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FOREWORD
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was originated and is managed by the George C. Marshall Space Flight
Center under the technical direction of Mr. I. C. Yates, Jr.
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SUMMARY

This report describes technical work accomplished in the second
portion of the study work performed under Contract NAS 8-28267. The
initial work is described in TRW Systems Report 14725-6010-RU-00, entitled
"Study on Processing Immiscible Materials in Zero Gravity," May 1973.

An experimental investigation was conducted to evaluate mixing
immiscible metal combinations under several process conditions. Under
one-gravity, these included thermal processing, thermal plus electromag-
netic mixing and thermal plus acoustic mixing. Subseguently, the same
process methods were applied during free fall on the MSFC drop tower
facility.

This phase included design of drop tower apparatus to provide the
electromagnetic and acoustic mixing equipment. Also, a thermal model was
prepared to design the specimen and cooling procedure.

Materials systems studied during thic portion of the effort were
Ca-La, Cd-Ga and A1-Bi. Evaluation of tiie processed samples included the
morphology and electronic preperty measurements. The morphology was de-
veloped using optical and scanning electron microscopy and microprobe
analyses. Electronic property characterization of the superconducting
transition temperatures were made using an impadance change-tuned coil
method.

While better dispersions were obtained under reduced gravity frocess-
irg than under one gravity, a wide range of particle distribution sizes
occurred, indicating further process control will be necessary to produce
both increased uniformity and size control. Superconducting properties
again confirmed higher transition temperaturgs for some immiscible com-
positions; however, better sample uniformity and fundamental work on a
theoretical basis are essential to further this avenue.

The subsequent sections and appendices detail the experimental,
materials characterization and analysis work.

- viii-
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1.0 INTRODUCTIOHN

Previous investigations on processing immiscible systems ir a low
gravity environment have | ~duced materials having unique structural and
electronic features [References 1 and 2]. The definition of immiscible
systems, as used in this report, are those combinations of materials, pri-
marily metals, which cxhibit a miscibility (two-phase) gap in the liquid
regime. Processing these materials from the liquid state and allowing
them to cool in the Earth's gravitational field for relatively long
periods of time enhances gravity induced segregation. Other metallurgical
connotations for these types of materials are monctectic or metastable
alloys (or phases).

If this class of materials, which have shown unusual behavior, are
to be implemented for Shuttle and the associated Space Processing Program,
a large amount of additional investigation and experimentation is required
to define the processing, potential applications and properties of immis-
cible systems. The primary purpose of this program, then, was to provide
preliminary information in terms of a literature survey of immiscible
systems, their potential applications, experim 7tal processing techniques
with respect to their known or surmised phase relationships and to process
candidate immiscible systems in order to determine the efficacy of the
processing metho2:. Finally, the structural and e:ectronic properties of
the processed materials were evaluated in order to assess any differences
betweer. one and l1ow gravity processed specimens.

The investigational and experimental effort of the portion of the
program covered by this report is concerned with the development and
fabrication of an acoustic and an electromagnetic mixer, processing of
four immiscible formulations; three in the acoustic mixer and one in the
electromagnetic mixer and evaluation of their metallographic structures
and electronic behavior. In addition, a computerized thermal analysis
program plus a "=t of bismuth-gallium experimental capsules which had been
thermally profil:-' are included jn this report, as well as additional
bismuth-galljum and lead-zin: capsules which were sent to MSFC.
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The literature survey of immiscible systems, ar. analysis of their
potential applications and four strictly thermally processed systems along
with their metallurgical and electronic properties are contained in the
Interim Report, TRW Systems Document No. 14725-£010-RU-00, dated May 1973
and published under the subject contract number and t tle.
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2.0 PROCESS G METHODS

The processing methods for producing specimens materials depends upon
four major aspects: (1) The type of low gravity facility to be utilized;
(2) the desired thermal hi>tory, bcth on heating and cooling; (3) the
electrical or magnetic characteristics of the system in either the solid
or liquid staie; and (4) processing in either a single or two-phase liquid
state.

The type of low gravity facilitv dictates the size of the sample to be
processed. For the relatively short duration facilities, such as drop
towers and KC-135 research aircraft, the sample sizes will be small due to
the short time available for cooling. The heating time requi.zament for
the samples on these facilities is not particularly critical since the
available power is high and they can be initially heated in a on2 gravity
mode until the uesired temperature is reached, then processed and cooled
during the drop or low gravity maneuver. The sample sizes for the longer
duration facitities such as scunding rockets can probably be larger, since
longer cooling times are available, although total payload weight for both
the sample and processing apparatus must be taken into consideration.

The desired thermal history of the materials to be processed depends
on three main considerations: (1) The processing temperature, (2) reacti-
vity of the materials and (3) cooling to the primary monotectic or other
microstructural retaining te~peratures. For temperatures to 1500°C, direct
thermal heating is the preferred process method. For temperatures above
1500°C, election beam, induction heating, plasma beam or an electro-
magnetic technique could be utilized.

Thase processing methods alsc depend upon the electrical properties
of the materials to be processed. ror dielectrics such as glasses or
ceramics, available technology for use in low gravity facilities precludes
use of methods such as direct plasma electron beam heating. A combination
of thermal heating *9 an acceptable electrical conductivity for induction
heating could be utilized, but it is felt that such equipment would he
both cumbersome and complex. Electrically conducting materials such as
the semi-matals and metals do not have such restrictions.
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Processing above the consolute temperature, all other parameters
satisfied, poses no prob.ems in terms of processing techniques. This has
been the primary method utilized on previous programs [References 2 and
3 ] except for the original Apollo 14 experiments [Reference 1 ] where
mechanical agitation was utilized to obtain dispersion of the immiscible
system. However, when excessive prosessing temperatures, compatibility
and unknown consolute temperatures may pose problems, other processing
methods must be considered.

During the course of this program, four processing methods were iden-
tified and used. The processing methods were: (1) Thermal heating above
the consolute temperature, (2) electron beam melting and (3) acoustic
agitation and (4)electromagnetic stirring. iharmal processing wes pertoried
or. drop tower samples and the electron beam melting used ou the KC 135
flights. The main thrust of this portion of the progra: was to design,
build, debug and demonstrate acoustic agitation and electromagnetic stir-
ring.

2.1 ACOUSTIC PROCESSING

2.1.1 Preliminary Experiments

In order to detemmine the effects of various acoustic mixing processes
which could be utilized in dispersing immiscible liquid mixtures, i neutral
bouyancy tank was constructed using Freon TF-hexane as the neutral bouy-
ancy medium with water as the neutrally bouyant material. Three process-
ing methods were tried: bulk ultrasonic agitation, focused ultrasonic
agitation and mechanical agitation. Considerable difficulty was encoun-
tered in obtaining the correct operating conditions. Reproducible results
were finally obtained by baking silicone grease on the vessel interior,
and by maintaining constant temperature with an air bath surrounding the
container.

Only the focused ultrasonic agitation successfully dispe.sed the
water. Bulk ultrasonic agitation coalesced the water droplets, and
mechanical agitation was successful only when an air gap was left in the
system so that both fluids could move. Figures 2-1 thrcugh 2-4 show the dis-
persion obtained from a parabolically focused ultrasonic irradiation unit
operating at 40 watts, ?6.5 kHz in the neutrally bouyant tank. Figures 2.2

-4-
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ard 2-3 were taken approximateiy 0.25 seconds apart. Figure 2-4 was taken
approximately one minute after ultrasonic irradiation was stopped to
illustrate the stability of the emulsion formed. The primary feature of
this experiment was to show that ultrasonic agitation could produce ex-
tremely fine dispersions of immiscible materials in a two phase regime,
which would be encountered with ceramics/glasses and metallic systems
having consolute temperatures difficult to achieve by thermal processes
alone. One feature found was that the parabolic horr and the material to
be dispersed must be closely coupled. Figures 2-2 and 2-3 show the extraneous
dissipated energy dispersed from the horn due to inefficient coupling.
There are focusing systems which can overcome this difficulty, but this
requires examination of the system to be processed [Reference 5 ]. Thus

by proper mechani_.al and acoustic coupling, this method could prove a
valuable adjunct to processing electrically inert materials in their two
phase liquid region.

2.1.2 Acoustic Mixer Design

Based upon the preliminary experiment described in 2.1.1, a design
for a mixer for immiscible systems was prepared. Figure 2-5 is an engineer-
ing drawing cf the mixer and Figure 2-6 shows the experimental setup and
an enlarrged view of the mixer and an experimental glass cartridge. Appen-
dix A presents a more detailed analysis of the acoustic mixer in its drop
tower configuration as well as the instructions provided for its operation.

The mixer was designed for 27 kHz for a variable cartridge weight of
between 3 to 10 grams approximately. The most efficient mixing frequency,
however, was found to be 31 to 32 kHz. It was found that the mixing fre-
quency was cartridge size rather than weight dependent.

2.1.3 Design Demonstration

Using the acoustic mixer, a series of tests were conducted with a
variety of glass cartridges containing different gallium-mercury mixtures
in order to determine optimum mixing frequency, coupling efficiency, sono-
ration or mixing time, the effect of cartridge (sample) size and the effect
of sample composition and weight.
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Figure 2-1, Quiescent Droplet in Fiqure 2-2. Agitation after 0.25
Neutral Bouyant Tank ggcgﬂdS, 40 Watts at
.5 KHz.

Figure 2-3. Droplet Dispersal after Fiaure 2-4. Emulsion Stability after
0.5 Seconds. Cessation of Ultrasonic
Agitation.

Fijures 2-1 through 2-4, Ultrasonic Processing of Immiscible
Water-Freon TF/Hexane Mixture.
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scilliator
Sample
fier Mixer I/

.4- 2w .

Amp11

a. Experimental Apparatus Arrangement

p—

Piezoelectric
Transducers

b. Transducer Arrangement within Mixer

Figure 2-6. Acoustic Mixer
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The sonoration or mixing action was visibly noticeable in the glass
cartridge and, after approximately 10 seconds, the mixing was essentially
complete and no further mixing was noted after 30 seconds. It was noted
that the coupling between the cartridge and the mixer was critical and,
since the experimental glass cartridges were connected to the horn by a
screw which was epoxy bonded, 1ittle torgue could be applied. Thus, on
several occasions during testing, the capsule loosened and the mixing was
noticeably reduced or, in some cases, ceased completely.

Figure 2-7 presents photomicrographs of an 80/20 a/o Ga-Hg mixture
which was mixed for 30 seconds and cooled with ice while being mixed,
From the photomicrographs it may be seen that this immiscible couple is
reasonably well dispersed with the majority of the mercury present being
in the {orm of spheres 1 to 2 um in diameter.

After successful testing and rework of the acoustic mixer, the pack-
age was reinforced for integration into the drop tower package, using tne
associated components detailed in Appendix A.

A description of the materials selected and the drop tower testing
and analyses are presented in Section 3.0 below.

2.2 ELECTROMAGRETIC MIXER
2.2.1 Background

Originally, the concept of electromagnetic processing was involved
in inducing eddy currents in the molten metal, similar to one of the pro-
cesses used by the AEC [Reference 4 ]. Examination of the total process
requirement, however, leads to the following analysis. The model system
chosen was lead-gallium, since it has a wide miscibility gap and represents
relatively widely divergent physical properties. The system properties
to be known are: physical properties of the system, magnetic field, cur-
rent density and experiment container. )

Then:

F=1Iux8
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Magnification: 100X

Figure 2-7. Photomicrographs of Ultrasonically Dispersed Gallium-Mercury
Immiscible System
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where:
->
F = force in dynes
I = current in abamperes
B = magnetic fie.d strength in gauss (for nonmagnetic materials)
% = length in centimeters

Assume a one cm cube of material at rest carrylnq a current density of
1A cm‘2 in a magnetic field of one gauss. Then F I X B 0.1 dyne.

For a current density of 102 A cm‘2 and a magnetic field strength of

=2K3, F=2x 104 dynes. For an alloy of 50 «/0 Ga-Pb,

Ga = 69.7 atomic weight
density p = 5.7 g em™3 (molten)
Pb = 207.2 atomic weight
density o = 10.6 g cn~3 ‘molten)

o alloy = 8.15 g cm'3

Then the acceleration of a cubic centimeter of alloy in a mag etic field
normal to the electric field is a %-= 2.45 x 103 cm/sec'2 cr about 2.5
gravities. This should be enough acceleration for rapid mixing.

Ignor*ng viscous drag, the velocity of the alloy after undergoing
5 cmof 1 x B acceleration will be:

D (distance) = 1/2 A (acceleration) 12 (time)
so v (velocity) (204)1/2

v = (2 x5 x 2.45 x 103)
-1

1/2 7.56 x ]02 cm/sec']

This velocity, nesr 1.6 meters sec ', should be adequate for mixing.

Consider the power consumption of an alloy accelerator channel 5 cm
long with a cross sectionof 1 cm x 1 cm:

I total - 500 amps

The resistivity of gallium is 25.8 u@ cm. The resistivity of lead is
95 ua. Ignoring interfacial problems, the resistivity of the alloy should
be about 60.4 uQ cm,

The voltage drop across the channel E = 6,04 x 107% x 102 = 6.04 x
103 volts.

-1n-
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The total resistive power dissipated in the channel is about
5 x 102 x 6,04 x 10-3 = 3.2 watts

Both the voltage dros E and the power consumption will be much higher
in practice because large amounts of power will be converted to fluid mo-
tion and this motion degraded to heat. The above figures skow that this
is a very efficient mixing scheme, electrical resistive losses being small.

It is readily seen that th: current density can be increased to 103
amp cm’2 without overheating since the resistive electrical heating in
the 5 cm long channel would then total only 320 watts. With a KG field,
the velocity (without viscous drag) would be about 32 meters per second
at the exit end of *%e channel.

The above calculations are based on a channel of constant 1 cmé cross
section, In practice, a great deal of arcing will occur in a channel of
this design since the fluid enters at a low velocity, 1=aves at a high
velocity and cannot expand in volume.

To minimize arcing, with its attendant electrode erosion and alloy
contamination, the channel should be of variable cross section, the cross
being varied inversely with the velocity.

Another solution to this problem is to design the alloy pump/mixing
unit to operate at a constant fluid velocity, the pump imparting a pressure
head rather than a velocity head.

In summary, very reasonable current densities, accelerator channel
lengths and magnetic fields yield ample alloy fluid velocities (or pres-
sure heads) for mixing with good conversion efficiency of electrical power
input into fluid motion.

This process method also has the advantage of applying the IZR heat-
ing to the alloy for initial melting of the alloy as well as supplying
the current component of the E X f force field. In additicn, after the
current is removed, the static magnetic field effectively "freczes" thc
molten dispersion and suppresses thermal motion during cooling.

2.2.2 Preliminary Electromagnetic Mixing Demonstration

Using a previously developed 1ow melting alloy (12.3 w/o Ga, 45.2
w/o Bi, 35.2 w/o Pb, 7.1 w/o Cd)[Reference 5], a series of preliminary

-12-
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experiments were performed using 2 simple rectangular capsule design,

Glass spheres were mixed into the alloy to observe the mixing. The alloy
was heated above its meltinry point (~100°C) before appiication of the
current. The sample was then placed in a magnetic field of 2400 gauss,

with a DC current of 30 amps. Figure 2-8 through 2-11 show the processing
sequence. After application of the current, the alloy was observed to be
violently agitated in the container. As was predicted by the mathematicai
analysis, the alloy separated from one of the electrodes and arcirg occurr-
ed. Examination of tne contents of the capsule indicated that this method
is suitable for mixing, pirticularly for metals in the 2-phase liquid regime,

2.2.3 Electromagnetic Mixer Design

Based on the preliminary experiments, it became obvious that an
annular test chamber would reduce arcing and should provide an optimum
design.

A very simple constant velocity system is shown in Figure 2-12 belov:

VORTEX GENERATORS

/— OUTER ELECTRODE —\
1

- RIS T
M/"
INNER ELECTRODE _—
INSULATED ELECTRODE SPACERS ———
e i\ -
ALLOY IN ANNULUS Tay i

’—V .
Sm-Co or Othe

Types of “ermarent
TOP VIEW I‘agriets SIDE VIEW

Figure 2-12. Schenatic View of Electromagnetic Mixing Device
Sm-Co or other permanent magnets could be used above and beiow the
alioy chamber. A U-shaped piece of sheet iron (not shown) wouid provide

a flux return path for the two magnets. Cooling after processing would be
accomplished by directing a water flow across the inner end outer electrodes.

- 13-
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Figure 2-8. Initial Set-up of Electro- Figure 2-9. 0.2 Second After DC

magnetic Stirring Apparatus. Current Energized.
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=t . _”
Py —
[
=
& Figure 2-10, Approximately One Second Figure 2-11. Approximately 5 Seconds
During Processing. After Initiation of
Experiment
-y

Figures 2-8 through 2-11. Electromagnetic Stirring Experiment.
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Materials of construction of the test capsules were Kovar inner and
outer electrodes separated by low expansion Yyrex, a 316 SS fill tube
and nicks) vortex generators.

The fabrication sequence used was (1) rounding of the Kovar elec-
trodes to minimize the occurrence of stress riserswhich would effect the
glass, (2) the 316 SS fill tube was brazed to the outer electrode using
a 1200°C braze, (3) nickel vortex generators were then spot welded to the
outer electrode, (4) the entire assembly was then wet nydrogen fired at
1100°C to rorm the nickel oxide required to form the glass seal. The
finai step was to seal the inner and outer electrodes together using the
low expansion pyrex. The test capsules were leak checked and repaired
as necessary. Figure 2-13 presents a photograph of a completed capsule.

A detailed discussion of the test capsules, the experimental package
and the operation of the electromagnetic mixer is presented in Appendix B.

After substantial testing and rework of the electromagnetic mixer,
the system was built into a drop tower package. A description of the
materials selected for the low gravity tests and the test results are pre-
sented in Section 3.0 of this report.

-15-
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Figure 2-13 . Completed Electromagnetic Mixer Capsule
| Showing Component Parts (Approx. 1X)

1) Outer electrode

2) Inne' electrode y
3) Pyrex glass

4) Nickel vortex generator

5) 316 SS fill tube

-16-
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3.0 SELECTION, PROCESSING AND EVALUATION OF IMMISCIBLE
BINARY ALLOY CCMPOSITIONS

3.1 SELECTION BASIS

The selection of systems containing an immiscibility gap in the
liquid state was based on three main considerations: (1) process tempera-
ture, (2) process apparatus (acoustic or electromagnetic) and (3) potential
application of the system.

Both the acoustic and electromagnetic mixers are limited to process
temperatures achievable either by the clad heatir~ elements or container/
experiment compatibility considerations. With the present designs, this
temperature limitation is approximately 1000 C, and the containers for
the electromagretic mixer are further limited to approximately 500 C due
to the Kovar-Corning 7052 glass construction. Table 3-1 lists the binary
couples which appeared to satisfy the above criterion.
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3.2 SELECTED SYSTEMS

- The couples identified in Table 3-1 were categorized initially in

‘3 terms of process method as a function of temperature; thus, the primary
candidates for the electromagnetic mixer were Cd/Ga and Ga/Pb, although
they could just as easily be processed acoustically. Initial laboratory
experiments indicated that the 80/20 a/o Ga/Pb system would be extremely
difficult to handle; therefore, the systcm Cd/Ga was chosen for the eluc-
tromagnetic mixer experiment. The system aluminum-indium was not con-
sidered further since it is being investigated elsewhere. Thus, the three
couples, aluminum-bismuth, calcium-lanthanum and cadmium-gallium, were
investigated in further detail.

The oriy*1al investigation of the czdmium-gallium couple was performed
on a 50/50 a/o composition, but, as with the gallium-lead couple, the
gallium concentration was too h'gh for convenient handling. Irasmuch as
the primary purpose of selecting this couple was to cocmpare the behavior
of the gallium with that of the previously processed bismuth-gallium
couple [Reference 2 ], a compromise composition of 65/35 a/o Cu/Ga was
chosen. The same rationale was applied to the £0/50 a/o A1/Bi in that

1: bismuth should also be the matrix metal as with the Bi/Ga couple. In this
manner, a correlation between bismuth and gallium ma; be made from three

=17-
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Suggested
of Type

Processing
Acoustic
Acoustic
Acoustic
Acoustic
Electromagnetic
or acoustic

Electromagnetic
or acoustic

Table 3-1, List of Candidate Immiscible Binary
Couples for Processirg

Suggested Sugges ted

Consolutea Process . Elemental

Couple Temp., °C= Temp,, °C Ratio, a/o
“AV/In 875 800 80/20
Al/Bi 1220 850 50/50
Al/Bi 1050 850 25/75
Ca/La 880 850 80/20
Cd/Ga 290 285 65/35
Ga/Pb 570 370 20/20

This temperature

P R £ 3 o st
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separate immiscible binary systems.

Assuming that extremely fine (approaching atomic) dispersions can be
obtained with the acoustic mixer, then a 25/75 a/o A1/Bi mixture would
have an electron to atcm ratio (e/a) of 4.5, which corresponds to one of
the empirical e/a ratios that has shown an enhancement of the superconduct-
ing transition temperature [Reference 6 ].

The calcium-lanthanum was chosen because lanthanum is the only rare
earth element that superconducts without applied pressure [Reference 7 1,
has two transiticn temperatures depending on the crystallographic habit
[Reference 6 ] and it has been postulated that the superconducting be-
navior arises from the f-band arrangement of the element [Reference 8 ].
Thus, it was a logical candidate for prccessing to determine if its super-
conducting behavior could be altered by processing in a Tow gravity en-
vironment. Figures 3-1, 3-2 and 3-3 show the phase diagrams of the three
couples chosen,
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Figure 3-1. Phase Diagram of the Calcium-
Lanthanum System
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3.3 FABRICATION AND PROCESSING OF THE SELECTED SYSTEMS
3.3.1 Fabrication

As mentioned previously, the aluminum-bismuth and calcium-.an* anum
systems were chosen to be processed acoustically and the cadmium-callium
system to be processed in the electromagnetic mixer. The electromagnetic
experimental cartridge was shown in Section 2. Inasmuch as the acouitic
mixer will accept a variety of cartridge shapes, provided they ccaform
within the weight/volume constraints of the acoustic horn, a final decision
was made to fabricate right circular cylindi-ical cartridges.

Since aluminum is relatively agressive with respect to materials com-
patibility at elevated temperatures, a two-part cartriage was fabricated.
The outer container was 316 stainless steel, with an inner container ct
ATJ Star graphite, which is compatible with aluminua. Figure 3-4 illus-
trates the cartridge configuraticen.

Fabrication of the experimental cartridges was fairly straightforward.
Weighed amounts of the elements were placed in the precleaned, vacuum
fired (1000°C) graphite containers and melted under argon by induction
heating. The higher melting element was melted initially, followed by the
Tower melting component. The experiment volume was approximately 0.2 cm3,
of which 80 percent was utilized to allow: for thermal expansion at the
process temperature. After filling, the grapnite clontainer was capped,
placed in the stainless outer container and the end cap containing the
fi11 tube was TIG welded in place. The entire unit was tihen helium leak
checked arnd while under vacuum, the fill tube was crimped and spot welded

in place.

The electromagnetic mixer experiment cartridges were processed some-
what differently. Both the container ind the cadmium were mated in an
oven inside of a dry box. When the cadmium was melted, it was poured into
a funnel containing a ball and sncket joint and the molten cadmium forced
into the cartridge with an overpressure of argon. The cart. dges were
then cooled and weighed to determine that the correct amount of cadmium
had been transferred. The weights were correct to within + one percent.
Since gallium is a low melter, the cartridges were not heated but othe--
wise the same procedure was followed. In spite of precautions (e.gq. shak-

-21-
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316 SS FILL TUBE
.318 cm OD X .05 cm WALL
(1/8" 0D X 0.020" WALL)

316 SS SHEET STOCK (BOTH ENDS)
.076 cm THICK (0.030" THICK)

e T N 316 SS TUBING
—— 0.952 cm 0D X 0.076 cm WALL
(®78" 0D X G.030 WALL)

ATJ-STAR GRAPHITE, MACHINED
TO FIT IN SS SHELL
0.10 cm WALL
(0.040" WALL)

N EXPERIMENT (80 V/0 OF THE
TOTAL CARTRIDGE VOLUME)

316 SS 6-32 THREAD STOCK

NOTE: ALL METAL EDGES AND INSERTS TIG-WELDED
FILL TUBE IS CRIMPED AND SPOT WELDED

15-91

FIGURE 3-4. Schematic Drawing of Experiment
Cartridge for Acoustic Processor,

=27=



14725-6028-RU-00

ing wnile cooling), the Pyrex cracked slightly when the gallium solidified
and expanded. These cracks were repaired with Autostick, an alumina-based
ceramic cement, and were leak tight. The same closure procedure as used
with the acoustic cartridges was employed.

3.3.2 Processing

The cartridges were processed at the MSFC drop tower in accordance
with the sequences delineated in Appendices A and B. Tables 3-2 through
3-5 list the telemetered data as received from MSFC.

The telemetered data traces for the cadmium-gallium showed anomalous
behavior which prevented extensive data reduction. It appears that when
the current relay was activated to start the mixing, the drain on the
batteries was so large that the telemetry output was offset. As an
example, there appears tu be an immediate 10C°C temperature drop, and a
shift in the low-g accelerometer output. Conversations with the MSFC
data acquisition personnel tend to corroborate this hy:athesis; thus,
about 2 seconds of data during mixing are suspect, as is the data just
prior to the mixing since it does not correlate with the measurements
made at the drop tower blockhouse, independent of the telemetered data.
However, the data is very consistent between the three runs (a one-g and
two low-g experiments); thus it is presented as received from MSFC,

3.4 EVALUATION OF PROCESSED SPECIMENS
3.4.1 Metallurgical Evaluation

The three immiscible systems, comprising four formulations, were
examined metallurgically in order to determine the degree of morpnological
similitude with respect to previous experiments and also to evaluate the
effi-acy of the two types of mixing processes utilized in this portion of
the program.

After receipt of the specimens from MSFC and removal from the experi-
mental cartridges, it was discovered that, in the case of the acoustically
mixed samples, the majority of the specimens were distorted and/or dis-
integrated to the extent that meaningful analyses could not be obtained.

A very slight correlation might exist between the initial degree of cool-
ing and specimen integrity. This correlation could not be carried further
since both the sample population and telemetry accuracy were limited in

-23-
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Table 3-2. Telemetered Drop Tower Results for

the 50/50 a/o A1/Bi Experiment

AB-5 AB-4 AB-1
Initial Drop
Temperature, °C 885 900 885
Final Drop a
Temperature, °C= 310 300 305
Indicated Initial
Temperature Rate
of Change, °C/Sec 7000 1750 7750
Indicated Total
Temperature Rate of
Change, °C/Sec 669 882 1115
Gravity Level
During Drop,
G 1 -.005 -.005

e

2 Bottom calibration curve for telemetry data.

Table 3-3. Telemetered Drop Tower Results
the 25/75 a/o A1/Bi Experiment
AB-6 AB-7 AB-8
Initial Drop
Temp., °C 870 900 880
Final Drop,
Temp., °C — 300 300 3C0
Indicated Inicial
Temperature Ratio
of Change, °C/Sec 4214 350 1450
Indicated Total
Temperature Rate of
Change, °C/Sec 1676 233 203
Gravity Level
During Drop,
1 -.008 +,003

Ge

2 Bottom calibration curve for telemetry data.
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Table 3-4. Telemetered Drop Tower Results for
the 80/20 a/o Ca/La Experiment

CL-1 CL-4 CL-2 CL-5
Initial Drop
Temp., °C 910 865 850 840
Final Dropa
Temp,, °C — 300 300 300 300
Indicated Initial
Temperature Rate of
Change, °C/Sec 483 444 525 1265
Indicated Total
Temperature Rate of
Change, °C/Sec 117 233 184 540
Gravity Level
During Drop,

1 (0) -.005 -.005

2 Bottom calibration curve for telemetry data.

Table 3-5. Telemetered Drop Tower Results for
the 65/35 a/o Cd/Ga Experiment2

CG-2 CG-3 CG-4
Initial Drop
Temp., °C 375 375 375
Final Drop
Temp., °C 200 200 220
Indicated Total
Temperature Rate
of Change, °C/Sec 53 53 47
Grav.: ty Level
at End of Drop,
Ge ] -.005 -.005

q Assuming minimal calibration shift.
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scope. Thus, only the ground (one-g) specimen and a low gravity specimen
from the acoustirally processed specimen were analyzed in depth to deter-
mine morphological characterisiics. All of the electromagnetically mixed
specimens were analyzed in that two independent data samples were obtained
and the variations (either from telemetry or from personal observation)
tended to be reconciled within the data base utilized.

3.4.1.1 50/50 a/o Al/Bi Specimens

Figures 3-5 through 3-10 are scanning electron and electron micro-
probe photomicrographs of the one and low gravity processed specimens.
As can be seen, a more uniform dispersion of aluminum in bismuth is evi-
dent in the low gravity specimen than in the one gravity control, although
some dispersion of bismuth in aluminum and vice-versa occurs near the
interface of the specimen. The rosette-like feature of a relatively large
amount of the dispersed aluminum is present in both specimens, although to
a greater extent in the low gravity processed one. If the aluminum is
solidifying dendritically, then as the bismuth solidus line is approached,
the energy imparted to tne system from the acoustic mixture could cause
dendrite arm breakage and distortion, which could explain the irregular
shapes within the matrix. This is relatively clearly shown in Figure 3-7
of the one gravity control specimen.

3.4.1.2 25/75 a/o Al1/Bi Specimens

Figures 3-11 through 3-14 are the scanning electron and electron
microprobe photomicrographs of these specimens. In contrast to the 50/50
a/o Al1/Bi specimens, both the one and low gravity processed specimens are
relatively well dispcrsed. In addition, the rosette-like structure is
much more prevalent in the one gravity control specimen than in the low
gravity processed one in contrast to the 50/50 a/o A1/Bi specimens. There
may have been a more extensive breakup and dispersion of dendritically
solidified aluminum in the low gravity specimen, as evidenced by the
irreguiar shapes of the aluminum in the bismuth matrix.

3.4,1.3 80/20 a/o Ca/La Specimens

Figures 3-15 through 3-19 show the scanning electron and electron
microprobe photomicrographs of the one and low gravity processed calcium-
lanthanum specimens. Due to the reactivity of these elements, the speci-
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Aluminum-Rich Area - 300X
Figure 3-5. Scanning Electron Photomicrographs of 50/50 a/o Al/Bi

Specimen No. AB-5 (1-g)
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"

‘ 4000X

Figure 3-b. Scanning Electron Photomicrographs of 5G/50 a/o Al/Bi
Specimen Ho. AB-£ (1-g)



Figure 3-7.

1000X

Scanning Electron Photomicrograp!.s

Specimen No. AB-5 (1-g)
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Electron Microprobe Photomicrograpns of 50/.0 a/o Al/Bi
Specimen No. AB-5 (1-g) Magnification: 300X
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Electron Hicroprobe Photomicrographs of 50/50 a/o Al/Bi
Spocimen lo. AB-1 (0-g) Magnification: 300X
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4000X

Scanning Electron Photomicrographs of 25/75 a/o Al1/Bi
Specimen No. A3-6 (.-g)
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Figure 3-12. Electron Microprobe Photomicrogranhs of 25/75 /o0 Al/Bi
Spacimen 'o. AB-6 (1-g) Magnification: 300X
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Figure 3-13. Scanning Electron Photomicrographs of 25/75 a/o Al/Ba
Specimen No. AB-7 (0-g)
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Lanthanum-Rich Side

Scanning Electron Photomicrographs of Calcium-
gggihanum Specimen No. CL-1 ?l-g) Magnification:
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Lanthanum-Rich - 3000X

tlectron Photomicrographs of Calcium-Lantnanu
No. CL-1 (1-g) Magnification: 300X
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Electron Microprobe Photomicrographs of Calcium-Lanthanum

Figure 3-17.
Specimen No. CL-1 (1-g) Megnification: 300X
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Figure 3-18. Scanning Electron Photomicrographs of Calcium-Lanthanum
Specimen No. CL-3 (0-g)
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mens were stored under oil between analyses; however, there still was

some surface reaction as is evident from the s.anning electron photomicro-
graphs. The one gravity control specimen exhibited a fair amount of segre-
gation, although there was some dispersion of the elements. The low gra-
vity processed specimen was well dispersed except for one small area
(Figure 3-18) near the cylindrical wall of the specimen. Some agglomera-
tion had been noticed from time to time during the fabrication and testing
of the acoustic unit using glass cartridges and mercury-gallium mixtures,
but it was not consistent and has not been evident in the other specimens.

3.4,1.4 65/35 a/o Cd/Ga Specimens

The electromagnetically mixed cadmium-gallium specimens exhibited
some of the most interesting metallurgical features of all of the pro-
cessed immiscible couples. Both the one gravity and the two low gravity
processed specimens were dispersed, although the dispersion in the one
gravity control specimen was coarser than that of the low gravity processed
specimens, as shown in the scanning electron and electron microprobe photo-
micrographs, Figures 3-20 through 3-25. In addition, specimen CG-4 shows
the duplex dispersion which has been evidenced in low gravity pro:essed
specimens of paraffin-sodium acetate trihydrate [Reference 1 ] and 50/50
a/o Pb/Zn [Reference 2 ]J. The cause of this type of structure is as yet
not understood, although this phenomenon has been demonstrated on Earth
with oil-water emulsions during reversion [Reference 9 1.

3.4.2 Electronic Examination

Superconductivity measurements were made on all of the specimens.
Because of the large number of specimens of different sizes that were
measured, a method similar to that of Merriam and Von Herzen [Reference
10 ] was utilized in that each specimen was individually placed in a
tuned (16 kHz) induction coil and a 33 ohm carbon resistor mounted in
thermal contact with the coil. Figure 3-26 schematically illustrates the
instrumentation utilized. Each resistor was individually calibrated using
a Scientific Instruments' Model 2D germanium thermometer and verified by
using Tead and tantalum standards within the cryostat during the test.
When the specimen becomes superconducting, the rejection of the magnetic
field changes the impedance of the coil which is detected by the vector
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Figure 3-20. Scanning Electron Photomicrographs of Cadmium-Gallium
Specimen No. CG-2 (1-g)
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Scanning Electron Photomicrographs of Cadmium-
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Figure 3-23. Electron Microprobe Photomicrographs of Cadmium=-Gallium
Specimen No. CG-3 (0-g) Magnification: 800X
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Figure 3-25. Electron Microprobe Photomicrographs of Cadmium-Gallium
Specimen lo. CG-4 (0-g) !lagnification: 300)
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impedance bridge and the output voltage shift is plotted on an X-Y re-
corder along with the temperature. The temperature of each specimen was
measured by recording the voitage drop across the resistor, generated by
a constant current through the resistor. The average transition tempera-
tures are considered to be accurate to + 0.2K.

The temperature sweep from 4.2K and above was obtained by raising
and lowering the sample platform containing the samples in the coils
through the temperature gracient 2bove the helium level, in a MVE model
lLSM-60 cryostat. Th2 results are shown in Table 3-6 and are discussed
below.

3.4.2.1 Calcium-Lanthanum

As mentioned previously, lanthanum has two superconducting transition
temperatures; 5.JK for the low temperature hexagonal structure and 6.3K
for the higher temperature cubic structure [Reference 6]. Both of these
transitions were detected, as well as a higher transition at 7.2K. The
inductance change (i.e. T¢) versus temperature plot was very broad, re-
sembling the broad-dowmward shift observed previously for lead [Reference
2]. Due to this phenomenon, the calculated volume percent of the supercon-
ducting portion is considered to have an accuracy of only + 25%.

It is felt that all of the superconductivity is derived from the
lantharum since the two lower transition temperatures correspond to lan-
thanum. The high temperature g-La phase could nave been frozen in by
quenching and the higher than "normal" transition temperature measured
has been accomplished previously in certain immiscible metal systems having
at least one superconducting element present [References 2 and 3].

3.4.2.2 Cadmium-Gallium

The high (7.8K) T- of this couple as contrasted to the low T¢'s of
the separate elements (0.56K for Cd, 1.09K for normal Ga) corroborate the
findings for the Bi-Ga couple [Reference 2]. It would now appear to be
conclusive that the gallium plays the dominating role in raising the tran-
sition temperature, although the ameliorating effect of the second element
as mentioned in the [nterim Report may play an important role. Due to the
irregular shapes of the Cd-Ga specimens, again the calculated volume per-
cent change is considered to be accurate only to + 25%.
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Nei ther the 50/50 or the 25/75 a/o Al/Bi specimens superconducted
down to 3.0K. This corroborates at least partially that the matrix metal
does not appear to play a dominating factor in enhancement of the super-
conducting transition temperature, although the processing parameters may
have an effect on the electronic behavior of immiscible systems as men-
tioned in Reference 3 for the gold-germanium system.

Table 3-6

Couple
Ca-La (80/20 a/o)

Ca-La (80/20 afo)

Cd-Ga (65/35 a/o)
Cd-Ga (65/35 a/o)
Cd-Ga (65/35 a/c)
A1-Bi (50/50 a/o)
A1-Bi (25/75 a/o)

Superconducting Transition Temperatures
of the Processed Specimens and the Volume
Percent of the Superconducting Phase

2 Based on leau at 7.2K.

b

£ ot calculated.

L
14

&~

= Did not superconduct.

Spacimen ilo. Te, K
-1 (1 q) 5.1
6.3
7.2
CL-3 (0 g) 5.1
6.3
7.2
-2 (1 g) 7.8
c6-3 (0 g 7.8
c6-4 (0 g) 7.8
Al -b
AN _b
=5]-

v/o Sugercon- v/o Super-
ducting Phase ducting =

18 (La) 16
1.1
.2

18 (La) 17
1.0
2

36 (Ga)
36 (Ga)

C

4
4
36 (Ga) 4
0
0

<
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4.0 COOLING EXPERIMENTS

As a portion of this program, an attempt was made to measure the
cooling rate of the drop tower tests samples and to create a universal
computer program which could be used to compute and compare heat transfer
rates,

4.1 EXPERIMENTAL SETUP FOR EI-GA CAPSULES

Cooling experiments on an instrumented Bi-Ga cartridge were conducted
using the simulated drop tower quench apparatus. Actual processing and
sequencing conditions utilized at MSFC were duplicated as closely as pos-
sible. Three channels ot information were reccrded during each test:
inner cartridge temperature, outer cartridge temperature and valve
actuation/deactuation times. The data acquisition system enables raw
analog data from the thermocouples and valve to be racorded simultaneously
on the same record in both anilog and digital form. This system was
developed for high temperature transient thermal shock testing and, conse-
quently, has more than adequate response characteristics for the flow
opparatus. Figure 4-1 is a functional block diagram of the data acquisi-
tion system and test configuration. All inputs to the system are fed
through an 3input board, with up to eight input amplifiers utilized as
required. The analog signals are routed directly to the multipiexer
which commulates the signals, synchronized by the numeric function gener-
ator, which are then fed to the analog-to-digital (A/D), binary-coded
decimal (BCD) converted for processing. The A/D converter is triggered bty
the multiplexer with a synchronizing pulse when a conversion is to be
made. Multiplexer output channel 1 is a "clock read command" signal which
causes the elapsecd time digital clock to furnish time signals to the BCD-
to-decimal converter and gates off the A/D converter cutput. The A/D con-
verter output is fed through the clock circuitry at all other times. The
timekeeping cycle is continuous even during actual clock readout so that
no elaps~" test time is lost on the oscillograph printout.

The test sequence was as follows: (1) The test temperature is dialed
in on the thermal controller regulating the heater power supply (12 VDC
at 6A maximum), (2) after reaching the test temperature and stabilization,
a 15-minute soak time is initiated, (3) ice water is pumped into the water
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tank 3 minutes prior to flow, (4) the water tank is then pressurized to
2.4 M Pa (350 psiqg) with argon, (5) the pilot valve is pressurized to
689 k Pa (100 psig) with air, (6) the test is then initiated by manually
turning on the chart (1.62 m/sec [64 in/sec]), (7) one second later the
delay circuit is initviated, (8) the heaters are turned off and the valve
solenoid power activated ~ 16C msec later and (9) the test manuaily ter-
minated 6 seconds later. For the very low fiow rates, re-thermalization
after test termination was monitored for 400 seconds to determine if any
problems would exist during retrieval of the package from the catch tube
at MSFC.

The results of nine out of twelve runs are presented in Table 4-1
and the reduced data is shown in Figures 4-2 through 4-6. Except for run
1, the data for runs 2 through 4 correlate relativelv well with the pre-
vious results from the drop tests at MSFC. The flow rates on the simu-
lated test apparatus are higher (~ 25%) than the drop apparatus at MSFC
and the indicated cooling rates are lower, probably due to taking 100°C
as the lower temperature in order to include runs 11 and 12. The anomalies
in run 1 may be due to the method of supplying valve power; this was sub-
saquently changed so as to eliminate inductive surges on the valve open
signal (VCS) which may have impacted the water flow (WF) time for that
run. Examination of the time-temperature run profiles, however, show
that the shape of the curve is essentially the same within each orifice
run,

Runs 5 through 7 were made with a 50 percent flow area reduction.

-

These runs were virtually identical with runs @ through 4, incluaing the
flow rate. Discussions with various fluid mechanics specialists indicated
that these inserts were probably decreasing turbulence and flow restric-
tions in the experiment inlet and thus increasing the efficiency of the

apparatus even though the flow area was reduced.

The figures have the consoiute, the first monotectiz (Bi soiidifica-
tion) and the Ga solidification temperatures indicated. As can be seen,
the solidification halts correspond closely to the Bi and Ga halts. The
temperatures are estimated to be accurate tc + 2°C from calibration tests.
The apparent temperature excursions are pre’ ioly caused ty local convec-
tion cells set up by the temperature differ. :tials 2~d ingicate unequal
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cooling in the cartridge. Since this is gravity dependent, it was felt
that an orifice restriction which gave a temperature reduction to 200°C
at two seconds would be within the test design goal that the first mono-
tectic temperature (220°C) would be reached throughout the sample at 3.5
seconds and that re-thermalization would not be a problem. Thus the 0.12
cm (.046 in) orifice size is considered to be optimal if the predicted
slower cooling rate during a low gravity drop is correct. A set of six
heater/experimental cartridge packages with the orifice inserts were fa-
bricated and delivered to MSFC.

4.2 THERMAL ANALYSIS

A aeneralized time-share computer program was written in order to
calculate the heat transfer coefficient and cooling times for different
sample materials, geometrics and heat transfer modes. Figure 4-7 is a
flow diagram sequence of the computer program. The only required manual
input is for Biot numbers greater than 0.05, in which case the Fourier
number rust be obtained from Heisler charts [Reference 11]. It is esti-
mated that at least a five-fold reduction in thermal computation time is
achieved by using this program. The complete computer program, required
inputs and assumptions and solved heat transfer examples for every mode
within the program are given in Appendix C. A punched tape of the program
(which is programmed in Basic) has been deiivered to MSFC.
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SYMBOL EXPLANATION
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5.0 ADDITIONAL EXPERIMENTAL TAS(S

At the request of NASA/MSFC, additional experiments not explicit in
“he work statement of the subject contract but within the general scope
of immiscible materials were performed.

5.1 COPPER-LEAD ALLOYS

A series of copper-lead alloys (minimum purity: 99.99 w/o parent
metal) utilizing the method as outlined by the patent issued to Carl E.
Bazley [Reference 12]were prepared. Eight sets of copper-lead alloys were
prepared; four with and four without the additive. In addition, one extra
alloy with additive was made and recast in quartz container surrounded by
sand.

The alloy compositions were (in weight percent ratios): 80/20, 70/20,
60/40 and 50/50 Cu/Pb, respectively. The recast specimen was 80/°0 Cu/Pb.
The method outlined in the patent was followed in general: (1) The copper
was induction melted and heated to 1260°C (2300°F) in a carbon crucible
with a borax protective covering under argon, (2) at this point, the melt
temperature was lowered slightly ana the lead added, (3) the melt reheated
to 1260°C and (4) the lead sheathed additive added (to the indicated
samples). The temperature was held at 1260’ 'd except for one sample,
the melt allowed to cool under argon until sc¢. :dification occurred. The
one sample was reheated to 1260°C and immediately cast. Except for step
(4), the same procedures were followed for the samples without the addi-
“ive.

A1l eight samples were broken out of the mold and cut axially (parallel
to the gravity gradient). One side was mounted and polished and the other
reserved for shipment to MSFC.

The additive comprised aporoximately one percent of the total copper-
lead weight. One potential deviation f.om the patent was the use of
copper pyrophosphate [Cuy P207 .320] instead of copper phosphate [Cu3
(P4),.3H,0] in the additive. Thus, the equal weight of each part of the
additive (NaCl + copper phosphate) was recalculated on the equivalent
molar basis of sodium and copper.

Figures 5-1 through 5-11 show the macro and microstructure of each of
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the TRW prepared samples, as well as a sample received from MSFC which

had been prepared by the corporation holding the patent. Inasmuch as the
majority of the samples contained inhomogeneitics, general area photomi-
croscopy was employed, i.e. the trend toward segregation or other anomalies
were noted. Considerable difficulty was encountered in obtaining standard
lighting for all specimens due to the polished condition of the copper.

Several tentative conclusicns were noted:

1. All of the specimens containing the additive tended toward a more
uniform structure than the "pure"” alloy compositions.

2. Remelt seems to improve the homogeneity of the dispersion -- Figure
5-2 presents fewer photomicrographs because the microstructure was
relatively uniform throughout the sample (gravity down on flat surface
of the 2.5X magnified photomacrograph of the sample facing the bottom
of page).

3. Free convection cooling was somewhat faster than anticipated; thus,
the "pure" alloys did not totally segregate. The patent states that
slower cooling rates improves the homogeneity of the alloys with addi-
tives.

4. The NASA supplied sample appears to be within the 60/40 w/o Cu/Fb
compositional range in comparison with the TRW processed specimens.

5. Based on microscopic examination, the NASA supplied specimen ex-
hibited more coring than the TRW specimens. It is not known if the
casting size, the pour ¢~ meld temperature or other factors, signifi-
cantly contribute to this phenomena.

6. It would appear that, as tne amount of lead in the specimen is
increased, the amount of additive should be piroportionately iarger.
The patent gives a range of one to four weight percent for alloys
containing from one to not more than fifty weignv percent of lead.

In an effort to determine the dispersing mechanism of the additive,
the specimens were examined by scannirg electron microscopy and eleciron
microprobe analyses. The scanning electron microscope did not show any
anomalies other than those noted optically. By setting the electron micro-
probe detectors on phosphorus and sodium excitation wavelengths, very
faint (just above the tihreshold lcvel) sodium signals were detected in the
lead at the lead-copper interface. ilo phosphorus or sodium was detected in
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the copper. Thus, the mechanism of the additive appears to be similar

to a surfactant: The additive "emulsifies" the copper-lead and stabilizes
the mixture. This assumption is corroborated somewhat by tte tendency of
the lead to spheroidize in the 60/40 and 50/50 w/o Cu-Pb alloys and the
interesting duplex structures found in the 50/50 w/o Cu/Pb alloy (Figure
5-12). This, of course, raises the interesting speculation that other
immiscible systems may he capable of being dispersed by the adiition of
inorganic "surfactants." Semenchenko [Reference 13]describes the action
of impurity metals on other metals with respect to their surface tension
in terms of "active" or "inactive" influence: For lead, sodium is active
(p. 414). Although investigations of this type are outside the ¢cope of
this contract, it is suggested that some attention be naid to this type
of experimental and/or theoretical aspect on the behavior of immiscible
sytems.

5.2 LEAD-ZINC

TRA fabricated “ive 20/80 a/o Pb/Zn cartridges for processing in tne
MSFC drop tower. These cartridges were produced to augment the ASTP Pb/Zn
experiment in terms of microstructure, process temperatures and initial
property data on the system. The cartridge ccntainers were identical to
those manufactured for the acoustic mixer, discussed in Section 3.0, and
were processed using the acoustic heater without energizing the acoustic
mixer.

5.3 BISMUTH-GALLIUM

From the previous work and with concurrence with IASA/MSFC, six
experimental cartridges containing 53/50 a/c Bi-Ga and heater packages
were fabricated and shipped to MSFC for rrocessirg in the drop tower.
These cartridges are identical in composition and fabrication to the Bi-Ga
experiments processed previously and the experiment is to determine if
aging affects the superconducting transition temperature o. amount of
superconducting material present. In addition, experiments were conducted
using 50/50 a/o Bi-Ga cartridges and longer cooling times as discussed in
Section 4.0. Using the data obtained from the cooling experiments, six
additional heater/experimental cartridge packages with 0.12 cm (.046 in)
orifice openings were fabricated and sent to MSFC. After processing, the
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capsules were returned to TRW for sectioning e¢nd scanning electron micro-
scope photomicrographs of the dispersion of gallium in bismuth, After
the sectioning and photography were complete, the specimens were returned
to MSFC for analysis. Table5-1shows the time-temperature-gravity tele-
metry data obtained for these specimens and also submitted to MSFC.

1able 5-1. Telemetered Drop Tuwer Results from
Bismuth-Gallium Coolina Experiment

B-52 (-62 E-42 F-92 D-22 J-122 k.13 G-102 H-11D L-142

Initial Drop

Temp. °C 325 328 336 313 324 316 320 318 315 349
Final Drop
Tenp. °C 43 38 34 32 33 48 40 36 36 37

Initial Temp.

Indicated Rate

of Change,

°C/Sec 2950 954 3371 1920 2550 219 209 452 36 279

Indicated

Total Temp.

Rate of Change,

°C/Sec 240 217 667 187 181 107 88 140 78 109

Gravity Level
During Drop 1 -.005 -,005 -.002 -.003 1 -.005 -.C05 -.0C4 -.004

2 Unrestricted flow

D Restricted flow (0.12 cm orifice)
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Figure 5-1, 80/20 w/o Cu/Pb with Additive at Various Magnifications
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Figure 5-2, Remeltea 80/20 w/o Cu/Pb with Additive at Various Magnifications
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Magnification: 500X

Magnification: 630X

Photomicrographs of Duplex Dispersions in 50/50 w/o
Cu/Fb with Additive
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! I NASA SAMPLE
WITH ADDITIVE

a. Radial Section. Magnification: 3X

1 NASA DAFPLEL
WITH ADDRN IVc

Axial Section. Magnification: 3X

2 /3 b.

! ]

Figure 5-11. Fhotomicrographs of NASA Supplied Cu/Pb Specimens with Additive
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6.0 CONCLUSIONS AND RECOMMENDATIONS

From a previous survey of systems possessing an immiscibility gap,
three systems (Ca-La, Cd-Ga and two compositions of Al-Bi) were processed
and examined both metallurgically and for their superconducting behavior.

Metallurgical examination of the systems showed that the low gravity
processed specimens demonstrated a more homogeneous distribution of the
elements. with the exception of the cadmium-gallium system, where homogeni-
zation was also accomplished in the one gravity processed specimen. A
wider particle distribution range was encountered in all the specimens as
comp red to specimens previously processed in the MSFC drop tower.

Bott ."e calcium-lanthanum and the cadmium-gallium specimens showed
enhanced superconducting transition temperatures, similar to some but
not all immiscible systems with ircreased Tc. One couple, aluminum-
bismith, did not show any superconducting behavior to 3.0K. It is recom-
mended that the fundamental quantum mechanical aspects of the superconduct-
ing transition enkhancement effect te further studied on a theoreticai
aspect, although more experimentation is necessary for a broader data base
and verification. )

The above couples wer: processed by two different methods previously
identified: Acoustic and electromagnetic. The aluminum-bismuth and
celcium-Tanthanum ccuples were processed acoustically and the cadmium-
gallium system was processed with the electromagnetic mixer. Both mixing
systems worked satisfactorily, although drawbacks were found in each type.
The electromagnetic mixer has the drawbacl: that the experimental cartridges
are difficult to fabricate and the couple at the processing temperi’ .ire
must be electrically conducting. The fabrication difficulty can probably
be circumvented by more advanced ceramic-metal (or conducting ceramics
such as SiC) metallization techniques; in this case, processing tempera-
tures exceeding 1,00C may be achievable. The acoustic mixer has the draw-
back that both the thermal and acoustic courling tc the experimentai car-
tridge must be caretully designed. Some of tne resul.s of the processed
specimens are probably due to both this aspect and perhaps to a les: thar
ptimal processing sequence. Adgain, by using ceramic tips on the horn
and other fabrication refinements, 1500C processing temperatures should
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be achievable. Although the electromagnetic mixer appeared to process
more efficiently, it is concluded that the acoustic mixer is the more
versatile unit, since it is not limited to conducting materials. It is
recommended that 3 more detailed analysis of acoustic coupling be under-
taken; in particular, the development of a mixing frequency - specimen
size - experiment cartridge dimension nomogram for sizing experiments for
a single acoustic mixer unit.

The computer program successfully demonstrated that a cooling
"envelope" can be computed in order to determine if the cooling temperature-
materials process requirements can be met by the low gravity processing
time available. The program is general enough to encompass any of the
shorter time facilities (drop towers, rockets, etc.) with a variety of
cooling techniques (e.g. radiation or convection coupled with liquid or
daseous cooling media).

The copper-lead couple was reasonably well homogenized in a one
gravity environment by the use of the patented catalyst. This "emulsifica-
tion" demonstration leads to the hypothesis of "surfactants" for the homo-
genizat%on of immiscible systems and the recommandation that an investiga-
tion into this phenomena be undertaken in order to determine if a system-
atic (or ampirical) approach would uncover other additives which would
enhance the dispersion of immisciblz systems with economic potential.
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APPENDIX A

ACOUSTIC MIXER ASSEMBLY AND OPERATION
1.0 GENERAL

The assembled acoustic mixer assembly is shown pictorially in
Figure 1 and the majur components are shown in Figures 2 through 5. These
major components are shown schematicaliy in Figures 6 through 10 and
Figure 11 shows the assembly details and voltage requirements. Each
major subelement is described below.

1.1 DC TO AC CONVERTER

The converter is a Micronta Model 22-130 DC to AC power inverter,
commercially available from Radio Shack, Tandy Corporation Co., Ft. Worth,
Texas 76107. It nrocduces a 115V, 60 HzAC square wave output with a power
handling capability of 200 watts continuous, 225 watts intermittent. Input
voltage can vary from 12 to 14 VDC, but 12V are recommended. Thus, the
other subelements were designed and built for 12 volt ooeration.

This subelement serves as a source of high voltage AC power to the
acoustic generator power supply, as well as a convemient 12V OC pick-off
point for the frequency source of the acoustic driver. The interior of
the convecter has been reworked and notted witih silicone rubber (RTV 8111)
for prot._ction from the accelerative loads during drop.

1.2 ACOUSTIC GENERATOR POWER SUPPLY

The power supply is aesigned to provide 300 VOC, 0.7A to the high
power driver portion of the acoustic generator. As with the converter,
all comronents have been braced an* potted to not only protect against
accelerative loads but also against any sihock hazard to arop tower personrel.

1.3 ACOUSTIC MIXER FREQUENCY CONVERTER AND HIGH POWER DRIVER

This unit consists of two functional assemblies: a DC to 27 kHz
(nominal) frequency converter and a high power driver which increases
the 27 kHz signal to a 27 kHz, 150 V p-p, 200 watt -ource for th-
piezoelectiric transducers. Both fine and coarse adjustments are available
to efficiently couple the piecoelectric transducers to the experimental
capsule, as a function of large capsule weight or transducer variations.

PRECEDING PA. BLANK NOT FLLMED Al
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1.4 ACOUSTIC MIXER AND HEATER/EXPERIMENTAL CAPSULE ASSEMBLY

The mixer assembly is a three quarter wave stepped hcrn with a
quarter wave mixing stub and back-to-back strapped piezoelectric trans-
ducers. As mentioned previously, the design frequency is 27 kHz; however,
tuning capabilities allow frequency ‘..riation to allow for piezoelectric
manufacturer's tolerances and any large variations in capsule weight as
may occur from experimental system to system.

The piezoelectri. transducers are standard items obtainable from
Vermitron Corporation (Piezoelectric Div.), 232 Forbed Rd., Bedford, Ohio
44146, Part No. 34250, PZT-4, dimensions 5.40 cm (2.125 inch) 0D, 0.64 cm
(0.25 inch) thick. Both sides of the disc have fired-on electrodes and
have been polled. The positive going sides of each disc were placed together
so that all external metal surfaces would be at fround rotential to minimize
any electrical shock hazard. The piezoelectric discs are clamped together
by six bolts, torqued to 28 N.M (25 in-1bs) tc give a total clamping force
of 3 kN (700 pounds).

The heater container is a relatively stardard revision af tha previous
heaters utilized for straight thermal processing and is designed to minimize
heat loss to the main bady of the transducer and provide a water seal during
cooldown.

1.5 SAFETY RELAY

The safety relay is a Guardian Model IR-645-2C-12D DPDT all purpose
relay with a 12 VOC coil. When energized, the connections between the high
voltage power supply and the input to the power transistcrs and the connection
bLetween the power transistor output and the piezcelectric transducers are
completed. When the coil is deenergized, the relay opens and shorts the
transducers and discharges the high voltage power supply. This is done to
protect the transistors from high voltage transients that may be generated
when the drop package is decelerated.

2.0 MODE OF OPERATICN

The acoustic mixer components are assembled except for the heater hnusing,
experiment cartridge and electrical connections to the various components
from the drop tower power supply. The following operational sequunces have
been tested and are recommended (it 1s assumed tk t the packag. has been
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mounted in the drop package.)

i. Connect the 12 VDC inputs from the safety relay and the oscillator
to the 12V DC input on the DC to AC power inverter.

2. Connect the 110 VAC power card from the power supply to the 110
V AC power output plug on the DC to AC power inverter.

3. Screw the experimental capsule into the mixer tip. Be careful of
the thermocouple lead. Tighten to finger tight, then tighten 1/4-1/2 turn
further with a pair of pliers. Bend the thermocouple wire to follow
approximately the ti to the base, using needle-nose pliers between the bend
and the cartridge tu relieve any strain at the weld joirt.

4, Attach the heater to the base plate as follows:

a. The three band straps seal the O-rirg at the base of the
mixer. These should be inserted through the heater flange and bolied
down.

b. The three screws (4-40) clamp and seal the heater flange to
the Teflon ring.

c. There is a notch in the heater flange for the thermocouple lead.
Make sure the lead is positioned in the notch before thoroughly tightenirg
the screws and bolts to make the water seal.

5. Attach the flexible hose to the outlet of the water quench and
the inlet of the the heater package.

6. Attach the three water outlet leads to the base plate and clamp
the copper outlet cup to the catch tank.

7. Connect the 12V DC line from the timer to the DC to AC power
inverter inlet. Switch the inverter to ON, making sure the timer is off.

8. The processing sequence is as follows:

a. Heat the cartridge to the desired temperature. Hold the
tempearture for ten (10) minutes to insure isothermalization.

b. Set the timer controlling the power to the inverter to perform
the following sequence:

A3
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No power to inverter until the ca-tridge is thermalized.

Turn the power on and acoustically mix the cartridge
for two (2) minute before drop.

® Turn tne power off three (3) seconds after drop.
e Retain the same water quencn sequence as before.

9. Remove cartridge after processing and repeat steps 3, 4 and 8
for next drop.

It

) =

FIGURE 1. Assemtled Acoustic Mixer
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-
;
f FIGURE 2. DC to AC Power FIGURE 3. 300V DC Power
Inverter Supply
f ]

FIGURE 4. Acoustic Horn with FIGURE 5. Acoustic Generator Snowing:
Transducers 1, safety Relay
= Z) Frequency Generator
3) Power Oscillator
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APPENDIX B

ELECTROMAGNETIC MIXER ASSEMBLY AND OPERATION
1.0 GENERAL

The various components of the electromagnetic mixer and the closeup
views of the primary package are shown in Figures 1 through 5. Mot shown
is the Cutler-Hammer model BUL 6041H185, 120 A DC SPST relay with a 24 to
28 VDC energizing coil, or the heating coils.

1.1 PERMANENT MAGNET

The magnet is a surplus 2400 gauss field strength device used to
supply the DC magnetic field for thyratrons. It contains the experiment
housing, electrical leads and water inlet/exit parts as shown in Figures
1 and 2. The magnetic field per se is non-hazardous. However, all per-
sonnel working within approximately 30 to 50 cm (1-1.5 ft) of the magnet
should remove wrist or pocket watches to prevent magnetization of their
mechanisms. Also, steel tools will tend to becone magnetized; this can be
reme ied by running them through a degausser or magnetic ape erasing
head (bulk tape type) after use.

1.2 EXPERIMENT PACKAGE

Figures 3, 4 and 5 show the annular experiment package, the electrode
clamps and the experiment positioner screwed to the bcttom of the housing
(Figure 3). The mixer electrical lcads are connected to the experiment
package by the fill tube, attached to the outer electrodes and the position
clamp, which is attached to the inner electrode and serves both as an
electrical and mechanical clamp. Either electrode can be positive or
negative. The only constraint is that the experiment must face the magnet
pole face protected by the asbestos (Figure 4). The heater coils are
connected *o the temperature controller.

1.3 ELECTRICAL WIRING

The wiring is extremely simple. The one major supplied item not
shown is the relay, mentioned in Section 1.0, This relay should be :on-
nected in series with the positive DC battery cable. Thus, the wiring
sequence would be the DC+ cable fram experiment/magnet to relay terminal

A12
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A1, DC+ lead from relay terminal B1 to a 1/2-1 ohm resistor (to be supplied
by NASA) then to main battery cable. Total current should be approximately
30 amperes. The resistor selection can be approximated closely by shorting
the two current lugs inside the housing, since the initial experiment re-
sistance will be nil,

The heating coil and electrical leads are corrected in the same manner
as with the acoustic mixer and the thermal housing.

A1l internal connections are standard hex nut or Allen wrench size.
These may be changed if desired.

2.0 MODE OF OPERATION

The cperational mode is simple: The heating coil heats the experi-
ment cartridge until the metals are liquid; cace liquid, the imposed cur-
rent across the experiment interacts with the magnetic field to produce
movement and concomitant mixing. After drop, the DC voltage is removed
and the experiment package quenched. It is suggested that initial tests
be done with siorted leads; the experiment packages are designed to work
only once. The following operational sequence has been tested and is
recommended:

1. Connect the main OC voltage supply to the DC- Tug and through
the power relay to the DC+ lug.

2. Connect the thermocouplie leads to the drop package temperature
controller,

3. Connect the temperature controller relay outlets to the main
power relay coil terminals (X1 and X2).

4, Connect the experiment package to the holder and fasten the
hnlder to the bottom housing by the two Phillip screws. Attach
the two DC power lugs to the current tabs on the experiment
package and connect heater coils. Make sure the housing is leak
tight.

5, After all installation, etc., as is possible has been done in
the dmp shroud, initiate DC voltage to experiment package, using
the temperature controller,

Al3
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APPENDIX B (CONT.)

10.
11.

12.

Heat the experiment package to the desired temperature.

As soon as possible after the temperature has been established,
drop the package.

Sequence the DC power relay to provide maximum power from drop
to start or water quench.

At start of water quench, cut oif power to experiment package.
ketain the same water quench sequence as before.
Remove package as follows:

0 Undo top housing
0 Remove experiment from power clamps

Install new package in reverse sequence of Step 11.

Al4
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Figure 1. Closeup Photograph of Experiment
Housing of Electromagnetic Mixer
»

Figure 2.

Overall View of Electromagnetic Mixer



Figure 3.

Figure 4.

14725-6028-RU-00

Mechanical Connections

Closeup View of Experiment
Showing Mechanical Connec-
tions and Location

A16

Figure 5.

View of Disassembled Housing Showing Electrical and

Closeup View of Experi-
ment Showing Electrical
Connections
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i APPENDIX C

Appendix C consists of:
c-1 Listing of Computer Program

c-2 Required Input

C-3 Sample Solutions
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APPENDIX C-1 - LISTING OF COMPUTER PROGRAM

%
¥
PRINT " COOLING RATES FOR IMMISCIBLE MATERIALS IN ZERO GRAVITY"
REMARK:t BASIC, REVISED(2-11-7%)

PRINT
PRINT
RiRsP1=0

I1+12+13s14=0

M1l sHS s H3=(

R4=0

S$5=5.57E-S 1 CJOULE -K4-M2-3EC)
RS=8.32 80 JOULE-MOLE -K >
PRINT " GEOMETRY: SPHERE"

PRINT * CYL INDER”

PRINT PLRATE"

GENERRL "

Wiy e

PRINT

PRINT " TyYPE GEOMETRY MO."®

INPUT 5

OM 3 5070 Z20s340+4 003450

PRINT "DIRCCMM":

INPUT =

=32

A=4ePle (Il

V=(4-330PJe (S 30

6070 450

PRINT  DIRCCM)}s LENSTHCCM)™ 2

INPUT SL

i=S2

R=(2ePIeSeLr+(2ePlo (3120 )

V=PlerSe2reL

3070 490

PRINT " LENGTHCCM)> « WIDTHICM) s THECZMD "2
INPUT Lsbjs®

TaS 2

A=2e(2eSelfi+co(2oSeL 2+ (Lol

V=2eSeLel)

5070 430

PRINT * SURFACE ARER(CM2)>s YOLUMEC(CM2)>": .
INPUT RV

S=3e (VYA

PRINT

PRINT ™ SAMPLE PROPERTIES"

PRINT " KCWRTT-CM-C> DENS(GM-CM3) SH(CRL/GM=-CH>"™ 3

INPUT K3sD3+S3

A9=0,232396(K3/(D3e83)) 1(CM2/3ED)

PRINT

PRINT * TINITC(C> TFINRLCC) DTCCH TSINKCC)HY" 2 )
INPUT T1sTS»TS,TO T
T1=T1+273 ' ot

T9=794273 euid
TO=T0+273 . ORIGINAL PAGE w . |
T=T1-T3 OF POOR QUALITY, '
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610
620
630
640
5350
ésl
670
630
690
700
710
720
730
740
750
750
7?70
730
730
200
210
820
230
340
350
360
370
2330
290
900
910
Sz

930
940
50
950
970
9350
990
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APPENDIX C-1 (CONT.)

T4=T1-TS/2 " - JAYG SAMPLE TEMP
T3=(T4+T0).-2 IFILM TEMP

PRINT

PRINT

PRINT " CODLING MODES: 1 FOPCED CONVECTION™
FRINT * 2 RADIATION"

PRINT " 3 CONDUCTION IN SUPPORTS™
PRINT

PRINT " TYPE NOS. FOR DESIRED COOLING MODES. TYPE 0 FOR OTHERS.-™
PRINT “ C(EXAMPLE: 1,053)"3

INPUT C1,C2,C3

PRINT

PRINT

REMARK : FORCED CONYECTION

IF C1=0 THEN 1030

PRINT " CODLANT YELOCITY(M-SEC?  «DOLANT PPESSURECATM) "3
INPUT 11sP

PRINT

Us100el 1(CM/SED)
P=c1.013E6)eP

503UB 10000 *CODLANT
R=((D1elle2e3) V130100 1yt IN CPY

IF 5=3 THEN R=CIDlelels-¥1d6100 VW1 IN CP)
P1=((Y1-1000eC3104.136)5 K1

ON 5 G0TO S50300510005860

IF R<20 OR R>150000 THEN 1040
N=0.37¢¢R10.5¢(P110.333) 1SPHERE OR GENEPAL
Hi=(NoK11-(265) LOIATT /M2-C)

50TO 1030

IF R<40 DR R>250000 THEN 1040

IF R>4000 THEN 940

N=1.1200.5156(RM0 . 456556 CP110.333) 15YLINDER

GOTD 930

IF R>40000 THEN 970

N=1.1200.1714¢(R+0.618:¢(P140.333} $C'(L INDER

50T0 980

N=1.1260.0239¢(R10.305)#(P113.333%  ICYLINDER
Hi=/NeK1)/(2e3) LCWATT - CHR-C) »
€370 1030

1000 IF R<100000 THEN N=0.543¢(R+0.5,¢(P140.333) SFLAT PLATECLAM)
1010 IF R>100000 THEN N=0.037¢(R+0.8)¢(P1+40.333) ¢FLAT PLATECTURB)
1020 Hi=(NeK1)/W LCWRT T CM2-C)

1030
1040
1050
1060
1070
1080
1090
1100
‘1110
1120

6070 1050
PRINT " {*EYNGLDS NO.= ":R:™ (OUT OF RRANGE>"
PRINT " TYPE CONVY. HT COEFF.CWRTTS/CMS2-CH™ 2
INPUT HI

PRINT

REMARK: RRDIATION

IF C2=0 THEN 1180

PRINT " ENCL RRERC(” 20 EMISt EMISe”:
INPUT R2sElrE2. .
PRINT ORIGINAL PAGE 1S -
OF POOR qUALITY
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1130
1140
1150
1160
1170
1130
1190
1200
1210
1220
1230
1240
1250
1260

1270

+ 230
1330

1300 22

1310

320

[}

s b BB b b s
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1330
1400
1410
1420
1430
1440
1450
1460
1470
14580
1430
1500
1510
1520

1530
1540
1550
1560
1570
1580
1390
1600
1510
1620
1530
1640

APPENDIX C-1 (CONT.)

Fi=i/E1+(R/R2Y ({1 E2)>-1)
Fi=1-F1
H2=F16SSe((T41+4-T0442>-(T4-T 0>
He=H2-10000

REMARK : CONDUCTION IN SUPPORTS
IF C3=0 THEN 1250

IF I3=1 THEN 1250

PRINT “ SUPPORT LENGTHICM>
INPFUT L4sAS4 K4

PRINT

13=1

H3=ka.-14

HS=C CHIORM +CHZOR 1+ HIeR4 3 21
Bl={HSeS)-K3

IF I4=1 THEN 1550

IF B1>0.05 THEN 1430

21=T-TO

=T1-To

nO==1eLOG(ZL ~Z22 2
ﬁ5=((330D30V'=qu0ﬂ')0\004 1368
K=XANS
PRINT "

PRINT " TEMP=
PRINT ~
FRINT " HR= '
PRINT " HC= "
PRINT "
PRINT "
PRINT
IF I4=1 THEN 1530
Ti1=T

T=T=-T5

IF T<T® THEN
T4=T1-T5-2
T23=(T4+TON-2
070 720
FRINT " 1-BI= ":B1§%" (HEISLER CHRRT=Z
FRINT " HEAT TRANIFER COEFF. USED.» "
T3=Ci(T14T95-20+TOHo -2

T4=C(T1+TIx -2

I14=1
5010 720
21=T-T0
2e=T1-T0
PRINT "
PRINT *
INPUT FO
PRINT
X=((St2eF 02 7A9)
50TO 1340

T=T-TS ) 4
IF T<T9 THEN STOP .~

CROSE~

000000
D B
"SB13” g
: WATT 7CM2-Co 8" HE=
2" CWATT/CM2-CHv3" TFILM
HS5:" CWHTT-CM2-C>»™
2000000

73:‘

~2
* Bl= PR=

3TOP

1-BI= “31/B13§" (T-TSHA(TI-TS* = "

TYPE FO":

A20

SECTIONCGIM: )

" TIME= "a%s”

REQUIREL.

'

[N
'

————

14725-6028-RU-00

SCWATTY - CM2-CH

<SCYATTS/CM-CO™ 2

LCWATT <CM2-2 0

o
2

L]

0y

trem

EC)

l,o" J

H3:2" CWRATT- CME-C)™
aT3-E7IET (DL

COASTHNT AYERAGE™

sl s22 -

s

ORIGINAL PAGE IS
OF POOR QUALITY
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APPENDIX C-1 (CONT.)

1550 GOTO 1550 .

1560 END -

10000 REMARK: SR COOLANTs BRSIC
10020 IF I1=1 THEN 10110

10030 PRINT * COOLANT

10040 PRINT "

10050 PRINT "

10060 PRINT

: 10070 PRINT " TYPE COOLANT NO.":
: 10030 INPUT F

10090 I1=1

e

:;

X T
Et

£

WRATERC OCLTL3200H "
NITROGEN(-2OCCT{8200) "
HEL UM -200<T<320C "

[T T

e f

: 10100 PRINT

; 10110 ON F GOTO 10120510200510200

: 10120 FEMARK: WATER

. 10130 MO=13. 06

: 10140 D1=0.5225751+1.42435E- 30T 3-2.3243E -5 T312

101S0 S1==0.55575+1 441 342E-20T3I -4 1 335TE-SeT312+3.919133E-3eT313

10160 Y1=EXP{3I2.335499-0,261715356T3+7.6722531E-4eT312-1.02652T2E 66T 313
+ +5.1331037E-10eT3 2

10170 K1==9,3ToS17T3E-3+3.2733242E-5eT 3-1 .5932352E-7eT312+47.4735235E-1 1oT
+ 313

10120 5070 10400

10200 REMARK: NITROGEN

- 10210 M0=23.013
.- 10220 D1=<MDePel.0E-73- (RSeT3>

10230 S1=0.293454334+5 . 1550323E-0eT3+2 .35 744c0E-3eT312
10240 V1=4.15313721E-3+5.0061 33TE-SeT3-1.4153016E-3¢T312
10250 K1=6,6187327E-S45 . 5030576E~-7TeT3-3.5337747E-11eT312
10ze0 GOTO 10400

10300 REMARK : HEL IUM

10310 MO=4.003

10320 Di=(MOePel . 0E-F) {RSeT32

10330 1=1.24

10240 Y1=5.3393363E-34+4,47605S34E-SeT3-5.,.93527032E-3eT312
10352 K1=0.46405504E-4+43.3136573E—HeT2-1.3524212E-3¢T342
10400 RETURN

E

ORISINAL Pagp 3
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APPERDIX C-2 - REQUIRED INPUT

PROGRAM MATS

I. REQUIRED INPUT

A. Geometry
1. Sphere - dia. (cm)
2. Cylinder - dia. (cm), length (cm)
3. Plate - length (cm), width (cm), thickness (cm)
4, General - surface area (cm2), volume (cm3)

X
i
£
-
:
¢
z
:
:
H
)
3

B. Sample Properties
1. Thermal conductivity (watts/cm-°C)
2. Density (gm/cm3)
3. Specific heat (cal/gm-°C)

C. Temperatures
1. Initial temperature (°C)
2. Final temperature (°C)
\ 3. Temperature increment (°C)*
! 4. Sink or coolant temperature (°C)

D. Cooling Modes

1. Forced convection (requires subroutine)
(a) Coolant
(1) Water (liquid)
(2) Nitrogen (gaseous)
(3) Helium (gaseous)
(b) Coolant velocity (m/sec) ‘
(¢) Coolant pressure (atm)
2. Radiation
(a) Enclosure area (cm?)
(b) Emissivity of sample
(c) Emissivity of enclosure
3. Conduction in supports
(a) Support length (cm)
(b) Support cross-section area (cm?)
£ (c) Support thermal conductivity (watts/cm-°C)

*This program is a closed form solution, thus either the cooling curve or
total time to cool to a given temperature can be obtained. C-3 is neces-
sary only or obtaining cooling curv:gé
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APPENDIX C-2 (CONT.)

4. Combined (any combination of the above) (requires subrouting)

IT. ASSUMPTIONS

1. If Biot number (Bi) < 0.05, then sample cools uniformly. Program
calculates cooling curve automatically.

3 2. If Biot number > 0.05 (high heat transfer coefficient), then
3 Heisler** charts required to input the Fourier number (Fo) from
¢ the terminal. Heat transfer coefficient must be constant. An

average value is computed for this case.
3. Cylinder is in cross-flow.

; 4. Plate width is parallel to flow (i.e., length > width).

[3 4]
.

General geometry treated as a sphere,

-y
-

**B_ Gebhart, Heat Transfer, 2nd Ed., McGraw-Hill Book Co., N. Y., N. Y.,
1971, p. 64 et. seq. (or equivalent).
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APPENDIX C-3 - SAMPLE SOLUTIONS

)
L . 1«4—“"'- . e e
g! § DLINS RHTES Fm lHﬂlSC[!LE MTERIRLS IN ZEROD GPAVITY
GEDMETRY: 1 SPHERE
2 CYLINDER
3 PLATE
4 GENERAL
TYPE GEOMETRY NO.
T3
LENGTHCIM> s WIDTHC(CM>s THKCCM)
T 1.37 .74 .42
SRAMPLE PROFPERTIES
KCWRTTACM-C 0 DENS(5M-CM3) SH{CRL~-GM-C>
T .114 3.41 .047
TINITCC TFINAL <C) DTC: TSINKCCS
T 270 210 20 29
COOLING MODES: 1 FORLCED CONVECTION
) 2 RADIARTION
e 3 CONDUCTION IN SUPPIRTZ

TJPE NO:. FOR DESIRED COOLINS MODES. TWPE 0 FOR OTHERS.
CEXAMPLE: 1s0+3)

T 1200

COOLANT YELOCITY(M-SEC CODLANT PRESIURECATM)
7T 6 1

CODLGANT . 1 WRTEROCKT<320C»

2 NITROGENC(-20C{T<{3200>
3 HELIUMC(-20C<T<8200C>

TYPE COOLANT NO.
71

1/BI= 12.208662 (HEISLER CHARTS REQUIRED. CONSTANT AYERRGE

MERT TRANSFER COEFF. USED.)
CODLANT VELOCITYC(M/SEC) COOLANT PRESSURE(ATM)
7 6 1

1/Bl=  .34080251E-01  (T=TS)/(TI-TS)= .91836735E+00
. TYPE FO :

is 7 -:IS ol
N A24
ORIG, .
or nVAL PAGE R
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APPENDIX C-3 (CONT.)

*000000
TEMP= 250 (O TIME=

14725-6028-RU-00

S 0UB3T5EE-01 C(ZECH
RE= 193739.7 BI= 11.3%3333 PP=

1.2373333

HE= 0 (WRTT~-CM2-C>» Hk= 0 (WATT-CM2-C3

HC=  5.45641658 (WATT-CM2-C) TFILM=
EQ H= 6.43541583 (WRTT-CM2-C)

132.5 (2

4000000
1-Bl= .34030251E-01 CT-TZ27«TI=-TS)»= .33573453E+(1}
TYPE FO
(22 X222 ]
TEMP= 230 (L TIME= SASINOISTE+QO CIECH
RE= 135730.74 Bl= 11.32329% PR= 1.23733953
HE= 0 CWATT-CM2-C> Hk= 0 cWATT CMS-C
HC= 5.4584163 JWATT -CHM2-C0 TFILM= 132.5 2>
EQ H= &.4554163 (WRTT-CM2-CH
900000
1-Bl= .334030251E~-01 CT=-TZ22-CTI=-T3»=  .7SS10204E+00
TYPE FO
T .29
]
000000

TEMP= 210 «C3 TIME=  15001159E+00 <ED:

RE= 13T730.74 EI= 11.333339 PR=

1.2372233

HRE= 0 (WATT-CM2-CD Hk= 0 CWRTT-CM2-00
HC=  ©5.4564182 CWATT-CM2-C>»  TFILM= 132.5 <%

ER H=  5.45541638 (WRTT-CME-0)
000000

LINE 01640
END
_ % PUN

$

A25
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APPENDIX C-3 (CONT.)

L
COOLINS RATES FOR IMMIZCIBLE MATERIALS IN ZERJ SRAVITY
SEOMETRY 2 1 TPHERE
& CYLINDER
3 PLATE
4 SENERAL
TYPE SEOMETRY NO.
¥ 3
LENGTHOCM ) » WIDTHOCMD s THK (M2
T 1.37 .74 .42
SAMFLE FROPEFTIES
KCWATT ~CM=-120 DEMECoM-CM20 THCTALSBM-C
To.114 3.41 L ¥
TIMITCC TEINAL:C) DT TS TEINK (TS
v avo 210 2u 25
_ CO00OLING: MODESS 1 FORCED COMVECTION
4 S FRUIATION
i 3 CONDUCTION IN SUFPORT:

TYFE ND:. FOP DESIRED COJLING MODES. TYFE 0 =OR GTHERS.
CEXAMPLE S 1s0s30

T 1a0s0
COOLANT YELOCITY(M-SECY  COOLANT PRESTURECATM)
T g 1

COOLANT 1 WATERCOCIT{3200)

2 NITROGENC-20C{T{220C>
3 HELIUMC=-20C<{T{320C

TYPE COOULANT NO.
T2

*000000
TEMP= 250 <C> TIME= 1.5161715 <3EC)
RE= 1£19.7554 BI= .15132342E-01 PR= 715897 3E+)0

HR= 0 CWRTT-CM2-C)> HK= 0 “WATT-CM2-C)
HC=  .10413272€E-01 (WRATT~-CMe-LC) TFILM= 142.5 O
EQ H= .10413272E-01 <WATT~-CM2-2)
(222222
A26
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APPENDIX C-3 (CONT.)
COOLANT YELOCITY (M-ZECH COULANT FRESTIRECHTM
T B i
. 009000
TEMP= 230 (0o TIME= 2.1702737 (3EC
cE= 1833.51934 RI= L19220254E-01 PR= [ T1512043E+400
HR= 0 CWATT-CME-C) Hk= 0 ONRTT- M-
HC=  10434069E-01 CWATT OME-C . TFILM= 132.3 L7
EQ H= L1042400%E~01 “WATT -CiMe~-C)
004000
COOWRANT 'ELDlITW(Mx LB COOLANT FRPESZURECATM
e 1
2004009
TEMFP= 210 (C» TIME= 4.3304512 (TEC
RE= 17&2.0352 BI= 1328 14cE-01 PE= T 1552334E+400
HE= 0 CWRTTACM2-CH Hk= 0 (WATT - CME-CH
HC= 10458 133E-01 CWRTT CME-C0 TrILM— 122.3 o
EG H= .104SA8139E-01 CWRTTACME-0D
fYI Y Y X}
L INE (01450
END
_ % RUN

A2?
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APPENDIX C-3 (CONT.)

o e

COPLING RATES FOR IMMISCIBLE MATERIALS IN ZEPD GRAVITY
BEOMETRY & 1 :PHERE
2 CYLINDER
3 PLRTE
4 GENERAL
; TYPE SEOMETRY NO.
3 T3
: LENGTHUCMY » WIDTHCCM: s THKCCHD
! ¥ 1.37 ) .42
TAMPLE PROFERTIES
ECWATT < M- DENZCOM. TM3 0 SHOCRAL G-

o114 .1 047
TINITCD TEINALCC DTCLn TSINK (TS
7 avn 210 20 2%

COOLING MODES: 1 FORCED CONMYECTIDN
. 2 RADIATION
3 CONDUCTION IN SUFPORTS

TYFE NO:. FORP DESIRED COOLING MODES. TYPE 0 FOR OTHERS.
CEXRMFLE: 1+0:33

T 1s0s0

COOLANT YELOCITY(M-SEC ) COOLANT PRECIURECATM)D
F ) 1

COOLANT 1 WARATERCQC- T<320C

2 NITROGENC-20C<T{S20C» »
3 HEL [UMC=-2004 T<320C )

TYPE COOLANT NO.

3
: 000000
; TEMP= 250 () TIME= ,30353171E+400 (SEC: .
; RE= 213.%4932 BI= .32002:71E~-01 PP=  .38345337E+00 ;
HR= 0 (WARTT- CM2-C) HK= 0 C(WRATT~CM2-L> ¢
HC= .17376673E-01 (WATT-/CM2-C) TFILM= 142.5 (C» 4
EQ H= .17376678E-01 (WRTT-CM2-C)
000000

A28

}
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APPENDIX C-3 (CONT.)

£ ZOOLANT YELDCITY(M-SEC COOLANT FRESSURECATM)
- - 1

900000
E TEMP= 220 <C TIME= 1.3333133 ¢IEC)
] RE= 22%.03341 BI= .32071034E-01 PRz .33510407E+00
P HE= 0 (WATT CM2-C) Hk= 0 CWATT/CMa-C
; HC=  .17410032E-01 C(WATT-CM2-C) TFILM= 132.5 <Y
3 E% A= .17410022E-01 CWPTT-CM2-C)
2000004
: COOLANT WELOCITY(M-SED S COOLANT PPEZ IURECRATM
T8 1
— 600000

TEMP= 210 <C) TIME= 2.3210331 CSECH

; RE= 237.3447% Bl= .32131S73E-01 PR= .32337103E+00
R U HR= 0 (WATT-CM2-00 Hek= 0 CWATT.CM2-C0
{ HC=  .1T4423S4E-01 "WRTT-CM2-C) TFILM= 122.5 <C)
5 ER H= .17442354E-01 CWATT CM2-07
§ 00000
! L INE 01450
: END
: § RUM
%
g.‘
z
i
X,

A29
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APPENDIX C-3 (CONT.)

COOLING RATES FOR IMMISCIBLE MATERIALE INM TERPD SPAVITY

SEOMETRY @ ZPHEFE
CYLINDER
FLRTE

GENERAL

S w Ny -

TYFE GEOMETRY NO.
T3
CEMGTHLCMY « WIDTHCCMY s THROCMS

T 1,37 g =

LAMFLE PROFPERTIE:
KLWATT <CM-C 0 DEMZ 3M-ZM30 SHYCARLAGM-Co

To.114 2.41 047
TINITCC TFINALCC 0T TSINK T
T avo 210 i 25

COOLINS MODE:: 1 FORCED CONYECTION
2 RADIATIDON

3 CONDUCTION IN SUPPORTE

TYFE NOI. FOR DEZIRED COOLINS MODE:. TWPE O =0OF OTHERS.
CEXAMPLE: 1a0e30

T Nazsd
ENMCL RRERCLCMC: EMIZ1 EMI:2
¥ 1000 1 1

000000
TEMP= 250 () TIME= 3.3350167 (3SEC)
RE= D Bl= .323c5923E-02 PR= 0O

HR=  ,17569381E-02 CWATT-CM2-C> Hk= 0 <WATT-CMe-0)
HC= 0 (WATT-CME~C? TFILM= 142.5 ()
EQ H= .17369851E-02 (WRTT-CM2-L»

000000

A30
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) APPENDIX -2 (CONT.)
ENCL ARER(CME) EMITI EMIz2
¥ 1o 1 1
009000
TEMP= 230 (L2 TIME= 13.549531 IEC)
RE= 1 Bl= .29214512E-02 pR= 0
HR= .15135021E-0&8 «WATT - CM2-0> HK= 0 {JATT - HM2-C)
HC= 0 CWRTT-CM2-CH TFILM= 132.S
EQ H= 1613502 1E-02 CWWARTT-CM2-C)
to00000
ENCL RARERCCM2: EMIZ1 EMIz2
oo 1 1
000000
i TEMP= &10 (o TIME= 32.4238992 (IET!
~- RE= 0 BI= .27415357E-02 FP= 0
He= ,14322S07E-02 “WATT-CM2-2) Mk= 0 IATT-LM2-10
HC= 0 "WATT-CM2-C2 TFILM= 122.9 (o
EQ H=  .13333S0TE~02 CWATT-TM2-C%
4000000
LINE 01450
END
¥ RUN
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APPENDIX C-3 (CONT.)

COOLING FRATES FOR IMMISCIBLE MATERIALE IN ZERO GSRAVITY

SEOMETRY 3 LPHERE
CYLINDER
PLATE

FENERAL

& O3 My -

TYPE SEOMETEY NO.
T3

LENGTHCCM)> s WIDTHCCM) s THK CCMD
¥1.37 ) e

SAMPLE PROPERTIES:
KCWATT - CM=C0 DEMZ L GM-TM2 0 THICRAL - ri-C
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APPENDIX C-3 (CONT.)
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