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1.1 General 

immiscible materials i n  a low gravity environment. Th 
accomplished by direct evaluation of both f l i g h t  and c o n t ~ l  sp 
calculation of gravity and surface tension domi 
o f  the calculated data  i t h  the evaluation of 

The purpose of these experiments was t o  de 

1.2 Experiment Desi gn 

were processed on Earth, and a f l i g h t  specimen which 
The two specimens ere then compared to  dete 

i t h  other factors on the degree of dispersi 

Three types of m inations i n  the 
and Control Spec 6 contained 50 volume 
percent sodium a trihydrate, w i t h  an inclu 
F1 i g h t  and Control Specimens 9 contained 40 
vol urn percent sodium acetate tri hydrate 20 vol u 
i ncl uded tungs ten m i  x i  ng pel 1 e t .  
40 volume percent paraf f in ,  40 volume perc 
20 volume percent lOOum diameter tungsten microspheres and an 

Each experiment consisted of a control specim 

I 

F1 i gh t and 

x i n g  pellet. ( In  the remainder o 
ed instead of sodium acetate t r ihyd  

a l though  the hydrated form i s  the actual chemical used.) 

These combi nations ere chosen to assess the effect 
zero gravity environment on two and/or three phase i 
where the two main phases were immiscible liquids ~ u r i n  
third phase was either a gas or a solid. The procedu 
capsules was as follows: 
for 10 minutes, the heater-capsule combination shaken for 90 s 
the combi na t i  on as then inserted on the cooling p i n  co 
sink u n t i l  the re was 100°F or less. The coolin 

the capsule was inserted i 

r heating, processin 
ssessed for the deg 
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2.0 C H A ~ C T E R I Z A T I O N  OF FLIGHT AND CONTROL SPECIMENS 6, 9 AND 12 

2.1 General 

three areas : photographic documentation o f  the i n t a c t  and sectioned 
specimens, density determinations o f  the sectioned specimens , and d rop le t  
d i s t r i b u t i o n  o f  the sectioned f l i g h t  specimens. 

The character izat ion o f  the control  and f l i g h t  specimens p i n  

Figure 2-1 i s  a schematic representation o f  the p h o ~ g r a p h i c  docu 
procedure u t i l i z e d  t o  evaluate the degree o f  dispersion i n  
The surfaces o f  the i n t a c t  specimens were pol ished and the 
a t  various magnifications. The specimens were the 
o f  each sectioned sample c losest t o  the heat s ink 
photographs a t  various magnifications were taken. 

I 

The density d t e ~ i n a t i o n s  were performed using 
pycnometer, and the drop le t  d i s t r i b u t i o n  was mea 
and a template t o  measure s i ze  and pos i t i on  w i t h i n  the s 

2.2 Surface Characterization - I n t a c t  Specimens 
The c u t  surfaces o f  the i n t a c t  specfmens were prepared by 

the saw marks w i t h  2/0 and 4/0 sandpaper, and f i n a l  p o l i s h i n  

les.  

ng 

specimens on Buehler nylon po l i sh ing  c lo th.  

The pol ished surfaces were then photographed a t  various magni f i c a  
The e n t i r e  surface was photographed a t  1X and 1OX magnif icat ion and 
selected areas were photographed a t  50X. A L e i t z  "A r i s to  
camera was used t o  take the 1X and 1OX photomacro 
l i g h t i n g  using a polar ized f i l t e r  was found t o  give max~mum con 
although UV f uorescence and d i r e c t  l i g h t i n g  w i th  various c 
f i  1 te rs  were a1 so t r i e d  e A Rei chart  Research Metal 1 ograph 
was used t o  take the 50X photomicrographs. Most o f  t h  
were taken using dark f i e l d  i l l umina t ion ,  a l t h o u ~ h  pha 
pol a r i  zed 1 i g h and b r i g h t  f i e l d  i l l um ina t ion  ~ c h n i q u  
u t i  1 i zed . 

2- 1 



1 1X PHOTOGRAPH 

1 OX PHOTOMACROGRAPHS 
(TOTAL SURFACE) 

I 

SELECTED 
50X PHOTOMICROGRAPHS SECTIONED 

SURFACE PREPARATION 
(ONE SIDE EACH SAMPLE FROM HEAT SINK END. TOP POLISHED I F  APPLICABLE) 

1 X  PHOTOGRAPHS 

I 
1 O X  PHOTOMACROGRAPHS 

(TOTAL SURFACE) 

SELECTED 50X, lOOX ,200X ,500X ,100OX PHOTOMICROGRAPHS 

IGURE 2-1. SCHEMATIC OUTLINE OF PHOTOGRAPHIC DOCUMENTATION PROCEDURE 
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Figure 2-2 shows the pol ished surfaces o f  both the cont ro l  and f l i g h t  
specimens a t  1X magni f icat ion.  The arrows denote areas o f  i n t e r e s t  and 
the surface appearance o f  the con t ro l  and f l i g h t  specimens are described 
below, and are shown i n  greater  d e t a i l  i n  Figures 2-3 through 2-11. 

2.2.1 Control Speci men 6C-A-00 
The p a r a f f i n  and sodium acetate are segregated i n  the cont ro l  

specimen w i t h  the exception t h a t  the shrinkage tube i s  f i l l e d  w i t h  sodium 
acetate (area 1) .  This probably occurred when the p a r a f f i n  s o l i d i f i e d ,  
c rea t ing  a p a r t i a l  vacuum a t  the top o f  the capsule and aspi ra ted the 
s t i l l  l i q u i d  sodium acetate i n t o  the shrinkage tube. 

The t rans lucent  e l l i p s o i d  (area 2) below the shrinkage tube i s  a f i n e  
d ispers ion o f  a i r  bubbles o r  vacuum voids i n  the pa ra f f i n ,  probably 
formed dur ing the s o l i d i f i c a t i o n  and concomitant shrinkage o f  the 
pa ra f f i n .  

The i n t e r f a c e  between the p a r a f f i n  and the sodium acetate (area 3) i s  
smoothly rounded w i t h  a radius o f  approximately 7.6 cm. The sodium 
acetate i s  randomly c rys ta l l i zed ,  w i t h  the f i n e r  c rys ta l s  near the end 
c loses t  t o  the heat s ink.  

2.2.2 F l i g h t  Specimen 6F-A-00 
The sodi um acetate and p a r a f f i n  are p a r t i a l l y  segregated, however, 

there i s  some d ispers ion o f  sodium acetate i n  p a r a f f i n  (area 1 and 2) and 
p a r a f f i n  i n  sodium acetate (areas 3 and 4). A t h i n  coat ing o f  sodium 
acetate surrounds most o f  the outside o f  the p a r a f f i n  (area 5).  
are two connected c a v i t i e s  i n  the pa ra f f i n ,  one hol low and the o the r  
near ly  f i l l e d  w i t h  sodium acetate (area 1 ) .  The sodium acetate spheres 
i n  the p a r a f f i n  are reasonably uni form w i t h  the ma jo r i t y  o f  the spheres 
being approximately 1.2 mm i n  diameter (area 2).  The p a r a f f i n  dispersion, 
however, are spheres w i t h  widely varying diameters. Area 3 i s  a sphere 
2.5 mrn i n  diameter and area 4 contains spheres approximately 0.025 mm i n  
diameter. 
t h a t  there may have been a ra the r  steep thermal gradient  imposed long i -  
t u d i n a l l y  across the  capsule dur ing cool ing. There are a number o f  

There 

Some o f  the p a r a f f i n  spheres i n  area 4 are d i s to r ted ,  i n d i c a t i n g  
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FIGURE 2-2. Photomacrographs of the Pol ished Surfaces  o f  Control 
and F l i g h t  Specimens 6 ,  9 and 12. (1X Magnif icat ion)  
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6C-A-00 9C-A-00 
I 

12C-A-00 
Paraffin-Sodi urn Acetate 

Sodi um Acetate-Tungs ten 
Mi crospheres 

FIGURE 2-3. Control Specimen Interfaces 
(1 OX Magni f i ca ti on ) 
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End Away From Heat S i n k  5.5 cm From Heat S i n k  End 
f 

Interface Heat S i n k  End: Dispersed 
Paraffin 

FIGURE 2-4. Selected Photomacrographs of Flight 
Specimen 6F-A-00 ( l o x  Magnification) 
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Shrinkage Cavi t y  Away 
From Heat Sink End 

Duplex & Complex Dispersions 
Near Center of Sample f 

Duplex & Complex Dispersions 
Near Center of Sample 

Heat Sink End 

FIGURE 2-5. Selected Photomacrographs of  Flight 
Specimen 9F-A-00 (1 O X  Magni f i  cation) 
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End Away From Heat Sink Area Near Shrinkage Voiid 

Represen ta t ive  Area 
Near Center 

Heat Sink End 

FIGURE 2-6. Se lec t ed  Photomacrographs o f  F1 i g h t  
Sample 12F-A-00 (lox Flagni f ica t ion)  
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FIGURE 2-8. Photomicrographs of  F1 i g h t  Specimen 9F-A-00 
Showi ng Compl ex D i  spers i ons 
(50X Magni f ica t ion)  
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Sodium Acetate in Paraffin 
7.5 cm from Heat Sink End in Sodium Acetate 1 cm from 

Paraffin/Tungsten Mi crospheres 

Heat S i n k  End 1 

Representative Dispersion of  Paraffin/ 
Tungsten Microspheres 3 cm from Heat 
Sink End 

FIGURE 2-11. Photomicrographs of F l i g h t  Specimen 12F-A-00 
(50X Magni f i  cati on) 
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elongated voids o r  a i r  bubbles (area 6) near the top o f  the specimen (end 
f u r t h e s t  f r o m  the heat s ink)  which were probably formed dur ing s o l i d i f i -  
ca t ion  o f  the paraf f in .  Area 7 has ra ther  la rge  c r y s t a l s  '(2 - 5 mm) 
which are or ien ted  a t  approximately 45' t o  the long i tud ina l  'center l ine.  
The paraff in, sodium acetate i n t e r f a c e  (area 8) i s  much more sharply 
rounded t h a t  the in ter face i n  the contro l  sample, having a radius o f  
approximately 1 cm. 

2.2.3 Control Specimen 9C-A-00 
The para f f in  and sodium acetate i n  the contro l  sample are completely 

segregated, w i t h  an empty shrinkage tube, u n l i k e  6C-A-00. This i s  probably 
due t o  the gas space i n  the capsule. The i n t e r f a c e  (area 1) i s  almost 
p e r f e c t l y  f l a t ,  w i t h  some rounding a t  the sides where the capsule was i n  
contact w i t h  the mater ia l .  

There i s  some contamination o f  the sodium acetate as shown i n  area 2, and 
there are a few tungsten microspheres randomly d i s t r i b u t e d  i n  the paraf f in .  
The sodium acetate i s  c r y s t a l l i z e d  i n  a random manner, w i t h  a few l a r g e  
c rys ta ls  i n  the center o f  the mater ia l .  

2.2.4 F l i g h t  Specimen 9F-A-00 
The sodium acetate and p a r a f f i n  are almost completely dispersed. 

A t h i n  l a y e r  o f  p a r a f f i n  i s  located i n  the top o f  the capsule away from 
the heat s ink,  along w i t h  a small amount o f  sodium acetate (not  shown). 
Thus the shrinkage tube (area 1) i s  a c t u a l l y  a la rge  gas pocket surrounded 
by p a r a f f i n .  
d ispersion and i s  ind icated by area 2. 
are small spheres o f  sodium acetate and a few voids o r  gas pockets. 

I n  addi t ion,  a t h i n  l a y e r  o f  p a r a f f i n  surrounds the e n t i r e  
Interspersed i n  the p a r a f f i n  s h e l l  

The p a r a f f i n  i s  p r i m a r i l y  dispersed i n  the sodium acetate, e k e p t  a t  areas 
3 and 4. 
coalesced and enclose some sodium acetate spheres. 
she l l  o f  p a r a f f i n  encloses a sphere o f  sodium acetate. This i s  known as 
the "grapeskin ef fect"  o r  duplex dispersion and has been observed i n  o i l -  
water mixtures and i n  wet j e t  fue l  being pumped through p ipe l ines.  Area 5 

I n  area 3, three r e l a t i v e l y  l a r g e  droplets o f  p a r a f f i n  have 
I n  area 4, a t h i n  
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i l l u s t r a t e s  a "double grapeskin e f f e c t "  o r  a complex duplex dispersion 
i n  t h a t  p a r a f f i n  surrounds sodium acetate which i n  t u r n  surrounds p a r a f f i n .  
Too small t o  be seen i s  the reverse type o f  dispersion. Droplet  d i s t r i -  
bu t ion  i s  r e l a t i v e l y  random and diameters range from approximately 1 cm 
t o  0.025 mm. The sodium acetate, p a r a f f i n  i n t e r f a c e  (area 6) has a more 
pronounced curvature than 9C-A-00 and i s  reversed from the in te r faces  i n  
6C-A-00 and 6F-A-00. 

The sodium acetate i s  very f i n e l y  c r y s t a l l i z e d  i n  a random or ien ta t ion .  
There does no t  appear t o  be any appreciable-gas dispersion, b u t  t h i s  may 
be due t o  the thermal gradient dur ing s o l i d i f i c a t i o n .  The presence o f  
the p a r a f f i n  dome a t  the top ind icates t h a t  some s o l i d i f i c a t i o n  occurred 
a t  the top end dur ing cooldown. 

I 

2.2.5 Control Specimen 12C-A-00 

gated w i t h  the exception of a small cap o f  sodium acetate w i t h  a few 
tungsten microspheres over the top o f  the shrinkage tube (area 1). The 
cap probably was formed i n  the same manner as mentioned f o r  6C-A-00. 

The p a r a f f i n  sodi um acetate and tungs ten m i  crospheres a re  segre- 

The p a r a f f i n ,  sodium acetate i n t e r f a c e  (area 2) i s  s l i g h t l y  rounded, b u t  
no t  as smooth as t h a t  formed i n  the o ther  two cont ro l  samples. There 
are several droplets  o f  p a r a f f i n  embedded i n  the main body o f  the paraf f in 
and a few tungsten microspheres present i n  the in te r face .  

The sodi um acetate, tungs ten m i  crosphere i n t e r f a c e  (area 3) i s  p a r t i a l l y  
graded. Microscopic examination o f  the i n t e r f a c e  ind icates t h a t  as the 
sodium acetate c r y s t a l l i z e d ,  some o f  the tungsten microspheres were 
displaced i n t o  the predominantly sodium acetate phase. 

2.2.6 F1 i gh t Specimen 12F-A-00 
There appear t o  be three types o f  sodium acetate, p a r a f f i n ,  tungsten 

microsphere dispersions. Area 1 i s  a dispersion o f  p a r a f f i n  (conta in ing 
90% o f  the tungsten microspheres) i n t o  the sodium acetate. Area 2, 
containing the shrinkage cav i ty ,  i s  predominantly p a r a f f i n  w i t h  some 
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sodium acetate dispersed i n t o  i t .  Area 3 is  a tungsten microsphere, 
paraffin blend w i t h  a dispersion of sodium acetate. 
be similar to  area 3, w i t h  a higher concentration of tungsten microspheres. 
Since the tungsten microspheres are preferentially wetted by the paraffin, 
the continuous phase i s  predominantly paraffin w i t h  the sodium acetate as 
the dispersant over most of the length of the specimen. 

Area 4 appears to  

The dispersed droplets i n  areas 1 and 2 are predominantly spherical from 
0.025 t o  1 mm i n  diameter, b u t  the dispersed phases elsewhere i n  the 
sample are distorted, presumably because of the crystal 1 i za t ion  o f  the 
sodium acetate. 
orientation. 

The sodium acetate i s  finely crystallized w i t h  a random 

1 

2.3 Surface Characterization - Sectioned Samples 
All of the control and f l i g h t  specimens were ax ia l ly  sectioned a t  

0.63 cm (0.25 inch) intervals starting from the heat sink end. 
difficulty was encountered a t  the breaks i n  the specimens, consequently 
there i s  an extra, undersized sample from the 6 and 12  control specimens 
and two from the 12  f l i g h t  specimen. The lower ha l f  of specimen 6F-A-00 
was very friable and tended to  break when the razor saw was almost through. 
All of  the other specimens were readily sectioned. 

Some 

The sectioned samples were mounted for polishing by placing each individual 
sample i n  a Buehler No. 20-8151AB Bakelite Ring Form (2.54 cm O.D. X 2.22 cm 
I.D.) and p o t t i n g  w i t h  Maraset Epoxy Resin No. 656, which polymerizes a t  
room temperature. This was done to  prevent damage to the samples dur ing  
polishing. Each sample was marked to  prevent identification errors. 

After the epoxy was cured, the samples were rough ground w i t h  Buehler No. 
160 Carbimet paper. No. 320 and No. 600 sof t  paper were then used to  
remove the g r ind ing  marks and the f inal  polish was done w i t h  Buehler nylon 
pol i sh ing  cloth. 

The widely varying hardness of the specimen materials caused some damage 
t o  the polished surfaces of the samples b u t  satisfactory photomicrographs 
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up t o  l O O Q X  were taken and the morphological d e t a i l s  o f  the samples could 
be observed eas i l y .  

A l l  o f  the specimen samples were photographed a t  1 X  and lox,  and selected 
area photomicrographs from 5QX t o  lOOOX were taken. The d e t a i l s  observed 
are described below, and i l l u s t r a t e d  i n  Figures 2-12 through 2-21. 

2.3.1 Control Samples 6C-A-01 through -12 

i s  random w i t h  dispersed 0.5 - 1.5 mm c rys ta l s  i n  the ax ia l  c u t  plane. 
A f t e r  approximately 1.4 cm, the c r y s t a l s  tend t o  become f i n e r  and randomly 
o r ien ted  up t o  the sodium aceta te-para f f in  in te r face .  

The c r y s t a l  h a b i t  near the heat s ink  end f o r  the cont ro l  samples 

The i n t e r f a c e  area shows a r e l a t i v e l y  uni form t r a n s i t i o n  from, sodium 
acetate t o  p a r a f f i n ,  w i t h  a very small d ispersion depth o f  approximately 
0.5 m maximum. 

The p a r a f f i n  i s  f r e e  o f  sodium acetate except f o r  the f i l l e d  shrinkage 
tube. The d i s t o r t i o n  o f  the voids toward the i n t e r i o r  o f  the  samples 
ind ica tes  t h a t  the pos tu la t i on  o f  asp i ra t i on  o f  the sodium acetate i n t o  
the shrinkage tube i s  va l i d .  

2.3.2 F l i g h t  Samples 6F-A-01 through -13 

pr imar i  l y  f i n e  c r y s t a l  s randomly dispersed. 
ra the r  abrup t ly  approximately 0.5 cm from the end, w i t h  the c r y s t a l s  
becoming or ien ted  toward the center o f  the specimen. 
angle changes gradual ly from approximately 45" t o  90" ( p a r a l l e l  t o  the 
ax ia l  plane) 2.5 cm from the heat s ink  end. 

The c r y s t a l  h a b i t  o f  the sodium acetate near the  heat s ink  end i s  
The c r y s t a l  h a b i t  changes 

The o r i e n t a t i o n  

Numerous p a r a f f i n  inc lus ions  are dispersed throughout the sodium acetate 
r i c h  region. Most o f  the p a r a f f i n  dispersions are spher ica l  i n  shape, 
b u t  a number o f  d i s t o r t e d  spheres and elongated e l l i p s o i d s  are present 
i n  the area where the sodium acetate i s  d i r e c t i o n a l l y  or iented.  
would i n d i c a t e  ra the r  steep thermal gradients and concomitant d i r e c t i o n a l  
so l  i d i  f i  ca t i on  o f  the sodi um acetate. Photomicrographs a t  500X and 1 OOQX 

This 
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6C-A-01 
Heat Sink End 

6C-A-07 Paraffin-Sodium f 

Acetate Interface 

9C-A-01 
Heat S i n k  End 

9C-A-06 
Paraffi n-Sodi um 
Acetate Interface 

FIGURE 2-1 2.  Photomacrographs of Control Specimens 
6C-A and 9C-A (1OX Magnification) 
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6C-A-01 
Heat Sink End 

6C-A-07 i 

P a r a f f i  n-sodi urn 
acetate i n t e r f a c e  

9C-A-01 
Heat Sink End 

9C-A-06 
P a r a f f i  n-Sodium 
acetate i n te r face  

FIGURE 2-1 3. Photomicrographs o f  Control Specimens 
6C-A and 9C-A (50X Magni f icat ion)  
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show extremely f ine ,  irregularly shaped dispersions of sodium acetate an 
paraffin ( l p  o r  less) i n  the grain boundaries of the sodium acetate 
crystals. 
t o  the grain boundaries or whether these dispersions were nucleation 
s i tes .  In general the spherical paraffin dispersions range from 4 mm 
t o  l p  i n  diameter. 

I t  i s  not  known i f  the solidification forced the dispersions 

Smaller diameter spheres are suspected, b u t  have not  
been resolved opt ica l ly .  One duplex dispersion of  sodium acetate in a 
paraf f in  sphere located i n  the sodium acetate matrix was found, similar 
those found i n  f l ight specimen 9. 

The sodium acetate dispersions i n  the paraffin -.- rich region are relatively 
uniform spheres, the majority h a v i n g  diameters between one and two milli- 
meters. 

I 

2.3.3 Control Samples 9C-A-01 through -10 

random crystals for approximately one centimeter. Crystals h a v i n g  
2 - 4 mm lengths are randomly dispersed for approximately the nex 
centimeters, and then tend t o  become finer up t o  the sodium acetate- 
paraffin interface. 

The sodium acetate near the heat sink end consists o f  small, 

The interface area shows a relatively uniform transition, w i t h  a 
dispersion d e p t h  of approximately 0.5 m as in the case, of control 
specimens 6 ,  and the sodium acetate and paraf f in  are completely 
segregated. 

2.3.4 Flight Samples 9F-A-01 through -10 
Each sample surface of f l ight specimen 9 sho 

sodium acetate i n  paraffin or paraff in  in sodium ac 
also contain duplex dispersions, and in many instan 
dispersions o f  sodium acetate and paraffin. 

The dispersions for the most par t  are spherical 
sodium acetate i n  the duplex dispersions have irregul 
shapes. 

although s 

Photomicrographs a t  lOOOX show disp@rsion 
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The dispersed phase i n  these cases i s  predominantly i r r e g u l a r l y  shaped 
sodium acetate c rys ta ls .  

The spher ica l  d ispersions range i n  diameter from 8 mrn t o  approximately 
11.1, a1 though there may be smal 1 e r  dispersions no t  o p t i c a l  l y  res01 vable. 

2.3.5 Control Sampl es 12C-A-01 through -1 3 

was shown on the  surface o f  the unsectioned specimen. 
The sectioned samples exh ib i ted  s i m i l a r  morphological d e t a i l s  as 

The tungsten i s  p r i m a r i l y  segregated i n  the f i r s t  2.5 cm from the heat 
s ink  end, and the tungsten-sodium acetate i n t e r f a c e  d ispers ion depth f s  
approximately 8 mm. The sodium acetate reg ion i s  predominantly 
c r y s t a l l i z e d  i n  a f ine,  random o r ien ta t i on  and exh ib i t s  a porous 
s t ruc tu re .  There are a few moderate s ized (0.5 mm) sodium acetate 
c rys ta l s  near the sodium acetate-paraf f in  in te r face ,  which has a 
d ispers ion depth o f  approximately 5 mm. 
are randomly dispersed throughout the specimen samples, w i t h  a h igher  
concentrat ion located a t  the top o f  the shrinkage tube along w i t h  some 
sodi um acetate . 

Some tungsten microspheres 

2.3.6 F l i g h t  Samples 12F-A-01 through -14 

specimen 12 as was mentioned i n  Section 2.2: 
p a r a f f i n  blend w i t h  dispersions o f  sodium acetate, (2) a tungsten micro- 
sphere, p a r a f f i n  blend dispersed i n  sodium acetate, and (3)  sodium 
acetate dispersed i n  p a r a f f i n .  These d ispers ion types occur w i t h i n  
various areas o f  the samples and are described below. 

There are three main types o f  dispersions present w i t h i n  f l i g h t  
(1)  a tungsten microsphere, 

The d ispers ion o f  sodium acetate i n  the tungsten microsphere, p a r a f f i n  
blend i s  predominant i n  the f i r s t  4.5 cm o f  leng th  from the  heat s ink  
end. The concentrat ion o f  tungsten m i  crospheres decreases away from 
the heat s ink  end and the  dispersion type changes t o  the tungsten 
microsphere, p a r a f f i n  blend dispersed i n  sodium acetate f o r  approximately 
1 cm up t o  the shrinkage c a v i t y  and a t  the top o f  the specimen. The 
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shrinkage cav i t y  i s  surrounded by a p a r a f f i n  sphere conta in ing a 
d ispers ion o f  sodi um acetate. 

The sodium acetate dispersed i n  p a r a f f i n  i s  spher ical  
o f  the other  two types o f  d ispersions are e i t h e r  d i s t o r t e d  sphere: o r  
i r r e g u l a r  i n  shape. This i s  i n  cont ras t  t o  f l i g h t  specimens 6 ar.3 9 ,  
where the dispersions are predominantly spher ica l .  Since the  tungsten 
m i  crospheres are p re fe ren t i  a1 l y  wetted by the pa ra f f i n ,  t h i s  blend has 
the tendency t o  form a continuous phase and become a three dimensional 
non-spherical random network. 

b u t  the m a j o r i t y  

The s i ze  d i s t r i b u t i o n  o f  the spher ica l  dispersions ranges from .01 t o  
1.3 mm i n  diameter. 
have been found, a1 though no t  as many as i n  F1 i g h t  Specimens 6 and 9. 
This may be due t o  the in f luence o f  the tungsten microspheres. 
duplex dispersions o f  sodium acetate i n  p a r a f f i n  surrounded by sodium 
acetate have been found. 

Several areas conta in ing dispersions o f  1 p  p a r t i c l e s  

Several 

2.4 Density Determination 

Analy t ica l  m i  crobal ance. 
was used t o  determine the volume o f  each specimen. 

A f t e r  sect ion ing,  the specimens were weighed on a Sartorius-Werke 
A Beckman Model 930 A i  r Gomparison Pycnometer 

Figure 2-22 i s  a p l o t  o f  the densi ty  versus sample p o s i t i o n  f o r  a l l  o f  
the contro l  and f l i g h t  specimens. These densi ty  values should be 
accurate t o  t 3  percent, i n .  terms o f  instrumentat ion e r r o r .  
poros i ty  was noted i n  some sect ions,  which would g ive a volumetr ic 
reading h igher  than was actual ,  and consequently a lower densi ty  value. 

C e l l u l a r  

The main t rend i n  the cont ro l  specimens was a r e l a t i v e l y  sharp drop i n  
densi ty  from the bottom o r  heat s ink  end t o  the top. 
densi ty  near the top o f  con t ro l  samples 6 and 12 i s  due t o  the presence 
o f  sodium acetate i n  the shrinkage tube. Poros i ty  near the center of 
con t ro l  sample 6 and 12 caused the r e l a t i v e l y  gradual densi ty  t r a n s i t i o n  
as contrasted t o  the densi ty  t r a n s i t i o n  o f  con t ro l  specimen 9 .  

The r i s e  i n  
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The f l i g h t  Specimens a l l  exh ib i t ed  a more gradual dens i ty  t r a n s i t i o n  
gradient  as compared t o  the cont ro l  specimens, w i t h  the exception of the 
top o f  f l i g h t  specimen 6. 
voids i n  the p a r a f f i n .  
d ispersion, as i l l u s t r a t e d  i n  Figure 2-2. 
the center o f  the specimen are due t o  the la rge ,  l o c a l i z e d  paraf f in-sodium 
acetate spheres i n  the center o f  the specimen. 

The low densi ty  values again w e e  caused by 
F l i g h t  specimen 9 showed the grea tes t  degree o f  

The densi ty f l uc tua t i ons  near 

2.5 Droplet  D i s t r i b u t i o n  o f  the Sectioned F l i q h t  Specimens 

Each sect ion o f  F l i g h t  Specimens 6, 9 and 12 was microscopica l ly  
examined u t i l i z i n g  a template and an eyepiece f i l a r  t o  determine the 
d rop le t  s ize  and d i s t r i b u t i o n  o f  the mater ia ls  contained i n  each specimen. 
The template used was a Gurley Lovins Mic ros l ide  F i e l d  Finder No. 7100 
and consists o f  a rectangular ar ray o f  1 mn square gr ids  w i t h  0.1 mn 
f i d u c i a l  marks. 
0.01 mm i n  diameter t o  be measured conveniently. Smaller d rop le t  s izes 
were neglected since the depth o f  f i e l d  prevented accurate d i s t r i b u t i o n  
and diameter determinations. 

The template and f i l a r  enabled d rop le t  s izes down t o  

Inasmuch as a d i f f e r e n t i a l  temperature gradient  ex is ted  r a d i a l l y  between 
the edge and the center of the specimens, as we1 1 as l o n g i t u d i n a l l y  along 
the sample, three a r b i t r a r i l y  chosen regions were u t i l i z e d  t o  determine 
i f  there was a r a d i a l  thermal e f f e c t  as we l l  as i n  the l ong i tud ina l  
d i rec t i on .  
the second region the next  three mi l l imeters ,  and the t h i r d  region the 
remaining center o f  the sample. Figure 2-23 schematical ly i l l u s t r a t e s  
the template and the designated regions. 

The f i r s t  region was chosen t o  be the outer  three mi l l imeters ,  

The measurements were performed as fo l lows:  
the specimen w i t h  the corner o f  the specimen located a t  N-1 aud the 
bottom edge a1 igned ho r i  zon ta l l y  w i t h  the template. 
then scanned v e r t i c a l l y  from numbers 1 through 18. 
was measured and the l o c a t i o n  noted. 
than actual ,  since the sec t ion ing  d i d  no t  necessar i ly  pass through the 
exact center o f  each drop le t ,  however the diameter t rend and d i s t r i b u t i o n  

the template was placed on 

The specimen was 
Each d rop le t  diameter 

These diameters are probably smal ler  
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should be correct. 
(or  more) regions the droplet was counted as present i n  a l l  over1 apped 
regions. The results are presented i n  Figures 2-24 t h r o u g h  2-26 i n  terms 
o f  the droplet diameter mu1 tip1 ied by the number seen i n  each o f  the 
axi a1 ly  numbered samples. Each f i  gure separates the three radi a1 regions 
i n  which the droplet was located. The number located below o r  to  the side 
o f  the symbol denotes the number of droplets counted of t h a t  diameter. I n  
this manner the volumetric concentration and d is t r ibu t ion  o f  droplets 
longi tudina l ly  and radial ly  i n  each specimen can be assessed. 
more complex dispersions were considered separate droplets w i t h i n  a mlcro- 

For large droplets t h a t  significantly overlapped two 

Duplex and 

matrix,  and b o t h  materials were counted. An overall estimate of the 
droplet distribution i n  the specimens can be seen i n  the X-ray photographs 
i n  Figure 2-27, taken a t  MSFC. 

I 

The distribution of paraffin and sodium acetate droplets i n  specimen 6 i s  
rather sharply spacially delineated. From Figure 2-24 i t  can be seen 
paraffin droplets were ax ia l ly  l imited t o  the heat s i n k  h a l f  of the sample 
whereas the sodium acetate was found only i n  the remaining h a l f ,  The 
sodium acetate size/frequency factor  i s  narrower i n  spread t h a n  the 
p a r a f f i n .  No rad ia l  variation i n  either the paraffin or sodium acetate 
di  s tri b u t i  on is  seen. However, some suggesti on of a systematic i ncrease 
i n  diameter of the paraffin droplets i s  seen i n  a l l  three rad ia l  regions 
as the axia l  sections range from -01 through -07, the increase occurring 
w i t h  distance from the heat s i n k  end. A number of dispersions near the 
heat sink end were distorted, and only the ones which  were spherical or 
reasonably spherical i n  shape were counted; thus the droplet count from 
sections -01 through -05 is  lower t h a n  the actual dispersion. 
size ranges were considerably varied, due either to  i n i t i a l  lack of 
dispersion d u r i n g  mix ing ,  or agglomeration d u r i n g  solidification. 

Droplet 

Specimen 9 shows a much greater spacial distribution o f  observable paraffin 
and sodium acetate drops t h a n  specimen 6. 
distribution of both types of droplets occurred w i t h  exception o f  a narrow 
region a t  the heat sink end which  only contained paraffin drops and a 
narrow region a t  the other end containing only sodium acetate drops. 
w i t h  specimen 6 ,  a smaller spread i n  size frequency occurs for the sodium 

Figure 2-25 shows a broad 

AS 
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FIGURE 2-27. X-Ray Photographs o f  F l i g h t  and Control 
Specimens 6 ,  9 and 12 (1X Magnif ica t ion)  
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acetate than the pa ra f f i n .  The suggestion o f  a poss ib le  increase i n  the 
size/frequency f a c t o r  f o r  the p a r a f f i n  w i t h  increas ing distance from the 
heat s ink  may be seen b u t  i s  less  obvious than i n  sample 6 .  Overa l l  
d ispers ion o f  the two mater ia ls  i n  t h i s  sample as noted i n  the  X-ray, 
photomicrographs and dens i ty  measurements i s  v e r i f i e d  by the d r o p l e t  
d i s t r i b u t i o n  counts. 

F l i g h t  Specimen 12 was p r i m a r i l y  a dispersion o f  p a r a f f i n  and p a r a f f i n -  
tungs ten microspheres . 
wetted by the pa ra f f i n ,  the d rop le t  d i s t r i b u t i o n  shown i n  Figure 2-26 i s  
predominantly a paraf f in- tungsten microsphere aggregation. A number o f  
the droplets  were d i s to r ted ,  and as f o r  F l i g h t  Specimen 6, on ly  those 
droplets  which were spher ica l  o r  near ly  so were counted. 

Since the tungsten microspheres were p r e f e r e n t i a l l y  

The d rop le t  d ispers ion was reasonably uni form throughout the three regions 
i n d i c a t i n g  l i t t l e  r a d i a l  movement, but  there does appear t o  be a t rend o f  
increas ing drop le t  s i ze  i n  the l o n g i t i d i n a l  d i r e c t i o n  away from the heat 
s ink  end. This specimen had the fewest d rop le t  dispersions o f  any o f  the 
three f l i g h t  specimens, due p r i m a r i l y  t o  the tendency o f  the p a r a f f i n -  
tungsten microsphere phase t o  form a continuous network ra the r  than 
d iscrete,  dispersed droplets .  

Several general concl usions regarding d rop le t  observations i n c l  ude: 

1. No droplets  were present i n  any o f  the cont ro l  samples. Thus 
d rop le t  formation i s  s t r i c t l y  associated w i t h  mixing and 
s o l i d i f i c a t i o n  under reduced grav i  t.y. 
P a r a f f i n  droplets  exh ib i t ed  a spacial  d i s t r i b u t i o n  which 
exc lus ive ly  inc luded the heat s ink  end o f  the  capsules and 
shows a tendency toward l a r g e r  s izes as the  distance increases 
I n  general, the number o f  p a r a f f i n  droplets  were inc reas ing ly  
diminished a t  the f a r  end. 

2. 

P a r a f f i n  droplets  were excluded 
from the f a r  end. 
Sodium-acetate droplets  are excluded from the heat s ink  end 
and tend t o  predominate more as the distance i s  increased. 

3. 
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4. The d i s t r i b u t i o n  o f  p a r a f f i n  d rop le t  s izes i s  s i g n i f i c a n t l y  
broader than t h a t  observed f o r  sodium acetate. 

5. Pre feren t ia l  wet t ing  o f  tungsten microspheres by p a r a f f i n  
markedly reduced the formation o f  sodium-acetate droplets .  

6. The v a r i a t i o n  i n  d rop le t  d i s t r i b u t i o n  between samples 6, 9 
and 12 appears t o  r e f l e c t :  

a. The degree o f  i n i t i a l  mixing 
b. The imposi t ion o f  an ax ia l  thermal gradient  dur ing 

c. 
so l  i d i  fi cat ion  

Possible in f luence o f  imposed body forces 

However, the q u a l i t a t i v e  and quan t i t a t i ve  aspects o f  such cor re la t ions  
remain t o  be exper imental ly v e r i f i e d .  

I 

2.6 Physical Property Determinations 

the densi ty,  surface tension and v i s c o s i t y  o f  p a r a f f i n  and sodium acetate 
were measured from 60°C (140°F), c lose t o  t h e i r  me l t ing  points ,  t o  9 3 O C  
(ZOOOF), which was approximately the maximum temperature experienced by 
the capsule dur ing i n i t i a l  processin . F i l t e red ,  Baker Ana ly t i ca l  Grade 
sodium acetate t r i h y d r a t e  and America1 O i l  Co. N . F .  grade p a r a f f i n  were 
used f o r  the experiments. The r e s u l t s  are shown i n  Table 2-1. 

I n  order t o  perform the theo re t i ca l  analyses presented i n  Section 3.0, 

The densi ty  o f  each mater ia l  was measured by f i l l i n g  a Weld pycnometer 
w i t h  the molten f l u i d ,  e q u i l i b r a t i n g  t o  the desired temperature and then 
sea l ing  them. 
weighed. 
It i s  estimated t h a t  the accuracy was good t o  b e t t e r  than 21%. 

The pycnometer was then cooled t o  room temperature and 
Three separate determinations were made a t  each temperature. 

The v i scos i t i es  were determined using a Ubbelohde viscometer, w i t h  both 
the viscometer and the f l u i d  mater ia l  e q u i l i b r a t e d  a t  the temperature o f  
i n t e r e s t .  Again, three determinations were made a t  each temperature and 
the accuracy i s  est imated t o  be b e t t e r  than 21%. 
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The surface tension o f  each mater ia l ,  and the i n t e r f a c i a l  tension o f  
sodium acetate and p a r a f f i n  i n  combination were measured us lng a Model 21 
Fisher Surface Tensiomat. Resistance w i r e  heated beakers w i t h  p a r t i a l l y  
covered tops were used t o  contain the f lu ids .  Three measurements were 
taken a t  each temperature, and the accuracy i s  estimated t o  be b e t t e r  
than 5%, from referee determinations made on t r i p l e  d i s t i l l e d  water and 
reagent grade methanol. 

I n  add i t ion  t o  the above measurements, s o l i d  densi t ies and l a t e n t  heats 
o f  fus ion were measured for  sodium acetate .and paraf f in,  and l i t e r a t u r e  
values of the thermal conduct iv i t y  for  both substances were found. These 
values are shown i n  Table 2-2. 

TABLE 2-2 

Density , Thermal Conducti v i  ty and Latent  Heat 
o f  Fusion o f  Sodium Acetate and P a r a f f i n  

Densi ty  , Latent Heat 
g/cc Thermal Conduct iv i ty o f  Fus i on 

a t  20°C cal/cm sec "C c a l  /g 

Sodi urn Acetate 1.44 2.3 X 10" 66 

P a r a f f i n  0.85 5.7 x 37 
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3.0 THEORETICAL ANALYSIS 

3.1 General 

Photographs o f  the returned capsules e x h i b i t  the r e s u l t s  o f  a complex 
mechanical and thermal h i s t o r y .  Because o f  t h i s  s i t u a t i o n ,  the fo l l ow ing  
analysis proceeds from a ser ies  o f  simple models t o  ga in  i n s i g h t  i n t o  the 
dominating phenomena t o  more complex models which attempt t o  p r e d i c t  
various aspects o f  the  capsules' thermal and mechanical h i s t o r i e s .  A 
discussion o f  some o f  the phenomena occurr ing from the time the capsules 
were shaken u n t i l  the contents s o l i d i f i e d  i s  presented below. 

3.2 F1 u i d  Behavior i n  a Low Grav i ty  Environment 
The f l u i d s  i n  the capsules were mixed and dispersed by shaking the 

capsules w i t h  an included mixing b a l l  i n  a complex manner. MSFC-supplied 
movies o f  neutra l  bouyancy f l u i d s  undergoing motions s i m i l a r  t o  the above 
capsules shows t h a t  the f l u i d  obtalns a c i r c u l a t o r y  motion both r a d i a l l y  
and a x i a l l y .  From the equation o f  motion f o r  a r o t a t i n g  viscous f l u i d ,  an 
estimate o f  the c h a r a c t e r i s t i c  times associated w i t h  the induced c i r c u l a t o r y  
f low can-be obtained. 
a r e  

The equations o f  conservation o f  mass and momentum 

v .  q = o  

u 1 + 25 X q + z  X (EX r )  = - -vP + F - uv X (v X q) 
P 

where 6 i s  the p a r t i c l e  v e l o c i t y  measured i n  a coordinate system r o t a t i n g  
w i t h  constant angular ve loc i t y ,  E, and 7, t, P, p ,  u and 7 represent 
respec t ive ly  the p o s i t i o n  vector, time, pressure densi ty ,  kinematic 
v i scos i t y  and body force per  u n i t  mass. 

An important dimensionless parameter which i s  a. measure of r e l a t i v e  
magnitude of  the viscous forces t o  c o r i o l i s  forces (underl ined terms 
i n  equation 2)  i s  the Eckman number (Ref. l)e 
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E = $  (3 )  

where L i s  a cha rac te r i s t i c  length.  
w i t h  a r o t a t i n g  container, there are three phases o f  development o f  the 
induced f low: the development o f  a viscous boundary layer ,  the spin-up 
o f  the f l u i d  and the viscous decay o f  res idual  e f fec ts .  
occur w i  t h  approximate cha rac te r i s t i c  times given by 

For the i n t e r a c t i o n  o f  tha f l u i d  

These phases 

I 
N - ,  tSU nE$ 

1 
t V ' X s  

(4) 

where tB, tSU and t,, are the times f o r  boundary l a y e r  growth, Spin-Up 
and viscous decay respect ive ly .  These times are p l o t t e d  i n  Figure 3-1 as 
a funct ion o f  cha rac te r i s t i c  c i r c u l a t i o n  frequency us ing the mean f l u i d  
proper t ies o f  pa ra f f i n  and sodium acetate. 

An examination o f  Figure 3-1 reveals t h a t  f o r  a c h a r a c t e r i s t i c  frequency 
o f  1 sec-' the assumed astronaut shaking frequency, the c h a r a c t e r i s t i c  
t ime f o r  boundary l a y e r  growth i s  1 sec, spin-up i s  4 sec and viscous 
decay i s  16 sec. 
down o r  the decelerat ion o f  the f l u i d  by a s ta t i ona ry  container i s  n o t  
s tab1 e, and becomes tu rbu len t  . Because o f  t h i s  i n s  tab i  1 i ty , spin-down 
times cannot r e a d i l y  be calculated. 
an upper bound on t h i s  spin-down time. 

Spin-up i s  a s tab le  f low conf igurat ion,  however, sp in-  

However, the spin-up time should be 

The above ca lcu la t ions  estimate the e f f e c t s  of viscous and c o r j o l i s  
e f f e c t s  o f  the f l u i d  motions. We would now l i k e  t o  assess some o f  the 
effects o f  surface tension forces. A measure o f  the r e l a t i v e  importance 
of the surface tension forces t o  the accelerat ion forces i s  the Bond 
number (Ref. 2). 
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- where g i s  the local acceleration, a p  the density difference and u is  
the surface tension. 
function of acceleration i s  shown in Figure3-2. For Bond numbers much 
less t h a n  1 ,  the motion of the fluid i s  capillary dominated and for 
magnitudes greater than 1 the motion i s  body force o r  gravity dominated. 

The Bond number for paraffin-sodium acetate as a 

For the paraffin-sodium acetate system t o  be capillary dominated the 
accelerations should be less t h a n  lom2 ge or 0.098 M/sec . 2 

In the capillary dominated regime, i t  is of interest to  know what would 
be the characteristic time for the fluid system t o  recover to  ah equilib- 
rium capillary configuration when an imposed body force i s  rapidly 
removed. An estimate of this time (Ref. 3) i s  given by 

For the paraffin-sodium acetate capsules this time i s  o f  the order of J 
sec., indicating t h a t  the system reverts rather rap id ly  t o  the capillary 
dominating regime. 

Single or small numbers of  l i q u i d  and/or s o l i d  particles immersed in a 
f l u i d  and subjected to  an acceleration field will rapidly reach a limiting 
vel oci ty  call ed the Stokes vel oci t y  , 

2 - 2 A p g a  
3 "s - B !J 

(7) 

where 1-1 is  the dynamic viscosity and 'la" the particle radius. 
was calculated for a range of sizes of sodium acetate particles i n  paraffin 
as a function of acceleration and also for 50 micron radius tungsten 
spheres i n  sodium acetate and paraffin and are illustrated i n  Figs. 3-3 & 3-4. 

This velocity 
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FIGURE 3-2. The Bond number as a function o f  acceleration enviroment for  a 
paraff i  n-sodi um acetate system. 
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During the shaking and dispersing of the f l u i d  mixtures, many droplets 
will impinge upon the capsule walls. I n  order to  predict the maximum 
size of droplet t h a t  would be stable i n  the acceleration environment, 
the stabil i ty calculations of  reference 4 were applied t o  a paraffin- 
sodium acetate system and is  illustrated i n  F ig .  3-5. For example, a 
lO-*g field and contact angle o f  30' imply t h a t  droplets are unstable 
when the volume of  the droplets are greater t h a n  35 cm . The obvious 
implication here i s  t h a t  wall bound drops would remain bound i n  a low 
g rav i ty  acceleration environment. 
were no t  observed i n  any of  the specimens, droplet coalescence o r  some 
other mechanism must have prevented this phenomenon from occurring. 

3 

Since ind iv idua l  wall bound droplets 

3.3 Thermal Analysis 
Low gravi ty  convection, whether surface tension or buoyancy driven, and 
immiscible droplet motions are a l l  functions of the thermal history of 
the system. The thermal history is complicated by inhomogeneity of the 
immiscible mixture, phase changes, moving f l u i d  surfaces w i t h i n  the 
container and several possible modes of mass transfer. 
a simple one-dimensional heat transfer model was chosen i n  order t o  
provide a basis for assessing the magnitude of the more complex phenomena. 
The model assumes the capsule, f l u i d  mixture and copper sleeve t o  be 

In this l i g h t ,  

represented by a f ini te  homogeneous cylinder which is insulated on a l l  
sides except for  one end, denoted as Region 1.  Connected t o  the 
uninsulated end of the Region 1 i s  a semi-infinite insulated aluminum rod, 
Region 2. 
A t  time equal to  zero the temperature i n  the capsule is  assumed to  be 
equal t o  the temperature immediately after shaking the capsule and the 
temperature profile is assumed t o  be uniform. The temperature i n  the 
heat sink i s  assumed to  be ambient. The derivation of the solutions to  
the heat equation i n  regions 1 and 2 i s  given i n  Appendix A.  
properties of region 2 were those of aluminum w i t h  a conductivity of 
.504 -c and d i f fus iv i ty  of ,872 
properties were adjusted u n t i l  agreement was obtained w i t h  the measured 
temperature histories a t  the t o p  of the capsules. These values for the 
conductivity and diffusivity were found t o  be .0146 

The thermal 

. In region 1 the mean thermal cmsec 

cal and 
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2 
respectively, and were the same in all  cases indicating t h a t  the cm .02 - sec 

matrix material was the dominating factor i n  the thermal transfer. The 
measured thermal histories for tests 9C and 12C are presented' i n  Figures 
3-6 and 3-7. Since the thermal profile of 6C was intermediate-to 12C and 
9C, the thermal histories of 9C and 12C were taken as the upper and lower 
boundaries, respectively. The circled points on the figure are the 
computed temperatures a t  various times. The agreement i s  very good 
considering the simplicity of the model. The thermal profiles a t  100, 
360, 720 and 1440 sec (af ter  heater power was turned o f f )  for tests 9C 
and 12C are given i n  Figures 3-8 and 3-9, utilizing the heater/capsule 
ini t ia l  temperature a t  power turn-on as the baseline. The melting 
temperatwe of sodium acetate i s  58°C and for  paraff in  i t  ranges from 
54 t o  58°C. 
of 900 sec. I 

From the analyses solidification occurs a t  times on the order 

3.4 Surface Tension and Bouyancy Dri ven Convection Force Analyses 
The possibility of surface tension and/or bouyancy driven convection 

d u r i n g  the cooling cycle was investigated. 
numbers were found t o  be negative. 
assuming the f l u i d  t o  be homogeneous and not  containing droplets of  
included material. From this standpoint, the fluid in the capsules 
would be absolutely stable and would not convect. 
as shown i n  the following sections, the inherent inhomogeneity of the 
dispersed fluid gives rise t o  other potential modes of mass transfer. 

Both the Marangoni and Rayleigh 
These numbers were calculated by 

(Ref. 5 ) .  However, 

The f l u i d  particles i n  the capsules were subjected t o  both temperature 
gradients and small acceleration fields. Both of these conditions will 
give rise t o  droplet particle motions and therefore mass transfer. 
Previously calculated Stokes velocity for various particle rad i i  were 
done as a function of  acceleration levels in the absence of thermal 
gradients, as shown i n  Figure 3-3. 
mentally t h a t  thermal gradients influence the motion of small bubbles 
and t h a t  they are accelerated towards regions of higher temperature. 
In Ref. 6 the limiting velocity of  a particle in both a constant 
acceleration and thermal gradient field was theoretically calculated 
and found to  be 

However, i t  has been found experi- 
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wh r e  k i s  the thermal conduct iv i t y  and the primes denote the m 

(8) 

t e r i  a1 
property outside the bubble. 
o f  accelerat ion l eve l  f o r  both sodium acetate i n  p a r a f f i n  and p a r a f f i n  i n  
sodium acetate and i s  displayed i n  Figures 3-10 and 3-11. 
gradient i n  these ca lcu la t ions  was taken t o  be 10°C/cm, and was opposite 
t o  the accelerat ion vector. 
i s  i n t e r e s t i n g  t o  note t h a t  the p a r t i c l e  v e l o c i t y  reverses d i r e c t i o n  
depending upon the magnitude o f  the accelerat ion f i e l d ,  whereas the 
bouyancy forces are reversed f o r  p a r a f f i n  droplets i n  sodium acetate due 
t o  g rav i ty .  1 

This v e l o c i t y  has been computed as a func t ion  

The temperature 

For sodium acetate droplets  i n  p a r a f f i n  i t  

3.5 P a r t i c l e  Motion 
The motion o f  groups o f  p a r t i c l e s  whether s o l i d  o r  f l u i d  d i f f e r s  

considerably from the motion o f  a s ing le  p a r t i c l e .  The theore t ica l  under- 
standing o f  the motion and forces and group o f  p a r t i c l e s  i n  terms o f  f i r s t  
p r i n c i p l e s  i s  no t  we l l  understood, however, there are many accurate 
emperical re1 at ionships between p a r t i c l e  v e l o c i t y  and p a r t i c l e  concen- 
t r a t i o n .  One such func t ion  f o r  p a r t i c l e  v e l o c i t y  

where Vm i s  the l i m i t i n g  ve loo i ty  and CL i s  the p a r t i c l e  concentrat ion. 
For r i g i d  spheres, n = 4.65 and the veloci  ty i s  zero when the spheres 
pack together a t  a concentrat ion o f  ~1 N .64. 

I n  the case o f  bubbles o r  droplets ,  n has a value o f  2. When p a r t i c l e s  
agglomerate o r  f locculate n has values ranging from 20 t o  30. The 
p a r t i c l e  v e l o c i t y  d iv ided by the Stokes v e l o c i t y  as a funct ion of 
p a r t i c l e  concentrat ion f o r  several values o f  n i s  shown i n  Figure 3-12. 
For example, i n  the experiments, the volume concentrat ion of tungsten 
spheres was .2, t h i s  corresponds t o  a v e l o c i t y  f o r  the group of p a r t i c l e s  
which i s  .35 times the l i m i t i n g  s i n g l e  p a r t i c l e  ve loc i ty .  
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The global dynamics of dispersions of fluids or so l id  particles i n  thermal 
and/or acceleration fields can'be analyzed i n  terms of sedimentation 
theory. In the following the d r i f t  flux model of sedimentation will be 
used to  calculate the particle concentration histories. (Ref. 7) .  An 
important parameter i n  determining the time scale for  this event is  the 
l i m i t i n g  particle velocity. Again, note that the direction of this 
velocity will depend upon the relative magnitude of the thermal gradients 
and acceleration fields. 

The set t l ing process of an in i t ia l ly  uniform suspension of particles 
subjected to a uniform body (acceleration) force f ie ld  typically proceeds 
as follows. As sett l ing s ta r t s  to occur, a homogeneous fluid will appear 
a t  the top and a close packed sediment will appear a t  the bottom. 
regions are labeled A and D respectively i n  Figure 3-13. The region B 
remai ns a t  the i n i  t i  a1 u n i  form par t i  cl e concentration . Depending upon 
the in i t ia l  particle concentration and the change i n  particle flux r i i t h  
concentration, there may be a region C i n  which the particle concentration 
i s  not uniform. I f  the particles are approximately the same size, then 
there will be a sharp discontinuity between regions A and B and C and D. 
The motion of  these discontinuities are described by a concentration shock 
velocity. I f  there is  no region C ,  then the set t l ing process is governed 
by the shock trajectories of  the interfaces of AB and BD and terminates 
when these shock fronts collide. 

These 

I f  there is a region C ,  then a t  some 
time during the sett l ing,  rpgion B will disappear and the event will 
terminate when the boundary of AC collides w i t h  CD. The evolution of 
the concentration i n  region C i s  determined by the concentration wave 
velocity and no t  the shock wave velocity since the particle concentration 
i n  this region is  continuous. 

The d r i f t  f l u x  model has i t s  basis in separated flow theory. 
flow theory the motions of each o f  the constituents of a fluid are  followed. 
The d r i f t  flux model however chooses variables i n  which the relative motion 
rather t h a n  the absolute individual motions are paramount. The derivations 
of the theory will n o t  be given here b u t  the following key variables will 
be defined. The total volumetric flux j, i s  the volumetric flow rate per 
u n i t  area. 

In separated 

The flux o f  each component of the flow i s  
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FIGURE 3-J3. The s e t t l i n g  process of an initiaJJy uniform suspension 
o f  p a r t i c l e s  subjected t o  a uni form body force f i e l d .  

jf = (1 - a) Vf (10) 

o r  js = 01 v S (11 1 

where vf  and vs are the  various component f low and shock veloci , t ies 
respect ive ly .  The re1 a t i  ve v e l o c i t y  between components i s  

v s f  = (vs - V f )  = - Vfs , (12) 

and the d r i f t  ve loc i ty ,  def ined as the d i f fe rence between the component 
v e l o c i t i e s  and the average i s  as fo l lows 

v = v f - j  
f j 

sj v = v s - j  

The d r i f t  f l ux ,  which i s  the volumetr ic f l u x  o f  a compon 
a surface moving a t  the average v e l o c i t y  i s  

jSf = a (vs - j) 
= (I - a )  (vf  - j) j fs 

n t  re1 t i v e  t o  

= - jfs 
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The d r i f t  f l u x  v e l o c i t y  as a func t ion  of concentrat ion has been measured 
f o r  a wide v a r i e t y  o f  f low conf igurat ions.  The fo l low ing  func t ion  
describes t h i s  data q u i t e  we l l  

The exponent n here corresponds t o  same condi t ions as the prev ious ly  
defined n. 

The sedimentation o r  s e t t l i n g  process prgceeds as a r e s u l t  o f  propagating 
shock waves and c o n t i n u i t y  waves. These shock and c o n t i n u i t y  waves r e f e r  
t o  propagating d i s c o n t i n u i t i e s  and gradients i n  the p a r t i c l e  concentrations. 
The shock v e l o c i t y  i s  given i n  terms o f  the d r i f t  f l u x  v e l o c i t y  by 

- 
us - 9 

9 - 012 
and the c o n t i n u i t y  wave v e l o c i t y  by 

I n  the fo l lowing,  two general cases o f  sedimentation w i l l  be analyzed, 
t h a t  o f  the motion o f  r i g i d  spheres and l i q u i d  drops i n  a mat r ix  f l u i d .  
The d r i f t  f l u x  v e l o c i t y  as a func t ion  o f  concentrat ion i s  s u f f i c i e n t  
informat ion t o  determine the sedimentation dynamics. ' The d r i f t  f l u x  
v e l o c i t y  f o r  r i g i d  spheres i s  shown i n  Figure 3-14. Note t h a t  a t  a 
concentrat ion o f  a = .64 t h a t  the spheres pack and the f l u x  i s  zero. 
The shock wave v e l o c i t y  (Eq. 19) f o r  the , i n t e r f a c e  AB has been ca lcu lated 
and shown i n  Figure 3-15, and s i m i l a r l y  the c o n t i n u i t y  wave v e l o c i t y  
(Eq. 20) which contro ls  the concentrat ion i n  reg ion C i s  shown i n  Figure 
3-16. The time h i s t o r y  o f  the in te r faces  AB and AC was ca lcu lated using 
Wall i s  ' general i zed representat ion of sedimentation, (Ref. 8) , and i s  
shown on Figure 3-17. The volumetric concentrat ion o f  r i g i d  spheres was 
.2. These values correspond t o  specimen 12 with the tungsten microspheres. 
The so lut ions are presented i n  terms o f  reduced h e i g h t  and reduced t ime. 
For a given accelerat ion l e v e l  and therefore l i m i t i n g  ve loc i ty ,  the 
sedimentation h i s t o r y  i s  determined. For example, i n  a one g r a v i t y  
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accelerat ion f i e l d  the l i m i t i n g  ve loc i t y  o f  tungsten microspheres i n  
p a r a f f i n  i s  1.87 cm/sec. 
o f  .64 i s  approximately 10 seconds. 
than the coo l ing  time o f  the  capsules. 
l i m i t i n g  ve loc i t y  i s  1.87 X cm/sec and the s e t t l i n g  t ime would be on 
the order o f  seconds. This time i s  o f  the same order 'as the s o l i d i -  
f i c a t i o n  time and therefore complete sedimentation would n o t  be expected 
i n  t h i s  case. Note t h a t  f o r  t h i s  i n i t i a l  concentrat ion of .2, t h a t  there 
ex i s t s  an area o f  non-uniform concentrat ion ( reg ion c) .  

The time f o r  s e t t l i n g  t o  the l i m i t i n g  concentrat ion 
(See Figure 3-4). This i s  much shor te r  

I n  a ge accelerat ion f i e l d  the 

The second case t o  be considered i s  t h a t  o f  the motion o f  l i q u i d .  drops i n  
a mat r ix  f l u i d .  The exponent n for  t h i s  s i t u a t i o n  i s  2 and the volumetr ic 
concentrat ion was a1 lowed t o  very from 0 t o  1. (Ref. 9) .  The d r i f t  f l u x  
ve loc i t y ,  shock ve loc i t y  o f  the i n t e r f a c e  AB and the con t inu i t y  wave, 
ve loc i t y  were ca lcu lated as before. 
Figures 3-18, 3-19 and 3-20. 

These r e s u l t s  are presented i n  

The s e t t l i n g  h i s t o r y  o f  the in te r faces  AB and AC i s  shown i n  Figure 3-21. 
The volumetr ic concentrat ion was taken t o  be .5, which would be represen- 
t a t i v e  o f  the three ser ies o f  experiments. I n  these cases, f o r  an imposed 
one g rav i t y  accelerat ion f i e l d ,  w i t h  an average p a r t i c l e  s i z e  o f  100vm, 
the s e t t l i n g  time would be on the order o f  75 seconds f o r  a sodium acetate 
p a r t i c l e  i n  p a r a f f i n .  
f i e l d  i s  less  than ge and the thermal gradient  i s  10"C;cm then the 
sedimentation t ime fo r  a 10011 sodium acetate d rop le t  i n  p a r a f f i n  would 
be on the order  o f  500 seconds. Since the complete so l  i d i  f i c a t i o n  time 
i s  approximately 900 seconds, incomplete segregation should be observed 
i n  these experiments conducted i n  a low g rav i t y  environment. 

A t  the o ther  extreme, when the imposed accelerat ion 

A simple and approximate c r i t e r i a  t h a t  the sedimentation process be 
s tab le  and no t  bubble i s  t h a t  the Froude number remain less  than un i t y .  
(Ref. 10). 

The Froude number d iv ided by the l i m i t i n g  v e l o c i t y  was ca lcu lated f o r  
the cases o f  n = 4.65 and n = 2 and i s  shown i n  Figures 3-22 and 3-23. 
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For the range o f  l i m i t i n g  v e l o c i t i e s  i n  both the cont ro l  and f l i g h t  
experiments the Froude number was less  than u n i t y  and therefore the 
sedimentation would be expected t o  be stable;  i .e., the sedimentation 
woul d n o t  exhi b i  t any anomalous behavior such as streaming , 1 ayer i  ng , 
etc.  
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4.0 COMPARISON OF CALCULATED DATA WITH SPECIMEN EVALUATION 

4.1 General 
This comparison i s  based upon the i n te rp re ted  experimental data o f  

the specimens and theore t ica l  f l u i d  mechanical data computed f o r  various 
drop le t  sizes, d i s t r i b u t i o n s  and g rav i ta t i ona l  and thermal models o f  the 
mater ia ls .  Due t o  the complex f l u id ,  thermal and accelerat ion behavior 
o f  the mater ia ls ,  c e r t a i n  modeling simp1 i f i c a t i o n s  were assumed. The most 
serious modeling l i m i t a t i o n s  are i n  the treatment of the d rop le t  behaviors 
o f  the materi  a l s  dur ing  processing and subsequent cool down. However, each 
o f  these areas were parametized w i th  respect t o  observed phenomena and a r e  
discussed below, w i t h  the assumptions and 1 im i ta t i ons  del ineated. 

4.2 F l u i d  Behavior 
I 

The calculated curves i n  Figure 3-1, Section 3.2 provide the  
cha rac te r i s t i c  times f o r  viscous decay, spin-up and boundary 1 ayer 
growth f o r  l i q u i d  sodium acetate and p a r a f f i n  dur ing the shaking per iod  
and a f te r  i n s e r t i o n  on the coo l ing  p in .  
1 sec-’ was used as the average shaking frequency used by the astronaut 
dur ing the processing time. The curves show t h a t  boundary l a y e r  growth 
occurs r a p i d l y  and t h a t  viscous decay i s  constant f o r  a l l  frequencies. 
Spin-up time, which i s  assumed t o  be the upper bound f o r  spin-down o r  
the f l u i d  decelerat ion time i s  r e l a t i v e l y  shor t ,  i n d i c a t i n g  t h a t  the 

A charac te r i s t i c  frequency o f  

f l u i d s  are i n  a t u rbu len t l y  mixed regime soon a f t e r  t h e  capsule i s  
inser ted  on the coo l ing  p in .  

Boundary layers  are evident on F l i g h t  Specimens 6 and 9, from the p a r a f f i n  
coating on 9 and the p a r t i a l  sodium acetate coat ing on the top h a l f  o f  6. 
F l i g h t  Specimen 12 does no t  show a prominant boundary layer ,  although an 
outer l aye r  i s  p r i m a r i l y  sodium acetate. This may be due t o  the presence 
o f  the tungsten microspheres, which were p r e f e r e n t i a l l y  wetted by the 
p a r a f f i n  and thus may have a f fec ted  the mean f l u i d  proper t ies of the 
paraff in-sodium acetate mixture. 

Wal l  bound droplets  were no t  observed i n  any o f  the specimens, as discussed 
i n  Section 3.2. The reason f o r  t h i s  i s  no t  known, b u t  the bui ld-up o f  a 

4-1 



boundary l a y e r  dur ing  processing as we l l  as d rop le t  coalescence on the 
container wa l l  may have prevented t h i s  phenomenon from occurr ing.  

Examination of the Bond number i ndi cates t h a t  the sodi um acetate-paraf f i  n 
system i s  c a p i l l a r y  dominated f o r  accelerat ions less  than lom2 ge o r  
0.098 M/sec . 
r e v e r t  t o  an equi 1 i brium capi 11 ary conf igura t ion  a f t e r  an imposed body 
force i s  removed i s  small on the order of 0.1 second. The ca lcu la ted  
accelerat ion l e v e l  a t  s o l i d i f i c a t i o n  from the capsule wa l l -pa ra f f i n  
in te r faces  f o r  F l i g h t  Specimens 6 and 12 i nd i ca te  ge o r  0.0098 M/sec . 
The accelerat ion l e v e l  may no t  have been as low as t h i s  dur ing  the complete 
s o l i d i f i c a t i o n  time, as ind ica ted  by the Reaction Control System f i r i n g s  
dur ing cooldown o f  F l i g h t  Specimen 12. The f i r i n g  t ime coincides w i t h  
the ca l  cul ated so l  i d i  f i c a t i o n  time i n  the thermal analysis.  

2 I n  addi t ion,  the cha rac te r i s t i c  time f o r  the system t o  

2 

f 

4.3 Thermal Analysis 

Specimens 9 C  and 12C, measured a t  MSFC. 
temperatures using the thermal proper t ies of the mater i  a1 s. The measured 
and computed temperatures are i n  reasonably good agreement. Since the 
thermal proper t ies o f  the mater ia ls  dominate the t rans fe r  of  heat from 
the capsule t o  the heat s ink,  the dotted l i n e  i n  Figures 3-8 and 3-9 
showing the mel t ing  p o i n t  o f  sodium acetate can be taken as a t ime-distance 
i n d i c a t o r  o f  the s o l i d i f i c a t i o n  f ron t .  As an example, f o r  Control Specimen 
9C,  approximately one-half o f  the specimen length was s o l i d i f i e d  a t  720 
seconds a f t e r  i n s e r t i o n  on the cool ing p in .  
however, approximately 80 percent o f  the length o f  Control Specimen 12C 

was s o l i d i f i e d .  

Figures 3-6 and 3-7 i n  Section 3.3 show the thermal h i s t o r y  o f  Control 
The c i r c l e d  po in ts  are computed 

A t  the same coo l ing  time, 

The thermal curve f o r  Control Specimen 6C was intermediate between the 
other  two specimens, b u t  approximated 12C. 
i s  estimated t o  have occurred between 800 and 1000 seconds f o r  a l l  
specimens, o r  a mean o f  900 seconds. 
f as tes t  f o r  12C, somewhat slower f o r  6C, and slowest f o r  9C. 
subsequent discussions, t h i s  same sequence w i l l  be assumed fo r  the 
f 1 i gh t specimens. 

Thus complete s o l i d i f i c a t i o n  

The s o l i d i f i c a t i o n  time then was 
For the 
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4.4 Surface Tension and Bouyancy Driven Convection Force Analyses 
Figures 3-10 and 3-11 i n  Section 3.4 i l l u s t r a t e  the importance o f  

consider ing both thermal ly dominated surface tens ion and g r a v i t y  dominated 
rsgimes when deal ing w i t h  two phase l i q u i d  behavior. 

For sodium acetate droplets  i n  pa ra f f i n ,  the  d rop le t  movement remains i n  
the thermal ly dominated regime u n t i l  the accelerat ion l e v e l  becomes greater  
than l o - *  9,. The droplets  become g r a v i t y  in f luenced as evidenced by 
lowering the l i m i t i n g  v e l o c i t y  i n  the thermal dominated regime. 
d i r e c t i o n  o f  motion reverses i n  the g rav i t y  dominated regimes and the  
v e l o c i t y  increases w i t h  increas ing 9,. 

The 

By contrast ,  i n  the case o f  p a r a f f i n  droplets  dispersed i n  sodium acetate, 
the drop le t  movement i s  always toward the region o f  h igher  temperature 
being i n  the thermal ly dominated regime. I n  a g r a v i t y  f i e l d  (10" ge o r  
greater) ,  bouyancy forces f u r t h e r  a i d  the surface tension dr iven  convection 
forces t o  displace the drop1 e ts  away #from the grav i  ty gradient.  

I n  both cases, the d rop le t  s i ze  i s  c r i t i c a l  i n  determining both the l i m i t i n g  
ve loc i t y  and the behavior o f  the mater ia l .  For dispersions conta in ing a 
l a rge  va r ia t i on  i n  d rop le t  s izes,  a complex f l u i d  motion would occur i n  
which sedimentation, coagulat ion and agglomeration would p lay an inc reas ing ly  
l a r g e r  r o l e  i n  the f i n a l  con f igura t ion  of the dispersed matr ix .  

4.5 P a r t i c l e  Motion 
As mentioned i n  Section 4.2, the mater ia ls  within the  capsule are i n  

a tu rbu len t  regime soon a f t e r  the capsule i s  inser ted  on the coo l ing  p in .  
This cond i t ion  accentuates the dynamic d ispers ion o f  f l u i d  droplets  o r  
s o l i d  p a r t i c l e s  i n  thermal/accelerat ion f i e l d s .  
v e l o c i t i e s  of groups o f  droplets  o r  p a r t i c l e s  i s  appreciably slower as 
compared t o  s i n g l e  drops o r  p a r t i c l e s ,  (Fig. 3-12), and the s i z e  
d i s t r i b u t i o n  o f  the mixed mater ia ls  a lso in f luences the l i m i t i n g  v e l o c i t i e s  
the f i na l  con f igura t ion  o f  the dispersions i s  complex. 

Since the l i m i t i n g  

An i n i t i a l  equal p a r t i c l e  concentrat ion and mean p a r t i c l e  s i ze  o f  sodium 
acetate and p a r a f f i n  were assumed i n  ca l cu la t i ng  the sedimentation 
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behavior o f  this system. 
t o  be the case, causing a wide variation i n  droplet s i tes ,  then the 
sedimentation behavior would be different from t h a t  modeled. This i s  

If incomplete mixing occurred, as i s  believed 

due n o t  only t o  the different velocities from the thermal and gravitational 
forces, b u t  also t o  the influence on the various sedimentation velocities. 
Comparison of density and droplet distributions i n  Sections 2.4 and 2.5 
and the thermal analysis in Section 3.4 indicates t h a t  incomplete mixing 
probably i s  the reason for the large droplets in all the fl ight specimens, 
and the non-uniform material cc"' -+rations in Flight Specimens 6 and 12. 
F l i g h t  Specimen 9 had the most homoyt.leous distribution, and also the 
slowest solidification rate, which  may i-ndicate t h a t  i t s  thermal gradient 
was lower than  the other two specimens. This postulation i s  corroborated 
by the larger number of  duplex dispersions found in Flight Specimen 9 
t h a n  i n  the other two specimens. Since duplex srsions represent a n  
unstable condi t ion  w h i c h  exists only on Earth in emulsions undergoing 
reversion (Reference 1 2 )  they would be less likely t o  persist, the larger 
the thermal gradient. 
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5.0 CONCLUSIONS 
Stable dispersions o f  immiscible mater ia ls  processed i n  a low g r a v i t y  

environment have been demonstrated. 
between 25pm and 1 mm, although areas conta in ing dispersions o f  l p m  o r  
less and droDlets of 1 cm have been observed i n  a l l  three f l i g h t  specimens. 

The m a j o r i t y  o f  the dispersions are  

Four s tab le  types o f  dispersions have been observed i n  the specimens: 
sodium acetate i n  p a r a f f i n ,  p a r a f f i n  i n  sodium acetate, a paraf f in- tungsten 
microsphere blend i n  sodium acetate and sodium acetate i n  a p a r a f f i n -  
tungs ten m i  crosphere blend. 

The l a s t  two dispersions were observed i n  F l i g h t  Specimen 12, predominantly 
the sodi urn acetate i n  the paraf f in- tungsten microsphere blend. 
tungsten microspheres are p r e f e r e n t i a l l y  wetted by the paraf f in ,  t h i s  
phase tends t o  become the continuous phase, w i t h  sodium acetate the 
dispersed phase (Reference 13). 
i n  t h i s  mode was v e r i f i e d .  

Since the 

The tendency o f  the system t o  s t a b i l i z e  

Stable duplex dispersions (and more complex forms) o f  e i t h e r  sodium acetate 
i n  p a r a f f i n  or v ice versa were observed i n  a l l  three f l i g h t  specimens, 
predominantly i n  F l i g h t  Specimen 9. Since t h i s  type o f  d ispersion i s  
unstable on Earth, t h i s  i s  a d i r e c t  conf i rmat ion o f  the unique mixing of 

immiscible mater ia ls  i n  a low g r a v i t y  environment. , 

A l l  three f l i g h t  specimens displayed an a x i a l  gradat ion i n  densi ty t h a t  
was more gradual than the contro l  specimens. None o f  the three f l i g h t  
specimens exh ib i ted  a homogeneous densi ty  d i s t r i b u t i o n ,  i n d i c a t i n g  
complete d ispers ion o f  the mater ia ls.  
F l i g h t  Specimen 9 exh ib i ted  the best dispersions. 

However, the d i s t r i b u t i o n  i n  

Examination o f  d r o p l e t  s i z e  and d i s t r i b u t i o n  i n  the sectioned samples o f  
a l l  three f l i g h t  specimens exh ib i ted  minimal r a d i a l  d i f f e r e n t i a t i o n ,  b u t  
d rop le t  s i z e  increased l o n g i t u d i n a l l y  away from the heat s ink end. 

Comparison o f  the observed proper t ies o f  the processed specimens w i t h  
the theore t ica l  analyses i n d i c a t e  the f o l l o w i n g  general conclusions: 
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1. From the contact  angle between the p a r a f f i n  and the capsule 
wa l l  on F l i g h t  Specimens 6 and 12, the accelerat ion l e v e l  a t  
s o l i d i f i c a t i o n  was approximately 10 ge o r  0.0098 M/sec 
I n i t i a l  mixing was i n s u f f i c i e n t  t o  thoroughly disperse the 
mol ten sodium acetate and pa ra f f i n .  
The body force exerted on the specimens when they were 
inser ted  on the coo l ing  p i n  had l i t t l e  o r  no ef fecr;  on the 
d i s t r i b u t i o n  o f  the mater ia ls .  

4. Since the coo l ing  was essen t ia l l y  un id i rec t i ona l  the surface 
dr iven  convection forces were probably more predominant i n  
causing f l u i d  movement and d rop le t  s i z e  and d i s t r i b u t i o n  
d i f f e r e n t i a t i o n  than the accelerat ion forces present. 
There i s  a p o s s i b i l i t y  t h a t  some o f  the segregation o f  the  
mater ia ls  i n  F l i g h t  Specimen 12 was caused by the Reaction 
Control Sys tem f i ri  ngs dur i  ng caps u l  e cool down. 
From the ca l  cul ated 1 i m i  ti ng ve loc i  ty  and sedimentati  on 
curves, the c r i t i c a l  d rop le t  diameter i s  approximately 
100pm. Droplets less  than t h i s  s ize  tend t o  be s tab le  i n  
a thermal o r  low g rav i t y  gradient. This was p a r t i a l l y  
corroborated by the drop1 e t  d i s t r i b u t i o n  measurements f o r  
pa ra f f i n .  

3 2 

2. 

3. 

5. 

6. 
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APPENDIX A 
THERMAL ANALYSIS 

The fo l low ing  model assumes the capsule, f l u i d  mix ture and copper sleeve 
can be represented by a f i n i t e  homogeneous cy l i nde r  which i s  insu la ted  on 
a l l  sides except f o r  the end connected t o  the heat sink. (This i s  c a l l e d  
region 1.) Connected t o  the uninsulated end o f  reg ion 1 i s  a s e m i - i n f i n i t e  
insu la ted  rod ac t i ng  as a heat s ink  ( reg ion 2). The analysis assumes t h a t  
a t  t = 0 the temperature i s  a constant eo and uni form throughout reg ion 1 
and i s  zero i n  reg ion 2. 

The equations t o  be solved are i n  region 1 , 

2 
- _ - _ _ _  - 0  9 
a 1 a e l  
a x2 K1 a t  

and region 2, 

2 

0 ,  a eZ 1 ae2 - - - - =  
ax2 K2 a t  

where e,, e,, are the temperatur , K1, K2  are t h  
I L  

I 

thermal d i f f u s i v i t i e s  

and x and t are the s p a t i a l  coordinate and time respec t ive ly  and kl , k2 
are the thermal conduc t i v i t i es .  
The above system w i l l  be solved by Laplace transforming the  t ime var iab le  
and so lv ing  the r e s u l t i n g  d i f f e r e n t i a l  equation f o r  the s p a t i a l  var iable.  
Trans forming we have 

(Ref. 11). 

which has a s o l u t i o n  
- 
8 = A cosh q1 (1 t X )  t B s inh (e t X )  + - , 

P 

A- 1 


