ed  by IPLDs 

choice  t o  encode t h e  d a t a  on t h e  t a p e s  i n  b i n a r y  encoded o c t a l  a s  opposed t o  

e i t h e r  a  7- o r  9-b i t  ASCII format .  

The major  r e a s o n  t h i s  cho ice  wes a problem i s  t h e  d i f f e r e n c e  b e t a e e n  t h e  

way i n  w h i c h  D i g i t a l  E q u i p m e n t  C o r p o r a t i o n  (DEC) a n d  Spe r ry -Rand  h a v e  

d e f i n e d  words of  memory i n  t h e i r  r e s p e c t i v e  computers  (PDP-11 and Univac). 

DEC u s e s  16-bi t  words d i v i d e d  i n t o  two e i g h t - b i t  b y t e s  and l o g i c a l l y  looks  

f o r  t h e  l o w - o r d e r  b y t e  t o  be  w r i t t e n  f i r s t  (on  t h e  l e f t )  and  t h e  h i g h  o r d e r  

b y t e  t o  b e  w r i t t e n  s e c o n d  ( o n  t h e  r i g h t ) .  ( I n  o t h e r  w o r d s ,  i t  r e a d s  i t s  

w o r d s  i n  t w o  h a l v e s ,  f r o m  r i g h t  t o  l e f t ,  and  i t  r e a d s  t h e  c o n t e n t s  of  e a c h  

h a l f  f r o m  l e f t  t o  r i g h t . )  U n i v a c  u s e s  3 6 - b i t  w o r d s  d i v i d e d  i n t o  6  s i r - b i t  

b y t e s  and l o g i c a l l y  looks  f o r  t h e  h i g h e s t  o r d e r  b i t  t 9  be w r i t t e n  f i r s t  and 

t h e  l o w e s t  o r d e r  b i t  t o  be  w r i t t e n  l a s t .  (Tn o t h e r  w o r d s ,  i t  r e a d s  i n  s i x  

p a r t s ,  and d o e s  s o  e n t i r e l y  a s  a  human b e i n g  would--from l e f t  t o  r i g h t . )  

Given the  s p e c i f i e d  d i f f e r e n c e s ,  t h e  Univac computer  s e e s  o n l y  f o u r  words f o r  

each n i n e  words i t  r e a d s  on t h e  d a t a  t a p e s  gene ra t ed  by IPL's DEC computer .  

V-A -1 



Advice was sought from a  number of computer progrrmmers a t  JPL, and i t  

was f i n a l l y  determined t h a t  the  s i m p l e s t  and most e f f i c i e n t  way t o  hanule  t o *  

i n t e r p r e t a t i o n  o f  t h e  d a t a  would  be s i m p i e  b i t - s h i f t i n g :  c h m g j n g  t h e  

p o s i t i o n  of b i t s  w i t h i n  a  word. The a c t u a l  s h i f t i n g  was accomplished p s i ? )  

t h e  s t a n d a r d  FLD f u n c ~ i o n  a v a i l a b l e  i n  t h e  Univac  1100 S e r i e s  FORTRAh V. 

Four words and one nine-word a r r a y  were e s t a b l i s h e d  i n  a  subrou t ine  t h a t  *a: 

v r i t t e n  t o  b e  u s e d  by t h e  c a l l i n g  p rogram e a c h  t i r e  b i t - s h i f t i n g  ( o r  

i n t e r p r e t a t i o n  of the  da ta )  was requ i red .  

IPL s t r u c t u r e d  t h e  d a t a  on t h e  t a p e s  i n  m u l t i p l e  f i l e s .  Each f i l e  

c o n s i s t e d  of a b o u t  twenty-one b l o c k s  o f  d a t a .  Each b l o c k  r e p r e s e n t e d  o n e  

frame of t h e  16-mm movie f i l m  used t o  r ecord  t h e  motions of t h e  d r c p l e t  and 

e a c h  b l o c k  was 4096 DEC b y t e s  o r  911 Univac  words  i n  l e n e t h .  The m a i n  

program, named DATXFR. which i s  s h o r t  f o r  Data Trans fe r ,  r eads  i n  one b lock  

(o r  frame) of d a t a  a t  a  time. I t  then passes  f o u r  UNIVAC words a t  a  t ime t o  

t h e  b i t - s h i f  t i n g  s u b r o u t i n e ,  which  i s  c a l l e d  BITS. The subrou t ine  unpacks 

the  nine words of da ta  (data  va lves )  and performs the  necessa ry  b i t - s h i f t i n g .  

I t  s t o r e s  t h e  r e s u l t s  i n  i t s  n ine -word  a r r a y ,  and p a s s e s  t h e  a r r a y  b a c k  t o  

t h e  main  p r o g r a a .  The v a l u e s  i n  t h e  a r r a y  a r e  t h e n  t r a n s f e r r e d  t o  t h e i r  

a p p r o p r i a t e  a r r a y  e l e m e n t s  i n  one  of t h s  s i x  a r r a y s :  81, Y 1 .  X2, Y2, X3, o r  

Y3. ' 

The s i x  a r r a y s  correspond t o  t h e  two axes ,  a r b i t r a r i l y  thouebt  of a s  X 

and Y, f o r  convenience, used t o  a s s i g n  p o i n t s  along the  boundary the d r o p l e t  

c r e a t e s  An t h e  t h r e e  orthogonal v iews  p r e s e n t  i n  each frame of t h e  f i lm.  The 

main program a u t o m a t i c a l l y  keeps t r a c k  of when these  a r r a y s  begin and end, t o  

i n s u r e  t h a t  only  good d a t a  i s  processed. 

Once t h e  s i x  a r r a y s  have been  f i l l e d ,  t h e  p rogram e n t e r s  i t s  o u t p u t  



p h a s e .  D u r i n ~  t h i s  p h a s e ,  t h e  d a t a  i n  t h e  s i x  a r r a y s ,  p l u s  some a d d i t i o n a l  

i n fo rma t ion ,  a r e  w r i t t e n  o n t o  a  magnet ic  tape.  Also, t h e  d a t a  may o r  m ~ ;  ~ o l  

be ou tpu t  i n  o c t a l  and dec imal  t o  a  p r i n t e r ,  f o r  manual conf i m a t i o n  t h a t  t h e  

d a t a  is be ing  p r o p e r l y  i n t e r p r e t e d .  The a c t u a l  manner i n  which t h e  d a t a  i s  

w r i t t e n  o n t o  t h e  m a g n e t i c  t a p e  makes  u s e  o f  som: JPL-deve loped  r o u t i n e s  

d e s i g n e d  f o r  u s e  i n  c o n j u n c t l o ?  i t b  t h e  FORTRAN V u s e d  b y  t b t  U n l v a c  1 1 0 0  

s e r i e s  c o m p u t e r s .  T h e s e  s p e c i a l  r o u t i n e s  a r e  uskd S O  t h a t  tri, d a t a  a r e  

w r i t t e n  o n t o  t h e  o u t p u t  m a g n e t i c  t a p e  n o t  a s  n u m b e r s ,  b u t  a s  c h a r a c t e r -  

e n c o d e d  numbers .  The c h a r a c t e r  e n c o d i n g  u s e d  i s  Un ivac ' s  f i e  I d - d a t a  

c h a r a c t e r  s e t ,  a l t hough  s t anda rd  7 -b i t  ACSII cou ld  a l s o  have  been used. The 

r o u t i n e s  a l s o  w r i t e  t h e  d a t a  o n  t h e  o u t p u t  t a p e  i n  U n i v a c ' s  S y s t e m  D a t a  

Format (SDF). 

The o u t p u t  o f  n u m b e r s  i s  done  i n  f i e l d  d a t a  and  SDF t o  f a c i l i t a t e  t h e  

s u b s e q u e n t  t r a n s f e r  o f  t h e  d a t a  f r o m  t h e  o u t p u t  m a g n e t i c  t a p e  t o  a  J P L  

Automated O f f i c e  Data Center  (AODC), a  minicomputer  system developed by JPL 

f o r  use  a s  a  word p rocesso r  o r  computer. T h i s  t r a n s f e r  of d a t a  i s  r e q u i r e d  

so t h a t  a c t u a l  d a t a  a n a l y s i s  may be performed us ing  t h e  AODC. 

The t r a n s f e r  of  t h e  d a t a  i s  a c c o m p l i s h e d  v i a  a  s o f t w a r e  p a c k a g e  

a v a i l a b l e  on t h e  AODC which a l l o w s  f o r  f i l e  by f i l e  t r a n s f e r  of d a t a  from t h e  

Univac 1100181 t o  t h e  AODC. The s o f t w a r e  package. however. can o n l y  t r a n s f e r  

f i l e s  t h a t  a r e  i n  Un ivac ' s  Sys t em D a t a  F o r m a t  (SDF) and whose  c o n t e n t s  a r e  

encoded i n  e i t h e r  t h e  f i e l d  d a t a  o r  ASCII : ha rac t e r  s e t s .  These r e q u i r e d  t h e  

use of t h e  s p e c i a l  ou tpu t  r o u t i n e s  mentioned e a r l i e r .  

One f i l e  a t  a  t i m e  i s  r e a d  f r o m  t h e  o u t p u t  c r e a t e d  by  DATXFR i n t o  t h e  

U n i v ~ c  1100181's main memory (o r  mass s to rage ) .  The AODC i s  t h e n  hooked up 

t o  t h e  Univac 1100181 by t e l ephone  l i n e ,  and t h e  s t a n d a r d  s o f t w a r e  package i s  



accessed from the AODC. The software then trans fers  the  information present 

in  the Univac mass storage f i l e  which one s p e c i f i e s  t o  the AODC, where a new 

f i l e  i s  created t o  hold the data. 

The f i r s t  s u c c e s s f u l  c o m p l e t i o n  of t h i s  e n t i r e  procedure occurred i n  

September 1980, using sample data provided by the personnel of IPL. 



APPENDIX B 

CONPUTER GEWRATED TEST CASES 

W h i l e  IPL  c o n t i n u e d  t o  p r o c e s s  t h e  d a t a ,  a n d  c o n c u r r e n t  w i t h  t h e  

development  of t h e  d a t a  t r a n s l a t i o n  program, sample o r  t e s t  c a s e s  c o n s i s t i n g  

a f  c o m p u t e r  s i m u l a t i o n s  d e s i g n e d  t o  s t u d y  d a t a  s i m i l a r  t o  t h e  a u t i c i p a t e 3  

f i l m  d a t a  were  developed.  These programs were deve loped  u s i n g  JPL's AODC, i n  

p a r t  t o  b u i l d  f a m i l i a r i t y  w i t h  t h e  AODC a n d  i n  p a r t  t o  d e t e r m i n e  i f  i t s  

l i m i t e d  c o m p u t a t i o n  a n d  d a t a  m e m o r i e s  w o u l d  be  s u f f i c i e n t  t o  h a n d l e  t h e  

e n t i r e  d a t a  a n a l y s i s .  

Development of t h e  t e s t  c a s e s  proceeded  a l o n g  two pa th s .  One p a t h  l e d  

t o  a n  o v e r a l l  c a l l i n g  p r o g r a m  w i t h  a  s e t  of r o u t i n e s  t o  be  u s e d  f o r  

g e n e r a t i n g  s a m p l e  s e t s  o f  d a t a .  The o t h e r  p a t h  : o n c e n t r a t e d  o n  t h e  

d e v e l o p m e n t  o f  a  r o u t i n e  w h i c h  w,>uld y i e l d  r e a s o n a b l y  a c c u r a t e  v a l u e s  f o r  

i n t e g r a l s  o f  f u n c t i o n s  u s i n g  a numer i ca l  a p p r o x i m a t i o n  of i n t e g r a t i o n  w I t h  

unequal  spac ing .  The l a t t e -  r o u t i r , e  was deve loped  a s  a  s u b r o u t i n e  and was a  

g e n e r a l i z a t i o n  of Simpson's Rule of i n t e g r a t i o n .  The g e n e r a l i z a t i o n  made was 

o n e  s u c h  t h a t  c o r r e c t  v a l u e s  f o r  f ( x )  c o u l d  be  c o m p u t e d  o v e r  a n  i n t e r v a l  Ax 

u s i n g  u n e q u a l  i n c r e m e n t s  o f  x a l o n g  t h e  i n t e r v a l  A x .  The u s e  of  u n e q u a l  

i n c r e m e n t s  i n  t h e  r o u t i n e  was  n e c e s s i t a t e d  b y  t h e  f a c t  t h a t  t h e  i n t e r v a l s  

be tween  t h e  r e a l  d a t a  po in t :  would n o t  be eqi ial .  

The ma thema  t i c s  of t h e  g e n e r a l  i z e d  S i m p s o n ' s  r u l e  r o u t i n e  w e r e  

s t r a i g h t f o r w a r d ,  and t h e  r o u t i n e  was no t  d i f f i c u l t  t o  c r e a t e .  However, a few 

i d i o s y n c r a c i e s  i n  t h e  FORTRAN s u p p o r t e d  by t h e  AODC ( R i c r o s o f t  FORTRAN 80) 

had t o  be d i s c o v e r e d  and an  a l t e r n a t i v e  means of cnccding  c e r t a i n  s t e p s  had 
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t o  be worked ou t .  Once ready,  t h e  r o u t i n e  gave e x c e l l e n t  r e s u l t s ,  a c c u r a t e  

t o  f o u r  o r  f i v e  d i g i t s ,  u s i n g  s i n g l e  p r e c i s i o n  f l o a t i n g  p o i n t  n u m b e r s  a n d  

v a r i a b l e s .  The o r i g i n a l  v e r s i o n  of t h e  r o u t i n e  would compute o n l y  one va lue  

o f  f ( x )  f o r  o n e  s e t  o f  f ( x * )  w h e r e  x* r e p r e s e n t s  t h e  i n c r e m e n t a l  v a l u e s  o f  x  

u s e d  t o  a p p r o x i m a t e  t h e  t o t a l  i n t e r v a l  Ax. L a t e r  v e r s i o n s  o f  t h e  r o u t i n e  

c o u l d  compute  s e v e r a l  f ( x ) * s  f o r  s e v e r a l  s e t s  o f  f ( x ' ) ' s ,  v i a  t h e  u s e  o f  a  

l a r g e  DO loop. 

Work c o n t i n u e d  o n  t h e  d e v e l o p m e n t  of  t h e  t e s t  c a s e s ,  a s  a d d i t i o n a l  

personnel  were asked  t o  c ~ n t r i b u t e  t o  t h i s  e f f o r t .  The c a l l i n g  program used  

by s e v e r a l  t e s t  c a s e s ,  DIGTST, w h i c h  a s k e d  f o r  t h e  i n p u t  o f  p a r a m e t e r s  and  

a r d  then  c a l l e d  t h e  v a r i o u s  r o u t i n e s  which gene ra t ed  t h e  boundary, con t inued  

t o  evolvep  t h e  b a i i c  l o g i c  of DIGTST, however, remained t h e  same. 

A t  t h i s  p o i n t ,  o n l y  two t e s t  c a s e s  e x i s t e d .  One c o n s i s t e d  of a c a l l i n g  

p r o g r a m ,  TESTLP, and  two s u b z o u t i n e s ,  d e s i g n c d  t o  g e n e r a t e  t h e  L e g e n d r c  

p o l y e o ~ i a l o ,  t h e i r  d e r i * , r ~ t i r e s ,  and t h e  a s s o o c i a t e d  Legendre f u n c t i o n s .  One 

s u b r o u t i n e ,  IFMLEP, was b a s e d  o n  a n  IBM s u b r o u t  i n e  f o r  c o m p u t i n g  L e g e n d r e  

n o l y n o m i a l s .  I t  c a l c u l a t e d  t h e  L e g e n d r e  p o l y n o m i a l s  P,(x) a n d  t h e i r  

d e r i v a t i v e s  f o r  a  g i v e n  v a l u e  of  I, f o r  o r d e r s  n  ( L .  V a l u e s  f o r  t h e  

v a r i a b l e s  I a n d  L  w e r e  p a s s e d  t o  t h e  s u b r o u t i n e  f r o m  t h e  c a l l i n g  p rog ram.  

The second sub ron t  i n e ,  ALEGFN, computed t h e  a s s o c i a t e d  Legendre f u n c t i o n s  

pC;(x) and was based  upon t h e  f o l l o w i n g  r e c u r s i o n  r e l a t i o n  f o r  v a r y i n g  o rde r :  

A few e r r o r s  w e r e  d i s c o v e r e d  i n  t h e  two  aLove-men t ioned  s - l b r o u t i n e s .  

They w e r e  r e - w r i t t e n .  A new c a l l i n g  p r o g r a m  was  c r e a t e d .  Sample  o r  t e s t  

r u n s  w e r e  made. An a d d i t i o n a l  p r o g r a m ,  w i t h  a  s e p a r a t e  s u b r o u t i n e  w h i c h  



p e r f o r m e d  a l l  c r l c u l a t i o n s ,  was c r e a t e d .  It c a l c u l a t e d  t h e  L e g e n d r e  

f u n c t i o n s  f o r  e a c h  v a l u e  of q and p f rom e x p l i c i t  e q u a t i o n s  f o r  e a c h  one.  

The r e s u l t s  were compared t o  those  genera ted by t h e  subrou t ines  making use of 

r ecur rence  r e l a t i o n s .  A 1 1  va lues  were i n  e x c e l l e n t  agreement. T h i s  p o r t i o n  

of development was completed. 

The second t e s t  case  then  i n  ex i s t ence  incorpora ted  severa l  s teps .  The 

c a l l i n g  program prev ious ly  mentioned, DIGTST, was used t o  c a l l  a  v a r i e t y  of 

subrou t ines  which c rea ted  and t h e n  analyzed t h e  sample data .  The t e s t  case 

p r o c e e d e d  a s  f o l l o w s .  F i r s t ,  DIGTST c r e a t e d  d e f a u l t  v a l u e s  f o r  t h e  

parameters  which d e f i n e  t h e  t e s t  case.  It then  asked t h e  person running i t  

i f  t h e s e  v a l u e s  were  s a t i s f a c t o r y .  I f  n o t ,  t h e  o p e r a t o r  c o u l d  i n p u t  h i s  

s p e c i a l  s e t  of ve.1ues f o r  t h e  p a r a m e t e r s  and t h e n  t h e  p rogram p r o c e e d e d p  

otherwise ,  the  program continued. It then  c a l l e d  DIGCIR, a  subrou t ine  which 

c r e a t e d  t h e  p o i n t s  of a  boundary, which i n  t u r n  used t h e  subrou t ines  RANDOM, 

which genera ted random numbers t o  s imula te  no i se ,  and IBMLEP, which per turbed 

the  e n t i r e  boundary (271 rad ians )  by adding one o r  more Legendre polynomials 

t o  model drop o s c i l l a t i o n .  DIGCIR would a l s o  conver t  from p o l a r  t o  Car tes ien  

c o o r d i n a t e s ,  and would  d i g i t i z e  e i t h e r  t h e  v a l u e s  i n  p o l a r  o r  C a r t e s i a n  

c o o r d i n a t e s ,  d e p e n d i n g  on t h e  v a l u e  a s s i g n e d  by t h e  o p e r a t o r  t o  s p e c i f i c  

parameters  appearing i n  DIGTST. 

DIGTST then  c a l l e d  t h e  r o u t i n e  genera l i zed  from Simpson's r u l e ,  SIMPS2, 

which was used t o  t r y  t o  recover  the c o e f f i c i e n t s  of t h c  Legendre f u n c t i o n s  

used t o  p e r t u r b  t h e  boundary of t h e  s imulated drop. For some c o e f f i c i e n t s ,  

the  value should have been approximately zerop f o r  o the r s ,  va lues  between 0.0 

and 1.0 were  e x p e c t e d ,  a s  t h e s e  w e r e  t h e  v a l u e s  of t h e  c o e f f i c i e n t s  u s e d  i n  

D I G C I R .  
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I n  t h i s  f o r t : ,  t h e  t e s t  c a s e  s i m p l y  d i d  n o t  work. An e f f o r t  was  

t h e r e f o r e  begun t o  modify t h i s  t e s t  ca se  and, i n  t h e  p rocess ,  d i s c o v e r  i f  any 

f a l s e  assumpt ions  o r  e r r o r s  i n  t h e o r y  had been  made. 

F i r s t ,  t h e  s u b r o u t i n e  DIGCIR was d i v i d e d  i n t o  two s u b r o u t i n e s :  CIRGEN, 

which gene ra t ed  a  c i r c l e  boundary, i n  e s s e n t i a l l y  t h e  same manner a s  DIGCIR, 

and DIGTIZ, which d i g i t i z e d  the  d a t a  much a s  DIGCIR had. I n  t h e  p rocess ,  an  

a l t e r n a t i v e  me thod  o f  d e t e r m i n i n g  Aa b e t w e e n  d a t a  p o i n t s  r e p l a c e d  t h e  

o r i g i n a l  method.  I n  t h e  o r i g i n a l  me thod ,  A 8  v a r 2 e d  w i t h  r a d i u s p  i t  was 

de termined by a f i x e d  i n c r e m e n t a l  d i s t a n c e  a long  t h e  c i r c l e  boundary. Now, 

A 8  was inpu t  d i r e c t l y  by the  o p e r a t o r  and t h e r e f o r e  became independent  of 

r a d i u s .  The number  of d a t a  p o i n t s  f o r  a n y  s i z e  c i r c l e  c o u l d  b e  c o n s t a n t p  

b e f o r e  l a r g e r  c i r c l e s  h a d  a  g r e a t e r  number  o f  p o i ~ t s .  The f o r m u ' a  u s e d  t o  

c r e a t e  t h e  f (x ' ) ' s  which were passed  t o  t h e  i n t e g r a t i o n  r o u t i n e  was found t o  

be i n  e r r o r .  I t  was c o r r e c t e d .  The S i m p s o n ' s  r u l e  r o u t i n e  was  a l s o  

modif ied ,  t o  expand i t s  c a p a b i l i t i e s .  

With t h e s e  m o d i f i c a t i o n s ,  t h e  t e s t  ca se  was t r i e d  again.  I t  s t i l l  d i d  

no t  y i e l d  t h e  p rope r  v a l u e s  f o r  t h e  c o e f f i c i e n t s  of t h e  Legendre polynomials .  

P o s s i b l e  r e a s o n s  were  d i scussed ,  and a  s u g g e s t i o n  was made t h a t  t h e  problem 

might  l i e  i n  t h e  f a c t  t h a t  we were i n t e g r a t i n g  Legendre po lynomia l s  ove r  t h e  

e n t i r e  boundary of  t h e  c i r c l e ,  o r  271 r ad ians .  When us ing  t h e s e  f u n c t i o n s  i s  

a  p o l a r  ang le  va ry ing  from 0 t o  2n r r d i a n s .  Although t h i s  s u g g e s t i o n  was o n l y  

t e n t a t i v e ,  a  q u i c k  m o d i f i c a t i o n  was made i n  t h e  program s o  t h a t  o n l y  h a l f  of  

t h e  c i r c l e  b o u n d a r y  was  p e r t u r b e d  and i n t e g r a t e d  o v e r .  The r e s u l t s  w e r e  

i m m e d i a t e l y  r e w a r d i n g .  The c o r r e c t  v a l u e s  f o r  t h ~  c o e f f i c i e n t s  o f  t h e  

Legendre po lynomia l s  were r e t u r n e d  from t h e  i n t e g r a t i o n  r o u t i n e ,  w i t h i n  abou t  

10%) i f  t h e  n o i s e  l e v e l  was l e s s  t h a n  t h e  c o e f f i c i e n t  of  t h e  L e g e n d r e  



polynomial .  

Work t h e n  began on a  mod i f i ed  t e s t  case.  To d i s t i ~ g u i s l  t h e  new case ,  

DIGTST was  r enamed  t o  SMOOTH, w h i c h  s t o o d  f o r  t h e  f a c t  t h a t  b e f o r e  b e i n g  

i n t e g r a t e d ,  t h e  d a t a  would now be s e n t  t o  a  new r o u t i n e ,  c a l l e d  ARI'IB, which 

wou ld  t a k e  t h e  a r i t h m e t i c  mean of  n i n e  d a t a  p o i n t s  a s  t h e  new o r  s m o o t h e d  

v a l u e  o f  t h e  f i f t h  o r  m i d d l e  d a t a  p o i n t .  The s m o o t h e d  d a t a  w o u l d  t h e n  b e  

passed t o  t h e  i n t e g r a t i n g  r o u t i n e ,  t o  de t e rmine  i f  smoothing of t h i s  n a t u r e  

would enhknce t h e  recovery  of t h e  c o e z f i c i e n t s  of t h e  Legendre po lynomia l s  by 

e l i m i n a t i n g  some o f  t h e  b a c k g r o u n d  n o i s e .  The r e a s o n  f o r  d e v e l o p i n g  t h i s  

t e s t  c a s e  was  t h a t  IPL was  n o t  o n l y  p r o v i d i n g  u s  w i t h  d i g i t i z e d  d a t a ,  b u t  

a l s o  w i t h  a  s e t  of smooth d i g i t i z e d  d a t a ,  t h e  smoothing be ing  t h e  a r i t h m e t i c  

mean o f  n i n e  e q u a l l y  weighted  d a t a  p o i n t s .  Th i s  t e s t  c a s e  would demons t r a t e  

w h e t h e r  t h e  s m o o t h i n g  d e c r e a s e d  t h e  b a c k g r o u n d  n o i s e  o r  b u r i e d  t h e  h i g h e r  

f requency n a t u r a l  o s c i l l a t i o n s .  

D u r i n g  t h e  d e v e l o p m e n t  of  t h i s  new r o u t i n e ,  i t  w a s  r e a l i z e d  t h a t  a l l  

d a t a  coming  f r o m  I P L  would  b e  d i g i t i z e d ,  s i n c e  I P L  was  l i m i t e d  i n  i t s  

r e s o l u t i o n  o f  t h e  c i r c l e  b o u n d a r y  by  t h e  s i z e  of  t h e  p i c t u r e  e l e m e n t s  

( p i x e l s )  used. A p i x e l  i s  a  u n i t ,  l i k e  t h e  u n i t  i n t e g e r  one. N e i t h e r  can be 

sub-divided. The re fo re ,  t h e  r e s u l t s  of  t h e  p r e v i o u s  t e s t  ca se ,  DIGTST, were 

n o t  e n t i r e l y  v a l i d ,  a s  t h e  d a t a  was  d i g i t i z e d  a s  a n  e x e r c i s e  o n l y p  t h e  

d i g i t i z e d  v a l u e s  were no t  used. Jns t ead  r e a l  number v a l u e s  were  passed t o  

t h e  i n t e g r a t i o n  r o u t i n e ,  and  t h e r e f o r e  t h e  a c c u r a c y  of t h e  c o e f f i c i e n t s  

computed by t h e  r o u t i n e  was p robab ly  enhanced, a s  r e a l  numbers can r e p r e s e n t  

t h e  l o c a t i o n  o r  va lue  of a  p o i n t  more a c c u r a t e l y  than  can i n t e g e r s .  

S o  t h e  l o g i c  of  SIlOOTIi was  a l t e r e d  a  l i t t l e  f r o m  t h a t  of  DIGTST. I n  

SIIOOTH, t h e  s i m u l a t e d  d a t a  p a s s e d  f rom CIRGEPJ t o  DIGTIZ. The d i g i t i z e d  



v a l u e s  were  t h e n  s e n t  t o  a  new r o u t i n e ,  PRDGEN, which conve r t ed  t h e  d i g i t i z e d  

C a r t e s i a n  c o o r d i n a t e s  w h i c h  w e r e  p r o d u c e d  by DIGTIZ (and ,  i n  t h e  f u t u r e ,  

wou ld  b e  p r o v i d e d  by IPL) i n t o  r e a l - v a l b e d  p o l a r  c o o r d i n a t e s .  PRDGEN t h d n  

g e n e r a t e d  PROD, w h i c h  i s  a n  a r r a y  o f  t h e  f ( x l ) ' s  w h i c h ,  when m u l t i p l i e d  by 

r ( n , t )  and  i n t e g r a t e d  o v e r  t h e  b o u n d a r y ,  s h o u l d  y i e l d  t h e  v a l u e s  o f  t h e  

c o e f f i c i e n t s  of t h e  Legendre po lynomia l s .  

The v a l u e s  r e t u r n e d  by SMOOlT from t h e  unsmoothed d i g i t i z e d  c o o r d i n a t e s  

w e r e  i n  good a g r e e m e n t  w i t h  t h e i r  c o r r e c t  v a l u e s ,  b u t  n o t  a s  good a s  t h e  

b e t t e r - t h a n - p o s s i b l e  v a l u e s  r e t u r n e d  i n  t h e  o r i g i n a l  DIG'IST t e s t  c a s e .  

An o p t i o n  i n  t h e  c a l l i n g  program, S;iIOOTH, a l lowed  t h e  o p e r a t o r  t o  t e l l  

t h e  program t o  use  t h e  a c t u a l  smoothing r o u t i n e ,  ARIIH, be tween t h e  r o u t i n e s  

DIGTIZ a n d  PRDGEN, i n  o r d e r  t o  s i m u l a t e  t h e  r e c e i p t  o f  s a o o t h e d  d a t a  f r o m  

IPL. A f t e r  t h e  s m o o t h e d  d i g i t i z e d  C a r t e s i a n  d a t a  was  c o n v e r t e d  t o  r e a l -  

v a l u e d  p o l a r  d a t a ,  and  t h e  a r r a y  PROD of  f ( x ' ) ' s  c r e a t e d  f r o m  t h e  l a t t e r ,  

i n t e g r a t i o n s  could  be performed.  The r e s u l t s  were  no t  promis ing .  The v a l u e s  

r e t u r n e d  f o r  t h e  c o e f f i c i e n t s  of  t h e  L e g e n d r e  p o l y n o m i a l s  w e r e  n o  more 

a c c u r a t e ,  and i n  some c a s e s  l e s s  s o ,  t h a n  t h e  v a l u e s  o b t a i n e d  f o r  t h e  

u n s m o o t h e d  d i g i t i z e d  d a t a .  A t  p r e s e n t ,  a  l e a s t  s q u a r e s  a p p r o a c h  i s  b e i n k  

i n v e s t i g a t e d  a s  a p o t e n t i a l l y  more  p o w e r f u l  t o o l  f o r  t h e  r e c o v e r y  o f  t h e  

Legendre c c e f f  i c i e n t s  =ram t h e  boundar ies .  
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ABSTRACT 

Three samples o f  eutect  i c  Bi/MnBi were d i r e c t i o n a l  l y  so l  i d i  f i e d  dur ing  a 1 ow-3 

i n t e r vh l  3 )  aboard t h e  SPAR V I  f l  igh t .  Comparison samples were s o l i d i f i e d  

i n  a 1-G environment under i d e n t i c a l  furnace v e l o c i t y  and themlal  c o ~ d i t i o n s .  I n  

addi t ion,  eu tec t i c  Bi/MnBi composites were p lane- f ront  d i r e c t i o n a l  l y  s o l i d i f i e d  i n  

1-F over a range o f  growth ve loc i t i e s ,  thermal grad ients ,  and sol i d i f i c a t i  I 

or ientat ions w i t h  respect t o  the  g r a v i t y  vector. The BiIMnBi eu tec t i c  w . chosen 

for  t h i s  i nves t i ga t i on  because i t s  m ic ros t ruc tu re  i s charac te r i zed  by a r egu la r  

rod eutect  i c  whose morphol ogy may be sensi t i  ve t o  thermo-sol u t a l  convect i o n  and 

because one of i t s  components, MnBi , i s  ferromagnetic. Therefore, t h e  magnetic 

proper t ies  can be used t o  prov ide an e f f i c i e n t  and s e n s i t i v e  measurement o f  t h e  

ef fect  of convection on s o l i d i f i c a t i o n  processing. 

Morphological analysec on samples t h a t  were d i r e c t i o n a l l y  s o l i d i f i e d  dur ing  

the 240-s low-F i n t e r v a l  o f  t he  SPAR V 1  f l  i g h t  experjment show s t a t i s t i c a l l y  smal- 

l e r  i n t e r rod  spacings and rod diameters w i t h  respect t o  samples grown under iden- 

t i c a l  s o l i d i f i c a t i o n  furnace condi t ions,  i n  t h e  same apparatus, i n  1-g. The mag- 

ne t i c  proper ty  measurements i n d i c a t e  t h a t  t he  fl i g h t  samples con ta in  - 7 v/o ?ess 

dispersed MnBi than s i n i l a r l y  processed 1-7 samples o f  t h e  same s t a r t i n g  composi- 

t i on .  Cocvectively a r i ven  temperature f l u c t u a t i o n s  i n  t he  me1 t, which r e s u l t  i n  

unsteady 1 iqu id-so l  i d  i n t e r f a c e  movement i n  1-1, are suggested t o  exp la in .  t h e  

mo rph~ log i ca l  change between low-TJ and 1-F s o l i d i f i c a t i o n .  As a r e s u l t  o f  these 

f luc tua t ions ,  an adjustment between t he  i n t e r r o d  spacing, growth v e l o c i t y  , and 

t o t31  undercooling a t  the  s o l i d i f i c a t i o n  i n t e r f a c e  i s  proposed t o  account f o r  t he  

observed change i n  volume f r a c t i o n  o f  d ispersed MnBi . 
Morphological analyses on samples grown i n  1-Tj i n d i c a t e  1 i t t l e  d i f f e r e n c e  be- 

tweea r e s u l t s  f o r  d i f f e r e n t  growth o r i en ta t i ons  w i t h  respect t o  t h e  g r a v i t y  vec- 

t o r ,  i.e., growth up ( a n t i p a r a j l e l ) ,  down ( p a r a l l e l ) ,  ar,d h o r i z ~ n t a l  (perpendicu- 

1 ar ) .  The magnetic proper t fes  are s i g n i f i c a n t l y  a f fec ted,  however, by t h e  pres- 

ence o f  a nonequil i b r ium magnetic phase. The amount o f  t h i s  phase i s  a s e n s i t i v e  

func t ion  o f  tt-P growth ve loc i t y ,  thermal grad ient ,  and g r a v i t y  vector  o r i r n t a t i c n ,  

The nonequi 1 ib r ium phase transforms t o  the  equi 1 i b r i  um ferromagnet ic phase du r i ng  

isothermal heat treatment. 
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To assess the  r o l e  o f  convection and coupled c o n v ~ c t i v e - d i f f u s i v e  t ransport  on 

the c rys ta l  growth o f  eu tec t ic  a1 1 oys , the p l  ane-front sol i d i f i c a t i o n  o f  eu tec t ic  

BiIMnBi was invest igated dur ing both low-5 and 1-y experiments. The Bi/MnBi eu- 

t e c t i c  was chosen because i t s  microstructure i s  character ized by a regular  rod 

eu tec t ic  morphology when grown by p l  ane-front sol i d i f i c a t i o n  w i t h  cooperative 

growth. One o f  the phases, MnBi, appears faceted wh i le  the other, B i  terminal 

sol i d  sol ut ion,  may be unfaceted. Therefore, the  s o l d i f i c a t i o n  o f  Bi/HnBi repre- 

sents a candidate system thay may be sens i t i ve  t o  thermal and so lu ta l  i n s t a b i l i -  

t i e s  produced by convective flows. I n  addi t ion,  the equ i l ib r ium MnBi phase i s  

h igh ly  ferromagnetic anb i t s  magnetic proper t ies can be used t o  character ize the  

e f fec t  o f  s o l i d i f i c a t i o n  processing and convection on rod size, shape, 2nd 

a1 i gnment . 
Since about 1960, considerable study has focused on the  plane-front sol i d i -  

f i c a t i o n  o f  eu tec t ic  a1 loys (Ref I ) ,  and more recent ly  on thermo-solutal convec- 

t i o n  (Ref 2 and 3) t h a t  occurs when the  f l u i d  density depends on var iables such as 

temperature and solute concentration. Theoret ica l ly  , f r e e  convection might cause, 

f o r  exam?le, f luc tua t ions  i n  the- ra te  o f  s o l i d i f i c a t i o n  (Ref 4) ,  which would lead 

t o  microstructura l  var ia t ions  along the  growth d i rec t i on .  I n  a r o d l i k e  eutect ic ,  

these var ia t ions  could lead t o  changes i n  volume f rac t i on ,  rod diameter, i n t e r r d  

spacing , and e lec t ron ic  propert ies, e.g., magnetic propert ies, associated w i t h  

these ~ ; l i c ros t ruc tura l  character i  s t ics.  

I n  the h igh furnace r a t e  and thermal gradient regime o f  V-30 cm/h and 

G~-100~C/cm, the  mass t rans fer  f i l m  thickness, am, i s  expected t o  be on the  

order o f  50 p m  i n  1-?j and 500 prn i n  a 3 environment, wh i le  the solute 

boundary 1 ayer, o r  Stefan length, p- l ,  i s  on the  order o f  25 y m  f o r  V = 30 cm/h 

f o r  eu tec t ic  Si/MnBi (Ref 5 ) .  The r a t i o  8,/p-l o r  p O m  i s ,  therefore, - 2  

i n  1-5 and#-20 i n  9 suggesting a possible convective i n te rac t i on  i n  1-9 
even a t  t h i s  h igh growth ve loc i t y  and near d i f f u s i o n  cont ro l  i n  g 
env i romnent . 

Samples were grown up, down, and horizonta: t o  the grav i ty  f i e l d  i n  an e f f o r t  

t o  change the  degree o f  thermal and so lu ta l  convection present. Ground base 



experiments (1-3)- were performed over a range o f  furnace ve:oci t ies, V, 0.5 - < V - < 
50 cm/h, and thencal gradients i n  the  l i q u i d  a t  the s o ! i d i f i c a t i o n  interface, 

GL, 20 - < GL 150°C/cni. Therefore, p Oln, C.2 - < t1 am 5 3.5. For example, 

a s t a t i c a l l y  s tab le  f l u i d  !,let f l u i d  densi,y < 0 )  might be expected f o r  eu tec t i c  

Bi/MnBi i n  a growth up conf igurat ion w i t h  s u f f i c i e n t l y  l a rge  temperature gradient 

since the  f l u i d  density o f  Mn i s  less  than B i ,  thereby minimizing convective e f -  

fects i n  the absence o f  s u f f i c i e n t l j  l d rge  r a d i a l  temperatare gradients near the 

s o l i d i f i c a t i o n  interface. S imi la r ly ,  convect-ive f low should be ~i~aximurii when the 

growth i s  hor izonta l  because both t hcrrral and sol  u t a l  convection are present. 

However, d e f i n i t i v e  ana ly t i c  a ~ a l y s i s  o r  experin~ental evidence f o r  a p r i o r i  

p red i c t i on  of the e f t e c t s  of  these l eve l s  c f  p  8,,, on microstructure and ds- 

sociated e lec t ron ic  proper t ies o f  d i r e c t i o n a l l y  sol i d i f i e d  eu tec t ics  have not y e t  

been developed o r  determined. The ob jec t ive  o f  t h i s  i nves t i ga t i on  was, therefore,  

twofold: 

( I )  Deterniine the e f f e c t  o f  a red~ ic t i o r i  i n  g rav i t y  f o r  samples grown i n  the 

sane apparatus under ident ica l  furnace condit ions except f o r  the sup- 

pression o f  the magnitude o f  the g rav i t a t i ona l  force; and 

( 2 )  4ttemr)t t o  d l  t e r  the degree o f  thetl i iosolutal convection i n  1-?j by chany- 

ing the s o l i d i f i c a t i o n  d i r e c t i o n  w i th  respect t o  the grav i ty  vector over 

a range of V, Gi and, therefore, po rn .  



EXPERIMENTAL PROCEDURE 

SAMPLE PREPARATION 

BiIMnBi samples were prepared using comn~erciai l y  pure Mn (99.9 w/o) and h i gh  

p u r i t y  6' (99.999 w/o). Both were nlel t e d  toge ther  i n  an evacuated ( -10-5 t o r r )  

h i g h  p u r i t y  quar tz  c r u c i b l e  ( 1  .O-cnl i nne r  diameter)  above 446"C, t h e  temperature 

a t  which t h e  s to ich iomete ic  Mndi compound fornls (Ref 6) .  The me l t  was electromag- 

n e t i c a l  l y  s t i r r e d  f o r  a per iod  o f  16 h t o  ensure homogenization. The Bi-Mn phase 

diagram (see Fig. 1)  was deterniined i n  t h e  v i c i n i t y  o f  t he  e u t e c t i c  canpos i t i on  by 

nieans o f  d i f f e r e n t i a l  scannina ca l  o r imet ry  2nd chemical spectrohoiometr ic absorb- 

ance (Ref 7) .  The e u t e c t i c  composit ion was found t o  be 0.72 - + 0.03 w/o Mn (2.69 

+ 0.08 a/o Mn) , which r e s u l t s  i n  an MnBi volunle f r a c t i o n  o f  3.18 + 0.09 v/o. - - 
Por t ions  o f  these e u t e c t i c  s t a r t i n g  boules were then encapsulated i n  a spec ia l l y  

designed, evacuated quar tz  ampoule (0.4-cm inner  diameter) ,  i 11 us t r a ted  i n  Fig.  2. 

The eu tec t i c  Bi/MnBi sample was l o c a l i z e d  by means o f  t i g h t - f i t t i n g ,  h i gh  p u r i t y  

g raph i t e  spacers and quar tz  wool "0" r i n g s  a t  the  appropr ia te  p o s i t i o n  f o r  s o l i d i -  

f i c a t i o n .  A me1 t back i n t e r f a c e  was used t o  minimize leak-by o f  t h e  melt .  The 

ampoules were i nstrurr~ented w i t h  very f i n e  chrome1 -a1 unlel thennocoup1 es (C.0015-i n. 

bead diameter)  sheathed i n  MgO i n s u l a t i o n  w i t h  a 0.010-in dianieter 304 s ta i n -  

l e s s  s tee l  outer  tube. The p r e f l  i g h t  and p o s t f l  i g h t  grcund base experinients con- 

s i s t e d  of  f o u r  ampoules: two d i r e c t i o n a l  l y  sol  i d i f i e d  growth up and instrumented 

w i t h  f ou r  equa l l y  spaced thermocouples, and two d i r e c t i o n a l  l y  s o l i d i f i e d  growth 

down and instrumented w i t h  one t,heni~oucoupl e per ampoul e. A s i l j l i l  a r  arrangement 

was used f o r  t he  f l i g h t  experiment. Those samples i nves t i ga ted  i n  o ther  ground 

base experiments, i.e., grown a t  v e l o c i t i ~ s  and thernlal g rad ien ts  o the r  than t he  

SPAR V I  fl i g h t  cond i t i ons  , were i iistrurnented w i t h  one ther~nocouplc. The presence 

o f  these thermocouples d i d  not  appear t o  per tg rb  s i g n i f i c a n t l y  the  sol i d i f i c d t i o n  

processing e i t h e r  through chel l ica l  contaminat ion o r  heat t r ans fe r .  I n  f a c t ,  t h e  

thermal c o n d u c t i ~ i t y  o f  t he  thern~ocouple ijrobes was found t o  be very near t he  

thernial conduc t i v i t y  o f  1 i q u i d  eu tec t i c  Bi/MnBi . 
DIRECTIONAL SOLIDIFICTAION PROCESSING 

The p r e f l  i g h t  , f 1 i g h t  , and p o s t f l  i g h t  experiments were performed u s i  tlg t he  

Briagnan-Stockbarger method i n  an automatic d i r e c t i o n a l  sol  i d i  f i c a t i o n  sysienl 
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(ADSS) b u i l t  by Genera: E l e c t r i c  (Ref 8) .  The ADSS apparatus c o n s i s t s  o f  f o u r  

symmetr ica l ly  mounted furnace assenlbl i e s ,  each comple te ly  independent w i t h  respec t  

t o  temperature and l i n e a r  v e l o c i t y  o f  movement. Schematics of t h e  furnace a# - 
sembly and ac tua l  apparatus are shown i n  F ig .  3 and 4 ,  r e s p e c t i v e l y .  For  t h e  pre- 

f l  i g h t  , f l  i ght  , and p o s t f l  i g h t  experiments, each furnace produced about t h e  same 

g rad ien t  (-lOO°C;cs~) and moved a t  t h e  same l i n e a r  speed (-30 cm,'h). In addi-  

t i o n ,  fu rnaces iilounted i n  o p p o s i t i o n  w i t h  respect  t o  the  assembly mounting p l a t e s  

moved i n  t h e  same d i r e c t i o n  so t h a t  t h e  t o t a l  ADSS r:?omentum was zero. The appara- 

t u s  a1 so irrlaerwent i n t r i i i s i c  v i b r a t i o n a l  t e s t i n g  so as t o  m o n i t o r  t h e  l e v e l  o f  ex- 

t e r n a l  f o r c e  produced by furnace ~ ~ ~ o v e ~ n e n t  a t  t h e  l o c a t i o n  o f  t h e  anlpoule. T h i s  

l e v e l  was found t o  be < g. Each ADSS furnace asse~iibly produced a  w e l l  

c o n t r o l l e d  u n i d i r e c t i o n a l  thernial g rad ien t  near t h e  s o l i d i f i c a t i o n  temperature o f  

e u t e c t i c  Bi/MnBi a t  265.1 - + 0.3"C. Th is  g rad ien t  can be v a r i e d  f rom 10°C/cm t o  

200°C/cm by a d j u s t  i ng t h e  te!:lperature o f  t h e  fu rnace  nichrome hea t ing  e l  ements and 

t h e  f l u i d  cooled copper quench block.  The l i n e a r  furnace v e l o c i t y  can be v a r i e d  

from 0.1 t o  100 cm/h. A s i m i l a r  furnace u n i t  was bsed f o r  t h e  o t h e r  ground base 

i nvest i gat i ons. 

PREFLIGHT, FLIGHT, & POSTFLIGHT EXPERIMENTS 

Two p r e f l i g h t  experiments were conducted i n  t h e  ADSS apparatus a t  Marsha l l  

Space F l i g h t  Center i n  accorddnce w i t h  t h e  SPAR V I  f l i g h t  opera t iona l  t i m e l i n e .  

One o f  these t e s t s  - t h e  P r e - i n s t a l l a t i o n  Acceptance Test (PIAT) - was conducted 

w i t h  t h e  ADSS u n i t  seyarated froni t h e  o t h e r  f l i g h t  experiments, i n  ambient atmos- 

phere and temperature,  and i n  a  v e r t i c a l  geometry (growth up and down). The pur-  

pose o f  t h e  PIAT was to- ensure t h a t  p l  ane- f ron t  so l  i d i f i c a t i o n  occurred a t  t h e  

SPAR V I  s o l i d i f i c a t i o n  cond i t i ons ,  and t o  e s t a b l i s h  b a s e l i n e  c r i t e r i a  f o r  t h e  

fl i g h t  experiment. I n  t h e  o the r  p r e f l  i g h t  experiment (A1 1  -Systems Test ) ,  t h e  en- 

t i r e  apparatus was placed i n  a  sealed c a n n i s t e r  f i l l e d  w i t h  d r y  N2 gas and run  

i n  con junc t ion  w i t h  t h e  o the r  f l i g h t  experiments. A l l  c o n d i t i o n s  wzre i d e n t i c a l  

w i t h  t h e  f l  i g h t  experiment except f o r  t h e  presence o f  t h e  v e r t i c a l  g r a v i t y  vector .  

The All-Systems Test provided 1-G samples t o  be used f o r  d i r e c t  comparison w i t h  

t h e  SPAR V I  f l i g h t  sdmples. 

The SPAR V I  f l  i y h t  experiment began w i t h  i n i t i a t i o n  o f  fu rnace h e a t i n g  90 niin 

be fo re  launch. At 5 ~ n i n  b e f o r e  launch, each i n  s i t u  sa~ilple ther~nocouple temper- 

a t u r e  was moni tored and compared aga ins t  t h e  b a s e l i n e  c r i t e r i :  e s t a b l i s h e d  
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fo l low ing the  PIAT tes t .  After 1 aunch, d i rec t i ona l  s o l i d i f i c a t i o n  commenced - 30 

s a f t e r  low-! had been at ta ined o r  -120 s a f t e r  launch. D i rec t iona l  

sol i d i f  i c a t i o n  proceeded through the  1 ow-V i n t e r v a l  ( -240 s) and continued even 

a f te r  deployment o f  the  drop parachute, terminat ing " 728 s a f t e r  launch. By 
t h i s  time, the  e n t i r e  length o f  each Bi/MnBi sample ( - 5 cm) had been d i rec-  

t i ona l  l y  s o l i d i f i e d  w i th  - 1.8 cm pl  ane-front d i rec t i ona l  l y  sol i d i f i e d  i n  low T. 
A PIAT type t e s t  was also conducted a f te r  the f 1  i g h t  experiment t o  ensure 

tha t  no systematic apparatus anomalies had occurred as a r e s u l t  o f  t he  launch. 

FLIGHT (LOW-5) & ALL-SYSTEMS TEST (1-i) COMPARISON 

Each SPAR V I  f l i g h t  (low-3) and All-Systems Test (1-z) sample was par t i t ioned,  

as shown i n  Fig. 5, a t  the ax is  o f  s o l i d i f i c a t i o n  as wel l  as a t  th ree  f r a c t i o n  

s o l i d i f i e d  locat ions by means o f  a diamond impregnated s t r i n g  saw. The s t r i n g  saw 

was used t o  avoid unnecessary stress during the sect ioning process. 

The top  h a l f  (containing no thermocouple remanant) o f  each ax ia l  sect ion was 

used fo r  both magnetic and morphological analysis. The remaining h a l f  was used 

only fo r  morphological study. Comparison between f l i g h t  and ground base samples 

was made a t  the same f r a c t i o n  s o l i d i f i e d  or  f r a c t i o n  s o l i d i f i e d  i n t e r v a l  f o r  

samples grown i n  the ident ica l  furnace assembly so as not t o  skew the  resu l t s  

systematically. A1 1 comparisons were made i n  the low-g i n t e r v a l  o f  

s o l i d i f i c a t i o n .  

GROUND BASE (1-g) MATRIX  EXPERIMENT 

I n  a series of ground base i nvestigations, samples were grown para1 1 e l  , an t i -  

pa ra l l e l ,  and perpendicular t o  the grav i ty  f i e l d  a t  growth v e l o c i t i e s  between 

V = 3 and 30 cm/h and thermal gradients, GL = 20 and 150°C/cm. The hot zone was 

adjusted, regardless o f  growth o r i en ta t i on  w i t h  respect t o  the g rav i t y  f i e l d ,  t o  

maintain a constant thermal gradient i n  the  l i q u i d  i n  both the h igh and low 

thermal gradient regimes. One transverse f r a c t i o n  s o l i d i f i e d  locat ion,  near the 

thermocouple bead, was used fo r  morphological study. Several long i tud ina l  1 oca- 

t i o n s  were observed t o  ensure tha t  cooperative growth had occurred as a func t ion  

o f  f r a c t i o n  s o l i d i f i e d .  I n  addit ion, two f r a c t i o n  s o l i d i f i e d  sections per growth 

cond i t ion  were used f o r  magnetic property analysis. f o r  two cmpoules, t he  
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e n t i  r e  1e.lgth was equi p a r t i t i o n e d  and t h e  magnetic p rope r t i es  determined as a 

f unc t i on  o f  f r a c t i o n  s o l i d i f i e d .  

MICROSTRUCTURAL, THERMAL, & F?AGNETIC PRilPERTY ANALYSIS 

Sample m o r p t ~ ~ l  ~ g y  (dispersed MnBi rod  s ize,  volume f r a c t i o n ,  and rod  

a1 i gnment) was determined from o p t i c a l  micrographs o f  mechanical l y  po l  i shed sur- 

faces both p a r a l l e l  and perpendicular t o  t h e  s o l i d i f i c a t i o a  d i r e c t i o n .  F i f t e e n  

micrographs o f  a mechanical ly po l ished sur face a t  each tranvet-se f r a c t i o n  s o l i -  

d i f i e d  l o c a t i o n  were analyzed as t o  MnBi rod  area, i n t e r r o d  spacing, and volume 

f rac t ion .  Analysis was performed using a computer aided L e i t z  p a r t i c l e  

analyzer system. 

For t h e  p r e f l i g h t  and f l i g h t  experiment, each i n  s i t u  thermocouple, f o u r  

furnace con t ro l  thermocouples , and two reference thermis to rs  were monitored a t  

about one reading per second f o r  each furnace assembly. These measurements wero 

t r i n s m i t t e d  v i a  te lemetry  and recorded bo th  i n  d i g i t a l  and analog fo rmt t .  The 

subsequent analog voltages were cci iverted t o  temperature i n  degrees cent igrade by 

assuming a quadrat ic  r e l a t i o n s h i p  between vo l tage and temperature. Due t o  t h e  

l a c k  o f  po i n t  t o  p o i n t  grounding i n  the  ADSS apparatus, r e s o l u t i o n  o f  t he  i n  s i t u  

thermocouple measurements was 1 i m i  t e d  t o  - + 0.08 mV (+2.0°C). - For t h e  remaining 

ground base t e s t  i ng , i n s i  t u  thennocoupl e measurements were monitored using a 

Dig,: t ec  Thermocouple acqu i s i t i on  system w i t h  a temperature r e s o l u t i o n  o f  - +O.Z°C. 

Magnetic p roper t ies  ;dere determined from magnet izat ion measurements o f  c y l i n -  

d: .:a1 'iy shaped sampl es. Magnet i z a t . 1 0 ~  was measured para1 I e l  and ?erpendicul a r  t o  

the  s o l i d i f i c a t i o n  d i r e c t i o n  a t  290,77, and 4.2 K i n  app l ied  f i e l d s  up t o  230 kOe 

at. the  Francis B i t t e r  N a t i o ~ ~ l  Magnet Laboratory,  us iny a low frequency v i b r a t i n g  

sample magr!etoK- .er. A Pr inceton Appl ied Research h igh  frequency v i b r a t i n g  sample 

magnetometer was used a t  Gruman t o  measure magnet izat ion as a f u n c t i o n  o f  angle 

w i t h  respect to  s o l i d i f i c a t i o n  d i r e c t i o n ,  app l ied f i e l d  up t o  17 kOe over a tem- 

perature from 290 K t o  t h e  e u t e c t i c  me1 t i n g  temperature o f  538 K. A p o r t i o n  o f  

the  magnetic cha rac te r i za t i on  f a c i l i t y  used a t  Gruman i s  shown i n  F igure  6. 

I t had been an t i c i pa ted  t h a t  because t h e  equ i l  i b r i um  MnBi phase i s  ferromag- 

n e t i c  a t  and be1 ow room temperature, i t s  magnetic p rope r t i es  cou ld  be used t o  

measure t h e  e f f e c t  o f  p a r t i c 1  e morphology (e.g., average rod  s i z e  and p a r t i c l e  

a1 ignment) and t he  e f f e c t  o f  so l  i d i f i c a t i o n  processing ant convect i o n  on t he  

VI-I I 





3orpho1 ogy. For exmp le ,  t h e  ., n t r i n s i c  ~ o e r c i v i  ty , mHc, o f  ferromagnet ic 

mate r ia l  s should increase w i t h  decreasing p a r t i c l e  s i z e  and approach t h e  

t heo re t i ca l  maximum when t he  p a r t i c l e  conta ins on ly  one magnetic domain ( s i n g l e  

domain behavior). It was observed, however, t h a t  p l  ane- f ront  d i r e c t i o n a l  l y  

s o l i d i f i e d  e l ~ t e c t i c  Bi/MnBi w i t h  comparable morphologies d i f f e r e d  d rama t i ca l l y  i n  

magnetic p roper t ies  depending on s o l i d i f i c a t i o n  processing cond i t i ons  and heat 

t reatment a f t e r  s o l i d i f i c a t i o n  (Ref 9-12). As i s  seen i n  Fig. 7, t h e  room 

temperature (300 K )  i n t r i n s i c  c o e r c i v i  t y  f o r  samples processed on ly  by d i r e c t i o n a l  

s o l i d i f i c a t i o n  (as-grown s ta te )  appears t o  be a weakly dependent f u n c t i o n  o f  t h e  

average dispersed MnBi p a r t i c l e  s i z e  except f o r  h igher  growth v e l o c i t i e s  where t h e  

samples become almost para.:,gnetic i n  character.  Th is  behavior i s  supported by 

t h e  decrease i n  rernanent magnet izat ion shown by samples i n  t h e  as-grown s ta te .  

For  t he  same samples s u f f i c i e n t l y  heat t r ea ted  ( a t  250°C f o r  per iods g rea te r  than 

24 h )  , a dramatic increase i s  observed no t  on ly  i n  room temperature remanent 

magnet izat ion bu t  a1 so i n  i n t r i n s i c  c o e r c i v i t y .  Another magnetic phase, o the r  

than t he  expected equ i l i b r i um  (so-ca l led  LTP) MnBi, which occurs i n  

directionally-soi idif ied mate r i a l ,  has been i d e n t i f i e d  as the  o r i g i n  o f  these 

d i f ferences.  This new magnetic phase, termed t h e  h i gh  c o e r c i v i i y  o r  HC phase, i s  

found t o  coex is t  w i t h  t he  LTP phase. The !iC phase i s  paramagnetic a t  room 

temperature and orders fe r r imcgne t i ca l  l y  (Ref 10) near 250 K w i t h  an i n t r i n s i c  

c o e r c i v i t y  - 110 kOe a t  77 K, measured para1 l e l  t o  t he  s o l i d i f i c a t i o n  d i r e c t i o n .  

With "he appl ied f i e l d  p a r a l l e l  t o  t he  s o l i d i f i c a t i o n  d i r e c t i o n ,  t h e  hys te res is  

curves corresponding t o  the  LTP and HC phases a r e  d i s t i n c t  and separate bo th  a t  

room temperature and 77 K (Fig.  8) so t h a t  determin ing t h e  amount o f  each phase 

present i s  s t ra igh t fo rward  (Ref 9-13). The magnet izat ior l  can be measured w i t h  an 

uncer ta in ty  o f  - + 10-3 emu. Since e u t e c t i c  samples used f o r  magnet izat ior l  

s tud ies have moments between - 0.75 emu f o r  100% HC phase and -1.70 emu f ~ r  100% 

LTP phase, f o r  an app l ied  f i e l d  o f  150 kOe a t  room temperature, t h e  uncer ta in ty  i n  

determining t h e  amount o f  each magnetic phase (and t h e  volume f r a c t i o n  o f  MnBi) 

va r ies  from - + 0.3 % For 100% LTP phase t o  - + 1.0% f o r  a 30/702 combination o f  

LTP/HC phases a t  t he  e u t e c t i c  Bi/MnBi composit ion. 
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RESULTS 

LOW-! EXPERIMENT - GENERAL OBSERVATIONS 

011 October 17, 1979, SPAR V: was f lown successfu l ly .  The f l i g h t  ampoules were 

removed t h e  same day, and were re turned t o  Grumman on October 19. As shown i n  

Fig. 9, ampoule No. 1 and 3 were completely i n t a c t ;  t h e i r  i n  s i t u  thenocouples 

( f o u r  i n  each ampoule) were s t i l l  f unc t i on i ng  proper ly .  Ampoule No. 2 had been 

broken near t he  t o p  r e t a i n i n g  washer o f  t h e  ADSS furnace No. 2 assembly, bu t  t h e  

f r ac tu re  was loca ted  s u f f i c i e n t l y  f a r  away from t h e  Bi/MnBi sample so t h a t  t h e  

sampl? was no t  a f fec ted.  F rac tu re  most probably occurred a t  impact, i . e . ,  a f t e r  

t h e  sample had c o i p l e t e l y  so l i d i f i ed .  Th is  p r o b a b i l i t y  i s  supported by t h e  

recovery team which repor ted a l a r g e  gdsh i n  t he  ou te r  payload s k i n  near the  76-22 

apparatus (see Fig.  l o ) ,  apparent ly caused by t h e  payload be ing dragged over rough 

t e r r a i n  a t  t he  impact s i t e .  Ampoule No. 2 was s i n g l y  instrumented, and i t s  

thermocouple was a l so  s t i l l  f unc t i on i ng  proper ly.  Ampoule No. 4 ,  a l so  s i n g l y  

instrumented, was broken a t  launch. This i s  conf i rmed by a sudden d is turbance i n  

thermococple output  as observcd from t h e  te lemetry  data a t  launch. Ampoule 

b r e a ~ a g e  may have been caused by t he  r a t h e r  severe v i b r a t i o n  o f  t h e  rocke t  bumpil~g 

against  t h e  gantry.  For tunate ly ,  t h e  molten Bi-Mn qu i ck l y  quenched on t h e  lower  

ADSS base p l a t e  and d i d  not  i n t e r f e r e  w i t h  any o the r  furnace assembly. 

Eva luat ion o f  t h e  te lemetry  data i nd i ca tes  t h a t  a l l  i n  s i t u  and furnace 

thermccouples, reference t r a n s i s t o r s ,  and furnace assemblies operated ~ r o p e r l y .  

The te lemetry  data a lso  i nd i ca te  t h a t  one o f  t h e  r e c i r c u l a t i n g  pumps malfunc- 

t ioned,  bu t  because o f  t h e  l a r g e  thermal mass o f  each furnace, and s ince the  ADSS 

has two such pumps, no no t i ceab le  e f f e c t  on t h e  temperature of t h e  f l u i d  cooled 

furnace assembly quench b l  ocks was d i  scernabl e. 

Several x-ray radiographs and macrophotographs o f  t h e  ampoilles were taken, as 

shown i n  Fig. 11 and 12. They i nd i ca ted  no unusual po ros i t y  except f o r  ampoule 

No. 2 i n  which t h e  volume made ava i l ab l e  by a s l i g h t  leak-by of molten Bi-Mn a t  

launch ( furnace was above quench b lock )  caused separat ion o f  t he  sample i n t o  f o u r  

d i s t i n c t  par ts .  This d i d  not have any adverse e f f e c t s  on eva lua t i on  o f  sample 

thermal data s ince the  f i r s t  separat ion occurred below t h e  t e rm ina t i on  o f  t h e  i n  

s i t u  thermocouple and a f t e r  s o l i d i f i c a t i ~ , ~  dur ing  t h e  l o w - i  i n t e r v a l .  
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Fig. 10 Photqrsph After SPAR VI Flight Showing Gash in Outer Payload 
Skin Near the 7622 Apqratus 
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Fig. 12 Photqra@~s of Flight Samples After RmmwJ From Ampules 



FLIGHT (Low-?j) AND ALL-SYSTEMS TEST (One-?j) COMPARISON 

Morphol ogy 

Plane-front s o l i d i f i c a t i o n  w i t h  cooperat ive growth o f  e u t e c t i c  BiIMnBi r n s u l t s  

i n  an a1 igned ensemble o f  MnBi rods, w i t h  l eng th  t o  diameter r a t i o s  on t h e  order  

o f  100, dispersed i n  a B i - termina l  s o l u t i o n  m a t r i x  on t h e  o rder  o f  0.1 w/o Mn. 

Typical  Transverse and l o n g i t u d i n a l  m ic ros t ruc tu res  are shown i n  F i g  11. The l ong  

a x i s  of t h e  rods i s  p a r a l l e l  t o  t he  s o l i d i f i c a t i o n  d i r e c t i o n .  The morphology of 

t h e  rod cross-sect ions i s degenerate-faceted and chevron-shaped a t  t h e  1 ower 

furnace v e l o c i t i e s  (V < 3.0 cmlh) as shown i n  F i g  13, and niore c i r c u l a r - 1  i k e  a t  

h igher  furnace v e l o c i t i e s  (V > 20 cmlh) as shown i n  Fig. 14. Mean rod  diameters 

< d > ,  and i n t e r r o d  spacings, < A > ,  as determined by f i t t i n g  t h e  measured rod  

diameter and i n t e r r o d  spacing d i s t r i b u t i o n s  w i t h  a Poisson d i s t r i b u t i o n  f u n c t i o n  

and min imiz ing t h e  x2, were found t o  vary i n  t h e  expected manner (Ref 1) w i t h  

growth ve loc i t y ,  V,  i.e., 

Very uniform, cooperat ive growth was observed from t h e  beginning o f  s o l i d i -  

f i c a t i o n ,  through t he  low-l j  i n t e r v a l  u n t i l  t h e  deployment o f  t h e  SPAR V I  f l i g h t  

parachute (Fig.  15) .  The deployment o f  t h e  parachute r e s u l t e d  i n  a l a r g e  

pe r t u rba t i on  t o  the sol  i d i f i c a t i o n  processing w i t h  an abrupt t e rm ina t i on  o f  coop- 

e r a t i v e  growth see Fig. 16, and i n  a me l t i ng  back o f  t h e  s o l i d i f i c a t i o n  i n t e r f a c e  

as determined by the  i n  s i t u  thermocouple data. 

Morphological measurements o f  MnBi rod  diameter and i n t e r r o d  spacing d i s t r i -  

bu t ions  on a1 1 t h r e e  f l i g h t  samples s o l i d i f i e d  dur ing  t h e  low-Tj i n t e r v a l  show a 

s t a t i s t i c a l l y  s i g n i f i c a n t  d i f fe rence  w i t h  respect  t o  t h e  same f r a c t i o n  sol  i d i f i e d  

reg ions of samples grown under i d e n t i c a l  furnace cond i t i ons ,  i n  t h e  same furnace 

assenibly, i n  1-3 (as seen i n  Table 1). This i s  shown i n  Fig. 17 f o r  samples grown 

i n  furnace assenbly No. 1. Both t h e  MnBi rod diameter and i n t e r r o d  spacing 

d i s t r i b u t i o n s  have smal l e r  values f o r  t h e  low-g grown samples, w i t h  mean rod  

diameters and mean i n t e r r o d  spacings 30 - + 9% and 35 - + 12% smal ler ,  r espec t i ve l y  

(Fig.  18 and Table 1) .  This behavior was s i m i l a r  a t  each f r a c t i o n - s o l  i d i f i e d  

l o c a t i o n  measured and f o r  each sa~nple s o l i d i f i e d .  The measured MnBi volume 

f r a c t i o n  o f  t he  f l i g h t  samples (2.96 - + 0.38 v /o) ,  as determined from q u a n t i t a t i v e  

morphological ana lys is ,  was s t a t i s t i c a l  l y  equ iva len t  t o  t he  A1 1-Systems Test 
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Table 1 Comparison of Thermal, Morphological, & Magnetic Proparties for Samples Grown During 
Nl-Systams Test 1-681 SPAR VI Fli&t (L-) in Identical Furnace Assembly Apprratvt. 
Comparison is Normalized to L- Ragions of Sdidifiiticn. 

EXPERIMENTAL MEASUREMENT 

Bulk starting composition, (w!o Mn) 

Furnace assembly velocitv, x 10-3 crnh 

Furnace hot zone temperature, 'C 

Furnace quench block temperature, "C 

Solidification temperature, 'C 

Thermal gradient at interfacetliquid, 
" ~ t c m  

Thermal gradient at int. iacetsolid, 
" c / c ~  

Mean Mn8i in:.rrod spacing (X ) ,p  m 

Mean Mnbi rod diameter (D),p m 

Volume percent HC MnBi phase 
normalized to vto MnBi, % 

Volume percent MnBi from magretic 
property mecsurements, % 

Resistance to demagnetization (intrinsic 
coercivity) for partially annealed 50% 
equilibrium/nonequilibrium MnBi 
magnetic phases, kOe 

R8O-1342-038P 

+ 

AIISynems Test ( 1 3  SPAR VI Flig1.t ( 1 0 ~ 5 )  
I 

1 

0.71 
k0.03 

8.0 
k0.6 

45i 
2 5 

18.5 
1 .  

265.3 
k 2.0 

102.6 
2 8.6 

179.9 
21 5.0 

1.58 
20.18 

0.48 
20.05 

95.3 
2 0.1 

3.18 
20.03 

25.6 
2 0.5; 

Furnace Assembl~ 
2 

3.71 
20.03 

7.5 
20.3 

460 
2 5 

48.0 
"-2 

- - - 

- - -  

- - -  

0.98 
k0.17 

0.32 
2C.04 

95.2 
k 0.1 

2.93 
k0.03 

. - -  

No. 
3 

0.72 
20.03 

7.3 
A0.3 

446 
+ 5 

48.0 
k 1 . 2  

262.6 
2 2.0 

107.8 
2 6.9 

173.4 
211.7 

1.05 
20.16 

0.35 
50.04 

95.3 
5 0.1 

2.98 
20.03 

. - - 

I 

0.72 
20.03 

7.8 
k0.5 

446 
+ 5 

48.0 
t 1 . 2  

262.4 
k2 .0  

105.1 
k 6.7 

162.5 
rl9.4 

0.97 
k0.17 

0.33 
20.04 

95.3 
+ 0.1 

2.96 
9 . 0 3  

30.0 
0.5 

Furnace Assembly 
2 ?  

9.72 
+3.03 

7.8 
20.3 

462 
r 5 

47.5 
21 .2  

- - - 

- - -  

- - -  

1.60 
50.19 

0.46 
20.05 

95.1 
2 0.1 

3 16 
20.03 

- - - 

No. 
3 

0.72 
20.03 

7.7 
20.3 

451 
+ 5 

48.5 
1 

265.1 
k2 .0  

108.1 
2 8.8 

177.1 
214.3 

1.43 
S0.19 

0.48 
20.05 

95.2 
+_ 0.1 

3.1 9 
20.03 

- - - 



samples (3.18 - + 0.47 v/o). The loca l  inhomogenity i n  volume f rac t i on  noted i n  

ground base samples was also present i n  the  f l  i gh t  samples and tended t o  increase 

s i g n i f i c a n t l y  t he  width o f  volume f r a c t i o n  d i s t r i b u t i o n s  observed by morphological 

measurements . 
Thermal Propert ies 

Comparison o f  thermal data through the  sol i d i  f i c a t i o n  temperature was 1 i m i  t ed  

t o  samples i n  furnace assemblies No. 1 and No. 3 (each sample instrumented w i t h  

four  i n  s i t u  thermocouples) since these samples had a t  l eas t  one thermocouple 

termina'e w i t h i n  the l o w - g f r a c t i o n  s o l i d i f i e d  region. The sample i n  furnace 

assembly No. 2 was instrumented w i t h  only one thermocouple, which terminated 

beyond the  low-?j i n te rva l  o f  s o l i d i f i c a t i o n .  

The thermal p r o f i l e s  o f  each sample sol i d i f i e d  i n  low-?j are q u i t e  s i m i l a r  t o  

those observed i n  the 1-3 comparision experiment. This i s  shown i n  Fig. 19 f o r  

samples s o l i d i f i e d  i n  furnace assembly No. 1; the temptrature p r o f i l e  as a func- 

t i o n  o f  distance from the s o l i d i f i c a t i o n  in te r face ,  as wel l  3s the  thermal gradi-  

ents near the  s o l i d i f i c a t i o n  in ter face,  are s t a t i s t i c a l  ly equivalent f o r  a1 1 
samples, as i s  shown i n  Table I. This distance from the s o l i d i f i c a t i o n  i n te r face  

was deduced from the  t ime o f  sol i d i  f i c a t i o n  and furnace ve loc i t y  , assuming t h a t  

the l oca t i on  o f  the i n te r face  coincides w i t h  the d iscont inu i ty  i n  the thermal 

p ro f  i 1 e. 

Magnetic Propert ies 

The magnetic proper t ies o f  both the  low-?j fl i g h t  and 1-?j A1 1-Systems Test 

sampl es were a1 so very ; i m i l  a r  i n  t h a t  both were dominated by the  HC (h igh 

coe rc i v i t y )  phase. As shown i n  Fig. 20 f o r  samples grown i n  furnace assembly No. 

1, the  f i r s t  quadrant demagnstization curves a t  room temperature (samples f i r s t  

exposed t o  an appl i e d  magnetic f i e l d  o f  150 kOe) ind ica te  a remanent magaetization 

o f  0.1 emu/g o f  BijMnBi. The repanent magnetization data suggest t h a t  both the  

low-7j' and 1-g samples contain > 95 ;lo HC phase. By deconvoluting the 

magnetization i n t o  h, phase and LTP phase components (Ref 9-12) and ncrmal iz ing t o  

equival ent /o o f  dispersed MnBi using cor re la t ions  estahl i shed dur ing ground base 

experiments, we found t h a t  the low-5 samples contained 7 - + 1% less  v/o MnBi than 

the 1-g samples as seen i n  Table 1. The mean 1- j  v l l  ue o f  3.18 v/o MnBi 

corresponds +,o the ant ic ipated nominal value determined f o r  ec tec t i c  Bi,lMnBi 

(Ref 7 ) .  
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I n  add i t i on ,  se lected f: i g h t  and ground base comparison samples were i so -  

the rma l l y  heat t r ea ted  and t h e i r  rooa temperature hys te res i s  measured a f t e r  each 

anneal cycle. I d e n t i c a l  f r a c t i o n  so l  i d i f i e d  segments, corresponding t o  the  1 ow-g 
i n t e r v a l  o f  s o l i d i f i c a t i o n ,  were heat t r ea ted  together  i n  t h e  same apparatus and 

a1 lowed t o  cool  s low ly  from the  anneal temperature o f  220°C. The v /o  o f  d ispersed 

MnBi o f  bo th  low-!j and 1-lj samples r e m ~ i n s  e s s e n t i a l l y  unchanged from t h e  as-grown 

s t a t e  w h i l e  t he  i n t r i n s i c  c o e r c i v i t y  of t he  low-?j samples, as seen i n  Fig.  21, i s  

cons i s t en t l y  l a r g e r  w i t h  respect t o  t he  1-?j comparison sample. Also shown i n  Fig.  

21 i s  a s i m i l a r  study o f  samp;es grown i n  t h e  PIAT t e s t .  The h igher  i n t r i n s i c  

c o e r c i v i t y  obtained from t h e  same t ime a t  temperature anneal i n  t h e  low-7j ssriiples 

s l ~o?o r t s  t h e  smal ler  p a r t i c l e  s i ze  o r  rod  diameter d i s t r i b u t i o n s  observea i n  t he  

morphol ogy studies.  

A se t  o f  p o s t f l i g h t  samples were a lso  grown i n  t h e  SPAR V I  f l i g h t  apparztus a t  

General E l e c t r i c / V a l l e y  Forge under PIAT condi t ions.  Those samples were i d e n t i c a l  

i n  morphology, thermal , and magnetic p rope r t i es  w i t h  respect t o  the p r e f l  i g h t  A1 1 - 
Systems Test samples, i n d i c a t i n g  t h a t  no anomal i es  had occurred i n  t he  PDSS cppa- 

r a t u s  as a r e s u l t  o f  t he  launch o r  f l i g h t  experiment. 

Laboratory (1-g) Experiments - Morphology & Thermal Proper t ies  

I n  the h igh  furnace r a t e  reg ine  o f  V -30 cm/h, compdrable t o  the  SPAR V I  

f l i g h t ,  samples were grown up, down, and hor i zon ta l  t o  t h t  g r 3 v i t y  f i e l d  i n  an e f -  

f o r t  t o  ch3nge t he  degree o f  thermal a ~ d  s o l u t a l  convect ion present. However, as 

po in ted ou t  by C o r i e l l  (Ref 14),  t he  i n t e r a c t i o n  o f  t h e  so lu te  and temperature 

g rad ien ts  i s  complex and a p r i o r i  e f f e c t s  a re  d i f f i c u l t  t o  estimate. For example, 

a s t a t i c a l l y  unstab le  dens i t y  p r o f i l e  (growth down) w i thou t  convect ion,  as we l l  as 

a s t a t i c a l l y  s t ab le  dens i t y  p r o f i l e  (growth up) w i t h  convect ion,  can occur. 

The f i r s t  observat ion i s  t h a t ,  regard less o f  growth o r i e n t a t i o n ,  a t  V -30 

cm/h and GL - 100°C/cm, t h e r e  e x i s t s  s i g n i f i c a n t  nonhomogeniety, on a small 

microscopic scale,  i n  t h e  measured volume f r a c t i o n  o f  MnBi from reg ion  t o  reg ion,  

even a t  the same f r a c t i o n  solidified. The s i ze  o f  each areal  r eg i on  meas~lred was 

t y p i c a l  ly -2500 pm2 w i t h  an average popu la t ion  c f  375 - + 50 pa r t i c l es .  'his 

i~homogen ie ty  i s  shown i n  Fig. 22 f o r  samples grown up and down dur ing  the  

A I-Systems Test. I f  a s u i t a b l e  number of reg ions were c3nsidered or,  conversely,  

one large-encugh reg ion  monitored, t h e  var iance i n  bu l k  volume f r a c t i 9 n  war, s n ~ a l l  

(t5% - v/o MnBi! compared w i t h  a var iance i n  volume f r x t i o n  as 1 arge as 2 25% f o r  
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each area l  recjion. I n  any case, t h e  mean volume f r a c t i o n  corresponded t o  t he  bu l k  

eu tec t i c  composi t ion o f  3.18 v/o MnBi. Both t h e  rod  diameter and i n t e r r o d  spacing 

d i s t r i b u t i o n s  were a1 so ra the r  i n s e n s i t i v e  t o  growth o r i en ta t i on .  As i s  shcwn i n  

Fig. 23 and 24, t he  shape and liiean o f  bo th  t h e  rod  diariieter and i n t e r r o d  spacings 

a re  q u i t e  s i m i l a r  i n  each o r i e n t a t i o n  even though growth down has a l a r g e r  median 

and asymmetry than growth up o r  ho r i zon ta l  S t z t i s t i c a l  l y ,  t h e  d i s t r i b u t i o n s  a re  

equiva lent .  The thermal p r o f i l e s  f o r  each growth o r i e n t a t i o n  were a lso  very 

s in i i l  a r  a t  these h igh iurnace r a t e  and thermal grad ient  cond i t i ons .  

Samples were a1 s9 grown a t  one o rder  o f  riiagnitude lower furnace v e l o c i t y  

(V-3 cm/h) i n  bo th  h i gh  (GL -150°~/cm) and low (GL 20°C/cm) thermal 

grad ients .  I t  was an t i c i pa ted  t h a t ,  a t  the  lower growth v e l o c i t y ,  the so l u te  

boundary l a y e r  o r  Stefan length,  p-l, would be increased from -25 p m  a t  

V = 30 cm/h t o  250 p m  a t  V = 3 ~ m / h  uhers  

and V i s  the i n t e r f a c e  o r  growth v e l o c i t y ,  and DL i s  t he  d i f f u s i o n  c o e f f i c i e n t  

i n  t h e  l i q u i d  a t  the  eu tec t i c  composit ion, taken t o  be 2 x cm2/s. The 

ca lcu la ted  mass t r a n s f e r  f i l m  th ickness,  8 ,, however, assuming t h a t  a  v e r t i c a l  

f l a t  p la te - type  model i s  appropr:ate (Ref 5 ) ,  i s  expected t o  be on t he  o rder  o f  

50 pm f o r  G: = 150°C/cm and 80pm f o r  GL = 20°C/cm, &ere 

8 ,  = (Pr/2.41 s c ) l l 3  L  { ( l  + [ 0 . 9 5 / ~ r ] ) i ~ r ( g  a ~ ~ L ~ 1 . r  2  ) I l l 4  

and Pr = Prandt l  number 

Sc = Schmidt number 

L  = c h a r a c t e r i s t i c  l eng th  o r  diameter o f  the  ampoule 
- 
g = magnitude o f  t h e  g r a v i t a t i o n a l  f o r ce  

u = p e r c e ~ i t  change i n  1  i q u i d  dens i t y  w i t h  temperature 

AT = temperature d i f f e rence  i n  t he  systen 

7 = kinematic v i s cos i t y .  

Not ice t h a t  8, i s  no t  a f u n c t i o n  o f  V and var ies  w i t h  ?j1I4. For GL = 

150°C/cm, t h e  r a t i o  8m/p- l  o r  p  6,, would be expected t o  vary from 2 a t  

V = 30 cm/h t o  0.2 a t  V = 3  cm/h and we would, therefore,  expect ccnvect ion t o  

have a q rea te r  in f luence  a t  the lower growth v e l o c i t y  s ince convect ion should 

become inc reas ing ly  more impor tant  as a  mass t r anspo r t  mpchani sm as p 8, - 0 

whi le  d i f f u s i o n  dominates f o r  p  8,,>>1. 
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The morphology o f  t h e  1  ower growth v e l o c i t y  samples, however, a1 so sh~wed no 

dependence on growth o r i e n t a t i o n  w i t h  respect t o  t h e  g r a v i t y  vector.  As i s  shown 

i n  Fig.  25, t h e  i n t e r r o d  spdcing d i s t r i b u t i o n s  a re  s t a t i s t i c a l l y  equ ivq len t  f o r  

growth up, down, and hor i zon ta l .  I n  add i t i on ,  no change i n  e i t h e r  rod diameter or- 

i n t e r p a r t i c l e  spacing (Fig.  26) was noted on decreasing t h e  thernial grad ient  i n  

t h e  1  i q u i d  by near l y  an order  o f  magnitude (GL- 150' t c  2G': i~m). 5' 7 : :  ar 
stud ies on d i r e c t i o n a l  l y  s o l i d i f i e d  eu tec t i c  Bi/MnBi grown i n  1  arger  diameter (0.7 

cm i nne r  diameter)  quar tz  ampoules (Ref 15 j have a1 so shown no dependence o f  

i n t e r r o d  spacing on thermal gradient.  I n  add i t i on ,  t h e  inhomogeniety i n  1 ocal 

volume f r a c t i o n  was noted as we l l  f o r  V - 3  cm/h (Fig.  2?).  

I n   sit^^ thermal measurements as a  f u n c t i c n  o f  s o l i d i f i c a t i o n  t ime f o r  V-3 

cm/h and GLI- 20°C/cm f o r  growth up, down, and ho r i zon ta l  o r i e n t a t i o n s  were a l so  

invest igated.  F, t y p i c a l  temperature vs t ime  p r o f i l e  f o r  a  growth up o r i e n t a t i o n  

i s  shown i n  Fig. 28. The discont inu3us change i n  s lope o r  thermal grad ient  ob- 

served i n  the  thermogram occurs a t  t he  s o l i d i f i c a t i o n  o r  eu tec t i c  me l t i ng  tem- 

perature and i s  t h e  r e s u l t  o f  a  d iscont inuous change i n  thermal c o n d u c t i v i t i e s  
-1 -1 -1 -1 between l i q u i d  (KL = .  0.12 Wcm K ) and s o l i d  (KS = 0.06 Wcm K ) 

Bi/MnBi. The thermal grad ients  were deduced from t h e  thermocouple thermograms by 

ca l  cu l  at 'ng t h e  instantaneous slope f o r  each temperature i n t e r va l  and averaging i n  

a  stepwise fash ion over s i x  consecut ive measurements. The e f f e c t  o f  va ry ing  t h e  

growth o r i e n t d t i o n  on the  r e s u l t a n t  g rad ien ts  w i t h  respect t o  t he  p o s i t i o n  o f  t he  

s o l i d i f i c a t i o n  i n t e r f a c e  i s  d isp layed i n  Fig. 29. The experiment was conducted so 

as t o  ma in ta in  a  s i m i l a r  g rad ien t  i n  the  l i q u i d  near t h e  s o l i d i f i c a t i o n  i n t e r f ace ,  

regard less o f  o r i en ta t i on ,  by ad jus t ing  t he  temperature o f  t h e  hot zone o f  t h e  

furnace. Hence, any e f f e c t  o f  o r i e n t a t i o n  o f  would occur i n  the observed 

grad ient  o f  t he  so l i d .  I n  f a c t ,  such an e f f e c t  i s  observed w i t h  a  steeper 

g rad ien t  f o r  growth d3wn ( the rma l l y  unstab le)  compared w i t h  growth up ( the rma l l y  

stab1 e) . 
Laboratory (One-Cravity) Experiments - Magnetic Proper t ies  

The vo l  ume percent o f  HC phase formed (normal i zed t o  v/o of d ispersed MnBi) i s  

a  s e n s i t i v e  f u n c t i o n  o f  s o l i d i f i c a t i o n  processing condi t ions.  By va ry ing  t h e  

furnace v e l o c i t y  over approxim"te1y two orders  o f  magnitude, t h e  amount o f  HC 

var ies  from -10 t o  - 100 v /o  as shown i n  Fig. 30. The amount o f  HC phase a lso  
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Fig. 30 Volume Percent of HC Phase (Normalized to Dispersed v/o MnBil as a Function of Furnace Velocity 



depends on the ther.na1 grad ient  i n  a  g iven g r w t h  o r i e n t a t i o n  as we l l  as t he  

gro,!ttl o r i e n t a t i o n  a t  a given furnace v e l o c i t y  and thermal g rad ien t  as d isp layed  

i n  Fig. 31. Ry vary ing t he  s o l i d i f i c a t i o n  processing cond i t i ons ,  we we been 

ab le  t o  i s o l a t e  t h e  magnetic behavior o f  t he  HC phase and, a f t e r  appropr ia te  heat 

t reatment,  t h e  LTP phase i n  the  same p lane- f ron t  d i r e c t i o n a l  l y  s c l  i d i f i e d  eu tec t i c  

Bi/MnSi sample as seec i n  Fig. 32 and 33. I n  t h i s  way, phys icc l  observables such 

JS the  bu lk  v;o a f  d ispersed MnBi can be determined from magnet izat ion 

1ve3surements. 

Magnet izat ion as a  f unc t i on  o f  vdr ious angles w i t h  respect t o  the  s o l i d i -  

f i c a t i o n  d i r e c t i o n  was a lso  invest igated.  Samples con ta in ing  combindtions o f  LTP 

and HC phases, as we l l  as those contain'ng on ly  t h e  LTP phase, were studied. The 

expected an isot ropy i n  i r i t r i n s i c  c o e r c i v i t j  was observed i n  a1 1 samples suggesting 

t h a t  t he  c -ax is  o f  the  hexagol!al NiAs s t r u c t u r e  o f  LTP MnBi (easy a x i s  o f  magneti- 

za t ion )  1  i es  p a r a l l e l  t:, t h e  sol i d i f i c a t i o n  d i r e c t  i o n  regard less o f  t h e  amount o f  

HC phase preser~t .  by moni tor ing the  remanent magnet izdt ion ;IS d func t ion  o f  angle 

w i t h  re5pect t o  t he  s o l i d i f i c a t i o n  d i r e c t i o n ,  t h e  degree o f  al ignment o f  t he  VnBi 

rods can be determined s'nce the  renianent magnet izat ion i s  niaximurri para1 l e l  t o  the  

sol i d i  f i c d t i o n  d i r e c t '  ~n ( lo f ig  ax i s  o f  t h e  rods) and zero perpendicul ar ,  and 

should, t h e o r e t i c a l l y ,  f o l l o w  a cos 8 behavior f o r  an idea l  a1 ignment. F i ~ u r e  34 

s h ~ w s  t h a t  t he  A1 1-Systems Test samples were almost p e r f e c t l y  a1 igned w i t h  a  

var iance o f  - +ZO. I n  add i t i on ,  t h e  magnetic p rope r t i es  o f  t he  All-Systems Test 

(1-7j comparison t o  SPAR I V  f l  i g h t  samples) samples i nd i ca ted  t h a t  they contained 

>95 v/o HC phase regard less o f  growth o r i e n t a t i o n  a t  V -  30 cm/h and GL- 

100°C/cm. 
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DISCUSSION 

CANDlDATE MECHANISM - LOW-5 vs  1-3 DIFFERENCES 

It has be2n observed t h a t  one e f f x t  o f  thermal convection, i n  p lane- f ron t  

sol  i d i  f i c a t i o n  processing, i s  t o  in t roduce temperature f l u c t u a t i o n s  i n  t h e  me1 t 

when t.he t m p e r d t u r e  grad ient  exceeds a c r i t i c a l  value t b a t  depends on i n t r i n s i c  

p rope r t i es  c f  t h e  p a r t i c u l a r  system being sol  i d i f i e d  (Ref 16--21). S p e c i f i c a l l y ,  

when the r a t i o  o f  Suoyancy fo rces  t o  v iscous forces i n  t he  l i qb ;d  (Ray le igh 

number, NRA) exceeds a  c r i t i c a l  value, r egu la r  o r  o s c i l l a t o r y  temperatu1.e f l  uc- 

tua t ions  may occur. A t  very h i g h  values o f  NRA, these f l u c t u a t i o n s  mcy become 

i r r e g u l a r  and are thought t o  represent t u r b u l e n t  f low.  

When these temperature f l u c t u a t i o n s  reach t he  l i q u i d - s o l i d  i n t e r f a c e ,  they  may 

induce nonsteady-state i n t e r f a c e  motion. For o s c i l l a t g r y  f l u c tua t i ons ,  t h e  i n t e r -  

face would p e r i o d i c a l l y  decelerate  be fo re  moving forward again. Such o s c i l l a l - o r y  

o r  i r r e g u l a r  i n t e r f a c e  movement would increase as t h e  f l u c t u a t i o n s  i rrcrease (h igh-  

e r  thermal g rad ien t ) .  One r e s u l t  o f  t h e  unsteady i n t e r f a c e  mot ion f o r  growth o f  a  

rod e u t e c t i c  might be t o  decrease t h e  mean i n t e r f a c e  o r  growth v e l o c i t y  assuming 

t h a t  i t s u f f i c i e n t  t ime was ava i l  able f o r  the  rod spacing t o  ad jus t  t o  all increas- 

i n g  growLh v e l o c i t y  dur ing  t h e  per iod  o f  osci1:at ion by, f o r  example, a  branching- 

type mech~nism. As the  g r a v i t a t i o n p l  f o r c e  i s  decreased and t h e  buoyancy forces 

are reduced (small e r  Crashof number, NGR!, t h e  amp1 i tude o f  o s c i l l a ~ i i o n s  would 

decrease u n t i l  t he  i n t e r f z c e  mot i cn  dchieved steady s t a t e  (low-?j!, i - esu l t i ng  i n  a  

h igher  mean gr3wih ?e! oc i  t y  t h a t  should approdch t he  furnace ve loc i t y .  

As a  r e s u l t  o f  an increace o f  mean growth v e l o c i t y  moving from 1-g t o  low-!, 

one rlnuld expect t h e  r e l a t i o n  between rod spacing, A, t o t 61  i n t e r f a c e  under- 

cool i r ,g,  AT  and L. o r  i n t e r f ace  v ~ l o c i t y ,  '', t o  r e f l e c t  t h i s  d i f fe rence .  As 

i s  shown i n  Fig.  35,  schematic i l l u s t r a t i o n  o f  t he  Hunt and Jackson t ype  

func t ion  (Ref 2 2 ) ,  re1 a t i n g  i n t e r f a c i a l  undercool i ng  t c  mean growth ve l  gc i  t y ,  

AT = AVh + RIA ( 4  

where A and G are  constants t h a t  depend on t he  pc i r t i cu l a r  a l l o y  system, suggests 

t h a t  an i ncrezse i n  V ( V  t o  2V) cou ld  r e s u l t  i n  d simul taneous decrease i n  h and 

i l lcrease i n  AT. One e f f e c t  o f  a  change i n  unt'?rcool i n3  would be t o  a1 t e r  t he  
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phase diagram i n  t h e  v i c i n i t y  o f  t h e  e u t e c t i c  as shown i n  F ig .  36. The l i m i t  o f  

s o l i d  s o l u b i l i t y  would be increased as would t h e  e u t e c t i c  compos i t ion .  However, 

s i n c e  Bi IMnBi  i s  a  r a t h e r  l ow  volume f r a c t i o n  e u t e c t i c  w i t h  asymmetr ical  l i q u i d u s  

s lopes near  t h e  e u t e c t i c  compos i t ion ,  a decrease would be a n t i c i p a t e d  i n  b o t h  

we ight  f r a c t i o n  MnBi (assumin? t h e  s t o i c h i o m e t r y  o f  MnBi remains a t  50 a/o)  as 

w e l l  as volume f r a c t i o n  o f  d i spe rsed  MnBi. I n  f a c ~ ,  such a  decrease i n  MnBi $ 

* 
volume f r a c t i o n  was observzd i n  ou r  low-3  s o l i d i f i e d  samples. 

There are,  o f  course,  o t h e r  exp lana t i ons  t h a t  may be r e s p o n s i b l e  f o r  t h e  

observed d i f f e r e n c e s  between 1-F and low-;. These i n c l u d e  t h e  i n t l u e n c e  o f  

c o n v e c t i v e l y  d r i b e n  f l u i d  f l o w  o r  t h e  maqnitude o f  t h e  g r a v i t i o v a l  f o r c e  on heat  

and mass t r a n s p o r t  c o e f f i c i e n t s  and i n t e r f a c i a l  energ ies  1  oading t o  d i f f e r e n t  

boundary growth c o n d i t i o n s  i n  1-?j and low-g. 

1-6 EFFECTS 

The l a c k  o f  s e n s i t i v i t y  o f  morphology t o  v a r i o u s  l e v e l s  o f  convec t i on  f o r  

samples grown i n  1-?j may i n d i c a t e  t h a t ,  f o r  boundary l a y e r  t h i cknesses  equal t o  o r  

1  a rge r  t han  i n t e r r o d  spacings ( 8, 2 A ) , t h e  presence o f  convec t i on  has 1  i tt l  e  

d i r e c t  e f f e c t  on t h e  spacing o r  r o d  d iameter  d i s t r i b u t i o n s  (Ref 23)  o f  e u t e c t i c  

Bi lMnBi .  Even z t  t h e  l ower  growth v e l o c i t i e s  i n v e s t i g a t e d ,  V = 3.3 cmlh, A -  3 

p m ,  which i s  much s m a l l e r  t han  t h e  p r e d i c t e d  6, - 5 0 v m ,  sugges t i ng  t h a t  t,he 

e u t e c t i c  i s  t i g h t l y  coupled. A t  t h i s  l ower  growth v e l o c i t y ,  however, p b m  - 
0.2, which would be expected t o  1  ead t o ,  f o r  example, severe  c o n v e c t i v e l y - d r i v e n  

macrosegregat i o n  f o r  p l  a n e - f r o n t  d i r e c t i o n a l  l y  s o l  i d i  f i e d  o f f - e u t e c t  i c  Bi IMnBi  , 
i n d i c a t i v e  o f  a  scrong c o n v e c t i v e  i n f l  uence. I n  f a c t ,  such macrosegregat ion  has 

been observed f o r  B i - r i c h  o f f - e u t e c t i c  Bi/MnBi b u l k  s t a r t i n g  compos i t ions  (Ref  

24 ) .  The v a r i a t i o n  i n  observed thermal  g r a d i e n t s  f o r  e u t e c t i c  Bi IMnBi  grown a t  V- 

3 cm/h and GL - 20°C/cm (p8,  - 0.3), as a  f u n c t i o n  o f  grow+.h o r i e n t a t i o n  u ' t h  

respec t  t c  7 ,  a l s o  shows a  c o n v e c t i v e  e f f e c t i v e .  I . as t l y ,  t h e  amount o f  me tas tab le  

maonetic MnBi phase produced i n  d i r e c t i o n a l l y  s o l i d i f i e d  B i lMnBi  v a r i e s  s t r o n g l v  

w i i i ~  g rowth  o r i e n t a t i o n  i n  1-7. The o r i g i n  o f  t h i s  dependence may be due t o  t h e  

dif f : ,  ,:+ coo? i n g  r a t e s  (anneal t i m e  a t  temperature) exper ienced i n  d i f f e r e n t  

growth o r i e n t c l t i o n s  o r  may be  i n d i c a t i v e  o f  t h e  c o n v e c t i v e  f l ows  o r  thermal  i n -  

s t a b i l i t i e s  present  a t  t h e  l i q u i d - s o l i d  i n t e r t z p -  d u r i n g  s o l i d i f i c a t i o n  i n  1 q. 
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PRINCIPLE OF PHYSICAL SIMILARITY 

It has been recen t l y  noted (Ref 25) t h a t  add i t i ona l  i n s i g h t  as t o  t h e  

i n f l uence  o f  grav ; t v  on c r y s t a l  growth may be obta ined by apply ing t h e  p r i n c i p l e s  

o f  phys ica l  s i m i l a r i t y  t o  t h e  s p e c i f i c  s y s t m  under i n v e s t i g a t i o n  on e a r t h  and i n  

t he  t r i c r o ~ r a v i t y  o f  space. It i s  necessary t o  i d e n t i f y  a  complete se t  o f  phys ica l  

observables t h a t  charac te r i ze  phys ica l  phenomena t h a t  occlrr i n  ea,h system, i .e., 

I-F o f  e a r t h  and low-; o f  space. It i s  usua l l y  chosen t o  se l ec t  dimension1 ess 

groups t h a t  con ta in  t h e  g r a v i t a t i o n a l  force,  8. T ' ~ e  corresponding dimensionless 

groups may be chosen t o  be 7 d i v i ded  by some o ther  c h a r a c t e r i s t i c  acce le ra t ion ;  

f o r  example, i n  t h e  case o f  therii lal l y  d r i v e n  convect ion,  t h i  s  c h a r a c t e r i s t i c  

acce le ra t i on  m3y be taken t o  be 

where Y i s  t h2  k inemat ic v i s cos i t y ,  a t h e  percent change i n  1  i q u i d  dens i t y  w i t h  

temperature, A T  t h e  temperature d i f f e r e n c e  i n  t h e  systeni, and L  t h e  c h a r c t e r i s t i c  

length.  The r e s u l t i n g  dimensioniess grgup i s  then t he  Grashof number, NGr 

I f  temperature f l u c t u a t i o n s  a re  responsible f o r  a  decrease i n  mean i n t e r f a c e  

v e l o c i t y ,  then these f l u c t u a t i o n s  should be p ropor t iona l  t o  t h e  Grashof number 

through t he  buoyancy fo rces  ( g r a v i t a t i o n a l  f o r ce )  and temperature d i f f e r e n c e  o f  

t he  system. i3y reducing t h e  g r a v i t a t i o n a l  force,  we can vary t h e  e f f e c t i v e  i n t e r -  

face v e l o c i t y  w i t h  a  h igher  mean v e l o c i t y  and lower MnBi i n t e r r o d  and rod diameter 

l eng th  i n  low g. 

We have a1 so observed, however, t h a t  t h e  m i c ros t r uc tu re  achieved in l ow 

(V-30 cm/h, GL - 100°C/cm) can be dup l i ca ted  i n  1-g by growing ;t a  

s u f f i c i e n t l y  h igher  furnace v e l o c i t y  (V - 50 cm/h, GL - O°C/cm) s ince <d>, 

< A  > - v - l I 2 .  Th is  behavior f o r  i n t e r p a r t i c l e  spacing d i s t r i b u t i u n s  i s  shown i n  

Fig.  37. For the  growth cond i t i ons  used i n  1-g, however, t h e  l i m i t  o f  t h e  ADSS 

apparatus t o  remove heat i n  a  u n i d i r e c t i o n a l  manner i s  near i t s  1 in i t .  Exper i -  

ments conducted V-60 cm/h and GL- 100°C/cm have i nc ' ca ted  t h e  onset o f  severe 

i n t e r f a c e  curva t l i re  and noncooperative growth, presumably because t h e  temperature 

a t  which s o l i d i f i c a t i o n  occurs i s  no longer  w i t h i n  the  ad iaba t i c  reg ion  o f  the  



lorn r SPAR V I  FLIGHT 
V = 30 cmlh 

-- - - SPAR Vl l l  GROUND BASE 
V = 50 cm/h 

Fig. 37 Comparison of Measurad Interrod Spacing Distributions for SPAR VI Flight Sample No. 1 (V = 30 cmlh, GL = 100' 
Clcm) and Higher Growth Velocity Ground Base (14) Sample Grown Antipmallel with Respect to Gravity Jector 
(V = 50 cmlh, GL = lCOC Clcml 



A D S  furnace assembly a t  these grawth conditions. Heat t r a n s f e r  i s  thus no longer  

one dimensional. I t  may, t i l e re fore ,  be possible t o  achieve microstructures i n d  

corresponding magnetic p roper t ies  f o r  eu tec t ic  Bi/MnBi , ccmpar;bl e t o  a higher* 

f l i r ~ a c e  v e t o c i t y ,  i r  low-ij thirt  a re  impossible t o  achieve i n  1-5 using t h e  same 

furnace assembly. 

Vl- 54 



SUMWRY & FUTURE WORK 

An experimental inves t iga t ion  o f  a r e d x e d  g rav i t y  environment dur ing the  SPAR 

V I  f l i g h t  and the  e f f e c t  o f  g rav i t y  vector o r i en ta t i on  i n  1-3 on the  plane f r o n t  

d i rec t i ona l  sol i d i f i c a t i o n  o f  eu tec t ic  Bi/MnBi has shown: 

S t a t i s t i c a l l y  s i g n i f i c a n t  reductions i n  mean rod diameter, i n t e r r o d  

spacing, and bulk volume f r a c t i o n  f o r  samples s o l i d i f i e d  i n  low-3 w i t h  

respect t o  1-g a t  V = 30 cm/h and GL = 100°C/cm. 

No s t a t i s ' j c a l l y  s i g n i f i c a n t  dependence of MnBi rod diameter and i n te r rod  

spacing d i s t r i bu t i ons  on g rav i t y  vector o r i e n t a t i o n  and imposed thermal 

gradients dur ing sol i d i f i c a t i o n  over a range o f  V = 3 t o  30 cm/h and 

GL = 20 t o  150°C/cm. 

That the  thermal gradient i n  the  sol i d  depends on g rav i t y  vector 

o r i en ta t i on  f o r  V = 3 cm/h and GL = 20°C/cm; a l a rge r  gradient was 

observed f o r  t he  growth down d i r e c t  ion  (thermal l y  unstable) as compared 

w i t h  growth up (thermal ly stable).  

The presence o f  a nonequil ibrium metastable magnetic phase t h a t  coexis ts  

w i th  the equi 1 i b i  rum MnBi phase and transforms dur ing isothermal heat 

treatment. 

That the admixture o f  magnetic phases depends on growth ve loc i t y ,  

thermal gradient, and g rav i t y  vector o r i en ta t i on  dur ing s o l i d i f i c a t i o n .  

A candidate mechanism invo lv ing  convect ively induced thermal f l uc tua t i ons  

i n  1-3 i s  proposed t o  explain the  d i f ferences between 1-g and SPAR V I  f l i g h t  

resu l ts .  

I n  view o f  t he  r e s u l t s  obtained and candidate mechanism proposed, f u tu re  

experiments i n  both 1 ow-g and 1-t are suggested t o  quant i fy  and understand the 

phenomena observed. Another low-?j experiment should be performed a t  a higher 

growth veloc i ty .  This 1 ow-3 experirilent would he1 p corroborate the present 1 ow-?j 

r e s u l t s  as we1 1 as provide smaller MnBi pa r t i c l es  than we can grow i n  1-?j. 

Anather experiment involves u t i l i z i n g  appl ied magnetic f i e l d s  and lower thermal 

gradients i n  1-5 t o  attempt t o  damp out and, therefore, minfmize thermal 

f l  uctuations. 
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