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SPAR .IV POSTFLIGHT ENGINEERING REPORT 

1.0 Summary 

The SPAR IV Black Brant VC rocket lifted off the launch 
pad at WSMR,Tuesday, June 21, 1977, at 1600:00:03 G.m.t. 
(10:OO a.m., md.t.). The launch was successful, and the payload 
was recovered intact. 

Payload power was applied to all experiments as planned, 
and all experiments operated within the predicted near zero 
gravity. All external flight support requirements to each experi- 
ment were met as indicated by the reduced flight data, although 
power to the payload experiments was not removed at T+660 seconds 
as programmed. Also, none of the experiments operated precisely 
as planned. Discussion of those experimental anomalies may be 
found in paragraph 5 below and in the Principal Investigator's 
reports attached. 

SPAR IV Payload Configuration 

The SPAR IV payload consisted of four experiments, the 
improved support module, and the measurement module. The experi- , 

ments are listed below: 

74-15 Uniform Dispersions of Crystallization 
Processing 

74-37 Contained Polycrystalline Solidification in . 
Low-G ., . 

74-49 Containerless Processing of Ferromagnetic 
Materials 

76-20 Containerless Processing Technology 

The orientation of the experiments in the SPAR IV rocket 
is shown in Figure 1. 

3.0 Rocket Performance 

3.1 Flight Sequence 

The SPAR IV flight profile is shown in Figure 2. The 
predicted and actual sequence of events are shown as a function 
of flight time. 

3.2 Low Gravity 

The predicted low-g or less) time was based upon 
an all-up payload weight of 844.7 pounds. The science payload 
(MSFC furnished) weighed 541 pounds. 
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The measurement module accelerometer measurements indicated 
that the low-g period on all three axes began at ~ t 8 0  seconds and ended at  
Ti337 seconds- -giving a low-g period of 257 seconds. Minimum low-g 
period required by experiments was 240 seconds. 

Because of the  #reaight analysis and the 3 sigma low-g 
prediction, experiment 76-20 low-g operation was set to begin no 
earlier than Tt100 seconds. 



4.1 Payload Sequence of Events 

Experiments 74- 15 and 74- 37' required preheat prior to launch 
that was supplied by ground power. At T-0, a liftoff signal was given 
to each experiment. Eac.h experiment provided i ts  own timer for 
control of events during the flight. The events are  shown in Figul'e 3, 

The actual timelines were well within the acceptable limits of 
each experiment. Experiment 76-20 had 'one event which did not occur 
because of internal electronic problems. The planned power removal 
to experiments at T+660 seconds did not occur. See pa.ragraph 8.0 for 
dis cus sion of this anomaly. 

Payload Power 

The support module supplied battery power to all experiments 
except experiment 74-49. This experiment provided its ewn battery 
for experiment operation. 

Transfer of electrical power from ground support equipment to 
flight batteries was accomplished at T-3 minutes, At liftoff, power was 
applied to each experiment as  designed. The Science Payload Battery (SPB) 
current was stable throughout the flight. At approjdmately 65 secotlds, 
the current demand went up to 22 amps when experiment ogerationr began. 
The current stabilized at  20 amps throughout the experiment operating 
time, then dropped to approximately 12 amps, and stabilized a t  15 amps. 
The battery operated well within the current range required. Maximum 
peak current load expected was 3dZamps. 
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5.1 Experiment 74-15, Uniform Dispersions of Crystallization 
Processing 

The experiment consisted of investigating interaction 
between second phase particles and an advancing crystal-liquid 
interface. The flight operation first applied heat to the 
specimens, then cooling was allowed while photographs were being 
taken. See Figure 3 for flight sequence timeline. 

The flight data indicated heating began at T+74 seconds 
at which time camera operation also began. Heaters were turned 
off at T+119 seconds and cooling began. The temperatures began 
to decrease at T+140 seconds for most cells. Cell No. 1 tempera- 
ture range is plotted in Figure 4, indicating a typical cooling 
rate and gradient, as planned. The power (plus 15 volts d.c.1 
was removed from the experiment at 308 seconds into the flight 
to ensure that the heaters were off and that freezing would 
occur during low-g condition. 

After postflight inspection of the cell samples, the PI. 
indicated that the specimens were fluid after landing and that 
heat had been reapplied to the cells after the flight was com- 
pleted. This was probably caused by the failure of the K1 (100 
amp)relay @?.reset, as discussed in paragraph 8.0 below. 

5.2 Experiment 74-37, Contained Polycrystalline Solidification 
in Low-G 

This experiment objective was to determine if a low-g 
conhition affects the transition which occurs between equiaxed 
and columnar grain structure in metallic castings. The samples 
required 45 minutes of preheat prior to launch. This was 
accomplished by GSE power. At approximately 110 seconds into 
the flight, Freon was injected into the sample area for cooling. 

The data show cooling occurred very slowly indicating 
that the Freon did not flow sufficiently to allow the crystalline 
structure to form as planned. The temperature in the center of 
the specimen is shown in Figure 5. The specimens.had only cooled 
130C when the camera ran out of film at T+317 seconds, This was 
due to blockage in the Freon flow control valve. 

A problem with the Freon flow occurred during the horizontal 
test prior to launch. The flowrate was increased by the PI to 
achieve proper cooling. For resolution of the cooling problefn 
in later flights, grease was eliminated from the Freon system, a 
filter was installed downstream from the control point and the 
needle valve was replaced with an orifice. 
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FIGURE 4. EXPERIMENT 74-15 - CELL NO. - 1 FWD A N D  AFT TEMPERATURES 



FLIGHT TIME IN SECONDS 

FIGURE 5. EXPERIMENT 74-37 - TEMPERATURE AT LOCAT I ON 2 



5.3 Experiment 74-49, Containerless Processing of 
~erromagnetic c ate rials 

This experiment consisted of melting and resolidification 
of an electromagnetically suspended magnetic'alloy, The flight 
data show that.heat was applied to the gpecimen at T+50 seconds, 
and the voltage indicated that the melting temperature was not 
achieved. This was caused by an incorrect'setting in the power 
to the coil prior to flight. 

The data show that the RF power amplifier was turned off 
at T+510 seconds into the flight. All operational parameters 
looked normal during the flight operational period. The voltage 
(temperature) profile is shown in Figure 6. 

5 . 4  Experiment 76-20, Containerless Processing Technology 

The experiment utilized an acoustic :levitator to demon- 
strate and to study the stability and manipulability of a liquid 
drop in low-g. 

The acoustic levitator apparatus had numerous circuit 
anomalies during tests and checkouts. These problems included 
early and unplanned initiation of the camera and premature 
extension of water droplet injectors due to ground termination 
problems. Also, when the power was switched from the main bus 
to the acoustic experiment apparatus, strobe lights operated 
prematurely and noise was detected in the acoustic generators 
(speakers). This involved shorted diodes in printed circuit 
modules to which overload projection was later provided. Each 
of the problems was resolved prior to launch. 

The flight data show that high power and the camera were 
turned on at approximately T+85 seconds. The injectors extended 
at T+100 seconds and retracted at approximately T+131 seconds. 
The "bellows full" measurement indicated that fluid delivery to 
the chamber was complete at approximately T+107 seconds. How- 
ever, the low power select function, timed for T+130 seconds 
(which should have occurred simultaneously with injector.retraction), 
did not occur. This condition caused the acoustic power to be 
turned off until high power again was turned on at approximately 
T+260 seconds. The water drop that formed inside the chamber 
had no sound power to contain it from T+131 seconds until T+260 
seconds. It drifted into the wall at 159,6 seconds. All other 
functions appeared to be normal. Power to the experiment was 
turned off as planned at T+340 seconds. 
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FIGURE 6. EXPERIMENT 74-49 - SPECIMEN TEMPERATURE (VOLTS DCi 



EE;ag additional information of the experiment problem, 
the feaQles should consult the analysis by the PI. Figure 7 
gives &Zre hnjector and power events that show the low power 
m e e  d M  met aecur. The voltage should have increased at 
T+130 SB~@&B to approximately five volts. The voltage drop 
shown i a  to electronic circuit voltage changes. The 
voltage s m l e  for low power select is shown at the right.hand 
side af Figure 7. 
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6.0 Instrumentation Operation 

Flight temperatures on SPAR IV were somewhat lower than 
SPAR 111. The forward end of the payload was 30°c cooler than 
SPAR I11 at reentry. There were no thermal anomalies. Temper- 
atures were similar to SPAR I and SPAR 11. Figure 8 shows the 
measurement locations, and Figure 9 shows temperatures reached 
during the first 500 seconds of flight. 

6.2 'Pre s's'ure s 

The science payload ambient pressure dropped to 14 Torr 
at 85 seconds into the flight, rose slightly to 15 Torr, and 
stablized at 11 Torr at 260 seconds. At 390 seconds into the 
flight, the pressure increased rapidly at reentry into the 
atmosphere. 

Two experiments, 76-49 and 76-20, required one atmosphere 
of pressure for proper experiment operation. The data show these 
pressures were stable throughout the flight. 

6.3 Vibration and Shock 

No data were available from the accelerometers to evaluate 
because telemetry was blocked by the mountains prior to impact. 
All impact-o-graphs were unset and indicated greater than 120 gqs on 
landing. The landing shock is discussed in paragraph 7 - 0 .  
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Telemetry data stopped a t  approximately Tt700 seconds into 
the flight because the payload was out of telemetry range. Impact 
time was not available from GSFC for this report nor confirmation 
for the removal of power from experiment 74-37 which was planned 
for Tt1020 seconds. The impact to ground occurred on a slope, and 
the payload d i d  some distan=e prior to coming to a stop. 

The payload landed on the aft side of the vehicle monitoring 
telemetry extension end plate (see Figure 1 for location, station 185. 78). 
The high impact and landing loads, were recorded by nine impact-o-graphs 
located on the forward side of the telemetry extension. Each of the 
impact-o-graphs was found unset. These indicated that up to 120 g ls  
were experienced by the payload. The aft plate of the GSFC telemetry 
extension was torn loose, and experiment 74-49 had some internal 
structural damage which was found during disassembly. For a 
tabulation of the impact-o-graphs, see Figure 10 and Table 1. 
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8,O Payload Power Relay Anomaly 

The telemetry data indicated the 100-amp relay (Kl) did 
not reset as programmed at T+660 seconds into the flight. This 
failure is supported by temperature measurement data that should 
have cutoff at 660 seconds but continued until T+700 seconds 
when telemetry data were lost, Confirmation of power removal to 
experiment 74-37 at T+1020 seconds could not be made because the 
payload was out of telemetry range. 

The K1 relay supplies power to the +29-volt bus, which in 
turn supplies the power to experiments 74-15 and 76-20. Experi- 
ment 74-37 received power through relay K4 for the delayed T+1020- 
second cutoff. 

8.1 Relay Postflight Operational Test 

A test program was set up at MSFC after the failure of the 
K1 relay was verified by flight data. The support module was set 
up in a flight configuration, and two test series of flight 
sequences were run. The first series of six sequences were run 
with no failure of the K1 relay, but only two resets were made 
by the K4 relay. A check of the timer revealed no anomalies. 
Another series of three sequences were run, and the K1 relay 
fail@d to reset one time, The K4 relay failed to reset all 
three times. The reset coils of each relay were checked and 
found to be good. 

The conclusion reached from this test was that the relay 
coils in K1 and K4 had intermittent failures. Additional 
undocumented tests were made on the K1 relay but no failures 
occurred. 

Relay Postflight Shock Test 

The 100-amp relay (Kl) was subjected to a series of shock 
tests to determine if a high-g load, such as an impact load, 
could cause the relay contacts to open long enough to reset and 
start the timer in experiment 74-15. These tests measured the 
contact open time of the relay over a range of accelerations from 
120 to 1320ss. The longest contact opening was 5 milliseconds 
which occurred at 1320 9's. The relay specification states that 
relay chatter will be 10 microseconds or less when subjected to 
a 50-g shock, 

It is concluded from these shock tests that the K1 relay 
would not break contact long enough to restart experiment 74-15 
timer, According to the experiment PI, the relay would have to 
break contact for at least 50 to 60 milliseconds to restart the 
experiment cycle, 
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I. INTRODUCTION 

This repor t  describes Experiment 74/15 which was flown on SPAR 4 

on June 21, 1977. Experiment 74/15 i s  designed t o  study t h e  behavior 

of second-phase p a r t i c l e s  a t  a s o l i d i f i c a t i o n  f r o n t .  I n  general ,  a 

s o l i d i f i c a t i o n  i n t e r f a c e  a s  i t  approaches a second-phase p a r t i c l e  w i l l  

e i t h e r  engulf the  p a r t i c l e ,  o r  r e j e c t  the  p a r t i c l e  and push i t  ahead 

of t h e  in te r face .  Whether the  s o l i d i f i c a t i o n  f ron t  pushes o r  ent raps  

t h e  p a r t i c l e  depends on the  speed a t  which the  s o l i d i f i c a t i o n  f r o n t  

i s  advancing, the  s i z e  and shape of the  p a r t i c l e s ,  and the  c h a r a c t e r i s t i c s  

of the  pa r t i c l e - in te r face  in te rac t ions .  The object ive  of the  experiments 

is t o  measure the  c r i t i c a l  velocity--that is, the  maximum ve loc i ty  a t  

which a p a r t i c l e  is pushed by t h e  interface--as a function of a v a r i e t y  

of parameters. 

Our i n t e r e s t  i n  the  behavior of second-phase p a r t i c l e s  a t  a 

s o l i d i f i c a t i o n  f r o n t  and i n  studying t h i s  behavior i n  a microgravity 

environment has been motivated by two pr inc ipa l  considerat ions.  F i r s t ,  

such behavior seems c e r t a i n  t o  be important f o r  t h e  fabr ica t ion  i n  

space of many composite m a t e r i d s  having unique microstructures.  It 

already seems c l e a r  t h a t  uniform and unique dispersions of s o l i d  o r  

l i q u i d  phases i n  matrix l i q u i d s  can be obtained i n  the  space environment. 

I n  near ly  a l l  attempts t o  achieve uniform dispers ions  by c r y s t a l l i z a t i o n  

processing, the  c r y s t a l l i z a t i o n  of the  matrix l i q u i d  upon cooling can 

I s u b s t a n t i a l l y  change the  i n i t i a l l y  uniform d i s t r i b u t i o n  of second-phase 

mate r i a l  due t o  re jec t ion  of t h e  second-phase mater ia ls  a t  the  s o l i d i -  

f i c a t i o n  f r o n t .  

n-i 



Second, and perhaps more important f o r  the  o v e r a l l  program of 

space appl ica t ions ,  the  understanding and i n s i g h t  gained i n  the  study 

of par t ic les-a t - in ter faces  i n  space can be used t o  provide improved 

understanding and control  of many processes and phenomena on ea r th .  

Among the  appl ica t ions  areas  of the  present  inves t iga t ion  a r e  the  

behavior of inc lus ions  i n  metal cas t ings ,  the  phenomenon of f r o s t  heave 

i n  s o i l s ,  t h e  agglomeration of small (micron and sub-micron s i z e )  

powders of ceramic mate r i a l s ,  t h e  development of dust-repellent  coatings 

f o r  g lasses ,  and even the  i n t e r a c t i o n  between blood c e l l s  and o the r  

mater ia ls .  

I n  previous work (1-5, e.g.) i t  was found t h a t  a t  s u f f i c i e n t l y  

small  growth r a t e s ,  p a r t i c l e s  of nearly a l l  ma te r i a l s  a r e  re jec ted  by 

a moving c rys ta l - l iqu id  in te r face ;  i .e.,  they a r e  pushed ahead i n t o  

t h e  l i q u i d ,  t r ave l ing  along with the  i n t e r f a c e  a s  i t  advances. 

P a r t i c l e s  can thus be pushed f o r  long dis tances  (thousands of times 

. t h e  p a r t i c l e  diameters).  

It is  apparen t ' tha t  t h e  pushing of a  p a r t i c l e  o r  pile-up of 

p a r t i c l e s  by an i n t e r f a c e  demands both a fo rce  preventing incorporat ion 

of t h e  p a r t i c l e  i n  the  c r y s t a l  and feeding of f r e s h  mater ia l  t o  t h e  

region of the  i n t e r f a c e  immediately behind t h e  center  of t h e  p a r t i c l e .  

The i n t e r a c t i o n  of the p a r t i c l e s  with the  i n t e r f a c e ,  which is responsible 

f o r  t h e i r  r e j e c t i o n  from the  growing s o l i d ,  can be represented i n  terms 

of a short-range repulsion which e x i s t s  between the  p a r t i c l e  and the  

s o l i d .  The p a r t i c l e  becomes incorporated i n t o  the  s o l i d  when l i q u i d  



cannot diffuse sufficiently rapidly to the growing solid behind the 

particle, 

The present investigation is concerned broadly with developing 

improved understanding of the interaction between second-phase particles 

and an advancing solidification front, and with developing criteria 

for the solidification processing of many two-phase composite materials 

in space. The elimination in space of the effects of density differences 

between particles and matrix offers the opportunity for systematically 

determining the factors which are important to the phenomenon of 

particle rejection and incorporation. 

In addition to obtaining appropriate experimental data, the 

investigation is also concerned with developing a satisfactory 

theoretical description of the behavior of second phase particles at 

i a solidification front. In this work, the forces of interaction 

between particles and interfaces are being computed from the refractive 

indices, characteristic absorption frequencies and static dielectric 
i 

qonstants following the approach suggested by Lifshitz (6). Also 

being explored is the approach suggested by Heumann (7) ,  in which 

the interaction is evaluated from measurements of contact angles. Both 

descriptions of the interaction, particularly the former, are being 

combined with a description of the relevant transport phenomena to 

' obtain theoretical predictions of the critical velocities. 

With this background, let us consider the SPAR 4 experiment and 

the results of the ground-based studies. 



11. GROUND-BASED STUDIES, CRITICAL VELOCITY 

Thens ing le  most important parameter used t o  evaluate  the  i n t e r -  

ac t ion  of second-phase p a r t i c l e s  with a s o l i d i f i c a t i o n  f r o n t  is  t h e  

c r i t i c a l  ve loc i ty .  A s  indica ted  above, the  c r i t i c a l  ve loc i ty  is  t h e  

s o l i d i f i c a t i o n  r a t e  below which t h e  p a r t i c l e s  a r e  re jec ted  by t h e  

advancing i n t e r f a c e  and above which they a r e  incorporated i n t o  t h e  

growing c r y s t a l .  The c r i t i c a l  ve loc i ty  can conveniently be measured 

on e a r t h  by carrying out  s o l i d i f i c a t i o n  i n  e i t h e r  of two geometries: 

(1) a hor izon ta l  geometry i n  which the  sample is  contained wi th in  a t h i n  

chamber, wi th  the  p a r t i c l e s  r e s t i n g  (because of gravi ty)  on the  bottom 

support of t h e  chamber, and the  s o l i d i f i c a t i o n  behavior observed 

through a microscope a s  t h e  i n t e r f a c e  advances hor izonta l ly ;  and (2) a 

v e r t i c a l  geometry i n  which the  p a r t i c l e s  r e s t  on t h e  i n t e r f a c e  (because 

of gravi ty)  a s  the  i n t e r f a c e  advances v e r t i c a l l y  upward, I n  t h i s  case, 

the  behavior has usual ly  been character ized by measuring t h e  d i s t r i -  

bution of p a r t i c l e s  a f t e r  s o l i d i f i c a t i o n  r a t h e r  than by d i r e c t  obser- 

vat ion.  during the  s o l i d i f i c a t i o n .  I n  both cases,  t h e  e f f e c t s  of g rav i ty  

introduce a s i g n i f i c a n t  complication i n t o  t h e  measurement. 

I n  t h e  majori ty of t h e  work ca r r i ed  out  t o  d a t e  i n  our labora tory ,  

the  hor izon ta l  s o l i d i f i c a t i o n  geometry has been employed. Selected 

p a r t i c l e s  are mixed i n t o  a molten sample contained between a g l a s s  

support and a cover g lass ;  and t h e  sample is  cooled and c r y s t a l l i z e d  

rapidly .  The r e s u l t i n g  sample i s  t y p i c a l l y  i n  the  range of 50-200 

microns i n  thickness,  and is  confined between two g l a s s  p la tes .  The 
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sample-is then located in a controlled temperature gradient and is 

traversed through the temperature gradient by a motor-driven screw 

to provide the desired rate of solidification. When viewed through 

a microscope at magnifications in the range of 100 X, particles as 

small as 2-5 microns in diameter can easily be seen, and their 

behavior can be followed individually as solidification proceeds. 'By 

varying the solidification rate, the critical velocity for each type 

(and size) of particle can be measured. 

While this geometry has the disadvantage that the particles rest 

on the bottom supporting glass plate and are subjected to unknown 

frictional forces, the thin horizontal geometry has the advantage 

of simplicity and ease of viewing the sample at high magnification 

over a range of readily controlled growth rates. 

The apparatus used for the measurements with a vertical geometry 

is the single cell version of the flight apparatus, which is discussed 

in detail in the following section. The single cell apparatus is used 

with a microscope to permit visual observation of the particles during 

the experiment. Hence the observational technique is the same as that 

employed with the horizontal geometry apparatus. 

Previous measurements of critical velocities have been carried 

out for a number of particle-matrix.combinations. In all cases, the 

matrix materials have been characterized by entropies of fusion which 

are large in Jackson's sense (8). Since the entropy of fusion has been 

demonstrated to have significant effect on the crystal-liquid interface 



morphology as well as upon many characteristics of the crystallization 

process, it has seemed highly desirable to explore the behavior of 

second-phase particles in matrix materials characterized by low entropies 

of fusion. In addition to the intrinsic interest in such behavior, our 

concern in this regard has been prompted by the fact that metals are 

characterized by small entropies of fusion. For this reason, carbon 

tetrabromide (cBr4), which has a small entropy of fusion, was chosen 

as the first matrix material for the SPAR 1 flight. Ground-based 

measurements of the critical velocity for various particles in CBr4 

were carried out. The particles which were investigated included zinc, 

tungsten, oxide glasses of two compositions, aluminum oxide, ferric 

oxide, and zinc sulfide. No particle was observed to be pushed at the 

-1 lowest growth rate measurable on our equipment (0.1 micron sec ). 

CBr4 could therefore not be used in subsequent experiments. 

For this reason, a survey of the critical velocities of low entropy 

of fusion organic materials was undertaken. Some of the results are 

given in Table I along with a few of the high entropy of fusion organic 

materials which were also studied. The other low entropy of fusion 

materials identified by Jackson (9) were not available in sufficient 

purity to be usable. 

As seen in Table I, d-camphor is the only low entropy of fusion 

material which exhibits particle pushing at reasonable solidification 

rates. The critical velocities for particle pushing were measured for 

camphor with a variety of second-phase particles. Same of the results 



TABLE I 

C r i t i c a l  Veloci t ies  of Zinc and Glass Pa r t i c l e s  i n  

Various Organic Matrix Materials 

-1 
ASFIR TN V C i n  pm s ec  

O C ~ 5 p m  p a r t i c l e s  

Name and Formula Zn Glass 

Low Enfropy of Fusion 

Carbon Tetrabromine 1.2 90.1 cO.1 <O, 1 

Succinoni t r i le  CN-CH2-CH2-CM 1.4 57.1 <0.1 <0.1 

d-Camphor C10H160 
1.4 179.0 6 1.5 

High Entropy of Fusion 

Phenantherene C14H10 6.0 101 1 <O. 2 

Thymol 
C10H140 6.4 49.6 

4 1.5 

Naphtalene ClOH8 6.7 80.1 45 

Durene '10~14 
7.2 70.2 7 

Pyrochatechol C6H602 7.3 105 4 1-2 

Eicosane CH3- (CH2) 18-CH3 18.2 36.6 18 



a r e  summarized i n  Table 11. 

These r e s u l t s  a r e  being analyzed using the  model of L i f s h i t z  t o  

describe t h e  pa r t i c l e - in te r face  i n t e r a c t i o n  i n  terms of t h e i r  bulk 

d i e l e c t r i c  proper t ies .  I n  order t o  apply t h i s  t h e o r e t i c a l  framework, 

it  is necessary t o  measure the  d i e l e c t r i c  constants  of the  mate r i a l s  

over a broad range of frequency. W e  a r e  present ly  measuring the  s t a t i c  

( radio  frequency), t h e  in f ra red ,  and t h e  u l t r a v i o l e t  d i e l e c t r i c  

p roper t i e s  of camphor and naphthalene. W e  plan t o  repor t  on t h i s  

phase of t h e  inves t iga t ion  i n  t h e  near fu tu re .  

Besides the  i n t e r a c t i o n  between the  p a r t i c l e  and the  s o l i d i f i c a t i o n '  

i n t e r f a c e ,  t h e  drag force  on t h e  p a r t i c l e  i s  a l s o  important i n  determin- 

ing  the  c r i t i c a l  ve loc i ty .  The drag fo rce  a r i s e s  from t h e  d i f f i c u l t y  

of feeding f l u i d  behind t h e  p a r t i c l e  t o  the  growing in te r face .  The 

drag force  can be approximately ca lcula ted  i f  the  shape of the  i n t e r f a c e  

near the  p a r t i c l e  is  known. The shape of the  i n t e r f a c e  behind t h e  

p a r t i c l e  may be s t rongly  a f fec ted  by t h e  r e l a t i v e  thermal p roper t i e s  

of matrix and p a r t i c l e .  I f  the  p a r t i c l e  is much more conductive than 

the  matrix, a s  is  most o f t en  the  case f o r  organic matrix mate r i a l s ,  

the  f r o n t  w i l l  curve behind the  p a r t i c l e ;  and the  drag force  w i l l  

be considerably increased.  To study t h i s  problem i n  more d e t a i l ,  w e  

are present ly  analyzing t h e  shape of t h e  i n t e r f a c e  i n  the  v i c i n i t y  . 

of the  p a r t i c l e  using f i n , i t e  element methods. 

I n  summary, we  have made extensive ground based measurements of 

t h e  c r i t i c a l  v e l o c i t i e s  of p a r t i c l e s  of d i f f e r e n t  thermal conduct iv i t ies ,  
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Material 

Nickel 

Glass 

TABLE I1 

Critical Velocities in Camphor 

Diameter 

pile-up 

Critical velocity 
-1 in pm sec 



size, roughness, etc. in a variety of organic matrix materials. We are 

seeking to understand the results of these measurements by formulating 

a new treatment of the phenomenon based on the Lifshitz treatment of 

the particle-interface interaction coupled with a more accurate 

description of the drag force based on a knowledge of the shape of 

the solidification front. 

111. FLIGHT EXPERIMENT 

It was necessary to design a scientifically valuable experiment 

which would meet the design requirements of the sounding rocket 

environment: (1) high acceleration and vibration levels; (2) only a 

short microgravity experiment period; and (3) power, size, and weight 

limitations. As detailed above, d-camphor was chosen as the organic 

matrix material. Unfortunately camphor is a difficult material with 

which to work; it has a melting point of 178'~, a narrow liquid 

temperature range, and a high vapor pressure. 

The ground based experimentation coupled with the results of 

the SPAR 1 experiment detailed the following design considerations: 

(1) It is necessary to control carefully the shape and speed of 

the solidification front to achieve a useful experiment. Since the 

telemetry is not sufficiently accurate to measure the position and 

speed of the front, it is necessary to build an apparatus which will 

precisely repeat the same cycle for each experiment. The telemetry 

will be used to detect malfunctions in the apparatus, 



(2) The solidification process should at least in some cases be 

photographed at sufficiently high magnification such that individual 

particles can be seen at the interface. 

(3)   he sample chamber must be transparent with fl.at walls to 

permit effective photographic recording. Extensive finite element 

thermal calculations indicated that control of the solidification 

conditions and the interface shape can be best achieved with a thin 

sample (but thick relative to the diameter of the largest particles 

being studied). This choice is also required to obtain short thermal 

time constants for melting and solidi,fication. 

(4) The sample must only be melted in the microgravity environment 

to avoid the particles settling out of their initial dispersion. 

Based on the above design criteria, fused silica (quartz) was 

chosen as the sample cell material. It might be noted that plastics 

could not be used because of the temperature at which camphor melts, 

1 7 8 O ~ ,  and its corrosive character. 

The sample cell assembly is shown schematically in Figurel. The 

quartz sample cell is 3.4 cm high with a 5 mm long fill tube extending 

from it. The sample thickness is 0.008 inch (200pm). The wall 

thickness of the quartz cell is 1.5 mm. The cell is 1.3 cm wide. 

Separately controlled aluminum heater blocks at each end of the cell 

control the temperature profile in the cell. An expansion reservoir 

with a Teflon diaphragm compensates for volume changes in the camphor 
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Figure 1 - Sample cell assembly 



upon s d i d i f i c a t i o n  o r  melting. The sample c e l l  is sealed t o  the  

volume compensating chamber with a Teflon o-ring. The e n t i r e  sample 

cell  assembly is enclosed i n  a gold plated copper can which reaches 

t h e  temperature of the  bottom heater  block. The gold pla ted can reduces 

the  radiat ional  cooling of the  exposed quartz c e l l  and i s o l a t e s  each 

sample c e l l  from i ts  surroundings. 

A sample c e l l  assembly a s  shown i n  Figure 1 was used i n  the  "single 

cell. apparatus" f o r  the  ground based t e s t i ng  and measurement of the 

c r i t i c a l  ve loc i t i es .  

The approximate experiment cycle f o r  each c e l l  is shown i n  Figure 

2 .  A t  four minutes before launch, the  heaters  a r e  turned on t o  bring 

t he  c e l l s  t o  t h e i r  preheat temperature of 176°C a t  the top heater  block 

and 173°C a t  the bottom heater  block. A t  74 seconds a f t e r  launch when 

the  microgravity portion of the  f l i g h t  has been reached, the  sample is 

melted by ra i s ing  the temperature of the  top heater block t o  197OC and 

lowering the  temperature of the  bottom heater  block t o  164°C. Thus 

a s t ab l e  so l i d i f i ca t i on  in te r face  is  created i n  a temperature .gradient 

of about 60°C em-'. A t  119 seconds, the  slow controlled so l id i f i ca t i on  

of the sample begins by changing the set point  of both the  top and 

bottom temperature control lers  a t  a constant ra te .  This r a t e  is ,  of 

course, set by the  desired growth r a t e  of the  so l i d  but is about 1°C 

-1 
min . A t  310 seconds, the  experiment is over and the heaters  a r e  

turned off t o  s t a r t  freezing rapidly the so l i d  before reentry occurs. 





The f l i g h t  apparatus c o n s i s t s  of seven sample c e l l  assemblies, a 

temperature c o n t r o l l e r  f o r  both top and bottom of each of the  seven 

cells, t h e  necessary con t ro l  e l ec t ron ics ,  and a camera and l e n s  assembly 

t o  photograph one of t h e  seven c e l l s ,  A lJikon camera with a 250 exposure 

back is  used t o  photograph one c e l l  a t  approximately 17X using a 19 mm 

-1 Nilclccrlens a t  approximately 50 frames minu& 

IV. SPAR 4 EXPERIMENT AND RESULTS 

The experiments flown on SPAR 4 a r e  shown i n  Table 111. Each 

experiment was chosen with a s o l i d i f i c a t i o n  r a t e  and a range of p a r t i c l e  

diameters such t h a t  t h e  l a r g e s t  p a r t i c l e s  a r e  not  pushed i n  t h e  ground 

based experiments but t h e  smaller p a r t i c l e s  a r e  e a s i l y  pushed. The 

f i n a l  d i s t r i b u t i o n  of p a r t i c l e s  i s  then measured a f t e r  recovery of the  

apparatus and analyzed t o  measure the  c r i t i c a l  ve loc i ty .  

The telemetry ind ica tes  t h a t  the  apparatus functioned cor rec t ly  

during f l i g h t .  

One sample, c e l l  /I 7 ,  w a s  photographed during f l i g h t ,  Photographs 

1-5 are taken from t h e  f l i g h t  photographs. For c l a r i t y ,  only one corner 

of t h e  o r i g i n a l  negative is  shown. From these  photographs, w e  note t h e  

following information: 

(1) The samples w e r e  not  melted before launch. Hence t h e  samples 

r e t a i n  t h e i r  i n i t i a l  p a r t i c l e  dispersions.  

(2) The sample melted back t o  approximately the  correc t  loca t ion ,  

leaving t h e  p a r t i c l e s  dispersed i n  the  l iqu id .  



TABLE I11 

Experiment Set-up (SPAR 4) 

Cell No. Particles Growth rate 

in m/s 

glass (0-20pm) 2.2-2.6 

glass (10-30pm) 1.2 

glass (0-10pm) 5 .O 

Ni (3-10pm) + 
glass (0-10pm) 7.6 

glass (0-20pm) 2.1 

glass (0-20pm) 1.4 
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Photograph 1 - Frame 1 from SPAR 4 f l i g h t  sequence. Taken 
before launch, t h i s  photograph shows t h a t  the  sample was 
not  melted p r i o r  t o  launch. 



Photograph 2 - Frame 4 3  from SPAR 4 f l i g h t  sequence. 
The sample has  melted t o  c r e a t e  a so l id - l i qu id  i n t e r f a c e  
w i t h  t h e  s o l i d  a t  t h e  bottom of t h e  photograph and t h e  

' l i q u i d  a t  t h e  top.  



Photograph 3 - Frame 48 from SPAR 4 f l i g h t  sequence. 
The number of  p a r t i c l e s  v i s i b l e  i n  t h e  photograph 
has decreased.  



Photograph 4 - Frame 54 from SPAR 4 f l i g h t  sequence. 
The dark'ljand. a t  the  top of the photograph i s  the  
liquid-vapor i n t e r f a c e  which was observed because 
the  sample c e l l  cracked, allowing camphor vapor t o  
escape 



-4 mlJm 

Photograph 5 - Frame 8 1  from SPAR 4 f l i g h t  sequence. 
The l iquid-vapor  i n t e r f a c e  cont inues t o  advance as . 

t h e  c e l l  l e a k s  by vapor l o s s .  The presence of t h e  
vapor changes t h e  temperature g rad ien t  i n  t h e  c e l l  
so more s o l i d  has  melted. 



(3) Unfortunately, when the  camphor was melted, the  camphor 

evaporated from t h e  sample c e l l  through a small  crack i n  the  s i d e  of 

t h e  c e l l .  

(4) The dispersed p a r t i c l e s  i n  t h e  l i q u i d  disappear from t h e  f i e l d  

of view of t h e  photographs, a s  noted by comparing frames 43 and 48. 

W e  suggest t h a t  fewer p a r t i c l e s  a r e  observed dispersed i n  the  

l i q u i d  camphor a s  the  liquid-vapor i n t e r f a c e  approaches because of a 

surface  tension driven convection which sweeps the  p a r t i c l e s  out of the  

small and shallow f i e l d  of view. The depth of f i e l d  of t h e  camera 

system is only about 50pm. The p a r t i c l q s  a r e  s u f f i c i e n t l y  small t h a t  

an out-of-focus p a r t i c l e  w i l l  not  be v i s i b l e .  

The l ike l ihood of surface  tension induced convection currents  

can be est imated using t h e  Marangoni number. I n  our case,  the  Marangoni 

number is approximately lo3 - lo4$ ind ica t ing  t h a t  surface  tension 

driven convection i s  q u i t e  probable when a liquid-vapor i n t e r f a c e  is  

present.  It must be noted, however, t h a t  a quan t i t a t ive  descr ip t ion of 

t h e  Marangoni flow i n  our geometry and temperature p r o f i l e  i s  not 

f e a s i b l e  s i n c e  most of t h e  previous work has been d i rec ted  toward a 

f l u i d  l ayer  i n  which t h e  temperature gradient  i s  normal t o  the  f l u i d  

layer .  Despite the  l ack  of a quan t i t a t ive  ana lys i s ,  the  disappearance 

of the  p a r t i c l e s  from t h e  f i e l d  of view seems reasonably explained 

by a sur face  tension driven convection. 

While the  sample c e l l  which was being photographed developed a 

crack, t h e  o the r  s i x  c e l l s  survived without problems, To ensure t h e  
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q u a l i t y  of the  c e l l s  flown on SPAR 4, each cell  a f t e r  i t  w a s  assembled 

i n t o  i ts  sample c e l l  assembly w a s  pressurer tes ted  t o  one atmosphere 

both a t  room temperature and a t  i t s  operat ing temperature. The c e l l  

assembly was a l s o  v ib ra t ion  t e s t e d  on th ree  axes t o  the  following l eve l s :  

10-24 Hz 0.7 inches D . A e ,  24-100 Hz 20g, and 100-500 Hz 5.3 g a t  a sweep 

-1 r a t e  of 2 o c t  min . These v ib ra t ion  l e v e l s  were based on the r e s u l t s  

of an instrumented t e s t  of t h e  74/15 apparatus when it was v ibra ted  

at  t h e  design q u a l i f i c a t i o n  l e v e l s  given i n  Environmental ~ e s i & n  and 

Qua l i f i ca t ion  Test C r i t e r i a  f o r  Black Brant VC Space Processing 

Sounding Rocket Science Payload. The v ib ra t ion  tests of each. sample 

c e l l  were chosen t o  exceed the  v ib ra t ion  l e v e l s  measured on the  shock 

mounted base p l a t e  t o  which t h e  c e l l s  a r e  mounted. 

The c e l l  f a i l u r e s  which occurred during the  t e s t i n g  program could not 

be d i r e c t l y  a t t r i b u t e d  t o  the  v ib ra t ion  t e s t i n g ;  ins tead,  the  cracks 

i n  t h e  c e l l s  appear t o  r e s u l t  from crack i n i t i a t i o n  and growth from a 

flaw such a s  a scratch.  I n  t h e  case of the  7 cel l  from the  SPAR 4 

f l i g h t ,  t h e  f r a c t u r e  or ig inated  from a flaw where the  two f l a t  p l a t e s  

of t h e  c e l l  were joined together.  We plan t o  t igh ten  our screening and 

t e s t i n g  procedure and change t h e  technique of c e l l  f ab r ica t ion  t o  reduce 

and hopefully el iminate the  p o s s i b i l i t y  of t h e  recurrence of such a 

f a i l u r e  . 
The o the r  s i x  samples were ca re fu l ly  photographed and examined 

a f t e r  recovery. The c r i t i c a l  ve loc i ty  with these samples is 

determined by ca re fu l ly  examining the  d i s t r i b u t i o n  of the  p a r t i c l e s  a s  a 



function of p a r t i c l e  s i z e  i n  the  region of control led  s o l i d i f i c a t i o n .  

Photograph 6 shows c e l l  I/ 1 at a low magnification i n  which t h e  

e n t i r e  sample region of (5.5 mm) high and about 13 mm wide i s  v i s i b l e .  

The edges of the  ce l l  a r e  not  t ransparent  because of the  grinding 

necessary t o  f i t  the  cel l  i n t o  i ts  aluminum hea te r  block sample 

assembly. The bottom ha l f  of t h e  photograph is the  v i r g i n  region of 

the  sample which maintains the  o r i g i n a l  d ispers ion of the  p a r t i c l e s .  

I n  approximately the  middle of the  photograph (top t o  bottom) t h e r e  is 

a clear band. This c l e a r  band is  the  camphor which was slowly and 

ca re fu l ly  grown during t h e  control led  s o l i d i f i c a t i o n  period. It i s  

i n  t h i s  region of control led  growth t h a t  the  p a r t i c l e  pushing and/or 

r e j e c t i o n  w i l l  occur and be analyzed. Above t h i s  c l e a r  region, the re  

is  a region of rapid  s o l i d i f i c a t i o n  of t h e  samphor, denoted by the  

ipresence of small bubble-like voids, which formed a f t e r  the  period of 

control led  growth. 
I 

" The p a r t i c l e s ,  g l a s s  spheres of diameter less than 20pm, a r e  

v i s i b l e  a t  t h i s  magnification a s  a dark band a t  the  bottom of the  region 

of control led  growth. The d i s t r i b u t i o n  of p a r t i c l e s  is more c l e a r l y  

shown a t  higher magnification i n  Photographs 7 and 8. Photograph 7 - 
shows the  sample c e l l  from t h e  same s i d e  a s  i n  Photograph 6. The con- 

t r o l l e d  growth region is  i n  the  center  of the  photographs, with t h e  v i r g i n  

region seen a t  the  bottom and the  rapid  growth region a t  the  top of the  

photograph. The p a r t i c l e s  ( v i s i b l e  a s  c l e a r  c i r c l e s  with a dark boundary) 
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Photograph 7 - C e l l  /i 1 photographed from t h e  same 
s i d e  of the  c e l l  a s  i n  Photograph 6 .  The p a r t i c l e s  a r e  
a t  t h e  c e l l  w a l l  c l o s e s t  t o  t he  camera. 
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Photograph 8 - Cell 1 photographed from the other side 
of the sample cell from Photographs 6 and 7. The particles 
are at the other side of the cell and hence are out of focus. 



are! predominantly located i n  a large p i l e  a t  the bottom of the controlled 

growth region. For t h i s  p i l e  t o  occur, there must have been a force '  

exerted on the  pa r t i c l e s  t o  cause them t o  f a l l  out of t h e i r  dispersion 

when the  sample was melted back t o  i ts  fu r thes t  extent.  Pa r t i c l e s  a re  

v i s ib l e  i n  the  v i rg in  region of the sample; and some pa r t i c l e s  are seen 

above the  la rge  pile-up of par t i c les .  Examination of both Photographs 

7 and 8 demonstrates t ha t  the  pa r t i c l e s  above the pile-up a r e  a t  the  

c e l l  wall  on one s ide  of the c e l l .  It is not unusual f o r  a few pa r t i c l e s  

t o  adhere t o  the wall  of the c e l l  i n  even ground-based experiments. 

The f a c t  t h a t  these pa r t i c l e s  a r e  i n  the controlled growth region 

cannot be considered evidence tha t  p a r t i c l e  pushing occurred. Pa r t i c l e s  

which a re  a t  the  c e l l  wall  must be disregarded i n  analyzing the  p a r t i c l e  

d i s t r ibu t ion  f o r  p a r t i c l e  pushing. Hence, one must conclude t h a t  nb 

p a r t i c l e  pushing is  evident i n  t h i s  sample. 

The d i s t r ibu t ion  of pa r t i c l e s  i n  Ce l l  i" 1 a f t e r  the  SPAR 4 f l i g h t  

is i l l u s t r a t e d  i n  Figure 3 with both horizontal  and v e r t i c a l  sect ions  

i n  the region of controlled growth. The horizontal  sect ion shows tha t  

the pile-up of pa r t i c l e s  is predominantly toward one wal l  of the  c e l l .  

The v e r t i c a l  sect ion shows the same d is t r ibu t ion  i n  re la t ion  t o  the  

d i s t r ibu t ion  of pa r t i c l e s  i n  the v i rg in  sample. The significance of 

the posi t ions  of the pa r t i c l e s  w i l l  be discussed following a presentation 

of the  r e s u l t s  from the other  sample c e l l s .  



Horizontal Sect ion 

Vertical Section , 

Figure 3 - The distribution of particles i n  Cell 1 after the 
SPAR 4 f l i ght .  Note the difference i n  the distribution of .. 
particles i n  the vertical section between the i n i t i a l  dispersion 
retained in  the virgin sample at  the bott~m of the c e l l  and the 
pile-up of particles i n  the melted sample above. 



C e l l  i/ 2,  which a l s o  contained g l a s s  spheres is shown i n  

Photographs 9 and 10. The d i s t r i b u t i o n  of p a r t i c l e s  i n  t h i s  c e l l  is 

s imi la r  t o  t h a t  i n  C e l l  i/ 1. Again, the re  is  a l a r g e  pile-up of 

p a r t i c l e s  along t h e  i n t e r f a c e  between the  v i r g i n  sample and the  

control led  growth region. 

Ce l l  1) 3, which a l s o  contained g l a s s  spheres, is  shown i n  

Photograph 11. Again, the re  is a pile-up of p a r t i c l e s  along t h e  

i n t e r f a c e  between t h e  v i r g i n  and control led  growth regions of the 

sample. 

C e l l  i/ 4 contained both n icke l  pa . r t ic les  (3-10pm) and g lass  spheres 

(less than 1Opm); t h i s  c e l l  is  shown a t  low magnification i n  Photograph 

12. Again t h e  p a r t i c l e s  i n  t h i s  c e l l  have f a l l e n  out  of t h e i r  i n i t i a l  

d ispers ion and a r e  observed i n  a p i l e  up. Unlike t h e  o ther  c e l l s ,  

however, t h e  pile-up of p a r t i c l e s  l i e s  predominantly on a plane t i l t e d  

approximately 60' from the  normal i n t e r f  ace plane. Photographs 1 3  

and 14 a t  higher magnification show t h e  pile-up of p a r t i c l e s  a t  t h e  f r o n t  

and back w a l l  respect ively  with only t h e  c l o s e r  p a r t i c l e s  i n  each 

photograph i n  focus. 





Rapid Growth 
Region 

Particle Pile. 

Virgin Region 

' 100pm 

P h o t o g r a p h  10 - C e l l  i/ 2 showing p a r t i c l e  Pi le-Up.  







P a r t i c l e  

Vi rg in  RE 

, Photograph 1 3  - C e l l  R 4 photographed from same d i r e c t i o n  
as i n  Photograph 12.  

Pile-Up 



P a r t i c  

Virg in  

Photograph 14 - C e l l  # 4 photographed from o t h e r  s i d e  of c e l l  
than Photographs 12 and 13. The p a r t i c l e  pile-up is  t i l t e d  
wi th  only t h e  p a r t i c l e s  a t  t h e  near  w a l l  i n  focus.  

HH-3 6 

:le Pile-Up 

Region 



There is some evidence t h a t  p a r t i c l e  pushi.ng occurred i n  C e l l  t/ 4, 

as can b6 seen i n  Photograph 12. The smaller p a r t i c l e s  should have 

been pushed at  the  s o l i d i f i c a t i o n  r a t e  of the  experiment, s o  pushing 

of a s m a l l . p i l e  of p a r t i c l e s  could e a s i l y  have occurred. I n  any 

case,  t h i s  experiment w i l l  be repeated in the  next rocket  f l i g h t  t o  

confirm t& r e s u l t .  

C e l l  #I 5,  which is  shown i n  Photograph 15, a l s o  contained n icke l  

(3-10pm) and g lass  ( l e s s  than 10pm) spheres. Again, the  p a r t i c l e s  

are found i n  a pile-up a t  t h e  i n t e r f a c e  between the  v i r g i n  region and 

the  control led  growth region. Unlike C e l l  // 4, the re  is no evidence 

of t h e  p a r t i c l e  pushing. The concentrat ion of g lass  spheres i n  

C e l l  # 5 were l a r g e r  than i n  C e l l  I/ 4, however; and t h e  l a r g e r  

concentration of p a r t i c l e s  (with the  concomitant l a r g e r  pile-up 

and l a r g e r  drag force)  could wel l  expla in  the  d i f ference  i n  pushing 

behavior. 

C e l l  #/ 6 contained g lass  spheres less than 20um i n  diameter. 

Photograph 16 shows a low magnification view of the  c e l l .  Again, the  

p a r t i c l e s  a r e  deposited i n  a plane a t  t h e  i n t e r f a c e  between t h e  v i r g i n  

region and t h e  region of control led  growth. The cause of the  unusual 

s l an ted  region i n  the  bottom hal f  of the  photograph has  not been 

es tabl ished.  It may w e l l  represent  a second melt-back process (as  

w i l l  be discussed below), but  the  c h a r a c t e r i s t i c s  of t h i s  process 

remain t o  be c l a r i f i e d .  







The o v e r a l l  d i s t r i b u t i o n  of p a r t i c l e s  i n  the  s i x  c e l l s  is  i l l u s t r a t e d  

i n  Figure 4 where the  black dots  represent  the  approximate loca t ion  of 

t h e  p a r t i c l e s .  C e l l  f 7 is the  c e l l  which w a s  photographed. It was 

or iented  p a r a l l e l  t o  t h e  base p l a t e  of the  apparatus; .the o the rs  were 

or iented  perpendicular t o  t h e  base p l a t e .  The p a r t i c l e s  are mostly 

on the  " l e f t "  f ace  of t h e  c e l l  i n  the  i l l u s t r a t i o n ;  the  only exception 

is  Ce l l  f 4 whose i n t e r f a c e  was t i l t e d  a t  60' with t h e  " l e f t "  s i d e  

higher than t h e  "right". 

I n  summary, s i x  sample c e l l s  survived t h e  launch and re-entry, and 

functioned properly according t o  the  telemetry. C e l l  1, 7, which w a s  

photographed during t h e  f l i g h t ,  cracked p r i o r  t o  t h e  i n i t i a t i o n  of the  

photograph allowing t h e  camphor t o  escape by vaporizat ion and producing 

a vapor-liquid i n t e r f a c e  with i ts  associa ted  Marangoni convection. The 

s i x  good c e l l s  were photographed and c lose ly  examined a f t e r  recovery. 

The p a r t i c l e s  were no longer dispersed through t h e  upper halves of the  

sample c e l l s  (which had been melted). Rather, the  p a r t i c l e s  had f a l l e n  

i n t o  pile-ups a t  the  boundaries between the  v i r g i n  samples and t h e  

por t ions  which had been melted. 

I n  attempting t o  understand the  post - f l ight  d i s t r i b u t i o n s  of p a r t i c l e s  

seen i n  t h e  s i x  good c e l l s ,  the  f i r s t  quest ion t o  be answered is whether 

the  condit ions of microgravity which ex i s t ed  on the  f l i g h t  could exer t  

s u f f i c i e n t  force  on t h e  p a r t i c l e s  t o  cause them t o  f a l l  out  of t h e i r  

i n i t i a l  s t a t e  of dispersion.  The terminal  ve loc i ty ,  , a t  which a 
Vt 

p a r t i c l e  f a l l s  can. be ca lcula ted  from Stoke's Law: 



Figure 4 - Particle distribution i n  the 
c e l l s  flown on SPAR 4 as viewed from the 
top of the experiment package. 
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2 
1 A p g d  = -  

't 18 TI 

where Ap i s  the  densi ty  d i f ference  between the  p a r t i c l e  and the  l i q u i d ,  

g is the  acce le ra t ion  of gravi ty ,  d is  t h e  p a r t i c l e  diameter, and TI 

is  t h e  v i scos i ty .  For a 10um diameter n i c k e l  p a r t i c l e  i n  camphor, the  

-1 
calcula ted  terminal  ve loc i ty  a t  l g  would be 8 . 6  x cm s e c  ; a t  

-1 g, t h e  terminal  ve loc i ty  would be 8 .6  x cm sec  ; and a t  

-1 
g, a terminal  ve loc i ty  of 8 . 6  x cm sec  is  expected. The 

telemetry from the  f l i g h t  ind ica tes  t h a t  , lom4 g l e v e l  was reached 

wi th in  a few seconds of t h e  time t h a t  t h e  sample s t a r t e d  t o  m e l t  

(within 10 seconds a f t e r  the  melt sequence was s t a r t e d ) .  Hence during 

t h e  e n t i r e  240 seconds of the  experiment, t h e  n i c k e l  spheres should 

f a l l  some 10-50pm, not  one o r  two mil l imeters  a s  indicated by the  

observations. The smaller nickel  spheres and the  g lass  spheres would 

f a l l  even less. Therefore the  res idua l  microgravity l e v e l s  could n6.t 

have caused t h e  d i s t r i b u t i o n  of p a r t i c l e s  observed i n  the  recovered 

samples. 

I f  t h e  observed d i s t r i b u t i o n  of p a r t i c l e s  did not  occur before 

launch o r  during the  f l i g h t ,  the  quest ion n a t u r a l l y  a r i s e s  whether the  

apparatus could have been recycled on the  ground a f t e r  the  f l i g h t ,  and 

whether t h e  d i s t r i b u t i o n  of p a r t i c l e s  i s  consis tent  with remelting and 

r e s o l i d i f i c a t i o n  having taken place on t h e  ground. 

F i r s t ,  l e t  us compare the  d i s t r i b u t i o n  of p a r t i c l e s  i n  the  c e l l s  

with the  o r i e n t a t i o n  of t h e  rocket  when i t  was r e s t i n g  on the  ground 



a f t e r  impact. The recovery team s t a t e d  t h a t  the  rocket  was  r e s t i n g  on 

a s lope  a t  an angle of about 30' t o  45' t o  the  hor izonta l ,  with t h e  

f r o n t  of the  rocket higher than the  rear .  The zeroiadgree ( i . e . ,  north)  

designation on the  74/15 experiment package was pointing about 140' 

from a v e r t i c a l  plane through the  payload ro ta ted  counter clockwise a s  

viewed from t h e  r e a r  of the  rocket looking foreward. Sta ted  another 

way, t h e  zero degree mark was pointing about 30'-45' clockwise from 

d i r e c t l y  downward. 

I f  the  experiment recycled while the payload was r e s t i n g  a t  t h i s  

angle,  how would the  p a r t i c l e s  i n  the  molten samples be d i s t r ibu ted?  

Referring back t o  Figure 4, the  p a r t i c l e s  would be expected t o  f a l l  

out  of t h e i r  d ispers ion t o  land on the  lower ( l e f t )  f ace  of the  c e l l .  

I n  addi t ion ,  the  number of p a r t i c l e s  a t  the  edge of the  c e l l  c l o s e s t  

t o  C e l l  i/ 7 would be g r e a t e r  than the  number a t  t h e  o ther  edge. However, 

a l l  the  p a r t i c l e s  would not  f a l l  t o  t h a t  edge, because most of t h e  

p a r t i c l e s  a f t e r  f a l l i n g  a shor t  d is tance  would come t o  rest agains t  the  

face  of the  c e l l  and s l i d e  o r  r o l l  down t h e  face  of the  c e l l .  The 

p a r t i c l e s  would not  be ab le  t o  s l i d e  o r  r o l l  a l l  t h e  way t o  t h e  lowest 

edge. Instead one would expect t o  f ind  a pile-up of p a r t i c l e s  across  

near ly  the  whole width of the  c e l l  c lus tered  agains t  the  lower ( l e f t )  

f a c e  of t h e  c e l l .  On t h i s  b a s i s ,  i t  i s  concluded t h a t  t h e  a c t u a l  

d i s t r i b u t i o n  of p a r t i c l e s  i n  the  recovered samples from SPAR 4, shown 

i n  Figure4 , matches the  d i s t r i b u t i o n  of p a r t i c l e s  expected i f  the  

apparatus was recycled while r e s t i n g  on the  ground a f t e r  impact. 



Telemetry d a t a  is not  ava i l ab le  t o  confirm whether the  apparatus 

recycled a f t e r  impact. Because of a f a i l u r e  of the  power re lay  on 

SPAR 4,  power t o  74/15 apparatus was ava i l ab le  following impact on t h e  

ground. However, t h e  on-b-oard Ix tmer  i n  74/15 would have had t o  reset 

i t s e l f  t o  i n i t i a t e  t h e  recycle of the  experiment. A s  y e t ,  w e  have been 
C 

unable t o  i d e n t i f y  t h e  mechanism by which t h e  timer was reset. It was 

o r i g i n a l l y  thought t h a t  the  t i m e r  reset occurred because of c h a t t e r  i n  

the  power re lays  upon impact. To explore t h i s  p o s s i b i l i t y ,  Vaugh Yost 

a t  MSFC had the  re lays  t e s ted  t o  shock l e v e l s  a t  1300 g ' s .  Under 

those condit ions,  t h e  re lays  chat tered  f o r  only 5-10 milliseconds. 

For comparison, the  74/15 t i m e r  would requ i re  t h a t  r e lay  chat tered  f o r  

about LOO mil l iseconds t o  r e s e t  the  t i m e r .  Another p o s s i b i l i t y  t o  

explain t h e  r e s e t t i n g  of the  t i m e r  is t h a t  an in te rmi t t en t  f a i l u r e  i n  

the  t i m e r  i t s e l f  occurred on landing because of the  very high shock 

l e v e l s  encountered. Without a record of the  shock spectrum encountered, 

and i n  l i g h t  of t h e  f a c t  t h a t  f a i l u r e  of the  main power re lay  did not  

occur on previous SPAR f l i g h t s  and is not  expected t o  occur on f u t u r e  

f l i g h t s ,  i t  has not  seemed worthwhile t o  attempt t o  reproduce a poss ib le  

timer f a i l u r e .  

I n  b r i e f ,  i t  is  concluded t h a t  experiment 74/15 was repeated on 

the  ground a f t e r  t h e  SPAR 4 f l i g h t ,  and t h a t  t h e  d i s t r i b u t i o n s  of 

p a r t i c l e s  seen i n  t h e  recovered c e l l s  r e f l e c t  s o l i d i f i c a t i o n  under 

condit ions of the  e a r t h ' s  gravi ty .  



V. CONCLUSIONS FROM THE SPAR 4 EXPERIMENT 

On t h e  b a s i s  of t h e  r e s u l t s  of the  SPAR 4 experiment, we  conclude 

t h a t  the  experiment should be reflown without change i n  concept o r  

payload apparatus. The method of f abr ica t ion ,  qua l i ty  con t ro l  and 

p r e f l i g h t  t e s t i n g  of t h e  quar tz  cells must, however, be modified t o  

reduce the  r i s k  of a c e l l  f a i l u r e  on the  next f l i g h t .  An increased 

proof t e s t i n g  pressure coupled with more s t r i n g e n t  v ib ra t ion  t e s t i n g  

should i d e n t i f y  any weak c e l l s  which might not  survive t h e  f l i g h t ;  

and a change i n  t h e  fabr ica t ion  procedure t o  enlarge the  fused a r e a  

of sea l ing  of t h e  c e l l s  should decrease the l ike l ihood of advent i t ious  

stress concentrators which can produce f r a c t u r e  of t h e  c e l l s .  

We are confident  t h a t  another f l i g h t  of t h e  74/15 experiment 

w i l l  y i e ld  t h e  des i red  da ta  on t h e  re jec t ion  and incorporat ion of 

second-phase p a r t i c l e s  a t  a s o l i d i f i c a t i o n  f r o n t  without t h e  complicating 

e f f e c t s  of gravi ty .  
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Experhents were performed t o  study the ef fec t  of a low- 

gravity environment on the columnar-to-equiaxed transi t ion (CET) 

du rhg  polycrystalline sol idif icat ion.  Solutions of H20-30 w t  X 
NH4Cl and H20-37 w t  % NH4Cl were sol id i f ied  i n  semicylindrical 

molds with rad ia l  heat extraction. In  the ground base t e s t s  

the general heat flow direction was para l l e l  o r  antf-paral lel  t o  

gravity. Both solutions were quenched from the same soak tempera- 

ture (90'~) ; the respective superheat temperatures were, therefore, 

approximately 57 and 23'~. The lower superheat resulted i n  a 

completely columnar structure,  and the higher superheat resulted 

i n  a 113 columnar - 213 equiaxed microstructure; these resul ts  

were independent of the relationship between heat flow direction 

and gravity. Grain multiplication mechanisms observed were 

showering, thermal inversion driven convection ce l l s ,  and 

compos it ionally induced dens i t y  inversion driven convect ion 

ce l l s .  

Results obtained during the SPAR IV f l i gh t  established the 

v iab i l i ty  of the novel freon quenching system designed for t h i s  

apparatus, but a par t i a l  blockage i n  the needle valve of the 

quenching system prevented sol id i f ica t ion  of the samples. Thus 

no data on the ef fec t  of gravity on the CET were obtained. In- 

complete preflight melting of the NH4C1 was also observed. It 

was established that  slow sol idif icat ion,  a long waiting time 

a t  room temperature, and the presence of agi tat ion during th i s  

time coarsened the room temperature s tructure of the sol id and 

lengthened the time required for  remelt ing. These observations 

have led t o  apparatus modification and revis ion of prelaunch 

procedures t o  prevent a future occurrence of the same problem. 



TABLE OF CONTEMCS 

$ec t ion 

1 Introduction ..................................... m,-j, 

2 Apparatus and Experimental Procedure ............. m-3 

Ground Base Results and Discuss ion ............... P][H-7 

4 Flight Results and Discussion .................... m-13 
Absence of Solidification ...................... m-13 

............................. Incomplete Melting m-14 

References ....................................... rn-19 



LIST OF PLEUSTMTIONS 

1 Overall V i e w  of t h e  Apparatus . . . . . , , . e a e O O O O ~ . . , .  m-4 

2 Close-up V i e w  of Sample Chamber.. . . . . . . . , a * .  III-5 

3 Ground Base S h u l a t i o n ,  150s After L i f t - o f f .  , , . . . III-8 

4 Ground Base Simulat ion,  243s After ~ i f t - 0 f  fi. . . . . . III-9. 

5 Ground Base Simulat ion,  283s A f t e r  L i  ft-Of f .  . . . . . m-.i.~ 

6 Ground Base Simulat ion,  314s A f t e r  L i f t - o f f . .  . . . . m-ii 

7 Thermal H i s  t o r y  of  F l f  gh t  Exper h e n $  and Ground 
Base Simulat ion .................................. m42 

8 Resu l t s  of F l i g h t  Experiment a t  112s and 307s 
A f t e r  Lif t -Off  ..........,,....................... m-4s 



The primary objective of experherat 74-37 i s  %o study the 

e f fec t  of reduced gravity on the columnar-to-equbaxed t rans i t ion  

(CET) i n  small castings (Ref. 1 ) .  The resu l t s  obtained t o  date 

from SPAR I show the occurrence of an equiaxed7microstructure i n  

low gravity,  instead of the expected columnar microstructure 

(Ref. 2). Similary, f ine  grained equiaxed, ra ther  than columnar, 

microstructures were observed i n  the Skylab metals melting 

experiment (Ref. 3 ) .  On the other hand, Johnston and Griner 

(Refs. 4 and 5) were able t o  show tha t  no dendrite arm break- 

off occurred during low gravity so l id i f ica t ion  of NH4Cl  and 

obtained a completely columnar structure.  These two resu l t s  a re  

not necessarily contradictory because CET i s  a complex phenomenon 

and gravity driven convection leading to  dendrite arm breakoff 

i s  only one of the mechanisms tha t  i s  responsible for  the formation 

of the equiaxed zone. Crystal nuclei  may already pre-exist i n  

the l iqu id ,  especially following inoculation (Ref. 6) or  

"big bang" nucleation (Ref. 7 ) .  Also, other gravity driven 

mechanisms may be responsible for  transport of small c rys ta l s  

toward the cen t ra l  region of a casting (Ref. 81,  A gravity 

independent mechanism for  nucleation of the equiaxed zone has 

a l so  been proposed (Ref. 9).  Regardless of nucleation, it has 

been recently emphasized (Refs. 10 and 11) tha t  the presence of 

nuclei  is a necessary but not suf f ic ien t  condition for  the 

occurrence of CET. The growth of equiaxed grafns must h a l t  the 

advance of the columnar interface.  This has been suggested t o  

occur by attachment of equiaxed crys ta l s  to  the columnar growth 

front  (Ref. 10) or  by the existence of thermal conditions favoring 

the growth of equiaxed rather  than columnar grains (Ref. 12). 

This l a s t  suggestion, which has received some exper h e n t a l  



confirmation (Ref. 11) , may be par t icular ly  germane t o  the 

low gravity environment since rough estimates indicate that  the  

predominant e f fec t  of reduced gravity on dendrit ic growth .may 

be through modification of the thermal ra ther  than solute  

boundary layer (Ref. 13). 

It has been recently emphasized (Refs. 11 and 14) and it 

a l so  follows from the above discussion tha t  CET i s  not web1 

understood. It depends on the geometry and thermal character is t ics  

of the mold, heat t ransfer  i n  the l iquid and sol id ,  superhea% 

of the l iquid,  const i tut ional  supercooling parameter, the 

presence of nucleation centers,  and gravity driven f lu id  flow. 

The SPAR I V  f l i g h t  of experiment 74-37 was performed i n  a 

simple apparatus using semicylindrical copper molds with trans- 

parent sides.  Solutions of NH C 1  i n  H20 were selected as  sample 4 
materials,  because t h i s  system has been used successfully by 

others i n  previous experiments. The mold geometry was chosen 

t o  simulate weld bead so l id i f i ca t ion  and t o  provide the simpli- 

f ica t ion  of r ad ia l  heat extraction. Four separate c e l l s  were 

available,  but a l l  of the c e l l s  shared the same thermal environ- 

ment, i . e . ,  soak temperature and cooling ra te .  The adjustable 

parameters were solute  concentration, inoculant concentration, 

soak temperature, and cooling ra te .  Values of these parameters 

selected fo r  SPAR I V  were such tha t  the CET occurred a t  di f ferent  

locatjons i n  two of the  c e l l s ,  while the other two c e l l s  were 

redundant, i .e .  , ident ica l  to  the f i r s t  two. Thus, t h i s  f l i g h t  

experiment was expected to  provide data on the e f fec t  of gravity 

on the CET for  two conditions, 



A dedicated apparatus was designed and constructed fo r  thQ 

experiment. Figure l shows an overal l  view. The apparatus 

consists  of f ive  major components: I) sample chamber, 2) elec- 
tronics box tha t  automatically operates the experiment and 

conditions the telemetry signals,  3) a 250 exposure motor-driven 

camera, 4 )  a freon reservoir  designed to  deliver l iquid freon, 

and 5) is the supporting s t ructure .  A more detailed description 

of the  apparatus is  given i n  Ref. 15, Figure 2 shows a close-up 

view of the sample chamber assembly, Four independent, semi- 

cyl indr ical  pockets a re  contained between plexiglass faces. 

A l l  of these chambers share the same thermal environment; 

tha t  i s ,  soak temperature and cooling ra te .  The cyl indrical  

walls of the pockets and the cen t ra l  portion of the metall ic 

block are  machined from one piece of copper. The f l a t  "top" 

walls of the sample pockets a r e  made of s t a in les s  s t e e l  tha t  is  '-' 
brazed t o  the copper. This i s  done i n  order t o  provide a slower 

cooling r a t e  on the "top1' of the sample which would be t t e r  - 
simulate weld bead sol idif icat ion.  Lighting for  photographic * 

purposes i s  provided by small lamps a t  the top of each c e l l ,  

and s l o t s  a r e  machined i n  the s ta in less  s t e e l  t o  admit the l igh t .  

One of the sample pockets i s  instrumented with four thermistoks 

(numbered 1-41 placed a t  equal intervals  along the radius,  and 

another pocket has a thermistor (no, 5) a t  the apex, Two 

addit ional  thermistors (no. 6 and 7) a r e  attached t o  the copper 
* e 

block on the "outside1t of the cyPindrica8 c h i l l  wall ,  Two 
" $ 

heaters a re  attached t o  the copper block and two small pieces 

of s t a in les s  s t e e l  tubing d i rec t  l iquid freon onto the web 

of the copper block a t  cent ra l  Bocations. Not shown f n  Fig. 

2 a r e  f ine  ruled grids which were placed on the inside rear  



Fig. 1 Overall View of Apparatus I) sample 
chamber, 2) electronics box, 3) motor- 
drtven camera, 4) fseon reservoir, 
5) suppor$ing structure 





w a l l  of each pocket t o  allow simple Schlieren observa$ion of 

convectfon. 

I n  operat ion,  t he  heaters  w e r e  ac t iva ted  45 minutes before 

l i f t - o f f  and the  e n t i r e  sample chamber assembly w a s  heated and 

control led a t  90'~. Upon l i f t - o f f  the  heater  connection w a s  

severed. Approx %ely 30 seconds a f t e r  attainment of low-g 

the freon quench was i n i t i a t e d  and the  camera s ta r ted .  The freon 

del ivery r a t e  w a s  adjusted t o  give complete s o l i d i f i c a t i o n  of 

a l l  four samples before the  end of the  f i lm (220 exposures a t  

approximately I frame/sec). 

The samples were solut ions  of NH C l  i n  water. Compositions 4 
of 30 w t %  and 37 w t %  m4Cl - H20 were chosen; t h e i r  l iquidus 

temperatures were 33 and 67'~, respectively.  The solut ions  

were made from laboratory pur i ty  NH4Cl and f i l t e r e d  before use. 

Laboratory slimulations of the  f l i g h t  experiment w e r e  per- % 

formed t o  generate one-gravity basel ine  data.  The apparatus 

w a s  i n s t a l l e d  i n  a vacuum b e l l  jar which w a s  equipped with 

e l e c t r i c a l  and f l u i d  feed throughs, and the  prelaunch and f l i g h t  

sequence was followed, The telemetered da ta  were recorded on 

s t r i p -cha r t  recorders and the  f l i g h t  camera w a s  allowed t o  

operate automatically.  Some t e s t s  were a l s o  performed using a 

16 mrn motion p ic tu re  camera t o  record the progress of so l id i f i ca t i on .  



3. GROUND BASE RESULTS AN19 DISCUSSION 

The major r e su l t s  of the ground base experbents  a re  included 

in  a 16 mm motion picture film that  has been submitted t o  the 

SPAR Program Office a t  MSA/MSFC. A copy of the f f b  is available 

from the  authors for  loan to  interested par t ies .  The film 

. i l lus t ra tes  visual ly  the important e f fec ts  of solute  concentration 

and heat  flow direct ion on cas t  rnfcrostructure. Figures 3, 

4, 5, and 6 show selected frames taken during a typical  ground 

base simulation; they show the progress of so l id i f ica t ion  i n  

t h i s  experiment. The main re su l t s  arranged i n  a chronological 

sequence from the beginning t o  end of the experiment, a re  

summarized as  follows: 

1. Before nucleation occurs, thermal inversion, i. e, , cold 

l iquid above hot l iquid,  causes vigorous convection i n  the lower 

c e l l s ,  Fig. 3, c e l l  IV.  This i s  due t o  a decrease i n  density 

of the solut ion with increasing temperature. This eonvestion 

i s  damped soon a f t e r  the sol id  s t a r t s  growing along the c h i l l ,  

presumably because the re lease of l a t en t  heat of fusion decreases 

substant ia l ly  the temperature difference between c e l l  top and 

bottom, 

2. Thermal invers ion-induced convection i s  responsible 

fo r  some grain multiplication,  as i l l u s t r a t e d  i n  Fig. 4,  c e l l  1x1. 

3. Grain "showering" i s  i l lu s t r a t ed  i n  Fig, 4, c e l l s  1 x 1  

and I V  and i n  Fig. 5, c e l l s  1 and 111. 

4. Convection c e l l  format ion and grain multiplication 

through compos i t iona l ly  induced density inversion is  observed 

i n  Fig. 4,  c e l l  I. During columna,r sol idif ica%ion there is 

reg ec t ion  of water between the dendrites, making the interdendrf ti c 











Itquid less dense than the or ig ina l  solution, The r i s i n g  

interdendrit ic l iquid accelerates dendrite a m  remelting and 

coarsening and generates so l id  fragments which grow in to  a new 

generation of grabs (Ref, 16). 

5. The amount of l iquid superheat pr ior  t o  so l id i f i ca t ion  

has a s ignif icant  effect  on ingot microstructure. A t  a super- 

heat of 2 3 ' ~ ~  which corresponds t o  a H20 - 37% w1 alloy,  

a columnar s t ructure  was obtained regardless of c h i l l  location 

(top o r  bottom), Fig. 6, c e l l s  IS. and IV.  A t  a svperheat of 

57O~, which corresponds to  a H20 - 30% -1 al loy,  the s t ructure  

w a s  columnar along the f i r s t  113 of the mold cavity radius and 

equiaxed along the remaining 213, again regardless of c h i l l  

location, Fig. 6,  c e l l s  I and 111. These re su l t s  a r e  consistent  

with observations of GET t rans i t ions  i n  large ingots, i n  which 

columnar microstructures a re  observed during the i n i t i a l  stages 

of so l id i f i ca t ion  i n  the high temperature gradient zones and 

equiaxed microstructures a re  observed l a t e r  i n  lower temperature 

gradient zones. Different r e su l t s  can be obtained when nucleation 

ra ther  than growth is  the controll ing step. 



4 .  FLIGHT RESULTS AND DISCUSSION 

The experiment was performed on SPAR IV. Inspection of the 

telemetered thermal data showed that  the c h i l l  block fa i l ed  to  

cool adequately (Fig. 7) . Examination of the f l i g h t  film 

showed that  no so l id i f i ca t ion  occurred during the e n t i r e  length 

of the film, and tha t  unmelted so l id  was present throughout the 

experiment (Fig. 8). These two problems a re  discussed below. 

ABSENCE OF SOLIDIFICATION 

The telemetered data were carefully analyzed. We find t h a t  

for  an in te rva l  of approximately twenty seconds between 300 and 

320s the sample holder was cooled a t  a r a t e  of about 0 . 9 ° ~ / s ,  

which is the same cooling r a t e  as our pref l ight  ground base 

simulation (see Fig. 7).  Thus, the freon system was capable 

of cooling a t  the  desired r a t e  even i n  the absence of gravity. 

Unfortunately, t h i s  cooling r a t e  occurred only for  a short 

in te rva l ,  ra ther  than for  the f u l l  200s. The fac t  that  the  

proper cooling r a t e  is achievable i n  zero gravity is ,  therefore ,  

established and the cause of lack of cooling must be re la ted t o  

freon delivery, not low gravity effects .  

A ground based t e s t  was performed on the apparatus a s  

received immediately a f t e r  the  f l igh t .  The freon supply 

cylinder was removed from the system, and a supply of freon 1 2  

connected i n  i t s  place. The complete warm-up and launch 

sequence was followed and the major temperatures monitored. The 

t e s t  revealed tha t  the system was s t i l l  blocked. The sample 

holder was then removed to  eliminate i t  as the source of blockage. 

The t e s t  was performed again and the blockage remained. This 

procedure isolated the blockage i n  the solenoid valve-needle 

valve combinat ion. 
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Careful d f sassab ly  of each bf these valves resulted i n  

the follow ing obs ervat  ions and c onc lus ions : 

There were no foreign objects i n  the solenoid valve, 

therefore, t h i s  uni t  did not clog 

The following foreign objects were found i n  the 

needle valve : 

e A small black pa r t i c l e  about 2 m i l s  i n  diameter, 

from the O-rtng in  the freon b o t t l e  

e Shredded material,  thread-like, e i the r  te f lon  

sealing tape o r  from the Kel-F s e a t  s e a l  

e A grease, completely surrounding the t i p  of the 

needle, suspected t o  be s i l icone O-ring lubricant 

used i n  the freon b o t t l e  

Either the grease o r  the thread-like material  could have 

clogged the needle valve and reduced the flow rate t o  

an inadequate leve l ,  but the  combination of the  two is 

thought t o  provide a potent source of blockage. 

Based on these findings, i t  i s  concluded t h a t  the absence 

of so l id i f i ca t ion  during the f l i g h t  experiment was due t o  a 

blockage In the freon delivery system. Subsequently, modifications 

have been made to  the apparatus t o  prevent a future occurrence 

of th i s  problem. 

INCOMPLETE MELTING 

To elucidate the reasons fo r  incomplete melting (dissolution) 

a ser ies  of experiments were conducted using the f l i g h t  apparatus 

specimen holder. These experiments and the resu l t s  obtained are 

summarized i n  the table  on the following page. The three 

process variables investigated were : or ig ina l  so l id i f ica t ion  

ra t e ,  waiting time a t  room temperaeure pr ior  t o  remelting, and 



agi ta t ion d u r h g  t h i s  time. A l l  experiments were performed i n  

the absence of ag i ta t ion  during the remeltfng stage. 

Sol idif icat ion 

From these r e su l t s  it appears tha t  slow so l id i f ica t ion ,  a 

long waiting time, and the presence of ag i ta t ion  contribute t o  

a longer time being required fo r  complete remelting. Comparison 

of experiments nos. 3 and 11 shows that  a low so l id i f i ca t ion  

r a t e  can double the remelting time. Comparison of experiments 

nos. 3 and 7 shows tha t  the  presence of simple agi ta t ion a t  room 

temperature has an even greater  e f fec t  on remelt time. Further- 

more, comparison of experiments nos. 3, 7 ,  11, and 1, 10, 5 

shows tha t  the e f fec t  of waiting time a t  room temperature i s  the 

most important of the three process variables. 

To explain these r e su l t s  it i s  necessary t o  observe tha t  

a t  room temperature the system i s  above the. eutect ic  temperature 

and i s  par t  l iquid,  par t  solid.  It consists  of primary dendrites 

of pure NH4Cl surrounded by a l iqu id  containing about 2 7  w t %  NH4Cl. 

During reheating, a dissolution of NH4C1 occurs a t  the surface 

of dendrite arms or  so l id  par t ic les  , enriching the surrounding 

l iquid i n  -1. The dissolution process depends on the surface 

t o  volume r a t i o  of the so l id ,  therefore, the time required fo r  



complete dissolution depends on the dendrite arm or  so l id  pa r t i c l e  

radius. A rapid i n i t i a l  so l id i f i ca t ion  rate would re f ine  

the primary NH4Cl dendrites and hence would reduce the  time 

required for complete dissolution o r  remelting. Also, because 

sol id  is  i n  contact with l iquid at  room temperature, Ostwald 

ripening or  dif fusional  coarsening of the so l id  would occur 

during long waiting times. Thus, dendrite arms o r  so l id  par t ic les  

would become coarser, hence a longer time would be required fo r  

t h e i r  remelting. Finally,  ag i ta t ion  of a solid-l iquid mixture 

a t  room temperature accelerates dif fusional  coarsening by enhancing 

transport of NH4C1 through the l iquid and causes co l l i s iona l  

coalescence of various dendrit i c  o r  nondendrit i c  par t ic les  . Again, 

th i s  would contribute t o  coarsening dendrite arms or  so l id  

par t ic les  and would, therefore, lengthen the time required f o r  

complete remelting. A s  a r e s u l t  of t h i s  analysis a revised 

prelaunch procedure can be developed t o  assure complete dissolution 

of NH4Cl par t ic les  before l i f t - o f f .  

m-i s 
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Abstract 

Reported herein is the ground based research, the work in 
preparation for the flight experiment, the results of the 
flight experiment, and the failure analysis for Experiment 
74-49, "Preparation of Amorphous Ferromagnetic Materials 
through Containe rle s s Solidification. I t  

The experiment was flown on fie NASA SPAR IV sounding 
rocket in the ELectromagnetic Containerles s Processiag Pay- 
load. Due to a failure to melt, the experiment hypothesis was 
not tested on this flight. 



1.0 INTRODUCTION AND SUMMARY 

The first strongly ferromagnetic metallic glass was reported in 1967"'. It 

was the alloy Fea3P10C7. The preparation and characterization of many other 

ferromagnetic metallic glasses has since been described (2' 3' 4). These gene rally 

haw r chemical composition of the form (T' T * ) (Mt-xML1)20, where T' and 1-x x 80 
T' ' a r e  metals such a s  Ni, Co, Fe, Pd, Cu and Mt and M' ' a re  metalloids such 

as Si, C, P or  B. Typical of this form is the ferromagnetic metallic glass having 

the composition Fe Ni P B (Allied Chemical' s METGLAS 2826). The 
40 40 14 6 

amorphous e metallic alloys (metallic glasses) were first prepared by SPLAT 

cooling(5), then by roller quenching(6r, and finally (for a few selected compo- 

aitions) by quenching in water('l). The first two methods require very high 
4 

q u e ~ ~ h i n g  rates  (1 0 to lo6  Oclsec). The last  method utilizes modest quenching 
2 

-tea (10 to l o 3  O ~ l s e c ) .  

In light of the above considerations, i t  was hypothesized that i t  might be 

FssibLe to prepare ferromagnetic metallic glasses by containe rle s s  cooling a t  

slower cooling rates yet (< 1 o2 OC/ sec), due to elimination of nucleation sites 

present with container walls. Experiment 78-49 was to test  this hypothesis by 

melting a specimen of METGLAS 2826 composition in the NASA Electromagnetic 

Containerless Processing Payload (ECPP) during the NASA SPAR IV sounding 

r a ~ k e t  aight and allowing it to cool while levitated. Due to a failure to melt the 

specimens, for reasons discussed below, the experiment was not performed 

aad the hypothesis was not tested on this flight. 

Ferromagnetic metallic glasses (amorphous ferromagnetic alloys) are  

"soft" magnetically. They can be magnetized very easily due to low coercive 

force and high permeability. They also share with other non-fe rr omagne tic 

metallic glasses the properties of high strength and hardness. These desired 



properties ar ise  from the lack of gross crystallinity and homogeneous structure, 

both effects, for example, allowing domain walls to move easily. These mate - , 
rials are ,  hence, interesting from both a scientific and technological viewpoint. 

The objectives of the sounding rocket experiment were: (1) to obtain a large 

amount of supercooling of a containerless melt of composition Fe Ni P B 
40 40 14 6 

(in a.tomic percent); (2) to prepare a bulk specimen of the ferromagnetic glass of 

this composition by supercooling to the glass temperature, Tg, thus bypassing 

crystallization. An alternative objective, in case (1) was achieved but not (2) 

was: (3) to examine the crystallization of a (possibly) highly supercooled, 

c ontaine rle s s melt of this composition. 

The choice of the METGLAS 2826 composition was made for the following 

reasons: (1) examination of the many candidate compositions indicated that the 

prospects for success were good, because of the high reduced glass temperature 

(ratio of glass transition temperature to melting temperature); (2) the ferro- 

magnetic metallic glass produced by roller quenching in the form of a "tape1' has 

been well characterized; it has not yet been prepared in bulk form, either by 

water quenching o r  any other technique. 

As reported, the experiment was not performed due to a failure to melt the 

specimen. The work reported herein, then, consists of: (1) the ground based 

experiments; (2) the analysis of the ground based specimens; (3) the flight 

experiment; (4) failure to melt analysis; (5) recommendations and concjbusions. 

The ground based experimental work yielded new results in terms of understanding 

the visco-elastic properties of these glasses and the variation of viscosity through 
(6 the glasp transition temperature from metallic glass to crystalline solid , 

This last  result is of importance in predicting what glasses can be produced a t  

lower quench rates (- l o 2  O ~ / s e c )  and hence will be discussed further below in 

greater detail, 



2,1 SPECMEN SELECTION 

A .survey was made of the known metallic glasses, The results of the survey 

are shown in Appendix A, Compositions selected for further investigation in our 

laboratory are shown in Table I, A very important parameter for successful 

production of a metallic glass is the reduced glass temperature. ,A reduced glass 

temperature above 0.5 was recommended (by Dr. David Turnbull of Harvard 

University, who consulted on this experiment with the Principal and Co-Investigators ). 

METGLAS 2826 with a melting temperature of 1 2 2 3 ~ ~  (approximately) and a glass 

transition temperature of 693O~ (approximately) has a reduced glass temperature of 

0.57, satisfying the above criterion, Hence, along with the fact that it was the most 

studied ferromagnetic metallic glass, it was selected, for the above reason, as  

the £Light composition, 

2.2 SPECIMEN PREPARATION 

Techniques for preparing specimens of selected compositions for ground 

based experiments were examined, These included: (1 ) melting the elemental 

powders; (2) vacuum hot pressing; (3) vacuum melting and casting using glass 

tapes as the starting material. This last technique was adopted for the prepara- 

tion of ground based and flight specimens. Pieces of METGLAS 2826 glass tape 

were compacted in a crucible and vacuum melted to produce specimens approx- 

imagely 0.922 centimeters in diameter. The specimens produced were crystal- 

line in nature. The objective was to melt these and by containerless cooling 

produce a bulk ferromagnetic glass specimen. 

2.3 BREADBOARD EXPERIMENTS 

Experiments were conducted in the Breadboard Facility with the following 

objectives: (1) to quantify the performance of the Breadboard and the Flight Unit; 

(2) to determine the specimen preparation procedures to be used in fabricating 



Table I, Compositions Selected for Laboratory Investigations 
with Melting Points 

Composition 

Fe32Ni36Cr14P1 2B6 (2826A) 940* paramagnetic at R. T. 

The starred values listed fox melting points TA and glass temperature 
T were measured by the authors. 

g 



the flight specimen; (3) to specify the chamber preparation, specimen insertion, 

gas purification, C and filling procedures for the night experiment; (4) to conduct 

specimen melting studies. It was recognized at  the outset that, whereas the 

Breadboard Facility was designed only for the purposes of testing the conceptual 

design of the ECPP, its performance w&d be different from that of the ECPP. 

The fwactiond operation of the experiment could be tested in tbe Breadboard 

Facility, and, with the proper scaling ratios, estimates of the melting time of 

the specimens in the selected gaseous environments could be predicted for the 

flight experiment in the ECPP. 

Breadboard calibration tests were performed in Argon, using the same #316 

stainless steel as used in the flight unit (ECPP) tests, discussed below. A 

calibration factor between the performance of the breadboard and the ECPP with 

regard to heating was determined. This is discussed below in the failure analysis, 

where the experiment log summary is given. 

 readb board tests were conducted with specimens of the METGLAS 2826 corn- 

position, having an average diameter of 0.922 centimeter diameter. Heating and 

melting tests were conducted in 1 atmosphere Argon, 10 torr Argon, 1 atmosphere 

Helium, 10 torr helium, 800 torr of 5070 He and 5070 A mixture, 100 torr Helium. 

Analysis of the data from these tests showed: (1) that the specimen would 

not cool in vacuo to 4 0 0 ~ ~  within the 200 seconds allotted for the experiment; 

(2) that the specimen would not melt in pure helium in the flight unit (using the 

calibration factor); (3) that $he specimen would melt and cool within 200 seconds 

in a helium-argon mixture having the molar ratio 0.65 He to 0.35 argon. 

Accordingly 'this mixture was adopted for the flight experiment. 



2.4 GROUND BASED EXPERIMENTS AT DREXEL UNIVERSITY 

The research program a t  Drexel University, conducted by the Principal 

Investigator?* had these objectives: (1 ) the preparation of metallic glasses; 

(2) the characterization of their p r o p  rtie s; (3) devising testing techniques to 

characterize tlae ground based and night specimens (which a re  nat tapes but bulk 

specimens, spheroidal in shape). Research was conducted in the following areas: 

(1) the effects of hydrostatic pressure on the magnetic properties of metallic 

glasses such a s  METGLAS 2826(5); (2) the glass-crystalline phase transition 

and properties a t  the transition of such metallic glasses(6); (3) acoustic 

emission generated during dscous  flow of metallic glasses(7). This work has 

great relevance in predicting what magnetic glasses can be produced in bulk 

form a s  proposed. In particular it was found(6) that the viscosity a t  the glass 
8 

transition temperature (Tg) of METGLAS 2826 i s  about 10 poise, which is an 

order of magnitude lower than observed a t  the Tg for non-ferromagnetic metallic - 

glasses (8y 9, such as  ~d 
77. gsil 6. gcU6. 7' 

This indicates that an important factor 

i s  this viscosity a s  well a s  the reduced glass temperature. This finding came 

late in the research work and is new and unexpected. It may well be that both a 

high reduced glass temperature and a high transition viscosity a re  required to 

prepare a bulk specimen of ferromagnetic glass by the technique proposed. This 

will be considered before the following flights. During this work, the Pd Si  Cu 

metallic glass mentioned above was routinely prepared in bulk form in the 

laboratory. 

The following characterization techniques were established to investigate the 

properties of the ground based and flight specimens: (1) Magnetic Measurements. 

A vibrating reed magnetometer was constructed to characterize the magnetic 

properties of the specimens produced. It was tested with nickel and crystalline 

alloy prepared by crystallizing M E T G ~ A S  2826 tape. B-H curves through a 

closed magnetic loop were also obtained and the technique perfected for the 



ground baseh and flight specimen geometries, also an induction method was de- 

ve lopd  for use with the long thin tapes and also for use in certain measurements 

of the b d k  samples ; (2) Back reflection and diffrac - 
tometry were performed both a t  Drexel University and GE on METGLAS 2826 tape, 

crystalline tape, and the ground based specimens. This would have served a s  the 

comparison between the flight specimen produced and the glass tape produced 

terrestrially; (3) Differential Scanning Calorimetry, Phase transitions in 

METGLAS 2826 were investigated using differential scanning calorimetry. This 

technique again wodd have served a s  a comparison between the terrestrially pro- 

duced tape and the flight specimen produced; (4) metallographic work was performed 

on the terrestrially produced tape, the ground based specimen, and the unmelted 

flight specimen (discussed below). This included electron probe microanalysis. 

Preparation for examination of the flight specimen was completed prior to 

launch. The post flight analysis showed that the specimen had not melted, but 

was near the melting point. Hence the post flight examination could have no 

bearing on the experiment hypothe sis, 

2.5 FLIGHT EXPERIMENT 

Analysis of the flight experiment data indicated that the specimen was not 

melted during the flight. The input power to the specimen was too low (see failure 

analysis below) and the specimen load was not matched properly to the r. f. tdnk 

circuit. Metallographic analysis confirmed this failure to melt, The specimen 

had reached a temperature near melting and incipient melting had begun on the 

surface but had not progressed inward during the experiment, 

3-0 FAILURE TO MELT 

A memo, appended to this report, was issued August 30, 1947, explaining the 

failure to melt the specimen during flight, Appended also to this report is a memo 

on the Ground Based Preparations for Experiment 74-49, which constitutes a 

summary of the log book records in preparation for the flight, There has been 

no change in the conclusions reached in the failure analysis presented since that 



CONCLUSIONS 

The testing of the hypothesis that bulk specimens of ferromagnetic metallic 

glasses may be produced by containerless cooling was not performed on the 

flight experiment 74-49. Further flights should utilize a quench gas (helium) 

introduced after melting to rapidly cool the levitated specimen. The test 

documentation should be improved to insure that the procedural e r r o r  committed 

in final adjustment of the flight equipment is not repeated. Careful attention 

should be paid to the fabrication of the flight specimen a s  discussed in Appen- 

dix A. Testing of the performance of the night unit (EGPP) should be conducted 

with a flight specimen rather than #316 stainless steel specimens. 
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APPENDIX A 

RESULTS O F  LITERATURE SEARCH ON 
GLASS FORMING COMPOSITIONS 
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rv-a o 



Tx Ref. - - T1 - Ref. - 
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437 2 

IV-I f 
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Tld - Ref, - 



- . Tg Ref, - Tx - Ref, 
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363** 
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* Avg. melting temperature of components 
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APPENDIX B 

FAILURE TO MELT ANALYSIS O F  
EXPERIMENT 74-49 

AUGUST 30, 1977 

TO: FRED A. REEVES/FA21 
NASA-MARSHALL SPACE FLIGHT CENTER 
HUNTSVILLE, ALABAMA 35812 

SUBJECT: FAILURE TO MELT ANALYSIS OF EXP 74-49 

SUMMARY: Evidence of i nc ip i en t  melting on t h e  surface  of the  f l i g h t  specimen 

ind ica tes  t h a t  the  melting temperature of t he  specimen was a t ta ined,  but t h a t  t he  

ne t  power, above rad ia t ion  and conductLonlosses, ava i lab le  t o  fu rn i sh  the  l a t e n t  

heat of fusion was  too small t o  appreciably m e l t  t h e  specimen during t he  118 second 

period of high power. This was due t o  a procedural e r r o r  committed during t he  

performance of the  ground based reference experiments. This led t h e  Pr inc ipa l  and 

Co-Investigators t o  incor rec t ly  conclude before  t he  f l i g h t  t h a t  s u f f i c i e n t  ne t  power 

would be ava i lab le  t o  heat  and m e l t  t h e  f l i g h t  specimen with the  experiment package 

configuration used. 

The procedural e r r o r  committed was t he  performance of these  experiments 

u t i l i z i n g  a matching transformer having a d i f f e r en t  tu rns  r a t i o  than t ha t  of t h e  

matching transformer used i n  the  f l i g h t  apparatus. This caused an increase  of t h e  

heating e f f ic iency  of t he  breadboard apparatus above i ts  nominal reference power 

level. Had t h i s  e r r o r  not  been committed, it would have been real ized t h a t  not  

enough power was  ava i lab le  t o  heat  and melt t he  specimen during t h e  t i m e  ava i l ab l e  

i n  t h e  f l i g h t  u n i t  with t he  pa r t i cu l a r  chamber gas mixture and transformer turns  

r a t i o  employed. A s  i t  was, t h e  specimen was melted i n  one atmosphere of helium i n  

t he  breadboard apparatus i n  t he  ava i lab le  t i m e  f o r  melting. Applying the  ca l ib ra ted  

power s ca l e  f ac to r  between t h e  breadboard apparatus a d  t he  f l i g h t  apparatus, then 

led t o  t h e  incor rec t  conclusion t h a t  t he  specimen would heat  and m e l t  with t he  

mixture of helium and argon used. 
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The heating e f f ic iency  depends very s ens i t i ve ly  upon t he  specimen 

radius,  and t o  a l e s s e r  extent  upon its e l e c t r i c a l  r e s i s t i v i t y .  The f l i g h t  .. . 

specimen is 3.58% smaller  than the  s t a i n l e s s  s t e e l  (#3 16) ca l i b r a t i on  specimen 

used i n  t e s t i n g  t h e  f l i g h t  package. This was due t o  t h e  l a ck  of provision i n  

grinding t he  specimen resu l t ing  i n  f l a t s .  The maximum radius  is 0.465 cm, t h e  

minimum is  0.433 cm, 2nd t h e  average is  0.4445 cm (determined by 10 micrometer 

readings). The s t a i n l e s s  s t e e l  b a l l  is  precision ground with a radius of 

0.461 cm. This reduction i n  s i z e  l e d  t o  an estimated 16% reduction i n  absorbed 

power. 

The r e s i s t i v i t y  and temperature coe f f i c i en t  of r e s i s t i v i t y  of the  , 

s t a i n l e s s  s t e e l  mater ia l  matches t ha t  of the  f l i g h t  specimen mater ia l  t o  wi thin  - 10% over t he  required temperature range. Further the re  is a void s t ruc tb r e  on 

the  equator plane with a s t r i n g  of voids running from the  surface  t o  t h e  center .  

These e f f e c t s  together l e d . t o  an estimated 8% reduction i n  power, so  t h a t  t he  t o t a l  

reduction i n  n e t  power t o  t h e  f l i g h t  specimen was 24%. This corresponds t o  a 

calculated 45 wat ts  absorbed power ins tead of t he  59 wat ts  expected. 

The measured absorbed power i n  t he  f l i g h t  specimen, from the  f l i g h t  
i ' 

pyrometer da ta  is 46 w a t t s .  Due t o  uncer ta in t ies  i n  reading temperatures 

accurately from the  f l i g h t  pyrometer da t a  (because of uncer ta in t ies  i n  specimen 

+ emiss ivi ty) ,  t he  absorbed power is uncertain t o  - 20%, so  t h a t  t h e  corresponding 

+ 
absorbed power may be 46 - 9.2 watts. For a sphere of radius  0.4445 cm, t he  

estimated l o s s  due t o  rad ia t ion  and conduction through t he  chamber gas mixture a t  

950 '~  is  38 w a t t s ,  f o r  an emissivity .of 0.8 (estimated from t h e  appearance of t h e  

specimen). Due t o  the  i r r egu l a r  shape of the  specimen t h i s  could be a s  much a8 '10% 

high so t h a t  t he  l o s s  may be 38 + 3.8, -0 watts .  
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In l i g h t  of t h e  above information, f a i l u r e  t p  melt i n  t he  a l l o t t e d  time 

mnp be explained. The absorbed power a t  950 '~  was  near ly  equal t o  the  rad ia t ion  

losses, leaving a neg l i g ib l e  amount of ava i lab le  power f o r  q l t i n g  . ' The melting 

t h  was g rea t l y  extended and, i n  t he  time a l l b t t e d ,  only inc ip ien t  melting on t h e  

surface  was observed. This is i n  con t ras t  t o  t he  s i t u a t i o n  planned f o r  t h e  

experiment, where 59 watts was  estimated t o  be t he  absorbed power and t he  l o s s  due 

t o  conduction and , rad ia t ion  was 40.5 wat ts ,  leaving 18.5 wat ts  avai lable  f o r  melting. 

Wnder those circumstances, melting would have occurred i n  43 seconds. A margin of 

22 seconds was allowed t o  account f o r  a 10% d i f fe rence  i n  absorbed power. I n  t he  

ac tua l  experiment t he  addi t ional  l o s se s  due t o  the  undersize specimen, t he  s l i g h t  

d i f fe rence  i n  r e s i s t i v i t y ,  and the  presence of voids, coupled with the  uncer ta inty  

i n  ac tua l  absovbed power added up t o  cause a f a i l u r e  t o  melt i n  t he  time a l l o t t e d .  

The reconrmendations t o  cor rec t  t h i s  s i t u a t i o n  so t h a t  f a i l u r e  t o  melt 

s h a l l  not  occur again are: 

(1) Int roduct ion,of  a quench gas t o  cool t he  specimen a f t e r  

melting instead of allowing t h i s  gas t o  be present from 

the  ou tse t ,  which g r ea t l y  reduces t h e  ne t  melting power 

margin avai lable .  

(2) Insure  t ha t  the  tu rns  r a t i o  on the  matching transformer 

i n  t h e  breadboard f a c i l i t y  is the  same a s  the  f l i g h t  

apparatus of each experiment by proper documentation. 

(3) Fabricate  f l i g h t  specimens so  t h a t  they have the  cor rec t  

average radius  ins tead of the  cor rec t  maxinium diameter 

and e l iminate  voids. 

TV-I 9 
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(4) Perform some ca l i b r a t i on  tests with the f l i g h t  specimen 

i n  the  f l i g h t  apparatus. If i t  is determined t h a t  m e l t a g  . ,  

is required, t he  f l i g h t  apparatus would have t o  be 

replaced p r io r  t o  f l i g h t .  An addi t ional  recommendation 

is t o  c a l i b r a t e  the  f l i g h t  pyrometer f o r  a t  l e a s t  th ree  

po in t s  with any f l i g h t  specimen .material. These should be,  

t he  point  where the  f l i g h t  pyrometer begins indicating,  

t he  melting temperature and one point  between these. That 

w i l l  enable absorbed power and l o s s  calculat ions  toabd  ' 

performed with much g rea t e r  accuracy. 

DR. ARTHUR E. LORD,' JR. 
Drexel University 

J. WOUCH 
General E l ec t r i c  Company " 



APPENDIX C 

GROUND BASED PREPARATIONS FOR EXPERIMENT 74-49 

The laboratory t e s t  p1 an for ground based tests  using the breadboard 

processor and the fl ight processor was prepared on February 4 ,  1977 and had 

the following objectives: 

1 - quantify the performance of the breadboard and the f l  i g h t  u n i t .  

2 - Specimen mounting, clean up, pump down and back f i  11 of breadboard 

u n i t .  

3 - Melting run using one of the ferromagnetic ground t r u t h  specimens. 

In implementing the tests use was made of a 316 stainless steel specimen 

exclusively i n  the fl ight u n i t  because i t  was the nearest material t o  the 

Metglas alloy. The fl ight Metglas specimens were n o t  available for t e s t  

dur ing  the fl ight u n i t  preparation prior to delivery. 

Breadboard tests were run using the same 316 stainless specimen used i n  

the f l ight  u n i t  tests.  These tests were followed by the tests using the 

Metglas alloy. 

After the original objectives were met, further tests were deemed essential 

because of the decentering toward the coil of the magnetic specimen during 

heating u n t i l  the curie temperature i s  reached, Also, the final cooling calcu- 

lations showed that Argon as used i n  the 74-48 f l ight  would not cool rapidly 

enough and i f  pure He1 iurn was used the specimen may not me1 t i n  the fl ight 

u n i t .  These tests were a1 1 done w i t h  the ground truth Amorphous Ferromagnetic 

specimen. 



TEST SEQUENCES 

Jan. 18, 19 Black Body ' t e s t s  of so l id  s t a t e  radiometer 

Jan. 21-23 Fl ight  u n i t  tuning, loading and trimning of servo using 

316 s t a in les s  ba l l ,  0.92 CM dia.  

Jan. 25 316 S.S. heating t e s t ,  f l i g h t  u n i t ;  1 ATM Argon, 1 ATM 

He1 iurn. Recorded sol id  s t a t e  radiometer. 

Jan. 26 316 S.S. heating t e s t s  recording heat sink temp., water 

temp., and sol i d  s t a t e  radiometer. 1 Torr Argon, 1 Torr 

He1 i u m  (T.C. gauge pressure). 

Feb. 1 Final f l i g h t  u n i t  t e s t ,  no specimen, recorded a l l  T/M l ines.  

A11 fur ther  t e s t s  were w i t h  the breadboard set-up. 

Feb. 4 316 s t a in les s  ball , 0.92 CM dia.  heating and cooling 

t e s t s ,  1 ATM Helium, 1 ATM Argon. 12:5 matching trans- 

former turns ra t io .  

Feb. 11 316 s t a in les s  b a l l ,  heating and cooling, 10 Torr Argon, 

two t e s t s ,  f i r s t  w i t h  11:5 turns r a t i o  and next w i t h  12:5 

turns r a t i o  on the matching transformer. Proper match was 

12:5 ratio*. 

* Heating was 15% be t t e r  a t  11:5 b u t  amplifier was saturated so servo would 

not damp adequately a t  high power. 

Feb. 11 316 r u n  w i t h  10 Torr Helium, 12:5 turns r a t i o  on matching 

transformer, heating and cooling t e s t .  

Feb. 15 Calculation of re1 a t ive  average heating power, breadboard 

and f l i g h t  unit .  

A t  this point (from Feb. 1 I to  Feb. 17) the breadboard was being equipped 



for tes t ing  the Metglas alloy. No further  tests were made using 316 s ta in-  

less material .  Immediately, d i f f i c u l t i e s  arose which we found were due t o  

the magnetic properties of the Metglas alloy. I n i t i a l  loading was severely 

mismatched and there was f ea r  the low amplifier efficiency would cause over- 

heating. Experiments were made by varying the transformer turns r a t i o  t o  

t r y  t o  improve the match. Finally,  i t  was determined tha t  the time t o  reach 

the curie temperature was not long enough f o r  the amplifier t o  overheat and 

t h a t  the match would have t o  be what was.originally determined by the s ta in less .  

A t  this point the 12:s r a t i o  was supposed t o  have been restored. Subsequent 

post f l i g h t  review of the breadboard equipment disclosed the transformer was 

marked 12:5 r a t io  but an actual turn count showed 11:s. 

The conclusion i s  tha t  a l l  t e s t s  w i t h  the Metglas alloy were done w i t h  the 

11:5 r a t i o  and i t s  15% higher heating capabili ty.  

Feb. 17 Heated the 2.95 gm Metglas ball t o  me1 ting. 

Mar. 8,9 Replaced defective D . C .  t o  D.C. regulated power supply in f l i g h t  

u n i t  and retested without specimen. 

Apr. 18 Breadboard heating t e s t  , Metgl as a1 1 oy , vacuum 

Apr. 25 Breadboard heating and cool ing tests,  Metgl as vacuum, 100 Vorr 

Helium, 960 Torr Helium, 100 Torr Argon, 960 Torr Argon 

Apr. 26 Breadboard heating and cooling t e s t ,  Metglas near coil  top, 

50% He, 50% Ar Mixture 

May 5 Breadboard heating t e s t s ,  Metglas , vacuum, low battery voltages 

May 6 Breadboard heating and cooling t e s t s ,  Metglas, 760 Torr Helium, 

108 Torr He1 ium 

May 6 Breadboard me1 t ing of  Metgl as specimen, 100 Torr He1 i u m  



No further tests were performed until after the 74-49 experiment f l i g h t  
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SECTION I 

INTRODUCTION 
, 

This repott describes one phase of an experimental research 
program which includes containerless processing studies of high melting- 
point materials in space. Study of the stability and manipulation of 
liquid drops at room temperature is a useful and cost-effective inter- 
mediate step in the development of a better understanding of the physics 
of liquid melts and of the capacity to handle such melts in a zero-g 
environment. 

Many of the processes to be performed in space require manipula- 
tion and control of weightless molten material (1). In these processes, 
a melt is to be positioned and formed within a container without con- 
tacting the container walls. However, electromagnetic methods of 
positioning and forming are limited to melts which are electrically 
conducting (2). An acoustical method that has been developed at JPL 
can be used to control any molten material ( 3 ) ( 4 ) ,  both conducting and 
non-conducting. The acoustical method can be used both for positioning 
and for inducing oscillation and rotation of a melt (5)(6). 



SECTION 2 

OBJECTIVES 

The broad objective of this task is to study containerless 
processing of materials in space. In containerless processing, most of 
the steps are conducted in a liquid-melt state. Our knowledge of the 
physical properties of liquid melts today is qualitative, or at best, 
semiquantitative and empirical. The aim of this program is to gain a 
better understanding of the physics of liquid melts and the capabilities 
of manipulating liquid melts in a long-term, zero-G environment, thus 
aiding in the future design of a practical system for space processing. 

The primary objectives of the first flight experiment as stated in 
the proposal, were to: 

(1) Determine the positioning capability of the acoustic 
chamber. The initial perturbation of the drop generated by 
the drop injection system will be allowed to damp down with 
the aco&tical field- on. The time required for a positioned 
liquid drop to approach its quiescent state can be deter- 
mined from the film record. 

(2) Determine the perturbation of drop shape oscillation due to 
G-jitter-induced center-of-mass motion. A positioned drop 
is weakly coupled to the rocket through the acoustic 
chamber. As the rocket undergoes G-jitter, the drop will 
move back and forth within the chamber and experience a 
modulating force, thus perturbing the drop. This perturba- 
tion can cause the drop shape oscillation to build up in a 
short period of time if the periodicity of the perturbing 
force is close to the normal mode of the drop. 

(3) Determine the rotation capability of the acoustic chamber. 
The torque on the drop generated by the acoustic field will 
be gradually increased to slowly accelerate the drop up to 
2 rps. The rate of spin-up as a function of the torque will 
establish the rotation capability of the chamber on a liquid 
drop. 

(4) Determine the perturbation of drop rotation induced by 
G-jitter. As the rocket experiences G-jitter, a rotating 
drop will move back and forth within the chamber. A drop 
with non-axisymmetric shape will experience a non- 
axisymmetric modulating force, thus perturbing the drop 
rotation. This can produce unwanted coupling between rota- 
tion and oscillation of the drop. 

(5) Determine the capability of the position servo system. A 
drop will be allowed limited freedom of motion within the 
chamber under the influence of low acoustical power. It 
will be restrained by high acoustical power when the drop 



moves beyond predetermined limits. The drop stability 
obtained using this position servo system will determine 
whether or not this system design will be adapted on the 
subsequent flights. 

( 6 )  Study the natural resonant frequencies and damping mechanism 
of drop oscillation. The resonant fre~uencies and the damp- 
ing mechanism have been calculated. This experiment will 
allow comparison of observed and calculated values. 

(7) Study the drop shape change due to rotation. The equilib- 
rium shapes of near-rigid body rotation obtained in this 
experiment will be compared with existing equilibrium cal- 
culations. If rotation is to be used as a principle method 
of shaping liquid melts, it will be important to determine 
the deviation between calculated and observed shapes. 



SECTION 3 

This study utilized the existing acoustic levitation rocket 
instrument described in AOsOA-76-02 with no modification for the first 
flight experiment and mfno-r modifications for aubsequent flights. Three 
rocket flight experiments in a two-year period are planned. The first 
rocket flight experiment took place on June 21, 1977. 

A. APPARATUS 

Figure 3-1 shows the rocket 76-20 payload without the orthogonal 
view windows and the housing, The heart of this apparatus is a triaxial 
acoustical levitation resonance chamber (7) which will be used to posi- 
tion and control large 15quid drops in zero-g environments. The chamber 
itself is nearly cubical, with inside dimensions of 11.43 x 11.43 x 
12.70 cm, which are the x, y, and z faces, respectively. Three acoustic 
drivers are fixed rigidly to the center of three mutually perpendicular 
faces of the chamber, During operation of the chamber, each driver 

Figure 3-1, Triaxi~3. h.eottsE8esI %ev%$at%on Resonance Chamber 
Qwithoae o-r.?hogonal v i e w  windows and housing) 



excites the lowest-order standing wave along the direction that the 
driver faces. In a resonant mode, the ambient pressure is maximum at 
the nodes of the velocity wave and minimum at the antinodes. Conse- 
quently, there is a tendency for introduced liquids and particles to be 
driven toward the antinodes, where they collect and remain until excita- 
t ion ceas'es . 

Calculation of the acoustic pressure on the drop is simplified by 
the fact that the characteristic impedance of the liquid PRCR is very 
much greater than that of the gas pc: P ~ C Q  ($lo5 cgs)lpc (%40 cgs)/ 
103 where p g  and p are the density of liquid and gas, respectively, 

and cg and c are the sound velocity of liquid and gas, respectively. 
Because of this impedance mismatch, the acoustic power in the drop is 
three orders of magnitude smaller than in the gas and is negligible. 
This simplifies the expression for the radiation pressure <AP>, which is 
time-independent and is given at the boundary by 

+ 
where P is the excess acoustic pressure, U is the gas particle velocity, 
and the bar over a quantity denotes the time average of the quantity. 
Eq. (1) is the Bernoulli equation (7) ,  which gives the acoustical 
perturbation on the ambient pressure from its quiescent value. 

The pressure profile in our system can be derived as follows. 
The velocity potential $ of the wave in the chamber can be expressed as 

(J = cos (k x)e iw,t iwyt 
X X 

+ my cos (k y)e 
Y 

iw, t + $, cos (k,z)e , 

where (J,,~,, are the complex velocity potential amplitudes of standing 
waves of frequency wxyyy and yave number k2, 

X 9 Y P Z '  
The particle 

velocity U, by definition, is U = V m ,  The pressure is given by P = -p$. 
With only one of the three drivers on (4, = m y  = O), the resulting 
expression for the radiation pressure is 

2 2 
- <AP>, - pkz +z 

2 
cos 2k z 

Z 

The node is a plane ( z  = R,/2), becoming a point when all three drivers 
are turned on. This has been verified experimentally. Because this is 
a three-dimensional system with independent control on each dimension, 
It has a great deal of versatility, It can positicn a drop acoustically 
and then manipulate it; for example, it can induce drop oscillation 
and/or rotation. 



13. OPERATION (ROTATION AND OSCILEATIOEJ EXPERIMENTS) 

In the following discussion, we discuss the operating 
characteristics of the acoustic chamber necessary to perform rotation 
and oscillation experiments. Assume that the sample to be studied is a 
1.25-cm-radius (a) water droplet, the residual acceleration is 
10-1 cm/sec2 (10-4 g), and the quality factor (Q) (defined as w/2Aw) of 
the, acoustic chamber is ~25: 

(1) Newton's equation for the motion of a water drop in an 
acoustic pressure field is I <AP> nx dA = pg * 10-4 g 
(413) aa3. In the limit of ka << 1, this has been calculated 
by King (10) to be ( ~ 2 1 2 ~ ~ 2 )  sin 2 kx 2na3 k * (516)  = 
pe * (4/3)na3 10-4 g. For a sphere 2.5-cm diam, and of 
density 1 g/cm3, the corresponding minimum acoustic pressure 
required to position the drop is P - 103 dyn/cm2 - 134 dB, 
where the decibels are measured against the reference effec- 
tive pressure (2 x 10-4 dyn/cm2). For a 50% efficient com- 
pression driver, less than 0.2 W of electrical power is 
needed to provide the required acoustic pressure. It is 
worth pointing out that, at this acoustic pressure level, 
the surface tension force (Fs) that acts on the water drop 
is two orders of magnitude larger than the acoustic force 
(FA) : F ~ / F ~  = ( o  2ar) / (1 <AP> nx * CIA) Q 100. (8) 

(2) If the amplitude of the foregoing 134-dB acoustic wave is 
modulated at a given frequency wo, the drop experiences a 
modulated force Fo = I CAP> nx dA = ( ~ 1  dyn). When w, 
matches the normal oscillation modes of the drop given by 
2 w, = n (n - 1) (n + 2) (alpa3), the amplitude A of the 
oscillation, assuming potential flow inside the drop, can 
be as large as I A1 = I Po/ (iwo Me Bn) I = ( ~ l  cm) , where B,., 
is the damping constant of the nth mode of the drop, and Mg 
is the mass of the drop. Since the drop radius itself is 
1.25 cm, this modulation force is sufficient.to drive the 
drop into large-amplitude oscillation at least at the 
fundamental frequency. However, a higher power modulation 
is required for higher modes because of the increase in 
damping. That there is, in fact, sufficient power do to 
this has been demonstrated in KC-135 flights, where the 
prototype was able to shatter a water drop of 1.25-cm radius 
in less than 1 sec while operating at the fundamental 
frequency. 

(3) If the phase between the two orthogonal 134-dB waves on the 
x and y axes is locked with 90° phase shift, a torque is 
produced that spins the drop. In the asymptotic limit, the 
drop will achieve a rotational velocity of 23 radlsec, 
exceeding the maximum rotational velocity (10.1 radlsec) 
required for this experiment. 



C. FKCGHT EXPERIMENT 

SPAR Experiment 76-20, Containerless Processing, was flown on the 
SPAR IV rocket flight of June 21, 1977. The fluid sample was success- 
fully injected into the levitator chamber, thus demonstrating one of 
the more critical engineering goals of the experiment, but two mal- 
functions prevented completion of the experiment. The two flight 
malfunctions are discussed separately below. 

1. Sound Power Failure. 

a. Event. The experiment sound power failed at 130 seconds 
after lift-off, allowing the suspended drop to drift to the chamber wall. 
The failure was in the low power mode of operation. Telemetry indicated 
that the experiment functioned normally in all other respects and that 
sound power resumed when programmed to the high power mode at 260 seconds. 
By this time the drop had impacted the wall. 

b. Investigation. Upon retwn of the instrument to JPL, 
a functional test was conducted. The instrument electronics were found 
to function as they had during flight. Three TTL integrated circuit (IC) 
chips were found to be damaged. All performed identical functions, and 
all interfaced the instrument programmer with the GSE. An apparently 
identical failure had occurred at Goddard Space Flight Center (GSFC) 
during integration testing and at WSPG during prelaunch tests. The 
report of parts failure analysis conducted at JPL on the flight ICs is 
attached. It indicates that a high voltage, high current source was 
applied to the inputs of the failed device between ground or Vcc and 
the leads which interface to the GSE. (Note: The failure on lift-off 
mentioned in the Parts Failure Analysis Report has not been verified.) 
Four of the nine interface inputs failed. Only one of these failures 
caused an instrument malfunction. The immediate cause of the failure 
has not been determined with certainty. It appears to have been some 
"high" voltage (<<5 volts) applied to the GSE control lines or to the 
GSE instrument ground, apparently through an intermittent failure in 
the GSE when GSE switches 1, 2, 6, and 9 happened to be closed to 
complete the fault circuit. The failure at GSFC, seemingly the same as 
that during flight, was with a 30-foot umbilical cable, so that the 
cause does not appear to be related to the 800-foot umbilical cable at 
WSPG. 

c. Corrective Action. The ultimate cause of the failure 
must be ascribed to a circuit design error. The 110 circuits should - 
be isolated through optical couplers or transformers. This will be done 
for future flights of experiments 76-19 and 76-20. 

The GSE will be re-designed for the modified instrument; thus, 
any present short will be eliminated. 



2. Film Contrast Degradation 

a. Event. The flight film was of very low contrast, 
apparently caused by scattered light. The film record shows first a 
normal view of the chamber with good contrast. This corresponds to 
pre-launch camera tests and eliminates film processing as the source' 
of the problem. During the flight, considerable fog is noted, appearing 
as a smoke swirling around throughout the entire frame, not just within 
the chamber. Later, on ground impact (reported to be 125 g's) , the 
camera was caused to run again. At that time the scattered light was 
worse, obscuring almost all details of the chamber. 

b. Investigation. Post flight tests of the experiment 
yielded normal exposures with good resolution. Blowing cigar smoke 
into the field of view caused light scattering similar to that observed 
in the flight film, but less dense. 

The lens of the camera was noted to have deposited on it consider- 
able dust-like contaminants, as well as evidence of dried droplets. 
Accordingly, both it and one of the viewing mirrors were removed and 
flushed with pure Benzene which was then tested. As suspected, silicone 
oil well above detection limits was noted on both pieces, approximately 
0.1 milligrams on the lens and 0.2 milligrams on the section of mirror 
flushed with Benzene. This tends to confirm previous suspicion; namely, 
that the use of silicone oil for droplet formation in the original 
Learjet flight tests resulted in contamination of the inside skin of 
the rocket extension tube in which Experiment 76-20 is mounted. 

It is hypothesized that launch skin temperature, estimated to be 
above 3500F, caused vaporization of the silicone oil, and that the air 
within the extension tube remained cool enough to cause condensation 
into smoke-like particulates. This in turn caused severe scattering 
after launch and even more severe scattering after re-entry when the 
camera was turned on at impact. 

The lens had been cleaned prior to flight and the flight mirror 
had not been previously exposed to the experiment during silicone oil 
droplet testing. All of this suggests contamination during flight. 
The scattering during flight, but not previously or afterward, suggests 
the time of contamination as being only during flight, with re-entry 
causing the greater effect due to its slightly higher rocket skin 
temperatures. It was also noted that the thin sections of the extension 
tube wall felt dry after flight, whereas the thick section, which 
remains cooler during aerodynamic heating, still felt oily. 

Tests in an oven revealed that a thin film of silicone oil does 
smoke at an oven temperature of >250°F when the oven door is opened, 
allowing cooler air to enter. 



C. Corrective Action. The entire experiment, particularly 
the inside surface of the extension tube, will be degreased prior to 
future flights. The instruments will not be exposed to silicone oil at 
any time. 

d. Objectives Accomplished. The objectives of the first 
flights as listed in Section 2 were not achieved. However, we did have 
30 seconds of free oscillation, superimposed on a slow drift. This 
segment of.data allowed us to study the natural resonant frequencies of 
a liquid drop as presented in Section 4, and the SPAR velocity and 
acceleration as presented in Appendix A. 
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SECTION 4 

DATA ANAZ,YSIS 

A. INTRODUCTION 

The data analysis described below is rendered difficult by two 
factors : 

(1) Due to malfunction of the electronics we did not achieve 
the main purpose of this flight, oscillation and rotation 
of a large drop induced by proper combinations of acoustic 
fields. Instead, we have a 30-sec segment of free oscilla- 
tion, superimposed on a slow drift of the drop in the 
microgravity environment (see Section 4C) until impact on 
the back wall of the chamber. The sequence of events is 
given in Table 4-1. The last 29.6 sec of free oscillations 
are analyzed in this report. 

Silicon oil remnants were inadvertently left in the acoustic 
chamber, giving rise to foggy images throughout the flight. 
Of the three views expected, only the main view could be 
processed and used with some degree of confidence. One side 
view could be used only for crude purposes (center of mass 
motion, see Section 4C), the other side view was totally 
unusable. Obviously, more than one view is needed to 
extract three-dimensional information on shapes of oscillat- 
ing (and rotating) drops. 

Table 4-1. Sequence of Events 

Clock Time 
(set) 

Event 

Injectors start deploying 

Injectors complete deploying 

Liquid first appears 

Injectors start retracting 

Injectors complete retracting 

Acoustic field turns off 

Drop begins drift to wall 

Impact on wall 



The rest of this section is arranged as follows. Section 4B 
describes boundary analysis performed on 120 hand-traced and digitized 
frames. Due to the low quality of the data and the associated crude 
procedure of digitizing, this is mostly a preview to the next flight. 
Next (Section 4C), we describe the center of mass motion of the drop 
while drifting backwards to the wall. Section 4D contains analysis of 
two bright spots, which were in the given case more clearly defined 
than the boundary, as well as a computer experiment simulating the 
experimental conditions. Some transformations applied to the digitized 
data are also described, and preliminary attempts at reducing noise 
(still ongoing at the present time) are discussed in Section 4E. A 
concluding section follows. 

B. BOUNDARY ANALYSIS 

Approximately 120 frames were processed with the purpose of 
analyzing drop boundaries as a function of time. Projected images of 
the drop were hand-traced and digitized. The digitization was carried 
out by tracing each contour three times, digitizing 150 to 200 points 
for each frame. A typical sample is shown in Figure 4-1, revealing 
considerable noise due to hand tracing and subsequent hand digitization 
of the traces, as well as nonuniformities in the digitzed points. While 
noise reduction is a complicated procedure, if at all possible, the 
problem of finding the best equilibrium shape of the traced boundary 

Figure 4-1. Sample of Digitized Drop Boundary 



(a  c i r c l e  i n  the  present  case; genera l iza t ion t o  e l l i p s e  can be done 
e a s i l y  when needed) was read i ly  handled by t h e  following nofilinear l e a s t  
square procedure. 

The numerical problem is t h e  following: given the  coordinates of 
N point  (xi, yi), i = 1, ..., N,  what is t h e  c i r c l e  c l o s e s t  t o  these  
points  i n  t h e  l e a s t  square sense? The q u a n t i t i e s  t o  be determined a r e  
XO, yo ( the  coordinates of t h e  cen te r ) ,  and R ( the  radius  af  t h e  c i r c l e ) .  
The devia t ion of each point  from the  c i r c l e  is: 

and the  quant i ty  t o  be minimized is  

Imposing t h e  l e a s t  squares c r i t e r i o n ,  

gives the  following nonlinear system of equations i n  x O~ Yo, and R: 
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E. COLINWITY EQUATIONS: SOLVE FOR (xo, yo, z0) 

These y i e l d  f o u r  independent equat ions:  

Have f o u r  equa t ions  i n  t h r e e  unknowns: Use l e a s t  squares  method, i.e., 
have a system 

Since  t h e  c o e f f i c i e n t s  i n  A and y a r e  experimental  va lues ,  t h e  
equat ions  are not  n e c e s s a r i l y  cons i s t e5 t :  f o r  a given choice of ( say  
t h a t  determined from t h e  f i r s t  t h r e e  equat ions  a lone ) ,  i t  is necessary  
t o  w r i t e  



where is she residual vector. The l e a s t  squares solution for mini- 
mires 11 112 = r12 + r22 + r32 + r4*. This solution i s  obtained by 
solving dsee Noble, Applied Linear Algebra p .  3!JSff)  

Writing i n  matrix form, the system t o  beYsolved i s :  



which i s  about the diagonal. 



F. DATA FITS 

1. Least Squares Fit. 

It is desired to fit data in a least squares sense to Equations of 
the form: 

This can be expressed in the form & = y: 
.5 

T T 
The solution is given by solving A & = A y, i.e., 

rCI 



~ote: Let .t (i) P .r(i) - 130.0 
DATA 

1 2 
- 130) ,x (t;:iA - 130) 

/ / 
2 / 

,z:iiA- 130, ! ~ ( t ( ~ )  DATA - 1 3 0 r  (t::iA - 130) 
/ 

J 
2 c (t;;;A - no)4 4 2 x ( ~ )  (t:;iA - 130) 

Matrix is symmetric, therefore the lower left is not written. 

The residuals are given in Table A-6. 

a. X-direction Solution 

s = 2.30 inches 
X 
0 

-1 - 1 
v = 4.45 x inches sec = 1.13 x cm sec 
X 
0 

-2 - 2 
a = 3.56 X inches sec = 9.05 X cm sec 
X 

b. Y-direction Solution 



s = 2.03 inches 
Yo 

v -1 - 3.53 x inches s e c  = 8.96  X ld2 cm sac  -1 
Yo 

-2 a = 8.93  x inches s e c  = 2.27 x cm s e e  -2 
Y 

= 2.32 x g 

C. Z-direction Solution 

s = , 2.17 inches 
zo 

v = -1.64 x inches sec-' = -4.17 x cm s e c  -1 z 
0 

-2 a - '-2.91 X ld3 inches s e c  = -7.39 x cm s e c  -2 
Z 

= -7.54 x g 

2. Linear F i t .  

Try a l i n e a r  fit: x = S + vo(t-130.0) 
0 

The residuals are given i n  Table A-7. 



a. X-direction Solution 

s = 2.27 inches 
0 
X 

-1 
v = 9.74 inches sec 
, Ox 

b. Y-direction Solution 

s = 1.97 inches 
0 
Y 

= 4.85 X inches sec -1 v 
0 
Y 

c. Z-direction Solution 

= -5.96 X inches sec  - 1 v 
0 

Z 



3. Cubic F i t .  

Try f i t t i n g  t o  a cubic: 

The residuals are given i n  Table A-8. 

a. X-direction Solutions 

s = 2.30 inches 
0 

v = 4.17 X 10'~ inches sec-' 
0 

a = 4.06 x 1 0 ' ~  inches sec  -2 

b = -3.40 X inches sec  -3 

b. Y-direction Solutions 

s - 2.02 inches 
0 

vo = 3.93 x lo-* inches sec-' 

a 1.78 x inches sec  -2 

b = 4.85 X lo-' inches sec  -3 



c. Z-direction Solutions 

so = 2.14 inches 

v = -4.87 x ld4 inches sec-' 
0 

a = -5.72 x inches 

-3 b = 1.91 X 10'~ inches sec  

Note: These f i t s  have been done without any weighting according 
t o  t h e  u n c e r t a i n t i e s  of t h e  i n i t i a l  da ta  i n  Table A-1. 

a .  Parameters. 

Linear Quadratic Cubic - 
I n i t i a l  
Pos f t ion  

2-30 2.30 
Inches 

0.42 
Veloci ty  ( 4.85 O g 7 )  x 1 0  -2 ( 0'45) 3.53 X 10'- 2 ( 3e93)X 10-2 Inches/ 

-5.96 -1.64 -0.05 Sbc 

Accelerat ion -- 

b. Residuals  

where 



c. Conclusions 

The value th lAx12/~-l is a measure of "goodness of f i t "  of 
t h e  polynomials t o  the  observed coordinates; t he  cubic appears s l i g h t l y  
b e t t e r  than t he  quadratic but t h i s  is not surpr is ing s ince  there  are 
more parameters, t o  adjust .  Consequently, on the assumption t ha t  the  
acce le ra t ion  did not change over the  30-second timespan of i n t e r e s t ,  
the .va lues  f o r  ve loc i ty  and accelera t ion from the  quadratic f i t  have 
been chosen f o r  report .  The reported values a r e  t he  vector magnitudes. 
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Figure A-1. Screwhead Coordinate System 
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VIEW LOOKING DOWN LEFT-HANDED, 
TOWARDCSPEAKER Ill FACE 

Figure A-3. View Looking Down Towards Speaker I11 Face 
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Figure A-4. Drop Trajectory 



Table A-1. SPAR Drop Tra j ec to r3  Calculat ion Trace Data 

Main View 

Data 
,-. Frame - x UAx,) L 

Time x3 Ox '=? #I x 1  . x2 

- Frame 
T i m e  

Y1 y2 3 Y 
0 O- 
Y Y 

f 
- 

130.0 -5.0 -4.0- -4.0 -4.3 0.67 0.6 0 .3  3174 
132.5 0.0 -0.5 -1.0 -0.5 0.50 0.5 0.2 3295 
132.0 6.0 6.0 4.5 5.5 1.50 0.9 0.5 3416 
137.5 10.0 10.0 10.5 10.2 0.17 0.3 0.2 3537 
140.0 15.5 15.0 16.5 15.7 1.17 0.8 0.4 3659 
142.5 21.0 , 22.0 23.5 22.2 3.17 1 . 3  0.7 3780 
1450 29.5 28.5 29.0 29.0 0.50 0.5 0.2 3901 
147.5 36.0 35.0 35.0 35.3 0.67 0.6 0 .3  4023 
150.0 43.0 42.0 41.5 42.2 0.77 0.6 0.4 4144 
152.5 49.5 49.0 49.0- 49.2- 0.17 0 .3  0 . 2 '  4266 
155.0 55.0 55.0 55.5 55.2 0.17 0.3 0.2 4387 
157.5 65.0 62.5 64.0 63.8 3.17 1 . 3  0.7 4508 
159.4 69.0 68.0 70.0 69.0 2.00 1.0 0.6 4601 

NOTE: ox = - d s  (AX) " c (AX)" 
N- 1 = J N(N-1) 

> '  - 
Ax = x - x - Frame i/ = 0 a t  s t a r t  of  foggy por t ion  .* 



Table A-1. SPAR Drop Tra j ec to ry  Ca lcu l a t i on  Trace Data (Continued) 

Side View 

Data 

- 2 Frame 
Time "1 Fc2 Fc3 Fc 2 (Alii) u U 0- li 

/I 

- Frame 
Time v 1 

v 2 3 
v 0- v v // 

130.0 20.5 19.0 17.0 18 .8  6.17 1 .8  1 .0  3174 
132.5 17.5 19.5 19.5 18.8 2.67 1 .2  0.7 3295 
135.0 20.0 20.0 19.0 19.6 0.68 0.6 0 . 3  3416 
137.5 22.5 24.0 25.0 23.8 3.17 1 . 3  0.7 35 37 
140.0 24.0 23.5 23.5 23.7 0.17 0 .3  0.2 3659 
142.5 27.0 26.0 27.5 26.8 1.17 0 .8  0.4 3780 
145.0 30.0 30.0 30.5 30.2 0.17 0.3 0.2 2901 
147.5 35.5 33.5 32.0 33.7 6.17 1 . 8  1.0 4023 
150.0 37.5 36.5 37.5 37.2 0.67 0.6 0 .3  4144 
152.5 41.5 40.5 43.0 41.2 3.82 1 .4  0.8 4266 
155.0 48.0 46.0 47.0 47.0 2.0 1 .0  0.6 4387 
157.5 53.0 49.0 52.5 51.5 9.5 2.2 1 . 3  4508 
159.4 54.5 52.0 56.0 54.2 8.17 2.0 1.2 4601 

NOTE: a = J- 
0 m = N (N-1) 

- 
A x = x = x  Frame /I = 0 a t  s t a r t  of foggy p o r t i o n  
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Table A-2. Drop Center: Transformed "Apparent"* Coordinates (in inches) 

*Apparent 5 not corrected for parallax effects. 

s s 
x z 

2.13 2.19 
2.10 2.14 
2.14 2.15 
2.21 2.00 
2.13 1.88 
2.18 1.75 
2.19 1.56 
2.20 1.34 
2.22 1.15 . 
2.23 0.90 
2.29 0.63 
2.28 0.31 
2.30 0.17 

Time 

130.0 
132.5 
135.0 
137.5 
140.0 
142.5 
145.0 
147.5 
150.0 
152.5 
155.0 
157.5 
159.4 

Frame 

31 74 
3295 
3416 
3537 
3659 
2780 
2901 
402 3 
4144 
4266 
4387 
4508 
4601 

m 
Y" x 

2.06 1.59 
2.06 1.70 
2.11 1.84 
2.13 1.97 
2.14 2.12 
2.18 2.29 
2.25 2.44 
2.29 2.61 
2.34 2.78 
2.42 2.93 
2.47 3.08 
2.54 3.29 
2.56 3.43 



T a b l e  A-3a. S c r e w h e a d  C o o r d i n a t e s ,  Main V i e w ,  ( x , y )  A x e s  

S c r e w h e a d  C e n t e r  /I1 ( x , y )  = (0,O) By C h o i c e  

S c r e w h e a d  C e n t e r  /I2 

T i m e  
R e f .  ' ( T s ~ )  ' ( T s ~ )  ' ( T s ~ )  

N o  D a t a  No D a t a  

S c r e w h e a d  C e n t e r  /I3 y = 0 By C h o i c e  

T i m e  T i m e  
R e f .  x ( T S 1 )  x ( T S 2 )  x ( T S 3 )  R e f .  x ( T S 1 )  x ( T S 2 )  x ( T S 3 )  

X 
*TS = T r a c e  S e t  



T a b l e  A-3b. . S c r e w h e a d  C o o r d i n a t e s  - S i d e  View - ( l ~ , v )  Axes 

S c r e w h e a d  C e n t e r  i14 v = 0 By C h o i c e  

T ime 
R e f .  p(TS1)  p(TS2)  u(TS3) 

Time 
R e f ,  p(TS1) u(TS2) v(TS3)  

S c r e w h e a d  C e n t e r  i15 

S c r e w h e a d  C e n t e r  i16 

( l ~ ,  v )  = (0,O) By C h o i c e  

Time 
R e f .  v (TS1)  p(TS2)  p(TS3)  

T(TS.1) T(TS2)  Y(TS3) 
5 1 . 7 3  5 1 . 5 7  5 1 . 8 1  - 

v (SH5) = 5 1 . 7  TOT 



Table A-4. Summary - Screwhead Centet Coordinates 

Main View (x,y) 

SH #I (0,O) 
SH #2 (38.6 fO.l, 66.9 k0.1) 
SH 13 (78.3 kO.l, 0) 

Side View (p,v) 

SH #4 (-59.7 f0.2, 0) 
SH 1 5  (0,O) 
SH #6 (-28.8 k0.3, 51.7 k0.1) 

(See Tables A-3a and b for details) 



Table A-5. Positions (Without Iterative Correction) - (Inches) 

Time 
-130.0 Time At Frame x Ax (X -2.30) . 

0 0 0 Yo 0 0 
(y -2.03) (zo-2. 17) Axe. 

- - 
0.0 130.0 3174 2.30 2.03 2.15 

2.5 1 3 2 . 5 ~ ~ ~  3295 2. 29-0'01 -0.01 2.11°'08 0.08 2. 10-Ooo5 -0.07 

5.0 135.0~'~ 3416 2.33'0'~ 0.03 2.230'12 0.20 2.11 O.O1 -0.06 

7.5 137.5~'~ 3537 2.370°04 0.07 2.3lo'O8 0.27 1 .98-Ool' -0.19 

10.0 140. o2 ' 3659 2.34-0"03 0.04 2. 430'12 0.40 1.87-0'11 ' -0.03 

12.5 142.5~'~ 3780 2 .'37 Oao3 0.07 2.550'12 0.52 1.76-0'16 -0.41 

15.0 145. o2 ' 3901 2.41 Oao4 0.11 2.66O"l 0.63 1.60-~'~~ -0.57 U 
Cn 

7 17.5 147.5~'~ 4023 2 .4.2 0.12 2.790'11 0.76 1.42-Owl8 -0,75 I 
0.01 0 

cn 
P 

en 20.0 150. o2 ' 4144 2.45 Oeo3 0.15 2.92°'13 0.89 1.26-0'16 -0.91 
W 
W 

22.5 152. 52'5 4266 2.49 Ooo4 0.19 3.04~"~ 1.01 1.06-~'~~ -1.11 

25.0 155.0~'~ 4387 2.53 Ooo4 0.23 3.16O.l2 1.13 0.84-o'22 -1.33 

27.5 157 .52'5 4508 2.560a03 0.26 3.34'~'~ 1.31 0.59-0'25 -1.58 

29.4 159.4'' 4601 2.57(O*01) 0.27 3.47(0.13) 1.44 0.49(-~*~~) -1.68 



Table A-5. Positions (Without Iterative Correction) - (Inches) (Cont.) 





Table A-7. Residuals for Linear F i t  

x = 2.27 + 0.00974 (t-130) y = 1 .97  + 0.0485 (t-130) z = 2.37 = 0.0596 (t-130) 

Calculated 
Data Value l A Y 1  t-130.0 

Calculated 
Data Value l A z l  

Calculated 
Data Value lAxl 
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4. Title and Subtitle 

George C. Marshall Space Plight Center 
Marshall Space Flight Center, Alabama 35812 

pace Administration 

The Materials Processing in Space (MPS) Program is stimulating the scientific use of the effects of 
the unique aspects of the space environment on material processes. The reduction of the pervasive influences 
of gravity on Earth-based processes provides opportunities for a basic understanding and improvement in 
many processes. Initial demonstrations of such scientific principles were accomplished on Apollo, Skylab, 
and Apollo-Soyuz flights. During the period between that era and the era of routine orbital space flight on the 
Space Shuttle in the 19801s, the Space Processing Applications Rocket (SPAR) Project is providing the only 
scientific flight opportunities for experimenters. 

The Black Brant rockets which are  used to lift the scientific payload, provide a duration on the order 
five minutes of low gravity (coasting) time during the suborbital flight. SPAR also affords experimenters an 
apparatus developers an opportunity to check out concepts, equipment and procedures before the longer term 
and more extensive flights on the Shuttle. This report describes the results of SPAR IV, the fourth rocket 
flight in a series of nine planned flights. 

Previous experiments on the first three SPAR flights involved the measurement of liquid mixing due to 
spacecraft motions and the dispersion of normally immiscible liquids in the area of fluid mechanics. In the 
area of solidification, experiments were made on the effects of gravity on dendritic growth, epitaxial growth 
and the eutectic point of materials with widely differing densities. In the area of multiphase particle inter- 
action, experiments were made on the migration and coalescence of bubbles and particles, closed-cell metal 
foam and dispersion strengthening of composites. Finally, in the new area of containerless processing, an 
experiment on the melting and solidification of Beryllium in an electromagnetic field was accomplished. 

Based on these early successes, even more complex experiments were selected for SPAR IV. They 
involved an experiment on contained polycrystalline solidification (74-37), the interaction of second-phase 

* For sale by the National Technical Information Service, Springfield, Virginia 22161 
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