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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.
(10:00 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.

2.0 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 Polycrystalllne Solidification in
Low-G
74-49 Contalnerless 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 (10"4 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+80 seconds and ended at
T+337 seconds--giving a low-g period of 257 seconds, Minimum low-g

period required by experiments was 240 seconds.

, Becaﬁése‘ of - the- préﬂight analysis and the 3 sigma low-g
- prediction, experiment 76-20 low-g operatxon was set to begin no
earlier than T+100 seconds. . :

Lo
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4,0 Payload Support Operations

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. Each experiment provided its own timer for
control of events-during the flight. ‘The events are shown in Figure 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 d:.d not occur. See paragraph 8.0 for
discussion of this anomaly. ’

4.2 Pavyload Power

The support module supplied battery power to all experiments
except experiment 74-49. This experiment provided its own 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 approximately 65 seconds,

the current demand went up to 22 amps when experiment operations began,

The current stabilized at 20 amps throughout the experiment operating

time, then dropped to approximately 12 amps, and stabilized at 15 amps.

The battery operated well within the current range reqmred Maximum
peak current load expected was 30 amps.
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FIGURE 3. SPAR IV PAYLOAD .EXPERIMENT TIMELINE'
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5.0 Experiment Operations -

5.1 Experiment 74-15, Uniform Dlsper51ons of Crystalllzation

The experiment con51sted 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.)
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 to- reset, as discussed in paragraph 8.0 below.

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

This experiment objectlve was to determine if a low-g
condition 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
139C 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 Pl to
achieve proper cooling. For resolution of the cooling problem
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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5.3 Experiment 74-49, Containerless Processing of

This experiment consisted of melting and resolidification
of an electromagnetically suspended magnetic alloy. The flight
data show that . heat was applied to the specimen 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 aéousticflevitator 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.

I-10
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For additional information of the experiment problem,-
the reader should consult the analysis by the PI. Figure 7
gives the injector and power events that show the low power
mode did not oecur. The voltage should have increased at
T+130 seconds to approximately five volts. The voltage drop
shown is due to electronic circuit voltage changes. The
voltage scale for low power select is shown at the rlght hand
side of Figure 7.

R
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6.0 Instrumentation Operation

6.1 Temperatures

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

6.2 - Pressures

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 rapldly 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 g's on

landing. The landing shock is discussed in paragraph 7.0.

1-14
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7.0 Recovery

Telemetry data stopped at approximately T+700 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 T+1020 seconds. The impact to ground occurred on a slope, and
the payload slid some distance 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's
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.

I-17



NORTH
0%

PTBJ-14-19 PS
CONNECTOR.~—

FIGURE 10. LOCATION OF THE IMPACT—0—~GRAPHS ON THE FORWARD Sl
OF GSFC'S SPAR TELEMETRY EXTENSION ARD SIDE

i _ SPRINGS AND BALLS FOUND
MPACT-O0-GRAPH UNSET AFTER LANDING 1
REMARKS
NO Gs + 5G G (GREEN) | Y (YELLOW)
- AXIS AXIS :
1 70 Yes Yes
2 80 Yes Yes
3 40 Yes Yes
' Impact-o-graph was damaged
4 P grap g
90 _ Yes Yes and partially torn from its base.
5 60 Yes. Yes
6 - 50 Yes Yes
Impact-o-graph was damag'ed
- 120 Y Yes :
7 _ es v © and partially torn from its base.
8 110 Yes Yes
9 100 * Yes Yes

TABLE 1 «LOCATION, NOMINAL G- LEVELS AND THE RESULTS ON SPAR

1 The payload landed on the aft side of GSFC's SPAR telemetry extension end
plate shown in Figure 1. This plate struck a large rock, knocking it loose from
the extension. The impact broke an approximately 5-pound piece off one end

of the large rock.
I-18



8.0 Payload Power Relay Anomaly

The telemetry data indicated the 100-amp relay (K1) 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
Kl 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 K1l relay
failéed 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 Kl relay but no failures
occurred. '

8.2 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 1320's. The longest contact opening was 5 milliseconds
which occurred at 1320 g'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.

I-19 NASA—mMSFC |
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I. TINTRODUCTION

This report describes Experiment 74/15 which was flown on SPAR 4
on June 21, 1977. Experiment 74/15 is designed to study the behavior
of second-phase particles at a solidification front. In general, a
solidification interface as it approaches a second-phase particle will
either engulf the particle, or reject the particle and push it ahead
of the interface. Whether the solidification front pushes or entraps
the particle depends on the speed at which the solidification front
is advancing, the size and shape of the particles, and the characteristics
of the particle-interface interactions. The objective of the experimenté
is to measure the critical velocity--that is, the maximum velocity at
which a particle is pushed by the interface-—as a function of a variety

of parameters,

Our interest in the behavior of second-phase particles at a
solidification front and in studying this behavior in a microgravity
environment has been motivated by two principal considerations. First,
such behavior seems certain to be important for the fabrication in
space of many composite materials having unique microstructures. It
already seems clear that uniform and unique dispersions of solid or
liquid phases in matrix liquids can be obtained in the space environment.
In nearly all attempts to achieve uniform dispersions by crystallization
processing, the crystallization of the mat;ix liquid upon cooling can
subétantially change the initially uniform distribution of second-phase
material due to rejection of the second-phase materiais at the solidi~-

fication front.
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Second, and perhaps more important for the overall progrém of
sf:ace applications, the understanding and insight gained in the study
of particles—~at-interfaces in space can be ﬁsed to provide improved
understanding and control of many processes and phenomena on earth,
Among the applications areas of tﬁe present inﬁestigation are the
behavior éf inclusions in metal castings, the phenomenon of frost heave
in soils, the agglomeration of small (micron and sub-micron size)
powders of ceramic materials, the development of dust-repellent coatings
for glasses, and even the interaction between blood cells and other

materials.

In previous work (1-5, e.g.) it was found that at sufficiently
small growth rates, particles of nearly all materials are rejected by
a moving crystal-liquid interface; i.e., they are pushed ahead into
the liquid, traveling along with the interface as it advances.
Particles can thus be pushed for long distances (thousands of times

.the particle diameters).

It is apparent that the pushing of a particle or pile-up of
.partiéles by an interface demands both a force preventing incorporation
of the particle in the crystal and feeding of fresh material to the
region of the interface immediately behind the center of the particle.
The interaction of the particles with the interface, which is responsible
for their rejection from the growing solid, can be represented in terms
of a short-range repulsion which exists between tﬁe particle and the

solid. The particle becomes incorporated into the solid when liquid

II-2



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
a solidification front. In this work, the forces of interaction
between particles and interfages are beinglcomputed from the refractive
indices, characteristic absorption frequencies and static dielectric

'constahts following the approach suggested by Lifshitz (6). Also
being explored is the approach suggested by Neumann (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.,
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I1. GROUND-BASED STUDIES, CRITICAL VELOCITY

The,éingle most important parameter used to evaluate.tﬁe inter—
action of second-phase particles with a solidification front is the
critical velocity. As indicated above, the critical velocity is the
solidification rate below which the particles are rejected by the
advancing interface and above which they are incorporated into thev
growing crystal. The critical velocity can conveniently be measured
dn earth by carrying out solidificatioﬁ in either of two geometries:

(1) a horizontal geometry in ﬁhich the sample is contained within a thin
chamber, with the particles resting (because of gravity) on the bottom
sﬁpport of the chamber, and the solidification behavior observed

through a microscope as the interface advances horizontally§ and (2) a
ve;tical geometry in which the particles rest on the interface (because
of gravity) as the interface advances vertically upward. In this case,
the behavior has usually been characterized by measuring the distri-
bution of particles after solidification rather than by direct obser-
vation. during the solidification. In both cases, the effects of gravity

introduce a significant complication into the measurement.

In the majority of the work carried out to date in our laboratory,
the horizontal solidification geometry has been employed. Selected
particles are mixed into a molten sample contained between a glass
support and a cover glass; and the sample is cooled and crystallized
rapidly. The resulting sample is typically in the range of 50-200

microns in thickness, and is confined between two glass plates. The
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sample is then located in a controlled temperature gradient and is
traversed thrqugh the temperature gradient by a motor—driveﬁ screw

to provide the desired rate of solidification. When viewed through

a microscope at magnifications in the fange of 100 X, particles as
small as 2-5 microns in diameter can easily be seen, andlfheir
behavior can be follpwed individually as solidification proceeds. By
varying the solidification rate, the ériticél veloeity for each type

(and size) of particle can be measured.

While thiéwgeometry has the disadvantage that the particles rest
on the bottom éupporting glass plate and are subjected to unknown
‘frictional forées,.the.thin horizontal geométry has the advantage
of simplicity and ease of viewing the sample at high magnification

1

over a range of readily controlledvgrowth 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
wiph‘a‘microscope to permit viéual observation of the particles during
the experiment. Hence the observational technique is the same asbthat

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
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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. 1In addition to the intrinsic interest in such behavior, our
concern in this regard has been prompted by fhe fact that metals are
characterized by smail entropies of fusion. Forvthis reason, carbon
tetrabromide (CBra), which has a small entropy of fusion, was chosen

as the first matrix material for the SPAR 1 flight. Grognd-based
ﬁeasurements of the critical velocity fdr 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.
lowest growth rate measurable on our equipment (0.1 micron éec—l).

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 sfudied. 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. Some of the results
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TABLE I

Critical Velocities of Zinc and Glass Particles in

Various Organic Matrix Materials

-1
ASF/R Ty Ve in um sec
°C ~5um particles
Name and Formula ' Zn Glass
Low Entropy of Fusion
Carbon Tetrabromine 1.2 90.1 <0.1 '<0.1
Succinonitrile CN—CHZ—CHZ—CN 1.4 57.1 <0.1 <0.1
d-Camphor ClOHl60 1.4 179.0 6 1.5
High Entropy of Fusion
Phenantherene 014H10 6.0 101 1 <0.2
Thymc
ymol C10H140 6.4 49.6 4 1.5
N . .
aphtalene ClOHB § 7 80.1 45
Durene , ClOH14 7f2 70.2 7
Pyrochatechol C ¢He0y 7.3 105 4 1-2
Eicosane CH3—(CH2)18—CH3 18.2 36.6 18



are summarized in Table II.

These results are being analyzed using the model of Lifshitz to
describe the particle-interface interaction in terms of their bulk
dielectric properties. 'In order to apply this theoretical framework,
it is necessary to measure the dielectric constants of the materials
over a broad range of frequency. We are presently measuring the static
(radio frequency), the infrared, and the ultraviolet dielectric
properties of camphor and naphthalene. We plan to report on this

phase of the investigation. in the near future.

Besides the interaction between the particle and the solidification’
interface, the drag force on the particle is also important in determin-
ing the critical velocity. The drag force arises from the difficulty
of feeding fluid behind the particle to the growing interface. The
drag force can be approximately calculated if the shape of the interface
near the particle is known. The shape of the interface behind the
particle may be strongly affected by the relative thermal properties
of matrix and particle. If the particle is much more conductive than
the matrix, as is most often the case for organic matrix materials,
the front will curve behind the particle; and the drag force will
be considerably increased. To study this problem in more detail, we
are presently analyzing the shape of the interface in the vicinity

of the particle using finite element methods.

In summary, we have made extensive ground based measurements of

the critical velocities of particles of different thermal conductivities,
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TABLE II

Critical Velocities in Camphor

Material
in um
Nickel 3.0
5.3
8.8
10.6
pile-~up
Glass 5.5
11.

28.

Diameter

Critical velocity

in ym sec

8.0
4.0
2.1-3.8
1.5
1.5-4.2
1.8
1.4

0.4



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.

IIT. FLIGHT EXPERIMENT

It was necessary to design a scientifically valuable experiment
which would meet the design requirements of the spunding rocket
environment: (1) high acceleration and vibration levels; (2) only a
short micrégravity 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°C, 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
'tglemetry 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.
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(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) Thé sample éhamber must be transparent with flat 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 ﬁith 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 solidification.

(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,

178°C, and its corrosive character.

The sample cell assembly is shown schematically in Figure 1. 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 (200um). 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

m-i2



upon sodidification or melting. The sample cell is sealed to the
volume compensating chamber with a Teflon o-ring. The éntire sample
Ceil assembly is enclosed in a gold plated copper can which reaches

the temperature of the bottom heater block. The gold plated can reduces
the radiational cooling of the exposed quartz cell and isolates each -

sample cell from its surroundings.

A sample cell assembly as shown in Figure 1 was used in the '"single
cell apparatus" for the ground based testing and measurement of the

critical velocities.

The approximate experiment cycle for each cell is shown in Figure
2. At four minutes before 1aunch,'the heaters are turned on to bring
the cells to their preheat temperature of 176°C a£ the top heater block
and 173°C at the bottom heater block. At 74 seconds after launch when
the microgravity portion of the flight has been reached, the sample is
‘melted by raising the temperature of the top heater block to 197°C and
lowering the temperature of the bottom heater block to 164°C. Thus
a stable solidification interface is created in a temperature gradient
"of about 60°C cm—l. At 119 seconds, the slow controlled solidification
of the sample begins by changing the set point of both the top and
bottom temperature céntrollers at a constant rate. This rate is, of
course, set by the desired growth rate of the solid but is about 1°C

1

min ~. At 310 seconds, the experiment is over and the heaters are

turned off to start freezing rapidly the solid before reentry occurs.-
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The flight apparatus consists of seven sample cell assemblies, a
temperature controller for both top and bottom of each of the seven
cells, the necessary control electronics, and a camera and lens assembly
to photograph one of the seven cells, A Nikon camera with a 250 exposure
back is used to photograph one cell at appr§ximately 17X using a 19 mm

Nikkor lens at approximately 50 frames minute -1

IV. SPAR 4 EXPERIMENT AND RESULTS

The experiments flown on SPAR 4 are shdwn in Table III. Each
experiment was chosen with a solidification rate and a range of particle
diameters such that the largest particles are not pushed in the ground
based experiments but the smaller particles are easily pushed. The
final distribution of particles is then measured after recovery of the

apparatus and analyzed to measure the critical velocity.

The telemetry indicates that the apparatus functioned correctly

during flight,

One sample, cell # 7, was photographed during flight., Photographs
1-5 are taken from the flight photographs. For clarity, only one corner
of the original negative is shown. From these photographs, we note the

following information:

(1) The samples were not melted before launch. Hence the samples

retain their initial particle dispersions.

(2) The sample melted back to approximately the correct location,

leaving the particles dispersed in the liquid.
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TABLE III

Experiment Set—up (SPAR 4)

Cell No. Particles Growth rate

in 10_6 m/s

1 glass (0-20um) 2.2~2.6
2 glass (10-30um) 1.2
3 glass (0-10um) 5.0
4 Ni (3-10um) + :
glass (0-10um) 7.6
5 " 1] . 5'0
6 glass (0-20um) 2.1
7 glass (0-20um) 1.4
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~ae-] |l 50um

Photograph 1 - Frame 1 from SPAR 4 flight sequence. Taken
before launch, this photograph shows that the sample was
not melted prior to launch,
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=] |=s— 50um

Photograph 2 - Frame 43 from SPAR 4 flight sequence.

The sample has melted to create a solid-liquid interface
with the solid at the bottom of the photograph and the
*liquid at the top.
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@ Photograph 3 - Frame 48 from SPAR 4 flight sequence.
: The number of particles visible in the photograph
has decreased.




H
bl
3

] |- 50um

Photograph 4 ~ Frame 54 from SPAR 4 flight sequence.
The dark band. at the top of the photograph is the
liquid-vapor interface which was observed because
the sample cell cracked, allowing camphor vapor to
escape.
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Photograph 5 - Frame 81 from SPAR 4 flight sequence.
The liquid~vapor interface continues to advance as
the cell leaks by vapor loss. The presence of the
vapor changes the temperature gradient in the cell
so more solid has melted.
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(3 Unfortuhately,'when the camphor was melted, the camphor
evaporated from the sample cell through a small crack in the side of

the cell,

7(4) The dispersed particles in the liquid disappear from the field

of view of the photographs, as noted by comparing frames 43 and 48.

We suggest tha; fewer particles are observed dispersed in the
liquid camphof as the liquid-vapor interface approaches because of a
surface tension driven convection which sweeps the particles out of the
small and shallow field of view. The depth of field of the camera
system is only aBout'SOum. The particlgs are sufficiently small that
an out-of-focus particle will not be visible.

The likelihood of surface tension induced convection currents
can be estimated using the Marangoni numﬁer. In our case, the Marangoni
" number is approximately 103 - 104, indiﬁating that surface tension
driven convectioﬁ is quite probable when a liquid-vapor interface is
present.( It must be noted, however, th;t a.quantitativé description of
the Marangoni flow in our geometry and teﬁperature profile is not
feasiﬁle since most of the brevious work has been directed toward a
fluid layer in which the temperature gradient is pormal éo the fluid
layer. Desbite tﬁe 1a§k of a quantitafive analysis, the disappearance

of the particles from the field of view seems reasonably explained

by a surface tension driven convection.

While the sample cell which was being photographed developed a

crack, the other six cells survived without problems. To ensure the
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quality of the cells flown on SPAR 4, each cell after it was assembled
into its sample cell assembly was pressure tested to one atmosphere

both at room temperature and at its operating temperature. The cell
assembly was also vibration tested on three axes to the following levels:
10-24 Hz 0.7 inches D.A., 24-100 Hz 20g, and 100-500 Hz 5.3 g at a sweep
rate of 2 oct min_l. These vibration levels were based on the resﬁits
of an instrumented test of the 74/15 apparatus when it was vibrated

at the design qualification levels given in Environmental Deéigp and

Qualification Test Criteria fdr Black Brant VC Space Processing

Sounding Rocket Science Payload. The vibration tests of each sample

cell were chosen to exceed the vibration levels measured on the shock

mounted base plate to which the cells are mounted.

The cell failures which occurred during the testing p:bgram could not
be directly attributed to the vibration testing; instead, fhe cracks
in the cells appear to result from crack initiation and growth from a
flaw such as a scratch. In the case of the # 7 cell from the SPAR 4 |
flight, the fracture originated from a flaw where the two flat plates
of the cell were joined together. We plan to tighten our screening and
testing procedure and change the technique of cell fabrication to reduce
and hopefully eliminate the possibility of the recurrence of such a

failure.

The other six samples were carefully photographed and examined
after recovery. The critical velocity with these samples is

determined by carefully examining the distribution of the particles as a
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function of particle size in the region of controlled solidification.

Photograph 6 shows cell # 1 at a low magnification in which the
entire sample region of (5.5 mm) high and about 13 mm wide is visible.
The edges of the cell are not transparent because of the grinding
necessary to fit the cell into its aluminum heater block sample
assembly. The bb;tom half of the photogfaph is the virgin region of
the sample which‘ﬁaintains the original dispersion of the particles,
In approximately the middle of the photograph (top to bottom) there is
a clear band. This clear band is the camphor which was slowly and
~carefully grown during the controlled solidification period. It is
in this region of controlled growth that the particle pushing and/or
éejection willuoccur and be analyzed. Above this clear region, there
is a regiog'of rapid solidification of the samphor, denoted by the
iresence og’smail bubble~like voids, which formed after the period of

controlled growth.

The pafticlgs, glass spheres of diameter less than 20um, are

e
2

visible at this'magnification as a dark band at the bottom of the region

6f controlled‘étowth. The distribution of particles is more clearly

shown at higher magnification in Photographs 7 and 8. Photograph 7

i

shows the sampie cell from the same side as in Photograph 6. The con-

\ﬁrolled growth region is in’the center of ‘the photographs, with the virgin

region seen at the bottom and the rapid gtowth region  at the top of the

photograph. The particles (visible as clear circles with a dark boundary)
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Photbgréﬁh 6 - Cell # 1-at low magnificatidn. : o



Rapid Growth
'Region

Controlled Growth
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Virgin Region

100pm |ttt

Photograph 7 - Cell # 1 photographed from the same
side of the cell as in Photograph 6. The particles are
at the cell wall closest to the camera.
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GControlled Growth:
Region

100um fest—2=|

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.
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are predominantly located in a large pile at the bottom of the controlled
growth region, For this pile to occur, there must have been a force’

" exerted on.the particles to cause them to fall out of their dispersion
when the sémple was melted back to its furthest extent. Particles are
'visible iﬁ thé virgin region of the sample; and some particles are seen
;bove ﬁhe large pile-up of particles. Examination of both Photographs

7 and 8 demonstrates that the particles above the pile-up are at the

cell wall on oﬁe side of the cell. It is not unusual for a few particies
to adhere to the wall of the cell in even ground-based éxperiments.

The fact that these particles are in the controlléd grqwth region

cannot be cqnsidered evidence that particle pushing océurred. Particles
which are at the cell wall must be disregarded in analyzing the.particle
distribution for particle pushing. Hence, one must conclude that no

particle pushing is evident in this sample,

The distribution of particles in Cell # 1 after the SPAR 4 flight
18 illustrated in Figure 3 with both horizontal and vertical sections

in the region of controlled growth. The horizontal section shows that
the pile~up of pa:ticles is predominantly toward one wall of the cell.
The vertical sec;ion shows the same distribution in relation to the
distribution of particles in the virgin sample. The significance of

the poéitiﬁ&s of the.particles will be discussed following a presentation

of the results from the other sample cells.
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Figure 3 - The distribution of particles in Cell # 1 after the

. SPAR 4 flight. Note the difference in the distribution of ‘
particles in the vertical section between the initial dispersion
retained in the virgin sample at the bottom of the cell and the

pile-up of particles in the melted sample above.
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Cell # 2, which also contained glass spheres is shown in
Photographs 9 and 10. The distribution of particles in this cell is
similar to that in Cell # 1, Again, there is a large pile-up of
particles along the interface between the virgin sample and the

controlled growth region.

Cell # 3, which also contained glass spheres, is shown in
Photograph 1l1. Again, there is a pile-up of particles along the
interface between the virgin and controlled growth regions of the

sample.

.Cell # 4 contained both nickel particles (3-10um) and glasé spheres
(1éss than 1Oum); this cell is shown at low magnification in Photograph
12, Again the particles in this cell have fallen out of their initial
dispersion and are observed in a pile up. Unlike the other cells,
however, the pile-up of particles lies predominantly on a plane tilted
approximately 66° from the normal interface plane. Photographs 13
and 14 at higher magnification show the pile-up of particles at the front
and back wall respectively with 6n1y the closer particles in each

photograph in focus. .
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# 2 at low magnification.
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Photograph 10 - Cell # 2 showing particle Pile-Up.

11-32



ge-1

=] ] mm fe
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Photdgréph 12 - Cell # 4 at low magnification -
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. Photograph 13 - Cell # 4 photographed from same direction
as in Photograph 12.
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Particle Pile-Up
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Photograph 14 - Cell # 4 photographed from other side of cell
than Photographs 12 and 13. The particle pile-up is tilted
with only the particles at the near wall in focus.
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There is some evidence that particle pushing occurred in Cell # 4,
as can b€ seen in Photograph 12, The smaller particles should have
been pushed at the solidification rate of the experiment, so pushing
of a small -pile of particles could easily have occurred. In any
case, this experiment will be repeated in.the next rocket flight to

confirm the résult.

Cell # 5, which is shown in Photograph 15, also contained nickél
(3-10um) and glass (less than ldum) spheres. Again, the particles
are found in a pile-up at thé interface betweén the virgin region and

the controlled growth region. Unlike Cell # 4, there is no evidence
of the particle pushing. The concentration of glass spheres in
Cell # 5 were larger than ih Cell # 4, however; and the larger
concentration of’particles (with the concomitant larger pile-up
and larger drag forcg) could well explain the difference in pushing

behavior.

Cell # 6 contained glass spheres less than Zdum in diameter.
Photograph 16 shows a low magnification view of the cell. Again, the
particles are deposited in a plane at the interface between the virgin
region and the region of controlled growth, The cause of the unusual
slahted‘region in the bottom half of the photograph has not beén
established. It may well represent a second melt-back process (as‘
will be discussed below), but the characteristics of this process

remain to be clarified.
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The overall distribution of particles in the six cells is illustrated
in Figure 4 where the black dots represent the approximate location of
the particles. Cell # 7 is the cell which Qas photographed. It was
oriented pafallel to the base plate of the apparatus; the others were
oriented perpendicular to the base plate. The particles are mostly
on the "left” face of the cell in the illustration; the only exception
is Cell # 4 whose interface was tilted at 60° with the "left" side

higher than the "right".

In summary, six sample cells survived the launch and re-entry, and
functioned properly according to the telemetry. Cell # 7, which was
photographed during the flight, cracked prior to the initiation of the
photograph allowing the camphor to escape by vaporization and producing
a vapor-liquid interface with its associated Marangoni convection. The
six good cells were photographed and closely examined after recovery.
The particles were no longer dispersed through the upper halves of the
sample cells (which had been:melted). Rather, .the particles had fallen
into pile-ups at the boundaries between the virgin samples and the

portions which had been melted.

In attempting to understand the post-flight distributions of particles
seen in the six good cells, the first question to be answered is whether
the conditions of microgravity which existed on the flight could exert
sufficient force on the particles to cause them to fall out of their
initial state of dispersion. The terminal velocify, Vt’ at which a

particle falls can be calculated from Stoke's Law:
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Figure 4 - Particle distribution in the
cells flown on SPAR 4 as viewed from the
top of the experiment package.
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where Ap is the density difference between the partiéle and the liquid,
g is the acceleration of gravity, d is the particle diaméter, and n

is the viscosity. For a 10um diameter nickel particle in camphor, the
calculated terminal velocity atvlg would be 8.6 x 10“2 cm sec 3 at
102 g, the terminal velocity would be 8.6 x 1074 cm séc—l; and at
10_4 g, a terminal velocity of 8.6 x 10—6 cm ‘sec—'1 is expected. The
telemetry from the flight indicates that « 10—4 g level was reached
within a few seconds of the time that the sample started to melt
(within 10 seconds after the melt sequence was started). Hence during
the entire 240 seconds of the experiment, the nickel spheres should
fall some 10-50um, not one or two millimeters as indicated by the
observations. The smaller nickel spheres and the glass spheres would
fall even less. Therefore the residual microgravity levels could:not

have caused the distribution of particles observed in the recovered

‘samples.

If the observed distribution of particles did not occur before
launch or during the flight, the question naturally arises whether the
‘apparatus could have been recycled on the ground after the flight, and
whether the distribution of particles is consistent with remelting and

resolidification having taken place on the ground.

First, let us compare the distribution of particles in the cells

with the orientation of the rocket when it was resting on the ground
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after impact. The recovery team stated that the rocket was resting on
a slope at an angle of about 30° to 45° to the horizontal, with the
front of the rocket higher than the rear. The zero’ degree (i.e., north)
deéignation on the 74/15 experiment package was pointing about 140°
from a vertical plane through the payload rotated counter clockwise as
viewed from the rear of the rocket looking forewafh. Stated another
way, the zero degree mark was pointing about 30°-45° clockwise from

directly downward.

If the experiment recycled while the payload was resting at this
angle, how would the particles in the molten samples be distributed?
Referring back to Figure 4, the particles would be expected to fall
out of their dispersion to land on the lower (left) face of the cell,
In addition, the number of particles at the edge of the cell closest
to Cell # 7 would be greater than the number at the other edge. However,
all the particles would not fall to that edge, because most of the
particles after falling a short distance would come to rest against the
face of the cell and slide or roll down the face of the cell. The.
particles would not be able to slide or roll all the way to the lowest
edge. Instead one would expect to find a pile-up of particles across
nearly the whole width of the cell clustered against the lower (left)
face of the cell. On this basis, it is concluded that the actual
distribution of particles in the recovered samples from SPAR.4, shown
in Figure4 , matches the distribution of ﬁarticles expected if the

apparatus was recycled while resting on the ground after impact.
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Telemetry data is not available to confifm»whether the apparatus
‘recycled after impact. Because‘of_a failure of the power relay on
SPAR 4, power to 74/15 apparatus was available following impact on the
ground. However, the on—board timer in 74/15 would have had to reset
itself to’initiate the recycle of the experiment. As yet, we have been
unable to identify the‘mechanism by which the timer was reset, It was
originally thought that the timer reset occurred because of chatter in
the power relays upon impact. To explore this possibility, Vaugh Yost
at MSFC had the relays tested to shock levels at 1300 g's. Under
those conditions, the relays chattered for only 5-10 milliseconds.
For comparison, the 74/15 timer would require that relay chattered for
about 100 milliseconds to reset the timer. Another possibility to
explain the resetting of the timer is that an intermittent failure in
the timer itself occurred on landing because of the very high shock
levels encountered. Without a record of the shock spectrum encountered,

and in light of the fact that failure of the main power relay did not

. occur on previous SPAR flights and is not expected to occur on future

flights, it has not seemed worthwhile to attempt to reproduce a possible

timer failure.

In brief, it is concluded that experiment 74/15 was repeated on
the ground after the SPAR 4 flight, and that the distributions of
particles seen in the recovered cells reflect solidification under

conditions of the earth's gravity.
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V. CONCLUSIONS FROM THE SPAR 4 EXPERIMENT

On the basis of the results of the SPAR 4 experiment, we conclude
ihat the experiment should be reflown without change in concept or
payload abparatus. The method of fabrication, quality control and
preflight testing of the quartz cells must, however; be modified to
reduce the risk of a cell failure on the next flight. An increased
proof testing pressure coupled with more stringent vibration testing
should identify any weak cells which might not survive the flight;
and a change in the fabrication procedure to enlarge the fused érea
of sealing of the cells should decrease the likelihood of adventitious

stress concentrators which can produce fracture of the cells.

We are confident that another flight of the 74/15 experiment
will yield the desired data on the rejection and incorporation of
second-phase particles at a solidification front without the complicating

effects of gravity.
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ABSTRACT

Experiments were performed to study the effect of a low-
gravity environment on the columnar-to-equiaxed transition (CET)
during polycrystalline solidification. Solutions qf H20-30 wt %
NH401 and H20-37 wt % NH4CI were solidified in semicylindrical
molds with radial heat extraction. In the ground base tests
the general heat flow direction was parallel or anti-parallel to
gravity. Both solutions were quenched from the same soak tempera-
ture (90°C); the respective superheat temperatures wete, therefore,
approximately 57 and 23°c. The lower superheat resulted in a
¢omp1ete1y columnar structure, and the higher superheat resulted
in a 1/3 columar - 2/3 equiaxed microstructure; these results
were independent of the relationship between heat flow direction
and gravity. Grain multiplication mechanisms observed were
showering, thermal inversion driven convection cells, and
compositionally induced density inversion driven convection
cells.

Results obtained during the SPAR IV f£light established the
viability of the novel freon quenching system designed for this
apparatus, but a partial blockage in the needle valve of the
quenching system prevented solidification of the samples. Thus
no data on the effect of gravity on the CET were obtained. In-
complete preflight melting of the NH401 was also observed. It
was established that slow solidification, a long waiting time
at room temperature, and the presence of agitation during this
time coarsened the room temperature structure of the solid and
lengthened the time required for remelting. These observations
have led to apparatus modification and revision of prelaunch

procedures to prevent a future occurrence of the same problem.
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1. INTRODUCTION

The primary objective of experiment 74~37 is to study the
effect of reduced gravity on the columnar-to-equiaxed transition
(CET) in small castings (Ref. 1). The results obtained to date
from SPAR/I show the occurrence of an equiaxedﬂﬁicrostructure in
low gravity, instead of the expected columnar microstructure
(Ref. 2). Similary, fine grained equiaxed, rather than columnar,
microstructures were observed in the Skylab metals melting
experiment (Ref. 3). On the other hand, Johnston and Griner
(Refs. 4 and 5) were able to show that no dendrite arm break-
off occurred during low gravity solidification of NH401 and
obtained a completely columnar structure. These two results are
not necessarily contradictory because CET is a complex phenomenon
and gravity driven convection leading to dendrite arm breakoff
is only one of the mechanisms that is responsible for the formation
of the equiaxed zone. Crystal nuclei may already pre-exist in
the liquid, especially following inoculation (Ref. 6) or
"big bang" nucleation (Ref. 7). Also, other gravity driven
mechanisms may be responsible for transport of small crystals
toward the central region of a casting (Ref. 8). A gravity
independent mechanism for nucleation of the equiaxed zone has
also been proposed (Ref. 9). Regardless of nucleation, it has
been recently emphasized (Refs. 10 and 11) that the presence of
nuclei is a necessary but not sufficient condition for the
occurrence of CET. The growth of equiaxed grains must halt the
advance of the columnar interface. This has been suggested to
occur by attachment of equiaxed crystals to the colummnar growth
front (Ref. 10) or by the existence of thermal conditions favoring
the growth of equiaxed rather than columnar grains (Ref. 12).

This last suggestion, which has received some experimental
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cbnfirmation (Ref. 11), may be particularly germane to the

low gravity environment since rough estimates indicate that the
predominant effect of reduced gravity on dendritlc growth may
be through modification of the thermal rather than solute
boundary layer (Ref. 13).

It has been recently emphasized (Refs. 11 and 14) and it
éiso.follows from the above discussion that CET is not well
understood. It depends on the geometry and thermal characteristics
of thé mold, heat transfer in the liquid and solid, superheat
of the liquid, constitutional supercooling parameter, the

- presence of nucleation centers, and gravity driven fluid flow.

The SPAR IV flight of experiment 74-37 was performed in a
:simple apparatus using semicylindrical copper molds with trans-
parent. sides. Solutions of_NH401 in H20 were selected as sample
materials, because this system has been used successfully by
othersvin previous experiments. The mold geometry was chosen
to simulate weld bead solidification and to provide the simpli-
fication of radial heat extraction. Four separate cells were
available, but all of the cells shared the same thermal environ-
‘ment, i.e., soak temperature and cooling rate. The adjustable
parameters were solute concentration, inoculant concentration,
soak temperature, and cooling rate. Values of these parameters
selected for SPAR IV were such that the CET occurred at different
locations in two of the cells, while the other two cells were
redundant, i.e., identical to the first two. Thus, this flight
experiment was expected to provide data on the effect of gravity
on the CET for two conditionms.



2. APPARATUS AND EXPERIMENTAL PROCEDURE

A dedicated apparatus was designed and constructed for this
experiment. Figure 1 shows an overall view. . The apparatus
consists of five major components: 1) sample chamber, 2) elec-
tronics box that automatically operates the experiment and
conditions the telemetry signals, 3) a 250 exposure motor-driven
camera, 4) a freon reservoir designed to deliver liquid freon,
and 5) is the supporting structure. A more detailed descriptibn“
of the apparatus is given in Ref. 15. Figure 2 shows a close;uﬁ
view of the sample chamber assembly. Four independent, semi- ‘
cylindrical pockets are contained between plexiglass faces. B
All of these chambers share the same thermal environment;
that is, soak temperatﬁre and cooling rate. The cylindrical
walls of the pockets and the central portion of the metallic
block are machined from one piece of copper. The flat "top"
walls of the sample pockets are made of stainless steel that is '+
brazed to the copper. This is done in order to provide a slower
cooling rate on the "top" of the sample which would better ~ “°
simulate weld bead solidification. Lighting for photographic
purposes is provided by small lamps at the top of eéch cell,
and slots are machined in the stainless steel to admit the light.
One of the sample pockets is instrumented with four thermistors ~
(numbered 1-4) placed at equal intervals along the radius, and
another pocket has a thermistor (no. 5) at the apex. Two
additional thermistors (no. 6 and 7) are attached to the coppéf**
block on the "outside" of the cylindrical chill wall. Two =
heaters are attached to the copper block and two small pieces
of stainless steel tubing direct liquid freon onto the web
of the copper block at central 1oéations. Not shown in Fig.

2 are fine ruled grids which were placed on the inside rear
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Fig. 1 Overall View of Apparatus
chamber, 2) electronics box, 3) motoxr~-
driven camera, 4) freon reservoir,

5) supporting structure

1) sampie
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wall of each pocket to allow simple Schlieren observation of

convection.

In operation, the heaters were activated 45 minutes before
lift-off and the entire sample chamber assembly was heated and
controlled at 90°C. Upon lift-off the heater connection was
severed. Approximately 30 seconds after attainment of low-g
the freon quench was initiated and the camera started. The freoﬁv-
delivery rate was adjusted to give complete solidification of )
all four samples before the end of the film (220 exposures at
approximately 1 frame/sec).

The samples were solutions of NH401 in water. Compositions.
of 30 wt% and 37 wt% NH4C1 - H,0 were chosen; their liquidus
- temperatures were 33 and 67°C, respectively. The solutions

were made from laboratory purity NH4cl and filtered before use.

Laboratory simulations of the flight experiment were per-
formed to generate one-gravity baseline data. The apparatus
was installed in a vacuum bell jar which was equipped with
electrical and fluid feed throughs, and the prelaunch and flight
sequence was followed. The telemetered data were recorded on
strip-chart recorders and the flight camera was allowed to
operate automatically._ Some tests were also performed using a

16 mm motion picture camera to record the progress of solidification.



3. GROUND BASE RESULTS AND DISCUSSION

The major results of the ground base experiments are included
in a 16 mm motion picture film that has been submitted to the
SPAR Program Office at NASA/MSFC. A copy of the film is available
from the authors for loan to interested parties. The film
dllustrates visually the important effects of solute concentration
and heat flow direction on cast microstructure. Figures 3,
4, 5, and 6 show selected frames taken during a typical ground
base simulation; they show the progress of solidification in
this experiment. The main results arranged in a chromological
sequence from the beginning to end of the experiment, are

summarized as follows:

1. Before nucleation occurs, thermal inversion, i.e., cold
liquid above hot liquid, causes vigorous convection in the lower
cells, Fig. 3, cell IV. This is due to a decrease in density
of the solution with increasing temperature. This convection
is damped soon after the solid starts growing along the chill,
presuﬁably because the release of latent heat of fusion decreases
substantially the temperature difference between cell top and
bottom.

2. Thermal inversion-induced convection is responsible

for some grain multiplication, as illustrated in Fig. 4, cell III.

3. Grain "showering" is illustrated in Fig. 4, cells III
and IV and in Fig. 5, cells I and III.

4. Convection cell formation and grain multiplication
- through compositionally induced density inversion is observed
in Fig. 4, cell I. During colummar solidification there is

rejection of water between the dendrites, making the interdendritic
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liquid less dense than the original solution. The rising
interdendritic liquid accelerates dendrite arm remelting and
coarsening and generates solid fragments which grow into a new

generation of grains (Ref. 16).

5. The amount of liquid superheat prior to solidification
has a significant effect on ingot microstructure. At a super-
heat of 23°C, which corresponds to a HZO - 37% NH401 alloy,

a columnar structure was obtained regardless of chill location
(top or bottom), Fig. 6, cells II and IV. At a superheat of
57°C, which corresponds to a H20 - 30% NH4C1 alloy, the structure
was columnar along the first 1/3 of the mold cavity radius and
equiaxed along the remaining 2/3, again regardless of chill
location, Fig. 6, cells I and III. .These results are consistent
with observations of CET transitions in large ingots, in which
columnar microstructures are observed during the initial stages
of solidification in the high temperature gradient zones and
equiaxed microstructures are observed later in lower temperature
gradient zones. Different results can be obtained when nucleation

rather than growth is the controlling step.
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4. FLIGHT RESULTS AND DISCUSSION

The experiment was performed on SPAR IV. Inspection of the
telemetered thermal data showed that the chill block failed to
cool adequately (Fig. 7). Examination of the flight film
showed that no solidification occurred during the entire length
.0of the film, and that unmelted solid was present throughout the

experiment (Fig. 8). These two problems are discussed below.
ABSENCE OF SOLIDIFICATION

The telemetered data were carefully andlyzed. We find that
for an interval of approximately twenty seconds between 300 and
320s the sample holder was cooled at a rate of abéut 0.9°C/s,
which is the same coéling rate as our preflight ground base
simulation (see Fig. 7). Thus, the freon system was capable
of cooling at the desired rate even in the absence of gravity.
Unfortunately, this cooling rate occurred only for a short
interval, rather than for the full 200s. The fact that the
proper cooling rate is achievable in zero gravity is, therefore,
established and the cause of lack of cooling ﬁust be related to

freon delivery, not low gravity effects.

A ground based test was performed on the appafatus as
received immediately after the flight. The freon supply
cylinder was removed from the system, and a supply of freon 12
connected in its place. The complete warm-up and launch
sequence was followed and the major temperatures monitored. The
test revealed that the system was still blocked. The sample
holder was then removed to eliminate it as the source of blockage.
The test was performed again and the blockage remained. This
procedure isolated the blockage in the solenoid valve-needle

valve combination.
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Careful disassembly of each of these valves resulted in

the following observations and conclusions:

There were no foreign objects in the solenoid valve,

therefore, this unit did not clog

The following foreign objects were found in the

needle valve:

® A small black particle about 2 mils in diameter,
from the O-ring in the freon bottle

e  Shredded material, thread-like, either teflon

sealing tape or from the Kel-F seat seal

® A grease, completely surrounding the tip of the
needle, suspected to be silicone O-ring lubricant

used in the freon bottle

Either the grease or the thread-like material could have
clogged the needle valve and reduced the flow rate to
.an inadequate level, but the combination of the two is
thought to provide a potent source of blockage.

Based on these findings, it is concluded that the absence
of sblidification during the flight experiment was due to a
blockage in the freon delivery system. Subsequently, modifications
have been made to the apparatus to prevent a future occurrence
of this problem.

INCOMPLETE MELTING

To elucidate the reasons for incomplete melting (dissolution)
a series of experiments were conducted using the flight apparatus
specimen holder. These experiments and the results obtained are
summarized in the table on the following page. The three
process variables investigated were: original solidification

rate, waiting time at room temperature prior to remelting, and
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agitation during this time.

the absence of agitation during the remelting stage.

All experiments were performed in

. Waiting Time Required)
[Experiment Solidification Time for Complete
Number Rate (days) Agitation | Melting (min)
3 Quench 0 ~ No 11 '
7 Quench 0 Yes 35
1 Quench -3 Yes >90
10 Quench 1 No >90
5 Slow Cool 1 No >90
11 Slow Cool 0 No 22

‘From these results it appears that slow solidification, a

long waiting time, and the presence of agitation contribute to

a longer time being required for complete remelting.

Comparison

of experiments nos. 3 and 1l shows that a low solidification

rate can double the remelting time.

Comparison of experiments

.nos. 3 and 7 shows that the presence of simple agitation at room

temperature has an even greater effect on remelt time.

Further-

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

- shows that the effect of waiting time at room temperature is the

most important of the three process variables.

To explain these results it is necessary to observe that

at room temperature the system is above the eutectic temperature

and is part liquid, paft solid.

It consists of primary dendrites

of pure NH401 surrounded by a liquid containing about 27 wt% Nﬁacl.

During reheating, a dissolution of NH4Cl occurs at the surface

of dendrite arms or solid particles, enriching the surrounding

1iquid in NH4C1. The dissolution process depends on the surface

to volume ratio of the solid, therefore, the time required for
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complete dissolution depends on the dendrite arm or solid particle
radius. A rapid initial solidification rate would refine

the primary NH4CI dendrites and hence would reduce the time
required for complete dissolution or remelting. Also, because
solid is in contact with liquid at room temperature, Ostwald
ripening or diffusional coarsening of the solid woﬁld occur

during long waiting times. Thus, dendrite arms or solid particles
would become coarser, hence a longer time would be required for
their remelting. Finally, agitation of a solid-liquid mixture

at room temperature accelerates diffusional coarsening by enhancing
transport of NH4CI through the liquid and causes collisional
coalescence of various dendritic or nondendritic¢ particles. Again,
this would contribute to coarsening dendrite arms or solid
particles and would, therefore, lengthen the time required for
complete remelting. As a result of this analysis a revised
prelaunch procedure can be developed to assure complete dissolution
of NH4C1 particles before 1ift-off.
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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 Containerless Solidification, "

The experiment was flown on the NASA SPAR IV sounding
rocket in the Electromagnetic Containerless Processing Pay-
load., Due to a failure to melt, the experiment hypothesis was
not tested on this flight.
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1.0 INTRODUCTION AND S_UMM.ARY

The first strongly ferromagnetic metallic glass was reported in 1967(1) It

®

was the alloy Fe 83P'1 0C7. The preparation and characterization of many other
ferromagnetic metallic glasses has since been described(z’ 3’4). These generally
have ¢ 2 243 t 11! 1} i1 g

Ave a hemical composition of the form (Tl-xTx )80 (M1 -xMx )20, where T' and
T'' are metals such as Ni, Co, Fe, Pd, Cuand M' and M'' are metalloids such
~as Si, C, P or B. Typical of this form is the ferromagnetic metallic glass having

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

40 740" 14
amorphous metallic alloys (metallic glasses) were first prepared by SPLAT
cooliﬂg(s), then by roller quenching(6), and finally (for a few selected compo-

(7)

sitions) by quenching in water' '. The first two methods require very high

quenching rates (1 04 to 106 oC/sec). The last method utilizes modest quenching

rates (1.02 to 103 °C/sec).

In light of the above considerations, it was hypothesized that it might be
possible to prepare ferromagnetic metallic glasses by containerless cooling at
slower cooling rates yet (< 102 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
Conﬁinerless Processing Payload (ECPP) during the NASA SPAR IV sounding
rocket flight and allowing it to cool while levitated. Due to a failure to melt the
specimens, for reasons discussed below, the experiment was not performed

~ and 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-ferromagnetic

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



properties arise 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 la,i'ge
amount of supercooling of a containerless melt of composition Fe 40Ni 40PI;B 6
(in atomic percent); (2) to prepare a bulk specimen of the ferromagnetic glass of
this composition by supercooling to the glass temperature, Tg, thus “bypa.s sing
crystallization, An alternative objective, in case (1) was achieved but not (2)
was: (3) to examine the crystallization of a (possibly) highly supercooled,

containerless melt of this composition,

The choice of the METGILAS 2826 composition was made for the following
reasons: (l) examination of the many candidate compositions indicated that'thé
prospects for success we:."e good, because of the high reduced glass temperatﬁre
(ratio of glass transition temperature to melting temperature); (2) the ferro-
magnetic metallic glass produced by roller quenching in the form of a '"tape'' has
been well characterized; it has not yet been prepared in bulk form, either by

water quenching or 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 conclusions,.
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
the glass transition temperature from metallic glass to crystalline solid(6),
This last result is of importance in predicting what glasses can be produced é,t"

lower quench rates {(~ 102 0C/sec) and hence will be discussed further below in

greater detail,



2.0 GROUND BASED EXPERIMENTS

2.1 SPECIMEN 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 1223°K (approximately) and a glass
transition temperature of 693°K (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 flight 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 adbpted 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 produce& 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
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Table I. Compositions Selected for Laboratory Inveétigations
with Melting Points

Composition

Fe3zN136Crl4P1 2B6 (2826A)

Fe?SMDZBZO (2605A))

Fe29Ni49P1436312 (2826B)

e40N140P14Bé (2826)

Co72Fe3PléB 6Az3

N oFe0B20

F

Fe,9Co10B20
F

€g3B17

The starred values listed for melting points T

T, (°C) +20°

940%
885"
94 0%
955

. 950

940%

94 0%

- 1050%

Tg were measured by the authors.

-4

T
_ £

paramagnetic at R. T, -

420

410

and glass temperature



the flight specimen; (3) to specify the chamber preparation, specimen insertion,
gas purification, and filling procedures for the flight 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 .t.he ECPP, its perforrriance would be different from that of the ECPP,
The functional operation of the experiment could be tested in the 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 detérmined. This is discussed below in the failure analysis,

where the experiment log summary is given.

Breadboard tests were conducted with specimens of the METGLAS 2826 com-
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 50% He and 50% A mixture, 100 torr Helium.

Analysis of the data from these tests showed: (1) that the specimen would
not cool in vacuo to 400°C within the 200 seconds allotted for the experiment;
(2) that the specin;xen would not melt in pure helium in the flight unit (using the
calibratior‘x factor); (3) that the 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 at Drexel University, conducted by the Principal
Investigator, had these objectives: (1) the preparation of metallic glasses;
(2) the characterization of their properties; (3) devising testing techniques to
characterize the gr.ound based and ﬂight‘ specimens (which are not tapes but bulk
specimens, spheroidal in shape). Resea.rch» was conducted in the following areas:
(1) the effects of hydrostatic pressure on the magnetic properties of metallic
glasses such as METGLAS.2826(5); (2) the glass-crystalé%ne phase transition

(6),

and properties at the transition of such metallic glasses’ '; (3) acoustic
emission generated during viscous flow of metallic gla.sses”). This work has
great relevance in predicting what magnetic glasses can be produced in bulk

a(®

form as propoéed. In particular it was foun that the viscosity at the glass
transition temperature (Tg) of METGLAS 2826 is about 108 poise, which is an
order of magnitude lower than observed at the Tg for non-ferromagnetic metallic
(8,9)

such as Pd

glasses This indicates that an important factor

77.5°16.5%%. 7°
is this viscosity as well as 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 are 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 METGLAS 2826 tape. B-H curves through a

closed magnetic loop were also obtained and the technique perfected for the
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ground base_& and flight specimen geometries, also an induction method was de-
veloped for use with the long thin tapes and also for use in certain measurements

of the bulk samples; (2) X-Ray Characterization. Back reflection and diffrac-

tometry were performed both at Drexel University and GE on METGLAS 2826 tape,
crystalline tape, and the ground based specimens, This would have served as 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 would have served as 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 hypothesis,

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{. tank
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 xﬁemo, appénded to this report, was issued August 30, 1977, 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

time.
Iv-7



CONC LUSIONS

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 specimén. The test
documentation should be improved to insure that the procedural error committed -
in final adjustment of the flight equipment is not repeated. Careful attention
should be paid to the fabrication of the flight specimen as discussed in Appen-
dix A. Testing of the performance of the flight unit (ECPP) should be conducted

with a flight specimen rather than #316 stainless steel specimens.

V-8



References

1, P. Duwez and S, C, H. Lin, "Amorphous Ferromagnetic Phase in
Ion-Carbon-Fhosphorous Alloys," J. Appl. Phys. 38, 4096 (1967).

2. Chen, H,S,., '""Glass Temperature, Formation, and Stability of Fe, Co,
Ni, Pd, and Pt Based Glasses, ' Mat, Sci. and Eng., 23, 151, (1976)

3, Gilman, J. J., ""Metallic Glasses, ' Physics Today, May 1975,

4, P. Chaudhari and D, Turnbull, ''Structure and Properties of Metallic
Glasses, "' Science, 199, 4324, 6 Jan. 1978, pp. 1l1.

5. Lin, S, C. H. and Duwez, P., Phys. Status Solidi,, 34, 469 (1969).

6. Liebermann, H., H. and Grahm, C. D,, Jr., IEEE Trans, Magn.,
12, 921 (1976).

7. Chen, H. S., "Thermodynamic Considerations on the Formation and
Stability of Metallic Glasses, ' Acta. Met. 22, 1505 (1974).

8. A. E, Lord, Jr. and P, M. Anderson, III, '""Acoustic Emissions
Generated During Viscous Flow of Metallic Glasses, "' Letters in Appl,
and Eng. Sci., Vol. 5, No. 5, pp. 335-339 (1977).

9. Anderson, P, M, IIl and Loxrd, A. E, Jr., "Demonstration of Phase
Transition and Properties of Metallic Glasses for Undergraduates, "
Am, 'J, Phys., 45, 12, (1977), pp. 260,



RESULTS OF LITERATURE SEARCH ON

Alloz

Ni

Feqq, 8N40, 4T 147

1476

Fe 1. 3Ny0,4F13, 756

Fey0.1M39,1F12, 286

Feig. 8MNi3g, 1F12, 156

Fes0.2N38, 2%, 5820

Fegy.8N30,.5714. 756

FegoNizoPag

Feq3P18B623

FersP16B643

Fe  P14Bhts

Fe,gP B85

Co,7 3P1 8B 6A£

Co 75P16B6A'z

Co 77P14B6A,(’,

Co,gPBeAts

(CogoFe,0)75F 168643

(CogoFes0lrs

" W W "

(Cos0Feg0l75

(Co,pFegglys

Fe gPBghls :

- APPENDIX A

GLASS FORMING COMPOSITIONS

Tg
(°€) Ref.
404 1
408 1
404 1
408 1
442 1
418 1
444 1
--- 2
——- 2
450 2
——- 2
——- 2
—-- 2
——- 2
470 2
457 2
456 2
462 2

Iv-10

Tx Ref,
412 1
418 1
417 1
418 1
451 1
423 1
455 1
415 2
427 2
445 2
445 2
479 2
399 2
381 2
392 2
477 2
479 2
472 2
452 2
427 2

T4

Ref,




A.llox

(Fe P B A£

80 zo)75 1656

(Fe oNijo)rs
1" "

(Fe oNigo)os

(Fe, o Nigy)ss

N17 5P 1 6B 6A£

(Ni.8 P B A.£

%0)75F 1686

(Nig,Co4g)es

(Ni

" 1"

40%%60'75

(Ni,Cogolrs

C?o7 5P1 6B 6A£

(Fe P _B AL

60 40)79 1276

(Fe oCoygly7P 14B6A2

60 %40'75F16BA%3

60° 40)7 3P18B¢A%3

80’ 20)33P17

(Fe
(Fe
(Pd
(PdgyNiyg)g, Py g

18119
( )a0F20
( }79F21
( )78F22
( )27%23
(PdgoNigo)gs P17
( )a2F18

{ )81P19

310

Ig_  Ref,
439 2
420 2
414 2
ar 2
427 2
437 3
447 3
457 3
467 3
319 © 3
317 3
314 3
317 3
325 3
334 3
339 3
311 3
311 3
3

Iv-ii

Tx Ref,
427 2
437 2
437 2
435 2
427 2
447 2
425 2
371 2
394 2
387 2
329 3
330 3
351 3
354 3
356 3
355 3
349 3
323 3
323 3

323 3

T4

Ref,




(Pdg o Nigo)gaF20,
( J79¥21
( )28%22
( J77F23
( )76F24
( )75F25
(Pd, ) NigolgaF1e
( Jg3Pyg
- )a2F18
( )g1P19
( )g0F20
( Y79%21
( )28F22
( 177523
(Ptso 1 0'80%20
( }27.7%22.3
¢ }25%25
(Pt sNiy5)g0F20
(PtooNigg)goP20
(PtgoNig o)g0Psg
(Pt oNigo)g0P20
(Pt30Ni70)80T20
(Pty o so’sopzo

315
320
331
342

353

327

321

327
32.9
335
348
349

207

207
207

207

222
247
267

277

297

v-12

Ref,
377 3
377 3
377 3
377 3
332 3
| "93':57 3
344 3
352 3
365 3
372 3
367 3
360 3

Ref,




Alloy
(Pd)goFy

(Pd P

80 20)80 20

(Pd, o Na0)g0F20

(Pd,oNeolsoF20

P

(szo 80'80F20

80 20

(PdggFe;c)goPa0

0% 20'80F20
75F%25)80F20

(Pd,  Fes4)g0F20

80Niz0)75F25

70™30)75F25

6040175 25

50Ni50)75F25

(®d

(Pd

(Pt
(Pt
(Pt
7 9.5 Cu 681

80P1 3B7

Pd8281 18

Pdg AU S, g

Pd,”. 5Cué)Sl. 16.5

16,5

Ag Si

Pdrg. 554845114 5

Pd818119

Tg_  Ref.
334 4
317 4
312 4
3:15 4
29 4
ErS
i '"3_-‘10 s
357 4
PR
T
339 4
-
--- 4
.229 4
247 4
%3 4
362 6
372 6
373 6
367 7
377 8

V-13

Tx Ref,
410 5
367 6
402 6
413 6

7

T4

Ref.




Alloy

Au8181 19

Au77Cre 1451 9

Fe,eP15C10

PteeSh oy

Pd8081 20

Nb,oNigg

Pd (pure)

N172P1456813A£5

N P14B7CA

Fe72P1665812A.1&5

Fe  Py5Cedy

Fere6T14.2%.2%%.25. 8

Fe 1P1:C484,

Feag, 5Nisg, 5F1g824%43

€38, 50Ni3g, 5T 4B A3

€38, 5735, 551484513

Fe  oNigoF148¢

Ni . 5P16Bgt%s

75:3F16P5, 78443

Fe29N149P14B 6A£2

F

F

Fesr.s

Ni

Tg Ref,
17 9
12 9
382 9
277 9
437 10
457 10
440 11
447 11
441 11
409 11
415 11
435 11
390 11
428 11
420 11
403 11

* Avg., melting temperature of components

% Eutectic

IV-14

Tx Ref,
5 9
24 9
347 9
212 9
394 9
697 9
442 10
432 10
467 10
454 11
457 11
451 11
426 11
434 11
449 11
400 11
441 11
437 11
431 11

T4 Ref.
36345
1127% |
32k

1077%

937** 9
1567%

6128%
1657%

827 9
1527%
114745
1837 |
1557%

9



Alloy

Feyg 5Nigg 5Pp0h43

Feyg 5Nisg 5F14B423

Fegg 5Nizg 5P 5B5443

Feyg 5Nisg 5F13B74%3

Fesg, 5Nz, 5P12Pe% 3

P B, AL

Feig, 538 5510510
Aug Gey g (Sig 4

Ang; 4Si1g. 6

N172P1837AJ&3

'N1;49Fe29P1456A£2

Fe76P16C4SJ.2A!&2

Fe, P. B .C

©80" 161 "3

Fe,78MozB20

Co72Fe3Pl6BéAﬂ3

Fe,oNigoP14P¢

3

405

412

413

415

416

418

442

403

457

100

440

390

400

Ref,

11

11
11
11
11

11

13
13
13

14

iv-i5

Tx Ref, T4 Ref,
352 12
363 12
434 13
431 13
461 13
(2605A))
(2826)




7.

8.

10,
11,
12,
13,

14,

Luborsky & Walter - J. of Applied Phys,, V47 #8, Aug. 76.

Coleman - Mé.terials Science & Engineering, 23 (1976).

Chen - Materials Science & Engineering, 23 (1976).

Chen - J. of Non Crystalline Solids, 18 (1975).

Yamauchi & Nakagawa - Jap. J. of Appl. Phys 10 (1971).
Leamy, Chen, Wang - Metallurgical Transactions 3 (1972),
Chen & Goldstein - J. Appl. Phys, 43 #4 (1972).

Barmatz &. Chen - Phys, Rev. B, V9 #10 (1974).

Giessen & Wagner -

Chen & Polk - J, Non-Crystalline Solids 15 (1974) 174.
Chen & Polk - J, Non-Crystalline Sblids 15 (1974) 165),
Chen & Turnbull - J, Chem. Phys. 48 #6 (1968) 2560,

Pampillo & Polk - Acta Metallurgica 22 (1974) 241,

Egami, Flanders, Graham - Proceeding Mag. & Mag, Mat, 1974,

IV-16



APPENDIX B

FAILURE TO MELT ANALYSIS OF
EXPERIMENT 74-49

AUGUST 30, 1977

TO: FRED A. REEVES/FA21
NASA-MARSHALIL SPACE FLIGHT CENTER
HUNTSVILLE, ALABAMA 35812

SUBJECT: FAILURE TO MELT ANALYSIS OF EXP 74-49

SUMMARY ¢ Evidence of incipient melfing 6n>the surface of the flight specimen
indicates that the melting températufe of the specimen was att;ined, but that the
net power, above radiation and>condudipnlosses, available to furnish the latent
heat of fusion was too.small to appreciably melt the specimen during the 118 second '
period of high power. This was due to a procedural error committed during the
performance of the ground based reference experiments. This led the Principal and
Co-Investigators to incorrect%y,conclude before the flight that éuffigient net power
would be available to heat and melt the flight specimen with the experiment pgckage
configuration used. | |

The pfocedural error committed was the performance of these experiments
utilizing a matching transformer having a different turns ratio than that of the
matching transformer used in the flight apparatus. This caused an increase of the
_heating efficiency of the breadboard apparatus above its nominal reference power
level. Had this error not been committed, it would have been realized that not
enough power was available to heat and melt the specimen during the.time available
in the flight unit with the particular chamber gas mixture and transformer turns
ratio employed. As it was, the specimen was melted in one atmosphere of helium in
the breadboard apparatus in the available time for helting. Applying the calibrated
power scale factor between the breadboard apparatus and the flight apparatus, then
led to the incorrect conclusion that the specimen wo;ld heat and melt with the

mixture of helium and argon used.
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MR. FRED A. REEVES _ “

PAGE TWO
AUGUST 30, 1977

The heating efficiency depends very sensitively upon the specimen
radius, and to a lesser extent upon its electrical resistivity. The fligﬁt‘
specimen is 3.58% smaller than the stainless steel (#316) calibration specimen .
used in testing the flight package. This was due to the lack of provision in .
grinding the specimen resulting in fléts. The maximum radius is 0.465 cm, the
minimum is 0.433 cm, and the average is 0.4445 cm (determined b& 10 micrometer .
readings). The stainless steel ball is precision ground with a radius of
0.461 cm. This reduction in size led to an estimated 16% reduction in absorbed
power.

The resistivity and temperature coefficient of resistivity of the
stainless steel material matches that of the flight specimen material to within -
»» 10% over the required temperature range. Further there is a void structure on
the equator plane with a string of voids running from the surface to the center.
These effects together led.to an estimated 87 reduction in power, éo that the total
reduction in net power to the flight specimen was 24%. This corresponds to a

calculated 45 watts absorbed power instead of the 59 watts expected.

The measured absorbed power in the flight specimen, from the flight

pyrometer data is 46 watts. Due to uncertainties in reading temperatures
accurately from the flight pyrometer data (because of uncertainties in specimen
emissivity), the absorbed power is uncertain to t 20%, so that the corresponding
absorbed power may be 46 : 9.2 watts. For a sphere of radius 0.4445 cm, the
estimated loss due to radiation and conduction through the chamber gas mixture at

950°C 1is 38 watts, for an emissivity of 0.8 (estimated from the appearance of the

specimen). Due to the irregular shape of the specimen this could be as much as 102

high so that the loss may be 38 + 3.8, -0 watts.
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MR. FRED A. REEVES/FA21
PAGE THREE |
AUGUST 30, 1977

In light of the above information, failure to melt in the allotted time
may be explained. ‘The absorbed power at 950°C was nearly equal to the radiatiom
- losses, leaving a negligible amount of available power for melting. ' The melting
time was greatly extended and, in the time allotted, 6nly incipient melting on the
surface was observed. This is in contrast to the situation planned for the
experiment, where 59 watts was estimated to be the absorbed power and the loss due
to conduction and radiation was 40;5 watts, leaving 18.5 watts available for melting.
Under those circumstances, mélting would have occurred in 43 seconds. A margin of
22 seconds was allowed to account for a 10%Z difference in absorbed power. 1In the
actual exberimént thg additional losses due to the undersize specimen, the slight
difference in resistivity, and the presence of voids, coupled with the uncertainty
in actual absorbed power added up to cause a failure to melt in the time allotted.
The recommendations to correct this situation so that failure to melt
shall not occur again are:
(1) Introduction.of a quench gas to cool the specimen after
melting instead of allowing this gas to be present from
the outset, which greatly reduces the net melting power
margin available.
(2) Insure that the turns ratio on the matching transformer
in the breadboard facility is the same as the flight
apparatus of each experiment by proper documentation.
(3) Fabricate flight specimens so that they have the correct
average radius instead of the correct maximum diameter

and eliminate voids.
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MR. FRED A. REEVES/FA21

PAGE FOUR
AUGUST 30, 1977

(4)

Perform some calibration tests with the flight specimen
in the flight apparatus. If it is determined that melting,A<h
is required, the flight apparatus would hgye to be
replaced prior to flight. An additional recommendation

is to calibrate the flight pyrometer for at least three ‘
points with any flight specimen material. These should be.
the’point where the flight pyrometer begins indicating,

the melting temperature and one point between these. That

will enable absorbed power and loss calculations to be

performed with much greater accuracy.

DR. ARTHUR E. LORD,  JR. J. WOUCH
Drexel University : General Electric Company
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APPENDIX C

GROUND BASED PREPARATIONS FOR EXPERIMENT 74-49

The 1aboratory test plan for ground based tests hsing the breadboard
processor and the flight processor was prepared on February 4, 1977 and had

the following objectives:
1 - Quantify the performance of the breadboard and the flight unit.

2 - Specimen mounting, clean up, pump down and back fill of breadboard

unit.
3 - Melting run using one of the ferromagnetic ground truth specimehs.

In implementing the.tests use was made of a 316 stainless steel specimen

exclusively in the flight unit because.it was the nearest material to the
Metglas alloy. The flight Metglas specimens were not available for test

during the flight unit preparation prior to delivery.

Breadboard tests were run using the same 316 stainless specimen used in
the flight unit 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 deéentering toward the coil of the magnetic spetimen duriﬁg
heating until the curie temperature is reached. Also, the final cooling calcu-
lations showed that Argon as used in the 74-48 flight would not cool rapidly
enough and if pure ﬁe]fum was used the specimen may not melt in the flight
unit, These tests were all done with the grouhd truth Amorphous Ferromagnetic

specimen.
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TEST SEQUENCES

Jan.

Jan.

Jan.

Jan.

Feb.

Al

Feb.

Feb.

18, 19

21-23

25

26

1

Black Body‘tests of spIid state radiometer

Flight unit tuning, Toading and trimming of servo using

- 316 stainless ball, 0.92 CM dia.

316 S.S. heatfng test, flight unit; 1 ATM Argon, 1 ATM

Helium. Recorded solid state radiometer.

316 S.S. heating tests recording heat sink temp., water
temp., and solid state radiometer. 1 Torr Argon, 1 Torr

Helium (T.C. gauge pressure).

Final flight unit test, no specimen, recorded all T/M lines.

further tests were with the breadboard set-up.

4

n

316 stainless ball, 0.92 CM dia. heating and cooling
tests, 1 ATM Helium, 1 ATM Argon. 12:5 matching trans-

former turns ratio.

316 stainless ball, heating and cooling, 10 Torr Argon,
two tests, first with 11:5 turns ratio and next with 12:5
turns ratio on the matching transformer. Proper match was

12:5 ratio*.

* Heating was 15% better at 11:5 but amplifier was saturated so servo would

Feb.

11

15

not damp adequately at high power.
Feb.

316 run with 10 Torr Helium, 12:5 turns ratio on matching

transformer, heating and cooling test.

Calculation of relative average heating power, breadboard

and flight unit.

At this point (from Feb. 11 to Feb. 17) the breadboard was being equipped
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for testing the Metglas alloy. No further tests were made using 316 stﬁihé
less material. Immediately, difficulties arose which we found were due to
the magnetic properties of the Metglas alloy. Initial loading was severely
‘mismatched and there was fear the low amplifier efficiency would cause over-
heating. Experiments were made by varying the transformer turns ratio to
try to improve the match. Finally, it was determined that the time to reach
the—curie temperature was nbt Tong enough for the amplifier to overheat and
that the match would have tq be what was originally determined by the stainless.
At this point the 12:5 ratio was supposéd to have been restored. Subsequent
post flight review of the breadboard equipment disclosed the transformer was
marked 12:5 ratio but an actual turn count showed 11:5.

The conc]usibn is that all tests with the Metglas alloy were done with the
.1]:5 ratio and its 15% higher heating capability.
Feb. 17 Heated the 2.95 gm Metglas ball to melting.

Mar. 8,9 Replaced defective D.C. to D.C. regulated power supply in flight

unit and retested without specimen.
Apr. 18 Breadboard heating test, Metglas alloy, vacuum

Apr. 25 Breadboard heating and cooling tests, Metglas vacuum, 100 Torr

Helium, 760 Torr Helium, 100 Torr Argon, 760 Torr Argon

Apr. 26 Breadboard heating and cooling test, Metglas near coil top,

50% He, 50% Ar Mixture
May 5 Breadboard heating tests, Metglas, vacuum, low battery voltages

May 6 Breadboard heating and cooling tests, Metglas, 760 Torr Helium,
100 Torr Helium

May 6 Breadboard melting of Metglas specimen, 100 Torr Helium
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No further tests were performed until after the 74-49 experiment flight
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SECTION I

INTRODUCTION

This report 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). 1In 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).
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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 acoustical 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
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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.

Study the natural resonant frequencies and damping mechanism

of drop oscillation. The resonant freauencies and the damp-
ing mechanism have been calculated. This experiment will
allow comparison of observed and calculated values.

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.
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SECTION 3

APPARATUS AND OPERATION

This study utilized the existing acoustic levitation rocket
instrument described in AO:0A-76-~02 with no modification for the first
flight experiment and minor modifications for subsequent flights. Three
rocket flight experiments in a two-year period are planned. The first:
rocket flight experiment took place on June 21, 1977. K »

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 liquid 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 %, 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. Trilazial hAecouverical Levitation Resonance Chamber
{(without orthogonal view windows and housing)

yv«'éc )



750-133

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-
tion ceases.

Calculation of the acoustic pressure on the drop is simplified by
the fact that the characteristic impedance of the liquid pgcq 1is very
much greater than that of the gas pc: pycy (107 cgs)/pc (V40 cgs)/
= 103 where pp and p are the density of liquid and gas, respectively,
and ¢y 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

<AP> = (P2/20c%) - (1/2)0 (02) (1)

where P is the excess acoustic pressure, ﬁ 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

Wyt t

i iw
= y
¢ ¢x cos (kxx)e + ¢y cos (kyy)e

iw,t
+ os (k z)e 2,
9, ¢ ( . ) s

where ¢x,y,z are the complex velocity potential amplitudes of standing
waves of frequency We,v,z and wave number kxyygz’ The particle .
velocity U, by definition, is U = V. The pressure is given by P = -po.
With only one of the three drivers on (¢4 = ¢y = (), the resulting
expression for the radiation pressure is

2 .2
pkz ¢Z
<‘AP>z = ———3——w cos 2kz z

The node is a plane (z = %,/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. .

V-5
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B. OPERATION (ROTATION AND OSCILLATION 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/secZ (10-4 g), and the quality factor (Q) (defined as w/2Aw) of
the acoustic chamber is 25:

(1)

(2)

(3)

Newton's equation for the motion of a water drop in an
acoustic pressure field is f <AP> ny dA = py - 10-4 g -
(4/3) ma3. In the limit of ka <1, this has been calculated
by King (10) to be (P2/2pc2) sin 2 kx - 2ma3 . k - (5/6) =
Py ° (4/3)1a3 ¢« 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 104 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 (Fg) that acts on the water drop
is two orders of magnitude larger than the acoustic force
(Fa): Fs/FA = (g ¢ 2mr)/ (S <AP> - n, ° dA) ~ 100.(8)

If the amplitude of the foregoing 134-dB acoustic wave is
modulated at a given frequency w,, the drop experiences a
modulated force Fo = f <AP> ny dA = (V1 dyn). When wg
matches the normal osc1llat10n modes of the drop given by
w% =n (n-1) (n+ 2) (6/pa3), the amplitude A of the
oscillation, assuming potential flow inside the drop, can
be as large as [A| = |Fo/(iwg My ° Bn)l = (v1 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.

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 rad/sec,
exceeding the maximum rotational velocity (10.1 rad/sec)
required for this experiment.
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C. FLIGHT 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 return 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 Vee 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 I/0 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.
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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
yvielded normal exposures with good resolution. Blowing cigar smoke
into the field of view caused light scattering similar to that observed
in the £flight £ilm, 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
0il 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 o0il 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.
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Ce 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.

V-9
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SECTION 4

DATA ANALYSIS

A. INTRODUCTION

factors:

(1)

(2)

The data analysis described below is rendered difficult by two

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 eventg is
given in Table 4-1. The last 29.6 sec of free oscillations
are analyzed in this report. ' o

Silicon o0il remnants were inadvertently left in the acoustic
chamber, giving rise to foggy images throughout the flight.
0f 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

(sec)

Event

100.0 Injectors start deploying
100.4 Injectors complete deploying
105.1 Liquid first appears

121.7 Injectors start retracting
129.4 Injectors complete retracting

130.0 . Acoustic field turns off

Drop begins drift to wall

159.6 _ Impact on wall

v-10
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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

V-i1
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(a circle in the present case; generalization to ellipse can be done
easily when needed) was readily handled by the following nonlinear least
square procedure. ‘

The numerical problem is the following: given the coordinates of
N point (xj, y{)> 1 =1, ..., N, what is the circle closest to these
points in the least square sense? The quantities to be determined are
X0, Yo (the coordinates of the center), and R (the radius of the circle).
The deviation of each point from the circle is:

_ 2 2
51‘\/“‘1“"0) + (-9 - R

and the quantity to be minimized is

b

gives the following nonlinear system of equations in Xg» Yoo and R:

£ G 70 B = 9 WV Gy - w7 + Gy = 30" - ®)

N
i=1

X, = X

. i 0

R R N A

V-12
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E. COLINEARITY EQUATIONS: SOLVE FOR (xo, Yoo zo)

o}

m : m
(Xn xos Yn yO, zn - zo) X (xo X, }’o - Y zo) =

X =X,V - z -z X x° z 2] =
n o’ n " Yo’ %n o] X \%o » Vo2 %

o)

These yield four independent equations:

_ y Yn . _ m
0 z o} y
n
m
x - xn m
x + z = X
o 2 o
n
s
z - 2~ s
y +z = z
Ve~ o o)
n
s
X -XH s
x + y = X
[+ y»ﬁ. (o]

Have four equations in three unknowns: Use least squares method, i.e.,
have a system

Ax3 Zax1 T Jaxa

Since the coefficients in A and y are experimental values, the
equations are not necessarily consistent: for a given choice of x (say
that determined from the first three equations alone), it is necessary
to write ’

+r =y

V-45
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where r is the residual vector._ The least squares solution for x mini-
mizes 11 ¢ 12 = r12 + 122 + r32 + r42, This solution is obtained by
solving (see Noble, Applied Linear Algebra p. 39 ff)

T atax = Al

~

Writing in matrix form, the system to be solved is:

Ym -y
z 0 1 . 2 v
n
| - x %o
i 1 0 z = " i
| n Yo = d ;
S
z - Z~ z s
0 1 o 2
YA
> S ) ) .
X - X~ ) s H
: 1 0 ‘ \ X /
YA
f y -y
0 1 a
Z .
n
X - X
1 0 o
z N
A = ) o
S
Z - Z'ﬁ
0 1
YA
s
X - Xa-v
1 0
6

V-46
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/ 0 1 0 1
8
zs-z~ X = Xa
n n
AT - 1 0 Y5 5
ym y xm X
& B n 1 0 /
4 4
n n
x® - = - x
2 n
YE L
8 2 8 2 —n s
x - X = X~ z2 - 2 y -y Z° = 2
1+( 3)4-( E) L1 a
Y3 g 5 n Y3
x'--x ym-y zZ° - Z~ r - x 2 y"-y
—_—‘l n.._ —= 1+ vx_‘. + 0
z z Y~ z z .
n n n n n

xm + xs \
xs - KXo zs - Z
s n [ n m
T X Y~ + z — +y
Ay = n A
xm-x ym—y
\ xm n + ym n + zs/
z z
n n
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F. DATA FITS
1. Least Squares Fit.
"It is desired to fit data in a least squares sense to Equations of

the form:

. . a2
x(i) = so + v, t(l) +;% a t(i)

This can be expressed in the form Ax = y:

o)

N
t
~
'—I
~
N
"
——
wn
o
s

1
L@ 1 @ | (2)
1 ¢t Et X
v =
o
(13) 1 (132 (13)
1 t 2 t a X
. s s . T, _ T
The solution is given by solving A"Ax = A ¥ i.e.,
2
1 1 oo 1 2 s 1
2 1. @ o 1 1
N C T 2 | R LD L@ Lan || =@
v = cee
2 2 2 : : . [
ARSI TALANES PN B N -\, %tuf %caﬂ L %tunz
1 13 %t(n) La®
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1 _ . @D

Note: Let -t =.tDATA - 130.0
W 1 W W
13 ,Z‘nm 130 3 Z (tDATA 130) s x
; /
2/ 3
V W 15[ _ ) @ (.0
,ZtDATA 130, 3 Z (CDATA 130) Y Z" (tDATA
V. /
i 7/ 1 (1) 4 1 W (.0
% Z (tDATA - 130) a 2 Z ¥ (tDATA

Matrix is symmetric, therefore the lower left is not written.

The residuals are given in Table A-6.

a. X~-direction Solution
3
13 194.4 2013.43 s 3
X
° 48
194.4 4026.86 46737.342 v =
X 48
o
2013.43 46737.342 577150.6462 a 504
X
503
s = 2,30 inches
X
o
v = 4,45 X 10—3 inches sec_l = 1.13 x 10-2
%
a_ = 3.56 X 10% inches sec?> = 9.05 x 10°°
= 0.923 x 100
b. Y-direction Solution
13 194.4 2013.43 s 3
Yo
194.4 4026.86 46737.342 v = 57
' Yo
2013.43 46737.342 577150.6462 ay 625

V-49

- 130)

2
- 130)

1.48
1.43
1.78
0.908
4.3358
6.3901

cm sec

cm sec

g

5.04
8.318

0.2271
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[} = 2,03 inches
Yo
- -2 . -1
v = 3,53 X 10 © inches sec =
Yo
-4 -2
ay = 8.93 x 10 inches sec =
c. Z-direction Solution
13 194.4 2013.43 s
-194.4 4026.86 46737.342 v

2013.43 46737.342 577150.6462 a,

s; = 2,17 inches

vv = =1.64 X 10.-2 inches sec_l

a = =2,91 x 10_3 inches sec—2

-2

2. Linear Fit.

Try a linear fit: x = §, t v, (t-130.0)
1 D

R 1
ST C RS |
1

13 Z(c“)-no) s
o Z(c“)-lso) Z(c(”-no)z

Zx(i)

TR ®
B (E:xu)

( 13 194.4 ) s,
194.4 4026.86 (; )

[+]
The residuals afe'given in Table A-7.

V-50

-130 ,

. 8, : 1 cee
(13; v |7 le®ase ...
e ?e30f\ ©
[+
v, pIE (:(”—130)

8.96 ><‘10'-2 cm secml

2.27 x 1073 cm sec”

2.32 x 1078 ¢

19.23

220.881
o .
1934.73695

-4.17 % 10“2 cm sec“1

~7.39 % 10-'3 cm sec-2

~7.54 x 10°° g

<D

1
L(13) :
B A WET

-

o)
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X-~direction Solution

13 194.4 s 13.43
%%
194.4 4026.86 v, 480.908
X
so = 2,27 inches
X
- -1
vo = 9,74 10 inches sec
X '

Y—direction Solution

13 194.4 s, 35.04
y
194.4 4026.86 v, 578.318
y
so = 1.97 inches
y
-2 -1
v,oo= 4.85 x 10 © inches sec
y

Z-direction Solution

13 194.4 \ [s 19.23
0Z
194.4 4026.86 [\ v 220.881
oZ
s = 2.37
o
z

-5.96 X 10“2 inches sec_l

<
L]

V-51
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Try fitting to a cubic:

1 )
2 3
('(l)_l”) . (:‘“‘)-xw) 1 (:‘"-no) %(t"?-lao) %(:‘”-no)
2 2
1 (-‘"-nn) -.‘;(:‘”’-uo)
) 2 3
\2 (,m_uo)’ ‘l;(‘(n)_”o)’ 1 (c“”-uo) i (:“”-130) : (z“’-no)
2 3
13 IZ(c“’-no) {,2(;“’-130) i 2(:‘”-1:0) s,
; 2 3 4
O § T L Ef0-s) |,
S 1 e 0_50) 2 _. )
P e 2 t —llo) '1-22 t -130) a

T

1 e 1
(:")-uo) (c“”-no) x
2 2
1 1 ( an )
3 (t 230) g t ~130

3 \x
3 L {.an )
! (t(n_”o) o d (z -130

p I (z(“-lm)
i SO ( T )2
IR ARNEY I B

19.23

220.881

snewTRIC ( 6 3

1 I ) 1 I ( I )

13 a0 b P DEAL (ALY
13 195.4 2033.43 15,579,114 Yone1 \ Y .04
1955 W02.8 46737342 38,767.0075]] v 480.908 578,318
2003043 46,737,332 577,130.6662 4,937,154.457 fla 5036.3901 6250.227

15,579.14 184767.0075 4938154.457 43,369,392.74 b 39240.4063]

The residuals are given in Table A-8.

‘X—direction Solutions

s, = . 2.30 inches
Qé = 4,17 x 10-3 inches sec-l
= 4,06 x 10”4 inches sec-2
b/ = ’-3.40 X 10“6 inches sec—3
b. Y-direction Solutions
s, - 2.02 inches
v, = 3.93 x 1072 inches sec™!
a = 1.78 x 10-4 inches sec”2
| b = 4.85 X 10-5 inches sec_3

V=52

49605, 20266

1934.73695

13241.81273

(1)

(13)
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L I Z-direction Solutions

2.14 inches

/)]
]

v. = «4.87 x 1074 inches sec™1

3 inches sec"2

3

~5.72 x 10

[
L}

1.91 x 10-4 inches sec

o
]

4, COMPARISON OF FITS

Note: These fits have been done without any weighting according
to the uncertainties of the initial data in Table A-1. ;

a. Parameters.
Linear Quadratic ‘ Cubic °
| 2.27 2.30 2.30
I]’:g:;i‘:in : (1'97 2.03 2.02) Inches
2.37 2.17 2,14
Velocity 1 4.85] x 10 2 3.53]x 10_2 3.93 X 10..2 ;:zhes/
-5.96 -1.64 . f0.0S :
0.36 A ‘0.41\ , oy
Acceleration -~ ( 0.89 | x 10_3 v 0.18)>< 1073 ;::Eesl
-2.91 =5.72 E
ngn _— — ; -0.03 .
| 0.49)x 107* ::22"’
0.0195 0.0140 - 10,0142
0.0369 0.0126 0.0113
0.1172 0.0286 0.0201

b. . Residuals

zla, |?
X
N-1

where

"V-53
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C. Conclusions

The value VI|Ay|2/N-1 is a measure of "goodness of fit" of
the polynomials to the observed coordinates; the cubic appears slightly
better than the quadratic but this 1s not surprising since there are
more parameters to adjust. Consequently, on the assumption that the
acceleration did not change over the 30-second timespan of interest,
the values for velocity and acceleration from the quadratic fit have .
been chosen for report. The reported values are the vector magnitudes.
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MAIN VIEW

N

%

\\

74

SPEAKER DESIGNATIONS [, 11, 111 ARE ARBITRARY

SIDE VIEW

SIDE VIEW APPEAR SMALLER
BECAUSE IMAGE IS FARTHER AWAY

Figure A~l. Screwhead Coordinate System
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DATA
S =229 IN. £0.005IN.
2 = 2.500 IN. £0.005 IN.
Po= LI25ING 0005 N, @) L
SPECIFIED ON
BLUE POINT

SCREWHEADS 1,2,3 (XY PLANE: Z =0)

COORD (X,Y,2)
SH.1 [ (3~ 0) (1,125, 2.25, 0)
a,r 8.3  (2.8125, 3.2243, 0)
SH. 2 (-3-!-5,-2-4-—2—, 0)
SH. 3 (£+_L,_1_I_@' o) (2.8125, 1.2757, 0)
2 22 2
} -
- a
|
X
g 1
! 'SPKR |
SCREWHEADS 4,5,6 (XZ PLANE: Y =0) z )
COORD (X,Y,2)
sH. 4 | (5, o,—§-+ r) (2.25, 0, 3.625)
5-2L, 020
sH.5 |22+ %77 (1.2757, 0, 1.9375)
SH. 6 (-;-+$, 0,3-5%) (3.2243, 0,1.9375)

SCREWHEAD 7,8,9 (YZ PLANE: X =0) SPKR 1 Y‘Zﬁ
COORD (X,Y,2)
SH. 7 (o,—;—,-zb-n) N

Figure A-2. Coordinates of Screwheads in (x, y, z) Frame
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~HANDED
VIEW LOOKING DOWN LEFT ’
TOWARDS SPEAKER 11l FACE NOT RIGEI HANDED
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o
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7 N\, 7
4 /,
N 47
N \
Y
A\
MIRROR /4/ \,‘% \
IMAGE /
7 \
IN TILDED 8
FRAME

/ \ X n
(é~) ﬁv)

[ AcTUAL
CHAMBER

— o —

l
'7\\
Z\ & ,’
I
- §'
A "
<y @
2Q\ 2
\ & |
\ 2!
o| |
I
]
\.;
\!
Y(XN’YN'ZN)
(X .Z-ﬂ)

Figure A-3. View Looking Down Towards Speaker III Face
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0.5
0.0
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Table A-~1.

750-133

SPAR Drop Trajectory Calculation Trace Data

Main View

Data

2 Frame

Time X1 X2 X3 X Z(Axi) Oy o #
130.0 45,5 46.5 45.5 45,8 0.67 0.6 0.3 3174
132.5 43.5 43.5 44.0 43.7 0.17 0.3 0.2 3295
135.0 42.0 5 43.0 42,5 42,5 0.50 0.5 0.3 3416
137.5 41.5 40.0 40.5 40.7 1.17° 0.8 0.4 3537
140.0 38.0 38.0 37.0 37.7 0.67 0.6 0.3 3659
142.5 35.5 36.0 35.5 35.7 0.17 0.3 0.2 3780
145.0 34.5 ¢« 36.0 35.0 35.2 1.17 0.8 0.4 3901
147.5 32.5 © 33.5 33.0 - 33.0 0.50 0.5 0.2 4023
150.0 31.5, 31.0 32.0 31.5 0.50 0.5 0.2 4144
152.5 30.5 ~ '30.5 ° 32.0 31.0 1.50 0.9 0.5 4266
155.0 29.5 30.5 29.0 -°29.7 1.17 0.8 0.4 4387
157.5 27.5 28.0 28.5 28.0 0.50 0.5 0.2 4508
159.4 26.5 °25.0 26.0 25.8 1.17 0.8 0.4 -4601
_ 2 Frame

Time Y, Yy Y4 Y ‘ Z(Ayi) OY o? #
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

: 2 2
. _ % (Ax) _ L {(Ax)
NOTE: o = TR o= JN(N-—l) '
AX =x - x Frame # = 0 at start of foggy portion
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Table A-1. SPAR Drop Trajectory Calculation Trace Data (Continued)

Side View
Data

_ 2 Frame
Time My My u3 n Z(Aui) ou Gﬁ' #
130.0 -17.5 -24.0 -17.0 -19.5 30.5 3.9 2.3 3174
132.5 -18.0 -18.0 -16.5 -17.5 1.5 0.9 0.5 3295
135.0 -18.5 -18.5 -18.0 -18.3 0.17 0.3 0.2 3416
137.5 -16.0 -14.0 =-16.0 =~15.3 2.67 1.2 0.7 3537
140.0 -10.0 -11.5 -11.5 -11.0 1.5 0.9 0.5 3659
142.5 -8.0 -8.0 -9.0 -8.3 0.67 0.6 0.3 3780
145.0 -4.5 -3.5 -2.0 -3.3 3.17 1.3 0.7 3901
147.5 3.0 2.0 2.5 2.5 0.50 0.5 0.3 4023
150.0 5.0 8.0 9.0 7.3 8.67 2.1 1.2 4144
152.5 14.5 14.0 13.0 13.8 1.17 0.8 0.4 4266
155.0 19.0 22.0 19.5 20.2 5.17 1.6 0.9 4387
157.5 27.0 30.0 29.5 28.8 5.17 1.6 0.9 4508
159.4 32.5 32.5 32.0 32.3 0.17 0.3 0.2 4601

_ 2 Frame
Time vy vy Vq v Z(Avi) cv. ov | #
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 3537
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

2 2
. = /2_@&_ I DAY’
NOTE: o N-1 %m = N N@N-D)
AX = x = X Frame # = 0 at start of foggy portion
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Table A-2. Drop Center: Transformed "Apparent"* Coordinates (in inches)

Time Frame = ym ’ x> 2®

130.0 3174 2.06 1.59 2.13 2.19
132.5 3295 2.06 1.70 2.10 2.14
135.0 3416 2.11 1.84 2.14 2.15
137.5 3537 2.13 1.97 2.21 2.00
140.0 3659 2.14 2.12 2.13 1.88
142.5 2780 2.18 2.29 2.18 1.75
145.0 2901 2.25 2.44 2.19 1.56
147.5 4023 2,29 2.61 2.20 1.34
150.0 4144 2.34 2.78 2,22 1.15
152.5 4266 2.42 2,93 2.23 0.90
155.0 4387 2.47 3.08 2.29 0.63
157.5 4508 : 2.54 3.29 2.28 0.31
159.4 4601 2.56 3.43 2.30 0.17

*Apparent = not corrected for parallax effects.
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Table A-3a. Screwhead Coordinates, Main View, (x,Y) Axes

Screwhead Center #1 (x,v) = (0,0) By Choice

Screwhead Center #2

Time
Ref.  X(Ts1) X(TS2) *(TS3) Yers1) Y(rs2) Y(rs3)
130.0 37 39 38.5 67 66.5 67
132.5 . 39.5 39 39 , 67 66.5 67
135.0 40 39 38 66.5 68 67
137.5 39 38 40 67.5 66.5 66
140.0 38 38 39 67 67 66.5
142.5 39 38.5 39 66.5 67 66.5
145.0  37.5 38 38.5 67 66.5 67.5
147.5 38.5 38.5 38 67 67 66.5
150.0
152.5
155.0 No Data No Data
157.5
159.4
¥ (TS1) X(TS2) x(TS3) ¥(TS1) «¥(TS2) «F(TS3)
38.56 38.50 38.75 66.94 66.88 66.75
—SH2 _ —SH2 _
Xpor = 386 Tpor = 669
o = 0.7 o = 0.4
X Y
0-SH2 = 0.1 v— = 0.1
XTOT - YroT
Screwhead Center #3 vy = 0 By Choice
Time , Time
Ref. x(TS1) x(TS2) x(TS3) Ref. x(TS1) x(TS2) x(TS3)
130.0 78 79 78 147.5 78 78 77.5
132.5 79 78 78.5 150.0 78.5 78 78.5
135.0 79 79 79 152.5 78.5. 78.5 79.5
137.5  79.5 78 79 155.0 79 78 - 79
140.0 78.5 78.5 78.5 157.5 77 78.5 78
142.5 78 77.5 78.5 159.4  77.5 77 78
145.0  77.5 78 79 - o —
: (TS1) X (T82) x(TS3) -
e (W \ . X

78.31 78.15 78.54
XTOTSH3 = 78.3

c— —
0.6 XToT SH3 = 0.1

oXSH3
*TS = Trace Set
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Table A-3b.  Screwhead Coordinates - Side View - (u,v) Axes

Screwhead Center #4 v = 0 By Choice
Time " Time
Ref. u(TS1) wu(TS2) u(TsS3) Ref. u(TS1) wu(TS2) wu(TS3)
130.0 -58.5 -62 -59 147.5 -~59.5 ~60.5 -59.5
132.5 -=-58.5 -62 -57.5 150.0 -61 ~59 =59
135.0 -59 -60 -59 152.5 -59 -59 -59.5
137.5 -60.5 -58.5 -59.5 155.0 -60 -59.5 -60
140.0 =59.5 -57.5 -60 157.5 -58.5 -60.5 -58.5
142.5 -59.5 -61.5 -60.5 159.5 -60 =64 -61.5
145.0 -=59.5 —6€£f -58 T(TS1) T(TS2) T(TS3)
L L. -59.46 -60.35 =59.35
USH4 = -59.7
o SH4 = 1.3
u
o] = 0,2
uTOTSH4
Screwhead Center #5 (u,v) = (0,0) By Choice

Screwhead Center #6

Time
Ref. u(TS1) wu(TS2) u(TS3) v(TS1) v(TS2) v (TS3)
130.0 -=27.5 -35.5 ~27.5 52 51.5 52
132.5 =29.5 -29.5 ~-28 51.5 52 51
135.0 -29.5 -29 -29 .54 54.5 52.5
137.5 -30.5 -28.5 -29.5 51.5 51.5 52
140.0 -28 -28 -28 51.5 51 51
142.5 =29 ~-28 -28.5 52 50.5 52.5
145.0 -32 ~28 -28.5 51.5 52 51.5
147.5 =32 ~29.5 -28.5 52 ¢ 52 52
150.0 -30 -31 =27 50.5 51 51.5
152.5 -28 -28 -31 51.5 50 51
155.0 -28 -26 -29 52 52 53.5
157.5 =27.5 =30 -26.5 50.5 51 52
159.4 -27.5 =29.5 =27.5 52 51.5 51
u(TS1) u(TS2) TW(TS3) V(TS1) ©V(TS2) +V(TS3)
-28.92 -29.27 -28.35 51.73 51.57 51.81
TOT(SHS) = ~28.8 , TOT(SHS) = 51.7
ou(SHS) = 1.8 ov(SHS) = 0.9
O— = 0.3 = 0.1
TOT(SHS) TOT(SHS)
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Table A-4. Summary -~ Screwhead Center Coordinates

Main View (x,y)

SH #1 (0,0)
SH #2 (38.6 0.1, 66.9 $0.1)
SH #3 (78.3 0.1, 0)

Side View (u,v)

SH #4 (~59.7 0.2, 0)
SH #5 (0,0) :
SH #6 (-28.8 #0.3, 51.7 $0.1)

(See Tables A-3a and b for details)
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Table A-5. Positions (Without Iterative Correction) - (Inches)

G9-A

Time
-130.0 Time At Frame X, Axo '(xo-2.30)~ Y, Ayo (yo—2.03) zg Axo (.20—2.17)
0.0 130.0 3174 2.30 . 2.03 2.15
2.5 132.5%°° 3295 2.2970-01 5 01 2.119°98 4 08 2.10°0-%  _g.07
5.0 135.0%°° 3416 2.33 9:0% 4 03 2.23%-12 .20 2.11 901 g 06
7.5 137.52°° 3537 2.37 904 4 07 2.319-98 427 1.9870-11 .19
10.0 140.0%*° 3659 2.3670-03 5 04 2.43%°12 g 40 1.877%- 1 0,03
12.5 142.5%°> 3780 2.37 -0 907 2.55°12 052 1767016 g1
15.0 145.0%°° 3901 2.41 904 411 266211 0.63 1.6070-16 g 57
17.5 147.5%°° 4023 2.42 901 512 2.79%-11 .76 1.4279-18 5.5
20.0 150.0%°° 4144 2.45 903 g5 0 2.92%13 o.89 1.2670-16 991
22.5 152.5%2°° 4266 2.49 99 .19 3.04%°%2 101 1.06%20 111
25.0 155.0%°> 4387 2.53 0-04 4 53 3.16%°1%2  1.13 0.8470-22  _1 33
27.5 157.52°° 4508 2.56 9°93 .26 3,308 1 5 ©0.5979-2 ;.58
29.4 159.41+9 4601 2.57(0:0D) 4 oy 3.47(0-13) ;1 44 0.49¢0-10) _; 48
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Table A-5. Positions (Without Iterative Correction) - (Inches) (Cont.)

xo-2.30 yo-2.03 zo-2.17
t-130.0 t-130.0 t-130.0 t-130.0
0 - - -
2.5 -0.004 0.032 -0.028
5.0 0.006 0.04 -0.012
7.5 0.00933 0.036 -0.0253
10.0 0.004 0.04 -0.0300
12.5 0.0056 0.0416 -0.0328
15.0 0.00733 0.042  -0.038
17.5 ' 0.00686 0.0434 ~-0.0429
20.0 0.0075 0.0445 -0.0455
22.5 0.00844 0.0449 -0.0493
25.0 0.0092 0.0452 -0.0532
.27.5 0.00945 0.0476 -0.0575
29.4 -0.0571

0.00918

0.0490
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Table A-6.

Residuals for 2nd Degree Fit

Y = 2.03 + 3.53 x 1072 (£-130.0)

X =2.30 + 4.45 x 10-3 (t~130.0) 2.17 - 1.64 x 10.2 (t~130.0)
1 - 2 1. -4 . 1 -3 2
+ 5 X 3.56 x 10 ° (t-130.0) +5 X"8.93 X 10 * (t-130.0) -5 X 2i91 x 10 © (t-130.0)
Calculated Calculated Calculated

t-130.0 Data: Value IA*1 Data Value lAyl Data Value jagz)

0.0 2:305 2.30 0 ) 2.03 2.03 -0 ) 2.15 2.170 . 0.020

) 2.5 2:29 2.312 0.022 2.11 2.121 0.011 2.10 2.f20'A‘ 0.020
’?: 5.0 2.33 2.327 0.003 2.23 2,218 0.012 2.11 2.052° 0.058
’ 7.5 2.37- 2.343 0.027 2.31 2.320 0.010 1.98 1.965 0.015
10.0 2.34 2.362 0.022 . 2.43 2.428 0.002 1.87 1.861: 0.009

12.5 2.37. 2.383 6.013 2.55 2.541 0.009 1.76 1.738 0.022

T: 15.0 2.41 2.407 0.003 4 2.66 2.660 0.000 1.60 1.597 ‘ 0.003
Eg 17.5 2.42° 2.432 0.010 2.79 2.784 '0.006 1.42 1.437 0.017
20.0 2.45 2.460 0.010 2.92 2.915 0,005 1.26 1.260 0.000

22.5 2.49 2.490 0.000 3.04 3.050 0.010 1.06 1.064 0.004

25.0 2.53 2.523 0.007 3.16 3.192 0.032 0.84 0.851 0.011

27.5 2.56 2.557 0.003 3.34 3.338 10.002 0.59 0.619 0.029

29.4 2:57 2.585 0.015 3.47 3.454 0.016 0.49 0.430 0.060

xla |? R

N1 0.0140 0.0126 0.0286

(N-1 = 12)
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Table A-7.

X = 2.27 + 0.00974 (t-130)

Residuals for Linear Fit

y = 1.97 + 0.0485 (t-130)

z

= 2.37 = 0.0596 (t-130)

: Calculated Calculated Calculated
t~130.0 Data Value [8,| Data Value lAy' Data Value |Az|
0 2.30 2.270 0.03 2.03 1.970 0.060 2.15 2.370 0.22
2.5 2.29 2.294 0.004 2.11 2.091 0.019 2.10 2.221 0.121
5.0 2.33 2.319 0.011 2.23 2.213 0.010 2.11 2.072 0.038
7.5 2.37 2.343 0.027 2.31 2.334 0.024 1.98 1.923 0.057
10.0 2.34 2.367 0.027 2.43 2.455 0.025 1.87 1.774 0.096
12.5 2.37 2.392 0.022 2.55 2.576 0.026 1.76 1.625 0.135
15.0 2.41 2.416 0.006 2.66 2.698 0.038 1.60 1.476 0.124
17.5 2.42 2.440 0.020 2.79 2.819 0.029 1.42 1.327 0.093
20.0 2.45 2.465 0.015 2.92 2.940 0.020 1.26 1.178 0.082
22.5 2.49 2.489 0.001 3.04 3.061 0.021 1.06 1.029 0.031
25.0 2.53 2.514 0.016 3.16 3.183 0.023 0.84 0.008 0.040
27.5 2.56 2.538 0.022 3.34 3.304 0.036 0.59 0.731 0.141
29.4 2.57 2.556 0.014 3.49 3.396 0.074 0.49 0.618 0.128
ZIAXIZ
ol 0.0195 0.0369 0.1172

(N-1 = 12)
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Table A-8. Residuals for a Cubic Fit

X =2,30 + 0.00417 (t-130.0)

Y = 2.02 + 0.0393 (t-130.0)

Z = 2.14 - 0,000487 (t-130.0)

~+ 2 0.000406 (t-130.0) + 3 0.000178 (£-130.0)° - 5 0.00572 (£-130.0)°
- 1 0.00000340 (£-130.0)° + 1 0.0000485 (£-130.0° + £ 0.000191 (£-130.0)°
Calculated Calculated Calculated
t-130.0 Data Value |ax] Data Value lag] Data Value [8,]
0.0 2.30 2.30 0 2.03 2.02 0.01 2.15 2.14 0.01
2.5 2.29 2.312 0.022 2.11 2.119 0.009 2.10 2.121 0.011
5.0 2.33 2.326 0.004 2.23 2.220 0.003 2.11 2.070 0.04
7.5 2.37 2.342 0.028 2.31 2.323 0.013 1.98 1.989 0.009
10.0 2.34 2.361 0.021 2.43 2.430 0 1.87 1.881 0.011
12.5 2.37 2.383 0.013 2.55 2.541 0.009 1.76 1.749 0.011
15.0 2.41 2.406 0.004 2.66 2.657 10.003 1.60 1.597 0.003
17.5 2.42 2.432 0.012 2.79 2.778 0.012 1.42 1.426 0.006"
20.0 2.45 2.460 0.010 2.92 2.906 0.014 1.26 1.241 0.019
22.5 2.49 2.490 0 3.04 3.041 0.001 1.06 1.044 0.016
25.0 2.53 2.522 0.008 3.16 3.184 0.024 10.84 0.838 0.002
27.5 2.56 2.556 0.004 3.34 3.336 0.004 0.59 0.626 0.036
29.4 2.57 2.584 0.014 3.47 3.458 0.012 0.49 0.463 0.027
z le | 2
- 0.0142 0.0113 0.0201
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involved an experiment on contained polycrystalline solidification (74-37), the interaction of second-phase
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