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ABSTRACT 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  d a t a  r e d u c t i o n  and a n a l y s i s  
o f  t h e  Skylab  f l u i d  mechanics demons t r a t ions .  A l l  t h e  f l u i d  mechanics 
d a t a  a v a i l a h l e  from t h e  Skylab  mis s ions  was i d e n t i f i e d  and surveyed.  
'The s i g n i f i c a n t  f l u i d  mechanics phenomena were i d e n t i f i e d  and reduced 
t o  measurable q u a n t i t i e s  wherever p o s s i b l e .  Using e x i s t i n g  t h e o r i e s ,  
ob ta ined  from a l i t e r a t u r e  s e a r c h ,  d a t a  c o r r e l a t i o n s  were performed. 
Among t h e  phenomena analyzed  were: s ta t ic  low-g i n t e r f a c e  s!lapes, 
o s c i l l a t i o n  frequency and damping o f  a l i q u i d  drop ,  c o a l e s c e l ~ c e ,  
r o t a t i n g  drop ,  l i q u i d  f i l m s  and low-g i c e  mel t ing .  A su rvey  o f  t h e  
p o s s i 5 l e  a p p l i c a t i o n s  o f  t h e  r e s u l t s  was made and f u t u r e  exper iments  
a r e  recommended. 
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a amplitude 
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I. INTRODUCTION 

During the Skylab SL-3 mission (tne second manned mission) the 
crew requested additional scientific activities. Planned 
experiments were being euccessfully completed at a faster 
rate than expected, due to the diligent work of the crew, 
so they had time for additional investigations. The NASA 
George C. Marshall Space Flight Center defined the objectives 
and equipment for two simple fill-in-experiments. These and 
oLher fill-in activities defined by MSFC were categorized 
as science demonstrations since rigorous experiment protocols 
could not be followed. However, the objective of most of the 
MSFC demonstrations was acquisition of data on basic phenom- 
ena that would contribute to the definition of future experi- 
ments. Diffusion and ice melting demonstrations were 
successfully performed during the SL-3 mission. 

Anticipating that there would be available time during the 
SL-4 mission, a number of science demonstrations were pre- 
pared before the mission. The astronauts performed a large 
portion of the planned demonstrations, whenever their normal 
schedule of activities permitted. These demonstrations 
covered a wide range of scientific disciplines, but only those 
concerned with fluid mechanics are discussed here. 

This was a unique opportunity to demonstrate known scientific 
principles in a low-g environment. The demonstrations allowed 
a comparison between a typical phenomena, as it occurs in 
one-g, and the observed low-g behavior. Low-g theory, based 
on the influence of the force of surface tension, has in many 
instances received very little experimental verifLcation. On 
earth, low-g test periods can be, at best, only one minute, 
while in the Skylab a test period of hours was not unreason- 
able. Since basic principles were involved, ths film data 
from the demonstrations makes very good science education 
material. 

By adding the demonstrations to the Skylab missions an appre- 
ciable increase in the scientific benefits of the program was 
achieved at very little additional cost. Hardware did not 
have to be developed or qualified since equipment available 
in Skylab was used to perform the demonstrations and only 
a few small items were taken up to Skylab by the crew. The 
videotape television system was the prime method of document- 
ing the demonstrations. 



The objectives of the demonstrations were specifically defined. 
However, the astronauts were allowed to use their innovative 
abilities in determining the methods and procedures for per- 
forming the demonstratione. This approach permitted the 
astronaut to try various approaches if one was not successful, 
and to expand the demonstration based upon what he learned. 
It provided a change of pace from the usual, carefully detailed 
scientific work of the crew. Only through the effort of the 
Skylat crews were these demonstrations possible. 

The initial task of this program was to identify and collect 
all the Skylab fluid mechanics data, This data was survhed 
and reduced to a usable form wherever possible. The observa- 
tions were then correlated with available theory. The 
applicability of these results to various sciences that make 
use of low-g fluid mechanics phenomena (e.g. space processing 
of materials, cloud physics, cryogenics and space physics) 
was considered. Finally, future low-g fluid mechanics experi- 
ments were recommended. 

An important part of the effort was a literature search that 
identified the available theory related to the observed fluid 
mechanics phenomena. From this informqtion, explanations of 
the observed phenomena were derived. k*ports of the investi- 
gators on their demonstratio~rs were als. collected and are 
included in the reference list. 

Some of the fluid mechanic8 data provided by the fluid mechar.- 
ice demonstrations had not been analyzed prior to this program. 
Preliminary evaluations of other portions had been accom- 
plished. In a few cases the data reduction and analysis was 
complete, One objective of this program was to review all the 
prior work and to complete the data analyels wherever it was 
deemed necessary. In Chapter 11, the specific Skylab fluid 
mechanics data items are identified along with the prior work 
that was accomplished. 

The primary purpose of visually showing a phenomena was 
achieved for each of the demonstrations performed. In some 
instances the astronauts, through their own iniative, docu- 
mented and controlled the test parameters to make the 
demonstration more of an experiment. However, due to the 
apparatus being used, accurate measurement, control and 
documentation of all test parameters was not always possi- 
ble. 



11. DESCRIPTION OF SKYLAB FLUID MECIIANICS DATA 

The 
the  
and 

purpose of t h i s  chapter  i s  f i r s t  t o  s p e c i f i c a l l y  i d e n t i f y  
Skylab f l u i d  mechanics d a t a ,  and then t o  d i e c ~ i s s  t h e  q u a l i t y  
f o m t  o f  t h i s  d a t a .  For most of t h e  demonstra t ions  t h e  

t e s t  l i q u i d  was wate r ,  so  i t s  p r o p e r t i e s  a r e  de f ined .  The 
environment of the  Skylab, i n  which t h e  demonstra t ions  were 
pe r f  o r a d ,  i s  a i s o  doscr  ibed . 
SPECIFICATION OF DATA 

A c ~ m p l e t e  survey of a l l  the  d a t a ,  i n  t h e  form of v ideo tape 
and 16 m f i lm,  was accomplished t:, i d e n t i f y  a l l  d a t a  t h a t  is  
r e l a t e d  t o  the  sc ience of f l u i d  mechanice. Those d a t a  items 
t h a t  were s e l e c t e d  t o  be p a r t  of  t h i s  s tudy a r e  l i s t e d  i n  
Table 1. Most of the  items a r e  i d e n t i f i e d  by t h e i r  t e l e v i s i o n  
opera t ions  number and t h e  ass igned sc ience demonstration t i t l e .  
A b r i e f  d e s c r i p t i o n  o f  the  s u b j e c t  mat ter  of tire d a t a  i s  in -  
cluded i n  t h e  t a b l e .  

Table 1 Skylab Fluid  Mechanics Data 

a 

1 

T i t l e  

SL-4 Fluid  Mechanics S e r i e s  
(TV- 107) 

SL-3 Fluid Mechanics Data 
I 

8 b 4  Liquid F loa t ing  Zone 
(TV-10 1) 

r 

SL-4 I m i s c i b l e  Liquids  
(TV- 102) 

SL-4 Liquid Films 
(TV- 103) 

SL-3 Demonstration 
(Film 3589) 

4 
Descr ip t ion  

Free f l o a t i n g  drops  - o s c i l l a t i o n ,  coal-  
escence,  ro ta t ion ;  s e s s i l e  drops  - o s c i l l a -  
t i o n ,  wett ing,;  a i r  bubbles i n r i d e  drops.  

A 

Miscellaneous demonstrat ions w i t h  drops.  
I 

O s c i l l a t i o n  and r o t a t i o n  of l i q u i d  zone. 

I 

Separat ion of immiscible l i q u i d  mixtures .  

Planar  and 3-dimensional l i q u i d  f i lms .  

". 
Dif fus ion ,  i c e  mel t ing ,  and a d d i t i o n  of 
soap, colored l i q u i d  and a i r  t o  drop.  



A l l  o f  t h i s  d a t a ,  excep t  f o r  Eilm 3589, was i n i t i a l l y  acqu i red  
wi th  a TV camera and was recorded on magnetic tape.  T h i s  in- 
formation was l a t e r  t r a n s f e r r a d  t o  16 am f i l m  (usua l ly  c a l l e d  
a kinescope copy). Film 3589 is t h e  on ly  except ion,  i t  was 
o r i g i n a l l y  scquired on 16 mm E i l m .  Most of t h e  f i l m  d a t a  h a s  
a sound t r a c k ,  s o  t h e  obse rva t ions  and c o m e n t s  of the  a s t r o n a u t  
performing t h e  demonstrat ion a r e  included.  

Two of  these  d a t a  i tems,  the  F lu id  MechanLcs S e r i e s  and t h e  
Liquid F l o a t i n g  Zone, c o n s i s t s  of  a number of  r e e l s  of 16 m. 
f i lm.  Th i s  l i s t  o f  d a t a  anaunts  t o  approximately 3,600 meters 
of f i lm.  A l l  d a t a  r educ t ion  f o r  t h i s  e f f o r t  was accomplished 
us ing the  16 mm f i lm.  

A complete l i s t i n g  of t h e  d a t a ,  wi th  the  i d e n t i f i c a t i o n  number 
of  each f i l m  r e e l  and informat ion regard ing  how cop ies  of  t h i s  
f i l r n  d a t a  can be ob ta ined ,  h a s  been compiled i n  Appendix A .  

Each of the d a t a  i tems is  b r i e f l y  desc r ibed  i n  the  paragraphs  
t h a t  follow: 

1. F lu id  Mechanics S e r i e s  (TV-107) 

The Fluid  Mechanics S e r i e s  i s  -he most s i g n i f i c a n t  c o l l e c t i o n  
of  d a t a ,  both i n  s i z e  and the  number o f  low-g f l u i d  mechanics 
phenomena t h a t  were demonstrated.  The s e r i e s  c o n s i s t s  of  
approximately 1200 meters  of  f i l m  and i t  was performed dur ing  
SL-4 by a s t r o n a u t s  E. Gibson and W .  Pogue. 

Drops were o s c i l l a t e d  a t  a number of  d i f f e r e n t  times dur ing  the  
s e r i e s .  Wires o r  sy r inge  plungers  were used t o  induce t h e  
o s c i l l a t i o n s .  I n  some c a s e s  t h e  drop was f r e e  f l o a t i n g  when 
o s c i l l a t e d .  I n  one sequence t h e  drop was r e s t r a i n e d  by a 
thread s o  a close-up view could be obta ined.  The e f f e c t s  on 
the  o s c i l l a t i o n  of an i n t e r n a l  a i r  bubble and soap i n  t h e  
l i q u i d  were demonstrated.  I n  ano the r  sequence a s i n g l e  drop 
on a f l a t  p l a s t i c  su r face  ( s e s s i l e  drop)  was per turbed i n  a 
number o f  d i f f e r e n t  ways wi th  a tube,  wi th  a sy r inge ,  by 
s t r i k i n g  the  s u r f a c e  w i t h  a wrench and by moving the  s u r f a c e .  
Drops were p laced on v a r i o u s  m a t e r i a l s  t o  demonstrate we t t ing .  
Using va r ious  means of inducing the  motion, drops  were s e t  
i n t o  r o t a t i o n .  Some of the  sequences show how t h e  a s t r o n a u t s  
formed, maneuvered and manipulated t h e  drops.  

The i n v e s t i g a t o r s  f o r  t h i s  demonstra t ion were B. Facemire and 
0 .  Vaughan o f  NASA Marshall  Space F l i g h t  Center (MSFC) , D r .  S. 
Bourgeous of Lockheed M i s s i l e s  and Space Co. (LMSC) and D r .  
T* F r o s t  of  General E l e c t r i c  Co. 0 .  Vaughan, i n  conjunct ion 



w i t h  o t h e r s ,  h a s  w r i t t e n  papers  on s p e c i f i c  demonstra t ions  
w i t h i n  t h e  F lu id  Mechanics s e r i e s  (Refs 1, 2 ,  3 and 4).  
There a r e  some d i f f e r e n c e s  between t h e  d a t a  p resen ted  i n  
those  papers  and the  r e s u l t s  p resen ted  i n  t h i s  r e p o r t ,  
apparen t ly  due t o  some b a s i c  d i f f e r e n c e s  i n  t h e  way t h e  
d a t a  was reduced and i n t e r p r e t e d .  

A p re l iminary  a n a l y s i s  o f  most of t h e  d a t a  i n  t h e  F l u i d  
Mechanics S e r i e s  was p e r f o m d  by M. K l e t t  and S. Bourgeous 
of  LMSC (Ref 5).  

2. Skylab SL-3 F lu id  Mechanics Data 

T h i s  d a t a  is i d e n t i f i e d  i n  a number of  ways s i n c e  it in- 
c l u d e s  a l l  t h e  f l u i d  mechanics demonstra t ions  performed 
on SL-3 by a s t r o n a u t  0 .  G a r r i o t t .  The t o t a l  amount of  
f i l m  i s  450 mete r s  i n  l e n g t h .  Included i n  t h i s  c o l l e c t i o n  
is  one of  t h e  s tuden t  experiments (ED-78, Liquid Motion) 
t h a t  was no t  success fu l .  Some miscel laneous  demonstra t ions  
i n  which t h e  a s t r o n a u t  formed and maneuvered drops  (TV-71) 
a r e  a l s o  i n <  luded.  I n  one sequence a  drop on a  tube  was 
o s c i l l a t e d ,  f i l l e d  wi th  a i r  and maneuvered. A i r  was in-  
j ec ted  i n t o  d rops  and l i q u i d  was added t o  and s q u i r t e d  a t  
drops.  However, i n  most cases  the  image of t h e  drop is  
smal l  and the  background is poor,  making i t  d i f f i c u l t  t o  
observe the  phenomena and make any measurements. 

3. Liquid F l o a t i n g  Zone (TV-101) 

Th i s  was a  r a t h e r  s p e c i a l i z e d  demonstrat ion aimed a t  d e t e r -  
mining the  s c a t i c  and dynamic behavior of  a  l i q u i d  zone. 
It was performed by a s t r o n a u t  E.  Gibson on SL-4. The l i q u i d  
f l o a t i n g  zone i s  one means by which meta l s  can be melted and 
r e f i n e d  i n  low-g wi thout  a  c o n t a i n e r .  The zone was simulated 
by a  c y l i n d r i c a l  column of  l i q u i d  suspended a t  i t s  ends be- 
tween two p a r a l l e l  d i s k s .  

By r o t a t i n g  t h e  d i s k s  independently o r  s imul taneously ,  t h e  
dynamic s t a b i l i t y  of the  zone was demonstrated.  It was a l s o  
o s c i l l a t e d  l o n g i t u d i n a l l y .  The zone was formed by j o i n i n g  
drops  placed on each d i s k .  Before t h e  zone was formed these  
s e s s i l e  drops  were o s c i l l a t e d .  The coalescence of  t h e  two 
drops  t o  form the  zone i s  a l s o  p a r t  of  t h e  d a t a .  By us ing  
two d i f f e r e n t l y  colored d rops ,  mixing can be observed follow- 
ing coalescence,  dur ing  r o t a t i o n  and o s c i l l a t i o n .  Rope f i b e r s  
were a l s o  added t o  t h e  zone t o  d e t e c t  t h e  i n t e r n a l  c i r c u l a t i o n .  



Air bubbles were added t o  the  zone. I n  one sequence the  
zone was i n i t i a l l y  i c e ,  and i t s  behavior a s  i t  melted was 
detrlonstrated . 
This demonstra t ion c o n s i s t s  o f  1200 meters  of f i lm.  I n  
a l l  the  t e s t s  t h e  image is  l a r g e  and t h e r e  is a  go0.i back- 
ground. The sound t r a c k  provides  t h e  p e r t i n e n t  parameters  
f o r  each sequence and v a l u a b l e  comments from the  a s t r o n a u t .  

The i n v e s t i g a t o r  f o r  t h i s  d e x o n s t r a t i o n  is Ijr. J. Car ru the r s  
of Bel l  Research Labs. He h a s  w r i t t e n  two papers  p r e s e n t i n g  
p r e l i i i l n a r y  r e s u l t s  of  h i s  a n a l y s i s  ~ f  t h e  d a t a  !Refs 6 and 
7) and p l a n s  t o  p r e s e n t  ano the r  (Ref. 8 ) .  D r .  M. K l e t t  of 
LMSC accomplished t h e  d a t a  r educ t ion  and compi la t ion f o r  
D r .  Car ru the r s  (Ref. 9) .  

4.  I m i s c i b l e  Liquids  (TV-102) 

T h i s  demonstrat ion,  performed by a s t r o n a u t  W .  Poque on SL-4 
i s  on about 100 meters of f i l m .  Three v i a l s ,  p r e f i l l e d  wi th  
immiscible o i l  and wa te r ,  were assembled i n  a  frame and the  
method of  c e n t r i f u g a l l y  s e p a r a t i n g  the  l i q u i d s  was demonstra- 
t e d .  The two l i q u i d s  were then mixed and viewed f o r  a  s h o r t  
pe r iod  t o  observe any s e p a r a t i o n .  Longer term experiments 
were accomplished, but were documented wi th  a  s t i l l  camera. 

The i n v e s t i g a t o r s  f o r  t h i s  demonstra t ion a r e  D r .  L. Lacy o f  
NASA MSFC and Dr. G. O t t o  of t h e  Univers i ty  o f  Alabama. They 
have w r i t t e n  two papers  on t h e  demonstra t ion (Refs 10 and l l ) ,  
w i th  the  l a t t e r  adding t o  t h e  a n a l y s i s  p resen ted  i n  t h e  ' f i r s t .  

5. Liquid Films (TV-103) 

Thin l i q u i d  f i l m s  were formed on wire  frames i n  t h i s  demonstra- 
t i o n  by a s t r o n a u t  G. Car-. Films were formed on a  w i r e  hoop 
us ing both p l a i n  and soapy wa te r .  The hoop was expanded u n t i l  
the  f i l m  rup tu red .  S i m i l a r  f i l m s  were formed on a  r ec tangu la r  
frame wi th  one s l i d i n g  s i d e .  Three-dimensional f i l m s  were 
formed on wi re  frames i n  t h e  form of a t e t r ahedron  and cube. 

The p r i n c i p a l  i n v e s t i g a t o r  is W. Darbro of NASA MSFC, who has  
publ ished a  r e p o r t  on the  demonstra t ion (Ref. 12) .  

6 .  SL-3 Demonstration (Film 3589) 

On SL-3 a s t r o n a u t  J .  Lousma performed a d i r f u s i o n  and i c e  
mel t ing  experiment.  it was photographed w i t h  a  16 mm camera 



o p e r a t i n g  a t  2 frames p e r  second, s t a r t i n g  and s topp ing  as 
requ i red .  A t ape  measure, thermometer and s t o p  watch were 
a l l  i n  the  f i e l d  o f  view, but  u n f o r t u n a t e l y  s l i g h t l y  o u t  o f  
focus .  The f i l m  i s  about  60 meters  i n  l e h g t h .  

b 

A d i f f u s i o n  experiment,  i n  which a concentra ted  s o l u t i o n  o f  
t e a  and water  was placed on water ,  was performed t h r e e  t imes 
w i t h  the  l a s t  one being t h e  most s u c c e s s f u l .  During t h i s  
same per iod  a n  i c e  cube on a s t i c k  was placed i n  t h e  f i e l d  
o f  view O L  the  camera so  t h e  mel t ing  of t h e  i c e  could be 
observed.  A f t e r  t h e  i c e  had melted,  soap and a red c o l o r a n t  
were added t o  t h e  wa te r  drop.  The drop was per turbed and 
o s c i l l a t e d  a s  i t  s a t  on t h e  s t i c k .  A i r  was i n j e c t e d  on to  
the  drop,  producing a foam. 

The i n v e s t i g a t o r  f o r  t h e  d i f f u s i o n  experiment is B. Facemire 
o f  NASA MSFC and t h e  r e s u l t s  a r e  p resen ted  i n  Reference 13. 
The i n v e s t i g a t o r s  f o r  t h e  I c e  Mel t ing experiment a r e  D r .  G. 
O t t o  of the  Univers i ty  of  Alabama and D r .  L. Lacy of  NASA, 
MSFC who have w r i t t e n  a paper  on t h e  experiment (Reference 
14) .  

I n  a d d i t i o n  t o  t h e  above d a t a ,  t h a t  was intended a s  low-g 
f l u i d  mechanics demonstra t ions ,  t h e  v a s t  c o l l e c t i o n  of  v ideo 
t apes  from t h e  Skylab miss ions  was reviewed t o  see i f  any 
i n t e r e s t i n g  f l u i d  mechanics phenomena might be found. A 
few p e r t i n e n t  sequences were found. 

One was Blood Sampling (TV-4) t h a t  h a s  a s h o r t  sequence i n  
which t h e r e  is  a c loseup view of  t h e  t r a n s f e r  o f  blood from 
a sy r inge  t o  a n  evacuated tube.  Another was t h e  f i l m  of 
the  bag of wa te r ,  t h a t  included a number o f  a i r  bubbles,  
f o r  the  F i s h  O t o l i t h  demonstra t ion (TV-53). 

A genera l  d e s c r i p t i o n  of t h e  purpose,  appara tus  and some 
pre l iminary  r e s u l t s  o f  a l l  t h e  SL-3 and SL-4 sc ience  
demonstra t ions  can be found i n  Reference 13. 

B. DATA REDUCTION 

One of the  f i r s t  s t e p s  i n  the  e v a l u a t i o n  of  t h e  f l u i d  mechanics 
d a t a  was i ts  reduc t ion  t o  measurable q u a n t i t i e s  wherever t h i s  
was p o s s i b l e .  The format of  the  d a t a  acqu i red  us ing  t h e  t d l e -  
v i s i o n  camera i s  d i scussed  and t h e  accuracy and techniques  
used i n  measuring parameters  from the  f i l m  a r e  p resen ted  i n  
the  fo l lowing paragraphs .  



1. T e l e v i s i o n  Data Format 

Some d e s c r i p t i o n  o f  the  p rocess  used t o  t r a n s f e r  t h e  d a t a  
from magnetic t ape  t o  f i l m  i s  required s i n c e  t h e  p rocess  
h a s  a  s i g n i f i c a n t  e f f e c t  on t h e  q u a l i t y  and con ten t  of  the  
d a t a .  Figure  1 i s  a  s i m p l i f i e d  diagram o f  t h e  t h r e e  formats 
i n  which t h e  d a t a  i s  a v a i l a b l e .  I t  i l l u s t r a t e s  the  two 
convers ion p rocesses  required t o  t r a n s f e r  t h e  d a t a  t o  f i lm.  
The Skylab t e l e v i s i o n  cameras used a  f i e l d  s e q u e n t i a l  format 
i n  o r d e r  t o  make t h e  camera simple and compact. The c o l o r  
t e l e v i s i o n  camera i s  only  a  b lack and whi te  camera wi th  a 
c o l o r  wheel t h a t  success ive ly  p l a c e s  r e d ,  grecn and blue 
f i l t e r s  i n  f r o n t  of the  v ideo tube. The i n t e n s i t y  of  t h e  
black and whi te  image i s  var ied  by t h e  f i l t e r .  A new image, 
wi th  each success ive  f i l t e r ,  is  formed every  o n e - s i x t i e t h  
of a  second. The d a t a  was acquired i n  t h i s  format and 
s t o r e d  on magnetic t ape  i n  Skylab. It was t r a n s m i t t e d  
from Skylab t o  a ground s t a t i o n  and re layed  t o  the  NASA 
Lyndon B. Johnson Space Center where the  informat ion was 
aga in  placed on magnetic tape .  

Th i s  t ape  can be played back on a  v ideo tape p layer  t h a t  
o p e r a t e s  us ing  t h e  f i e l d  s e q u e n t i a l  format,  and a  c o l o r  
image is  formed by tile success ive  over lay ing  of the  t h r e e  
c o l o r  f i e l d s .  I f  the  o p t i c a l  image t h a t  was recorded was 
s t a t i c  o r  moving slowly,  t h e  success ive  images e x a c t l y  
o v e r l a y  one another  and an a c c u r a t e  r eproduc t ion  of  t h e  
c o l o r  i s  p o s s i b l e .  However, on ly  a  s i n g l e  c o l o r  w i l l  be 
recorded a t  any p o s i t i o n  of a  r a p i d l y  moving o b j t c t ,  s o  
t h e  c o l o r s  w i l l  no t  o v e r l a y  one al lother d u r i n g  playback.  
Th i s  does not happen w i t k .  t he  format used f o r  s t a a d a r d  
commercial c v l o r  t c l e v i s i o n  CJTSC foriaar) because the  th ree  
c o l o r s  a r e  s in~u l t aneous  whenever they a r e  recordea u r  
played back. 

The f i r  s t  conversion the  d a t a  underwent was a  convers icn  
from f i e l d  s e q u e n t i a l  forma: t o  the  NTSC (s tandard c o l o r  
TV) format.  T h i s  is  a  p u r e l y  e l e c t r o n i c  p rocess  making 
use of de lay  l i n e s .  I n  t h e  NTSC format a  new image is  
formed every  one- t h i r t i e t h  of  a second. A s i n g l e  NTSC 
frame i s  formed from t h r e e  consecu t ive  frames (a r ed ,  
b lue  and green) from the  f i e l d  s e q u e n t i a l  d a t a .  A s  
shown by Figure  1, t h i s  i s  done by merging t h e  two c u r r e n t  
frames wi th  the  one p rev ious  f i e l d  s e q u e n t i a l  frame and 
c r e a t i n g  one NTSC frame. Due t o  t h i s  p rocess  each i i e l d  



ORIGINAL PAGE IS 

OF QUA=m 



s e q u e n t i a l  frame i s  held f o r  a  pe r iod  of  t h r e e  - s i x t i e t h s  
of a  second s o  the  t h r e e  c o l o r s  can be merged. I f  t h e  
o b j e c t  is s t a t i c  o r  moving slowly,  the  e f f e c t  of  t h i s  pro- 
cess  i s  not  ev iden t  when t h e  images from t h e  NTSC tape  a r e  
d i sp layed .  For a  f a s t  moving o b j e c t ,  t h e  c o l o r s  w i l l  be 
smeared t o  a  g r e a t e r  e x t e n t  than they a r e  wi th  the  f i e l d  
s e q u e n t i a l  tape .  The a d d i t i o n a l  smearing i s  due t o  t h e  
added pe r iod  t h a t  each frame o f  the  f i e l d  s e q u e n t i a l  t ape  
i s  r e t a i n e d .  

The next  s t e p  i n  the  p rocess  was the  t r a n s f e r  of  t h e  d a t a  
from the  NTSC tape  t o  16 m f i lm,  the  kinescope.  Th i s  was 
accomplished a t  the  NASA George C.  Marshall  Space F l i g h t  
Center .  Sound movie p r o j e c t o r s  o p e r a t e  a t  24 frames p e r  
second s o  a  conversion from a  o n e - t h i r t i e t h  of a  second 
frame of the  NTSC tape  t o  a  one-twenty-forth o f  a  second 
frame is  p a r t  of  t h e  p rocess .  A f i l m  camera views a  cathode 
r a y  tube on which the  image from the  NTSC iape  i s  foimed. 
The camera s h u t t e r  i s  e l e c t r o n i c a l l y  synchronized wi th  the  
tape .  Figure  1 shows t h a t  t h e  camera s h u t t e r  i s  open f o r  
a  o n e - t h i r t i e t h  of  a  second per iod dur ing  each one-twenty- 
f o r t h  of a  second frame (Ref. 15) While t h e  
s h u t t e r  i s  c losed  t h e  f i l m  i s  pu l l ed  down s o  t h e  next  frame 
can be exposed. Addi t iona l  smearing of  the  image i s  i n t r o -  
duced h e r e  because a  f i l m  frame can over lap  two frames o f  
the  NTSC tape .  The manner i n  which t h e  NTSC frame i s  formed 
on t h e  cathode r a y  tube by sweeping an e l e c t r o n  beam and the  
p e r s i s t a n c e  of the  phosphor o f  the  cathode ray  tube a r e . o t h e r  
f a c t o r s  t h a t  in f luence  t h e  smearing. 

The impl ica t ion  of  these  convers ion p rocesses  on t h e  d a t a  
r educ t ion  us ing t h e  kinescope f i l m  i s  t h a t  t h e  c o l o r  smear- 
ing  can produce a  d i s t o r t e d  image of  any moving o b j e c t .  
Depending upon t h e  parameter being measured, the  d a t a  re-  
duc t ion  p rocess  must consider  the  e f f e c t s  o f  the  image 
smearing. The obvious  conclus ion from t h i s  e v a l u a t i o n  of  
t h e  va r ious  forms of  the  d a t a  i s  t h a t  t h e  d a t a  r educ t ion  
would be b e s t  accomplished using t h e  f i e l d  s e q u e n t i a l  t ape .  
This  would r e q u i r e  a f i e l d  s e q u e n t i a l  type t ape  p l a y e r  t h a t  
is capable of d i s p l a y i n g  a  s i n g l e  frame a t  a  time. S ince  
such equipment was not  a v a i l a b l e  a t  Martin M a r i e t t a ,  the  
kinescope f i l m  had t o  be used. Only i n  c e r t a i n  c a s e s ,  
where i t  was necessary  t o  view a  r a p i d l y  moving o b j e c t ,  d i d  
t h e  use o f  the  kinescope f i l m  impose any l i m i t a t i o n  on t h e  
d a t a  r educ t ion  p rocess .  



2 .  Measurable Parameters 

A f i l m  ana lyze r  was used t o  accomplish t h e  d a t a  r educ t ion .  
Th i s  p r o j e c t o r  i s  capable  of p r o j e c t i n g  a s i n g l e  f i l m  frame 
o r  p r o j e c t i n g  a t  v a r i o u s  r a t e s  up t o  2 4  frames p e r  second. 
The image s i z e  p r o j e c t e d  was v a r i e d  a s  r e q u i r e d  t o  o b t a i n  
the  necessary  r e s o l u t i o n .  Using t h i s  ana lyze r  t h e  phenomena 
could be observed f i r s t  i n  r e a l  t i m e  ( 2 4  f rames l sec ) ,  observed 
a t  a  slower r a t e ,  t o  t ake  a  more d e t a i l e d  look a t  t h e  phenomena, 
and then viewed frame-by- f  rame t o  make t h e  measurements. 

One of the  most b a s i c  measurements made was t h e  r e l a t i v e  s i z e  
of o b j e c t s  w i t h i n  a  s i n g l e  f i l m  frame. Th i s  i s  a  dimension- 
l e s s  measurement, not  r e q u i r i n g  any s c a l i n g .  The image s i z e  
w i t h i n  the  frame i s  one f a c t o r  i n f l u e n c i n g  t h e  accuracy of  
t h i s  type  of measurement. Th i s  can be improved by i n c r e a s i n g  
t h e  s i z e  of the  p r o j e c t e d  image. However, a  t e l e v i s i o n  image 
c o n s i s t s  of  525 d i s c r e t e  l i n e s ,  s o  t h e  r e s o l u t i o n  o f  t h e  pro- 
j ec ted  image from the  f i l m  i s  l i m i t e d .  

I f  the  o b j e c t  was moving, the  smearing of  the  image due t o  t h e  
d a t a  conversion p rocesses  w i l l  a l s o  a f f e c t  t h i s  type  o f  measure- 
ment. Measurements a long  t h e  d i r e c t i o n  of  motion can n o t  be 
very  a c c u r a t e .  When measuring o s c i l l a t i o n  ampl i tudes ,  t h e r e  
was a  momentary pause a s  the  v e l o c i t y  reached ze ro  and amplitude 
reached a  maximum. There was a  n o t i c a b l e  improvement i n  t h e  
r e s o l u t i o n  of  the  image a t  t h i s  p o i n t  because t h e r e  was no 
smearing, making i t  p o s s i b l e  t o  make a  more a c c u r a t e  measure- 
ment. 

Another s i g n i f i c a n t  f a c t o r  i n £  1.uencing any measurements of  
s i z e  i s  the  f a c t  t h a t  a  two-dimensional image of a  th ree -  
dimensional  scene i s  being used. Two s e p a r a t e  measurements 
can on ly  be compared when t h e i r  r e l a t i v e  s e p a r a t i o n  i n  t h e  
d i r e c t i o n  pe rpend icu la r  t o  the  p lane  of  t h e  image is  known. 
Usually the  l o c a t i o n  of  the  o b j e c t  i n  t h e  t h i r d  dimension 
was d i f f i c u l t  t o  d i s c e r n .  

Dimensions can be app l i ed  t o  t h e  measurement on ly  i f  the  s i z e  
of some o b j e c t  i n  the  f i e l d  of view i s  known. The o b j e c t  o f  
known s i z e  must be i n  the  same p lane ,  p a r a l l e l  t o  t h e  image 
p lane ,  o r  the d i s t a n c e  between the o b j e c t s  i n  the  t h i r d  
dimension must be known. A s c a l i n g  f a c t o r  was e s t a b l i s h e d  
from the  o b j e c t  of  known leng th  and was a p p l i e d  t o  t h e  measured 
l e n g t h s .  Objec t s  such a s  s y r i n g e s  and food cans ,  t h a t  appear 
i n  t h e  f i e l d  o f  view, were used t o  determine the  s c a l i n g  



f a c t o r .  The most connnon dimensional  measurement, in-  
volving l eng th ,  i n  the  d a t a  r educ t ion  was t h e  determina- 
t i o n  of the  volume of  a  drop of  l i q u i d .  S ince  t h i s  
measurement involves  the  l eng th  cubed, accuracy becomes 
very  c r i t i c a l .  

The frame r a t e  of t h e  f i l m  prov ides  t h e  time base f o r  any 
time dependent measurements. Each frame r e p r e s e n t s  a  
pe r iod  of one-twenty-forth o f  a second. By count ing t h e  
number o f  e l apsed  frames, and d i v i d i n g  by 24, t h e  number 
o f  e l apsed  seconds i s  e s t a b l i s h e d .  O s c i l l a t i o n  f requenc ies  
and r o t a t i o n  r a t e s  were determined i n  t h a t  manner. O s c i l l a -  
t i o n  f requenc ies  were on the  o r d e r  of  1 Hz, s o  f a i r l y  good 
r e s o l u t i o n  of  the  time was p o s s i b l e .  I f  t h e  o s c i l l a t i o n  
r a t e  remains f a i r l y  c o n s t a n t ,  t h e  number o f  frames can be 
counted over  a  number of  cyc les ,  improving t h e  r e s o l u t i o n  
of  the  frequency . 
Measurements of  v c l o c i t y  involve  both l eng th  and t ime. Care 
must be taken t o  account f o r  the  image smearing of t h e  moving 
o b j e c t  s o  t h e  l eng th  measured corresponds  t o  the  time pe r iod  
represen ted  by the  frame. 

PROPERTIES OF WATER 

The t e s t  l i q u i d  used i n  most of the  demonstra t ions  was wa te r .  
One except ion i s  the  Immiscible L iqu ids  demonstra t ion i n  
which o i l  was one of  t h e  l i q u i d s .  Water was a  r e a d i l y  a v a i l -  
a b l e  l i q u i d  i n  Skylab and does no t  p r e s e n t  any haearda. 
Ink,  grape d r i n k  and s t r awber ry  d r i n k  were added t o  c o l o r  
t h e  water .  The c o l o r a n t s  reduced t h e  t ransmiss ion and re-  
f l e c t i o n  of l i g h t ,  improving the  image. Soap was added t o  
t h e  water  t o  change i ts  p r o p e r t i e s .  Four p r o p e r t i e s  of  wa te r  
were used i n  t h e  c o r r e l a t i o n  of t h e  da ta :  d e n s i t y ,  v i s c o s i t y ,  
s u r f  ace  t e n s  ion and c o n t a c t  ang le .  

The d e n s i t y  of water  i s  i n s e n s i t i v e  t o  t h e  a d d i t i v e s  and the  
f l u c t u a t i o n s  i n  temperature t h a t  occurred i n  Skylab. A den- 
s i t y  of  1.0 gmlcc was used i n  a l l  t h e  c o r r e l a t i o n s .  

V i s c o s i t y  would on ly  be inf luenced by the  a d d i t i o n  o f  soap,  
and then i t  would be dependent upon the  concen t ra t ion .  A 
v i s c o s i t y  of  1 . 0  c e n t i p o i s e  was used i n  the  c o r r e l a t i o n s ,  
when soap was no t  p r e s e n t .  



Very few l i q u i d s  (o the r  than l i q u i d  meta l s )  have a h igher  
s u r f a c e  t ens ion  t h a n  wa te r .  Pure water  has  a s u r f a c e  
t ens ion  of  72 dyneslcm. Since  water  h a s  such a h igh sur-  
f a c e  energy,  i t  is  r e a d i l y  contaminated and a cons ide rab le  
lowering of the  su r face  t e n s i o n  t a k e s  p l a c e  (Reference 16).  
Contaminants t h a t  lower the  su r face  t e n s i o n  of a l i q u i d  a r e  
r e f e r r e d  t o  a s  su r face  a c t i v e  agen t s .  A smal l  amount of a 
s u r f a c e  a c t i v e  agent  w i l l  impose i t s  low sur face  t ens ion  on 
a l i q u i d  of much higher  s u r f a c e  t ens ion .  A s  t h e  concentra-  
t i o n  of the  im2urity i s  increased t h e  s u r f a c e  t ens ion  of t h e  
soluti .on dec reases  u n t i l  i t  becomes s a t u r a t e d .  Fur ther  
a d d i t i o n  of the  impurity does not  cause any change i n  s u r f a c e  
t ens ion .  (Ref. 17). 

The su r face  t ens ion  of  water  wi th  grape and orange Tang 
( t r a d e  mark General Foods Corporat ion,  r e p r e s e n t a t i v e  of 
f r u i t  d r i n k s  used on Skylab) was measured. It was found 
t h a t  adding a minute amount of orange t o  water ,  b a r e l y  
c o l o r i n g  i t ,  caused a r educ t ion  i n  t h e  s u r f a c e  t ens ion  t o  
61  dynes/cm. One teaspoon of orange i n  200 m l  of wa te r ,  
g iv ing  a c o l o r i n g  a s  i t  appeared i n  t h e  f i l m ,  reduced the  
s u r f a c e  t ens ion  t o  53 dynes/cm. Adding more d i d  no t  produce 
any f u r t h e r  change i n  the  s u r f a c e  t ens ion .  Grape has  l e s s  
of a n  e f f e c t  on s u r f a c e  t ens ion ,  reaching a minimum a t  60 
dynes / cm . 
Marker pens ,  the  same a s  those  used on Skylab,  were provided 
by NASA Johnson Space Center so  t h a t  the  e f f e c t  of the  ink 
on s u r f a c e  t e n s i o n  could he determined.  I t  was found t h a t  
the  ink is a mild su r face  a c t i v e  agent.  I n  small  concentra-  
t i o n s ,  c o l o r i n g  the  water a s  it  appeared on t h e  f i l m s ,  t h e  
su r face  t ens ion  was only  s l i g h t l y  reduced t o  70 dyneslcm. 
The s u r f a c e  t ens ion  continued t o  dec rease  a s  l a r g e r  amounts 
of ink were added. 

Adding soap of t h e  type used on Skylab t o  wa te r ,  i n  approxi-  
ma t e l y  the  concen t ra t ions  used i n  the  demonstra t ions ,  reduced 
the  s u r f a c e  t ens ion  t o  20 dyneslcm (data  provided by NASA 
Marshall  Space F l i g h t  Cen te r ) .  

The c o n t a c t  angle  is  t h e  ang le  formed by a l i q u i d  and a 
su r face  which it c o n t a c t s ,  measured w i t h i n  the  l i q u i d .  A 
we t t ing  l i q u i d  spreads  on a s u r f a c e  and has a con tac t  
ang le  of  nea r  ze ro .  Pure water on a c l e a n  s u r f a c e ,  such 
a s  a me ta l ,  can have a near ze ro  con tac t  a n g l e .  The c o n t a c t  



angle  is  a func t ion  of t h e  r e l a t i v e  s u r f a c e  e n e r g i e s  of  t h e  
l i q u i d  and the  s u r f a c e .  Metals  have o higher  s u r f a c e  energy 
than water ,  so the  c o n t a c t  ang le  w i l l  be near  zero .  Any 
i m p u r i t i e s  such a s  o i l  o r  g rease  on a s u r f a c e ,  reduce i t s  
su r face  energy and water can have l a r g e r  va lues  of  con tac t  
ang le .  P l a s t i c  has  a r e l a t i v e l y  low sur face  energy so  t h e  
c o n t a c t  angle  of water  on p l a s t i c  w i l l  be l a r g e .  Therefore ,  
t h e  con tac t  angle  f o r  water  cannot be s p e c i f i e d  un less  the  
exac t  na tu re  of the  su r face  i s  known. 

D.  SKYLA B ENVIRONMENT 

The a c c e l e r a t i o n  environment of  t h e  Skylab was evaluated t o  
determine i f  it would have any in f luence  on t h e  f l u i d  mech- 
a n i c s  demonstrat ions .  An a c c e l e r a t i o n ,  due t o  atmospheric 
drag on t h e  Skylab on the o rde r  of  10-5g was always p r e s e n t .  
"G-J i t ter"  due t o  va r ious  d i s t u r b a n c e s  such a s  movement of  
t h e  a s t r o n a u t s  o r  o p e r a t i o n  of the  a t t i t u d e  c o n t r o l  system, 
produced a c c e l e r a t i o n s  a s  l a r g e  a s  1 0 ' ~ ~ .  The frequency o f  
the  G - J i t t e r  could range from one t o  severa l  thousand Her tz  
(Ref. 18). 

I f  a  drop o f  l i q u i d  was f r e e - f l o a t i n g  i t  would not sense  
these  a c c e l e r a t i o n s .  Only when t h e  l i q u i d  was d i r e c t l y  i n  
con tac t  wi th  Skylab, such as a drop on a s u r f a c e  o r  a 
drop on a thread (where t h e  th read  was a t t a c h e d  t o  Sky- 
l a b ) ,  would these  a c c e l e r a t i o n s  be t r ansmi t t ed  t o  t h e  l i q u i d .  
For the  volumes o f  l i q u i d s  used i n  t h e  demonstra t ions ,  t h e  
g r a v i t y  f o r c e s  due t o  these  a c c e l e r a t i o n s  were very small  i n  
comparison t o  the  su r face  t ens ion  f o r c e s .  The Bond number, 
t h e  r a t i o  of g r a v i t y  f o r c e s  t o  s u r f a c e  t ens ion  f o r c e s ,  pro- 
v i d e s  an  i n d i c a t i o n  of t h e  r e l a t i v e  s i z e  of t h e  two fo rces .  
Based on the  r a d i u s  of a t y p i c a l  water  drop used i n  t h e  
demonstra t ions ,  the  Bond number i s  on the  o rde r  of  10-2 
showing t h a t  s u r f a c e  t e n s i o n  f o r c e s  do  dominate. 

Another source of  p e r t u r b a t i o n s  due t o  the  Skylab environment 
was the  flow of a i r  of the v e n t i l a t i o n  system. Measurements 
o f  the  a i r  v e l o c i t y  i n  t h e  v i c i n i t y  i n  which t h e  
demonstra t ions  were performed were made. Values on the o r d e r  
of  0 .5  cmlsec were obta ined us ing a 0 t o  50 cmlsec v e l o c i t y  
meter wi th  a 5% accuracy.  Considering the  accuracy of the  
meter ,  v e l o c i t i e s  a s  l a r g e  a s  2.5 cmlsec were p o s s i b l e .  I t  
should be noted h e r e  t h a t  Skylab a i r  cons i s t ed  of  approxi-  
mately 70% oxygen and 30% n i t rogen  a t  a  t o t a l  p r e s s u r e  o f  
3.4 ~ / c m ? .  



F r e e - f l o a t i n g  d rops  would be c a r r i e d  a long w i t h  t h e  a i r  
flow. A i r  f lowing around a r e s t r a i n e d  drop,  such a s  a 
drop on a th read ,  can cause  d i s t o r t i o n  o f t h e  drop from 
i t s  s p h e r i c a l  shape.  It w i l l  d i s t o r t  from a sphere  t o  
a n  o b l a t e  spheroid  and some f l a t t e n i n g  of t h e  l e a d i n g  
s u r f a c e  of t h e  drop w i l l  a l s o  occur (Ref. 19 and 
20). The d i s t o r t i o n  of a drop,  f a l l i n g  a t  i t s  t e rmina l  
v e l o c i t y  i n  one-g h a s  been c o r r e l a t e d ,  but  such r e s u l t s  
can no t  be r e a d i l y  app l i ed  t o  t h i s  case .  The Reynolds 
number g i v e s  some i n d i c a t i o n  of  t h e  amount o f  d i s t o r t i o n  
t h a t  would be p r e s e n t  (Reference 21). Reynolds numbers 
based on t h e  l a r g e s t  va lue  of  a i r  velocit ; .  (2.5 cm/sec) 
a r e  about 100, i n d i c a t i n g  t h a t  the  d i s t o r t i o n  would be 
s l i g h t .  The presence of  s u r f a c e  a c t i t , ?  agen t s  t ends  t o  
reduce the  d i s t o r t i o n  (Reference 20) but  t h e  shape i s  
de te rn ined  p r i m a r i l y  by the  hydrodynamic f o r c e s  and t h e  
s t a t i c  s u r f a c e  t ens ion ,  and t o  a lesser e x t e n t  by the  
presence of s u r f a c e  a c t i v e  molecules a long t h e  s u r f a c e  
(Reference 1 9 ) .  



In  t h i s  chapter  t he  s p e c i f i c  inves t iga t ions  t h a t  were accom- 
pl ished,  using the  i den t i f i ed  da ta ,  a r e  presented. Each in- 
ve s t i ga t i on  considers a phenomenon of f l u i d  mechanics t h a t  was 
demonstrated. I n  each case  t h e  phenomenon i s  explaiced and i f  
measurable da t a  could be derived from t h e  f i lm,  i t  is  presented. 
The da t a  i s  cor re la ted  with ava i l ab l e  theory, o b t a f n d  from the  
l i t e r a t u r e  search, wherever possible .  

A. S t a t i c  In t e r f ace  Shape 

One objec t ive  of t he  Fluid Mechanics Ser ies  demonstrat  ..@ AS 

t o  show the  s t a t i c  i n t e r f a c e  shape assumed by a l i qu id  . : . a -  
t a c t  with various s o l i d  sur faces  i n  a low-g environment. ,,ic 
ana lys i s  of the  observed i n t e r f a c e  shapes shows t h a t  sur face  
energy and contact  angle a r e  imporcant parameters. Corre la t ion  
between calculated and observed i n t e r f a c e  shapes was possible .  

The shape of a gas-liquid i n t e r f ace  i n  low-gravity (gravi ty  
forces  a r e  negl ig ib le )  is  determined so le ly  by cap i l l a ry  forces.  
Surface tension and contact  angle ,  i f  t he  l i qu id  i s  i n  contac t  
with a so l id  surface,  a r e  t he  proper t ies  of the  l iqu id  t h a t  
e s t ab l i sh  t he  i n t e r f a c e  shape. The Youcg-Laplace equation re -  
l a t e s  these proper t ies  t o  the curvature  of the  i n t e r f a c e  and 
the pressure d i f f e r e n t i a l  between the  gas and l i qu id  a s  f o l l m s :  

where t he  subscr ip t s  L and G r e f e r  t o  the  l iqu id  and gas re- 
spect ively,  and R and R2 a r e  the  r a d i i  of curvature  of the  
in te r face .  Ihe s ign  convention f o r  t he  r a d i i  of curvature  is  
t h a t  they a r e  pos i t i ve  when t h e i r  c en t e r  of curvature  i s  wi th in  
the l iquid.  The sum of t he  rec iproca ls  of t h e  r a d i i ,  
( l /Rl + 1/R2), i s  re fe r red  t o  a s  the  curvature  of the  i n t e r f a c e  
(Ref. 22). 

Under s t a t i c  condi t ions the  pres rure  of the gas i n  contact  with 
the l iqu id  i s  uniform over the  e n t i r e  l i qu id  surface.  An equi- 
l ibr ium i n t e r f a c e  w i l l  be es tab l i shed  when t h e  pressure In  t he  
l iquid is  a l s o  uniform and the  pressure d i f f e r e n t i a l  defined by 
equation (1) is  a constant.  I f  t he  pressure d i f f e r ence  is  con- 
s t a n t ,  then the  curvature  murt a l s o  be uniform over the  e n t i r e  
surface.  



Considering a globule of l i qu id  i n  low-gravity, not i n  contact  
with any sur face ,  the  requirement of uniform curvature  can only 
be s a t i s f i e d  i f  both r a d i i  of curvature  a r e  equal. The globule 
then has  the  form of a sphere, with t he  r a d i i  of curvature  equal 
:.o i t s  radius.  Equation (1) s imp l i f i e s  to:  

where r i s  the radius  of t he  sphere. The pressure within t he  
drop of l i qu id  i s  grea ta r  than the  surrounding gas by an amount 
t h a t  i s  d i r e c t l y  proport ional  t o  the  sur face  tension and in- 
versely proport ional  t o  t he  radius  of the drop. 

When the  l i qu id  i s  i n  contact  with a s u r f ~ ~ e ,  the  d e t e m i n a t i o n  
of the  i n t e r f ace  becomes more complex. The curdature  of t he  
sur face  w i l l  s t i l l  be a constant ,  but t he  two r a d i i  a f  curva-, 
t u r e  w i l l  vary over the surface.  The usual  approach t o  ca l -  
cu la t ing  t he  i n t e r f ace  shape i s  t o  def ine  the  curvature  i n  
terms of some coordinate syatem, taking advantage of any 
synnnetry. A d i f f e r e n t i a l  equation f o r  t he  i n t e r f a c e  is ob- 
tained t h a t  can be e i t h e r  solved d i r e c t l y  o r  solved using num- 
e r i c a l  methods. The shape of the  i n t e r f ace  Ls independent 
of the value of the  sur face  tension i n  zero-g, s ince  t he  equa- 
t i o n  is  of the form: curvature  equals  a constant.  Contact 
angle i s  a boundary condition t h a t  must be s a t i s f i e d  by the  
equation. 

The surface energy of the  i n t e r f a c e  of a gas,  l i qu id  and s o l i d  
i s  a usefu l  parameter. Surface energy i s  defined a s  t he  sum of 
the  surface energy of th ree  in te r faces :  l iquid-vapor (LV), 
solid-vapor (SV) , and so l id- l iqu id  (ST,) (Ref. 23). Therefore 

Surface Energy = OLV + OSV *SV + QSL (3 )  

where A i s  the  area of the respec t ive  in te r face .  The stirface 
tensions of the  solid-vapor and so l id - l i qu id  i n t e r f aces  a r e  noi  
wel l  understood and a r e  d i f f i c u l t  t o  measure. The You38 
equation el iminates  these d i f f i c u l t i e s  by providing a r e l a t i o n  
between these sur face  tensions which i s  v a l i d  for  a s o l i d  t ha t  
i s  not e a s i l y  deformed and is smooth. 



Where 0 is the  contact  angle between the  l i qu id  and s o l i d  a s  
defined i n  Chapter XI. Subs t i t u t i ng  t h e  Young equation i n t o  
equation (3) y i e ld s  

The term on the  r i g h t  of the  equation can be t r ea t ed  a s  a con- 
s t a n t  s ince  the  area of t he  s o l i d  is  a constant.  For the  pur- 
.ase of t h i s  discussion t h a t  term can be neglected, so  

S.E. = ULV (ALV - ASL 

A cap i l l a ry  a rea  can be defined a s  follows: 

A~ = ,V - A~~ 
cos e 

(7) 

for  any given in te r face .  So the  sur face  energy can be fu r the r  
simplif  i ~ d  t o  

S.E. = ULV Ac 

While t he  Young-Laplace equation (equation (1)) can de f ine  
more than one i n t e r f a c e  f o r  any given set of condi t ions,  t h e  
equation f o r  sur face  energy def ines  t h e  preferred configura- 
t ion .  A s t ab l e  i n t e r f ace  shape is achieved when the  sur face  
energy is  a minimum. 

Again consider a f ree- f loa t ing  globule of l iqu id .  The sur face  
energy w i l l  be a minimum when the  c a p i l l a r y  a rea ,  which i s  
the  area of the  l i qu id  vapor i n t e r f ace  i n  t h i s  case,  is a 
minimum. That area i s  a minimum when t h e  globule assumes a 
spherical  shape, which again confirms t h a t  t h i s  i s  t h e  s t a t i c  
shape assumed by a l i qu id  drop. 

I f  l i qu id  is  i n  contact  with a so l id  sur face ,  it can be shown 
(Ref. 34) t ha t  the  cap i l l a ry  a rea  is less than it was when the  
l i qu id  was not i n  contp-' with t he  surface.  Therefore, contact  



with  a s u r f a c e  is a p r e f e r r e d  equ i l ib r ium c o n f i g u r a t i o n  f o r  
a l i q u i d  drop. T h i s  dec rease  i n  s u r f a c e  energy accounts  f o r  
che adhesiveness of a l i q u i d  on a su r face .  Energy must be  
added t o  remove a drop from a su r face .  

F ree - f loa t ing  drops  of water  appear i n  many d i f f e r e n t  p l a c e s  
i n  t h e  f l u i d  mechanics f i l m  d a t a  (Figure  2). I n  none o f  t h a s e  
sequences was t h e  drop ever  s t a t i c .  The drops  were of t h e  
s p h e r i c a l  form, bu t  o s c i l l a t i o n s  were p resen t .  P e r t u r b a t i o n s  
induced when t h e  drop was formed damp very  slowly. S ince  t h e  
drops  d r i f t  wi th  t h e  c i r c u l a t i n g  a i r ,  t h e  drop would c o n t a c t  
a s u r f a c e  be fo re  a compietely s t a t i c  i n t e r f a c e  could be 
achieved. These f a c t o r s  made it d i f f i c u l t  t o  perform and 
photograph some o f  t h e  demonstrat ions.  

Drop on a Thread 

The a s t r o n a u t s  found t h a t  a l i q u i d  drop could be r e s t r a i n e d  by 
p lac ing  it on a th read  (Figure  3) .  The adhesive  c a p i l l a r y  
f o r c e  between t h e  drop and t h e  th read  was s u f f i c i e n t  t o  over-  
come small  pe r tu rb ing  fo rces .  Damping was increased by t h e  
th read ,  a s  w i l l  be d i scussed  under t h e  o s c i l l a t i n g  drop,  s o  
a s t a t i c  i n t e r f a c e  shape could be achieved.  

I n  t h e  f l u i d  mechanics s e r i e s ,  drops of 30, 50 and 100 c c  were 
placed on a th read  s o  a s  t o  perform t h e  o s c i l l a t i n g  drop and 
coalescence demonstrat ions.  While t h e  drop d i d  come o f f  t h e  
thread aue t o  Pome s e v e r e  p e r t u r b a t i o n s ,  i n  most of  t h e  demon- 
s t r a t i o n s  i t  was s t r o n g l y  r e t a i n e d  by t h e  th read .  I n  those  
sequences t h e  drop cen te red  on t h e  t h r e a d ,  s o  t h e  th read  was 
an a x i s  of symmetry. 

Where t h e  l i q u i d  i n t e r f a c e  c o n t a c t s  t h e  t h r e a d ,  t h e  boundary 
cond i t ion  of  c o n t a c t  angle  must be s a t i s f i e d .  Therefore ,  r a t h e r  
than being completely s i h e r i c a l ,  t h e r e  was some d i s t o r t i o n  of 
t h e  drop shape due t o  t h e  th read .  When t h e  drop was cen te red  
on t h e  th read ,  a s  shown i n  Figure  4 a ,  t h e  curva tu re  of t h e  
i n t e r f a c e  i s  uniform around t h e  th read  (and over  t h e  e n t i r e  
s u r f a c e )  and t h e  p ressures  a r e  uniform. I f  some e x t e r n a l  f o r c e  
caused a displacement of t h e  drop from t h e  cen te red  p o s i t i o n ,  
a s  shown by Figure  4b,  t h e  curva tu res  a r e  no longer  cons tan t .  
On t h e  s i d e  of t h e  th read  towards t h e  c e n t e r  of the  drop t h e  
i n t e r f a c e  w i l l  be more sha rp ly  curved ( l a r g e r  cu rva tu re )  than 
i t  i s  on t h e  f a r  s i d e .  Therefore  t h e  p r e s s u r e  i n  t h e  l i q u i d  
i s  l e s s  on t h e  s i d e  of t h e  thread near  t h e  drop c e n t e r .  A n e t  
fo rce  a c t s  t o  r e t u r n  t h e  drop t o  t h e  cen te red  p o s i t i o n .  



Eigure 2 .  Free Floating Xater 3rop 
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b. Displaced 

Figure 4. Interface of Drop a t  Thread 

a.  Centered 



The behavior  of an i n t e r f a c e ,  where i t  meets a s u r f a c e ,  provides  
a  f c r c e  t o  r e s t r a i n  t h e  drop from moving along t h e  th read .  
When an i n t e r f a c e  i s  d i sp laced  along a  s u r f a c e ,  t h e  c o n t a c t  
ang le  does not  remain t h e  same a s  i ts  s t a t i c  va lue .  There i s  a  
h y s t e r e s i s  t o  t h e  c o n t a c t  ~ n g l e ,  s o  c o n t a c t  ang le  i n c r e a s e s  a s  
an  i n t e r f a c e  advances o r  dec reases  a s  t h e  i n t e r f a c e  recedes .  
Th i s  " s t i ck ing"  of t h e  i n t e r f a c e  must h e  ovel-come before  move- 
ment of the  drop   lo rig t h e  th read  can occur.  The s t i c k i n g  i s  
most pronounced f o r  an ad-J;  c ing  i n t e r f a c e  i f  t h e  s u r f a c e  over  
which t h e  i n t e r f a c e  must move i s  c ~ m p l e t e l ~ .  dry .  Once t h e  s u r -  
f  ace  i s  we t t ed ,  a  f i l m  of l i q u i d  w i l l  remain i;il che s u r f a c t  .... A 
t h e  s t i c k i n g  i s  reduced. 

Displacement of t h e  drop pe rpend icu la r  t o  t h e  th read  i s  opposed 
by t h e  c a p i l l a r y  f o r c e s  produced by t h e  curva tu re  of t h e  i n t e r -  
f a c e  of t h e  drop. Axia l  d isplacements  a r e  opposed by t h e  
h y s t e r e s i s  of t h e  c o n t a c t  angle .  Together,  t h e s e  two f o r c e s  
keep t h e  drop o r i e n t e d  on t h e  th read .  

The e f f e c t  of  t h e  th read  on t h e  i f i t e r face  of  t h e  drop was more 
than j u s t  a  d i s t u r b a n c e  l imi ted  t o  t h e  v i c i n i t y  of  t h e  th read .  
The drop was e longa ted ,  i n  t h e  d i r e c t i o n  of t h e  th read ,  by 5 t o  
6% i n  comparison t o  i t s  diameter.  I n s t e a d  of a  sphere ,  t h e  
drop was more a  p r o l a t e  e l l i p s o i d ,  wi th  t h e  th read  being t h e  
a x i s  of symmetry. 

A computer program was w r i t t e n  t o  c a l c u l a t e  t h e  shape of t h e  
i n t e r f a c e  of  a  drop cen te red  on a th read .  (The d e r i v a t i o n  of  
the  equat ions  used i n  t h e  computer program i s  presented i n  
Appendix B) . Drop volume, th read  diameter  and t h e  c o n t a c t  
angle  a r e  t h e  parameters  t h a t  determine t h e  i n t e r f a c e  shape. 
The volume of t h e  drop was s t a t e d  on t h e  sound t r a c k  and t h e  
thread diameter could be  sca led  from t h e  known drop diameter .  
As d i scussed  i n  Chapter 11, c o n t a c t  angle  i s  a  d i f f i c u l t  para-  
meter t o  s p e c i f y ,  e s p e c i a l l y  f o r  water  on a  f i b r o u s  and water  
s a t u r a t e d  th read .  Using t h e  known volume and a  measured th read  
diameter of l m m ,  i n t e r f a c e s  f o r  v a r i o u s  va lues  of c o n t a c t  angle  
were c a l c u l a t e d .  The c a l c u l a t e d  e longa t ion  was compared w i t h  
the  measured e lonp? t ion .  Th i s  comparison was accomplished by 
ignor ing  t h e  smal l  p r o t r u s i o n  of t h e  i n t e r f a c e  a t  t h e  t h r e a d ,  
s i n c e  i t  was d i f f i c u l t  t o  d i s c e r n  i n  t h e  f i lm.  

The c a l c u l a t e d  shape of  the  drop on a  th read  i s  shown i n  F igures  
5 and 6 f o r  volumes of 50 and 100 c c  r e s p e c t i v e l y .  It was 
found t h a t  t h e  proper c a l c u l a t e d  e longa t ion  could be obta ined 
when a  c o n t a c t  angle  of 30 degrees  was used,  which is  a  



Figure 5 .  Caiculated Shape of Drop on Thread, 50 cc Volume, 
30 Contact Angle, 1 rum Thread Diameter 



Figure 6 .  Calculated Shape gf Drop on Thread, 
100 c c  Volume, 30 Contact Angle, 
1 nnn diameter Thread 



reasonable  va lue  f o r  wa te r  i n  c o n t a c t  w i t h  a m a t e r i a l  such a s  
th read .  The c a l c u l a t e d  and measured l eng th  t o  d iameter  r a t i o  
f o r  t h e  50 c c  drop is  1.06. For t h e  100 c c  drop t h e  d i s t o r t i o n  
i s  s l i g h t l y  l e s s  and equa l  t o  1.05. 

For a th read  diameter  of  1 mm, t h e  r a t i o  of t h e  drop t o  th read  
diameter ranged from 40 t o  60 f o r  drop volumes of 30 t o  100cc. 
A l l  of these  drops  centered on t h e  th read .  Small drops  were 
shown t o  e s t a b l i s h  an i n t e r f a c e  shape t h a t  was tangent  t o  t h e  
thread.  This  was demonstrated i n  t h e  Fluid  Mechanics S e r i e s  
d a t a  and i n  some of t h e  SL-3 d a t a  (Figure  7 ) .  While t h e  drop 
volume was not  known f o r  any of these  sequences,  t h e  image s i z e  
was s u f f i c i e n t l y  l a r g e  dur ing  one of t h e  sequences i n  t h e  SL-3 
d a t a  t o  make a r e l a t i v e  measurement o f  t h e  drop and th read  
diameter.  Tile r a t i o  was measured a s  20. 

The reason t h a t  t h i s  occurred involves  t h e  concept o f  c a p i l l a r y  
a r e a  and minimum s u r f a c e  energy. Sur face  energy v a r i e s  a s  a 
func t ion  of th read  diameter  f o r  both o r i e n t a t i o n s :  drop cen- 
t e r e d  on the  thread and drop tangent  t o  t h e  thread.  For a g iven 
drop volume and th read  diameter ,  t h e  o r i e n t a t i o n  t h a t  has  t h e  
smal le r  c a p i l l a r y  a r e a  determines which of t h e  two o r i e n t a t i o n s  
t h e  drop w i l l  assume. Based on t h e  d a t a ,  i f  t h e  r a t i o  of drop 
t o  th read  diameter  was around 40 o r  more, t h e  drop centered on 
t h e  thread because t h a t  o r i e n t a t i o n  had t h e  smal le r  c a p i l l a r y  
a rea .  When t h e  r a t i o  was 20 o r  l e s s ,  t h e  d r *  was t angen t  t o  
t h e  thread and t h a t  o r i e n t a t i o n  gave the  mfnimum c a p i l l a r y  a r e a .  
Somewhere between 40 and 20 t h e r e  i s  a t r a n s i t i o n  from one 
o r i e n t a t i o n  t o  t h e  o t h e r .  Nc o t h e r  d a t a  was a v a i l a b l e  t o  
f u r t h e r  d e f i n e  when t h e  t r a n s i t i o n  occurs .  Since  c a p i l l a r y  
a r e a  is  a f u n c t i o n  of c o n t a c t  a n g l e ,  the  above conc lus ions  a r e  
v a l i d  only f o r  c o n t a c t  ang les  of approximately 30 degrees .  

Near t h e  t r a n s i t i o n  p o i n t  from one o r i e n t a t i o n  t o  the  o t h e r ,  i t  
would be expected t h a t  e i t h e r  o r i e n t a t i o n  could be assumed and 
a smal l  p e r t u r b a t i o n  would d r i v e  t h e  drop from one t o  t h e  o t h e r .  
For the  drops observed on t h e  f i l m s ,  they behaved a s  i f  on ly  one 
equ i l ib r ium c o n f i g u r a t i o n  was poss ib le .  A s  a  l a r g e  drop was 
brought i n t o  con tac t  wi th  t h e  th read ,  i t s  s u r f a c e  f r e e l y  passed 
through t h e  th read .  It would overshoot t h e  cen te red  p o s i t i o n  
a s  the  c a p i l l a r y  f o r c e s  ac ted  t o  c e n t e r  t h e  drop.  Small drops 
could be  s t r o n g l y  per turbed but they would con t inue  t o  set 
tangent t o  t h e  th read .  
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Figure  7 .  Smaller ~ r o p s  will a ~ s ~ r r n c a n i n t c r f a c e  shape 

t h a t  is cangent  t o  tlie tflreatl. 
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The computer program used t o  c a l c u l a t e  t h e  shape o f  t h e  drop on 
a th read  was used t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of th read  
diameter  and con tac t  ang le  on t h e  equ i l ib r ium c o n f i g u r a t i o n  of  
t h e  drop i n t e r f a c e .  Only h a l f  o f  t h e  problem can be e x a c t l y  
analyzed s i n c e  we d i d  no t  develop a way t o  c a l c u l a t e  the  t h r e e -  
dimensional  drop shape when it i s  tangent  t o  t h e  thread.  By 
making some assumptions about t h e  e f f e c t  of a t h r e a d  tangent  t o  
t h e  drop,  t h e  g e n e r a l  behavior  o f  t h e  drop can be e s t a b l i s h e d .  

The i n t e r f a c e  of a drop cen te red  on t h e  th read  was c a l c u l a t e d  
f o r  a g iven s e t  of c o n d i t i o n s  and then  i t s  c a p i l l a r y  a r e a  was 
c a l c u l a t e d .  Figure  8 shows how the  c a p i l l a r y  a r e a  of t h e  
drop i s  changed by t h e  th read  diameter  a t  a  c o n t a c t  angle  of 30 
degrees .  The c a p i l l a r y  a r e a  and t h e  th read  diameter  a r e  
r a t i o e d  t o  t h e  a r e a  and diameter  r e s p e c t i v e l y ,  of a f r e e  f l o a t -  
ing  s p h e r i c a l  drop. Based on d a t a  from both  50 and 100 c c  
drops ,  it  appears  t h a t  the  curve  is independent of  drop volume. 

When t h e  th read  diameter i s  ve ry  smal l ,  t h e  c a p i l l a r y  a r e a  
approaches t h e  s u r f a c e  a r e a  of a f r e e - f l o a t i n g  s p h e r i c a l  drop.  
Over a c e r t a i n  range o f  th read  d iamete r s ,  t h e  c a p i l l a r y  a r e a  
dec reases  a s  t h e  th read  diameter  i n c r e a s e s ,  i n d i c a t i n g  a 
lower energy s t a t e  i n  comparison t o  a f r e e  drop. Near a drop 
t o  th read  diameter r a t i o  of 20, t h e  c a p i l - l a r y  a r e a  reaches  a 
minimum and then  i n c r e a s e s  wi th  increasi,-,g th read  diameter .  
A t  l a r g e  th read  diameters ,  i n t e r f a c e  shapes can be c a l c u l a t e d  
t h a t  have a c a p i l l a r y  a r e a  g r e a t e r  than t h a t  of a sphere.  
Obviously, t h e s e  a r e  not  e q u i l i b r i u m  i n t e r f a c e  shapes s i n c e  a 
f r e e  drop would have a lower s u r f a c e  energy.  

S i m i l a r  curves  could be produced f o r  t h e  c a s e  of t h e  drop tan-  
gen t  t o  t h e  th read .  A t  smal l  th read  diameters  t h e s e  curves  
would l i e  above the  drop-centered curves ,  i n d i c a t i n g  t h e  drop- 
cen te red  c a s e  i s  t h e  minimum energy conf igura t ion .  Somehwere 
a f t e r  t h e  minimum i n  t h e  drop-centered curve ,  t h e  two curves  
must c r o s s  and t h e  drop-tangent c o n f i g u r a t i o n  becomes t h e  
minimum energy conf igura t ion .  The drop-tangent cu rve  must 
become asymptotic t o  t h e  s u r f a c e  a r e a  of a sphere  a t  very  l a r g e  
th read  d i  S t e r s .  Based on t h e  t e s t  d a t a  and t h e  theory ,  an 
assumed drop-tange.lt curve  i s  shown on Figure  8 f o r  a c o n t a c t  
ar.zle of 30 degrees .  Crossover occurs  somewhere n e a r  a drop 
t o  th read  diameter r a t i o  of 15 t o  1. 

Contact  angle  was found t o  have a ve ry  s t r o n g  in f luence  on t h e  
p o i n t  a t  which t h e  minimum i n  t h e  drop-centered curve  occurs ,  
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which should a l s o  in f luence  t h e  cross-over  from the  drop-centered 
t o  drop-tangent conf igura t ion .  The form of t h e  curve remains 
the  same, bu t  a t  a  con tac t  angle  of 28' t h e  minimum occurs  a t  a  
diameter r a t i o  of about 5000 and a t  a  32O c o n t a c t  angle  i t  
occurs a t  0.7. I f  t h e  con tac t  angle  had been much d i f f e r e n t  
from 30' only one equ i l ib r ium s t a t e  would have been observed 
f o r  the  drops and th reads  used i n  t h e  demonstrat ions.  

The l a r g e r  drops t h a t  centered on t h e  thread were found t o  be 
l a t e r a l l y  o s c i l l a t i n g  i n  a  p e r i o d i c  manner about t h e  e q u i l i -  
brium p o s i t i o n .  The drops would slowly d r i f t  f i r s t  t o  one s i d e  
of t h e  thread and then  t o  t h e  o t h e r .  Th i s  o s c i l l a t i o n  could 
be observed i n  a  number of f i l m  d a t a  sequences. The amplitude 
of  t h e  o s c i i l a t i o n  was about 0.5 cm, measured perpendicular  t o  
t h e  th read ,  and it  remained f a i r l y  cons tan t .  The per iod of t h e  
o s c i l l a t i o n  was between 20 and 30 seconds pe r  cyc le .  

A i r  flow must have been the  source  of t h e  d r i v i n g  f o r c e  f o r  
t h e s e  o s c i l l a t i o n s ,  wi th  t h e  c a p i l l a r y  f o r c e  opposing t h e  d i s -  
placement. The a i r  flow i n  t h e  v i c i n i t y  of t h e  demonstra t ion 
was i n  t h e  d i r e c t i o n  of the  a x i s  of the  t h r e a d ,  s o  p e r i o d i c  
o s c i l l a t i o n s  of t h e  type observed could be induced. C a p i l l a r y  
fo rces  a c t i n g  t o  c e n t e r  t h e  drop a r e  weaker than t h e  r e s i s -  
tance  of the  i n t e r f a c e  t o  displacement along t h e  t h r e a d ,  s o  t h e  
d i s tu rbance  of t h e  a i r  flow causes a  l a t e r a l  d isplacement .  No 
a x i a l  displacement along t h e  thread was observed. 

Pe r tu rba t ions  t o  the  smal le r  drops t h a t  s i t  tangent  t o  the  
thread caused them t o  r o t a t e  about t h e  th read .  The pene t ra -  
t i o n  of t h e  thread i n t o  the  drop remained r e l a t i v e l y  c o n s t a n t .  

Drops on Various Sur faces  

Other sequences i n  t h e  F lu id  Mechanics S e r i e s  and t h e  SL-3 
d a t a  showed drops of l i q u i d  a t t ached  t o  o t h e r  s u r f a c e s .  I n  
one SL-3 sequence a drop was o s c i l l a t e d  and maneuvered on u tube.  
The tube was l a r g e  i n  comparison t o  the  drop s9 an i n t e r f a c e  
wi th  t h e  drop tangent  t o  t h e  tube was formed. 

The l a r g e r  s i z e  of the  tube ,  compared t o  the  th read ,  permit ted  
che d i s t o r t i o n  of the  i n t e r f a c e  ,.I t h e  v i c i n i t y  of t h e  s u r f a c e  
t o  be observed i~ d e t a i l .  A t  every p o i n t  the  i n t e r f a c e  meets 
the  tube,  t h e  c o n t a c t  angle  must be t h e  same and the  curva- 
t u r e  of the  i n t e r f a c e  must be cons tan t  over t h e  e n t i r e  drop 
(Figure 9 ) .  



Figure 9 .  Drop on a tube 
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A drop on a f l a t  s u r f a c e ,  r e f e r r e d  t o  a s  a s e s s i l e  drop,  
appeared i n  t h e  Fluid  Mechanics S e r i e s .  The drop was approxi-  
mately 50 cc  i n  volume anc' was r e s t i n g  on a p l a s t i c  s u r f a c e .  
The con tac t  angle  i n  t h i s  case  was nea r  t o  90 degrees.  A hemis- 
p h e r i c a l  shape was assumed by t h e  drop wi th  a l a r g e  c i r c u l a r  
a r e a  of c o n t a c t  between t h e  drop and t h e  s u r f a c e  (Figure  10) .  
The shape of a drop on a s u r f a c e  can be c a l c u l a t e d ,  knowing 
i t s  volume and c o n t a c t  ang le ,  Calcula ted  s e s s i l e  drop shapes 
presented i n  Reference 25 correspond t o  t h e  observed shapes.  

The a s t r o n a u t s  took advantage of  t h e  adhesion between a s u r f a c e  
and a drop i n  maneuvering them and inducing o s c i l l a t i o n s  f o r  
the  demonstrat ions.  Syr inge needles  and w i r e s  served a s  a way 
of applying smal l  f o r c e s  t o  maneuver the  drops .  Many success-  
i v e  passes  of  a needle  through a drop were requ i red  t o  produce 
a n o t i c e a b l e  change !a i t s  momentum. By pass ing  a s t r i n g  through 
a drop it could be pu l l ed  i n t o  i t s  proper p o s i t i o n  and then t h e  
s t r i n g  could be c a r e f u l l y  withdrawn. Only very  low amplitude 
o s c i l l a t i o n s  of a drop could be induced us ing  wires  and needles .  
Plungers from s y r i n g e s ,  t h a t  have s c i r c u l a r  d i s k  on t h e i r  ends ,  
were brought i n t o  c o n t a c t  with t h e  a p p o s i t e  s i d e s  of a drop and 
then pu l l ed  aw:. ,. There was s u f f i c i e n t  adhesion between t h e  
plunger s u r f a c e s  and t h e  l i q u i d  t o  produce t h e  d e s i r ~ d  o s c i l l a -  
t i o n  amplitude. 

With each s u r f a c e ,  th read ,  tube  and f l a t  s h e e t ,  t h e  change i n  
the  adhesion of the  drop t o  the  s u r f a c e  could be observed. Only 
a sniall f o r c e  was requ i red  t o  remove t h e  drop from t h e  th read .  
I n  one i n t e r e s t i n g  sequence of the SL-3 d a t a   ti^ , s t r o n a u t  
trCed t o  shake t h e  drop o f f  a tube ,  demonsrr r i t t d  - t s  adhesive-  
ness .  A drop adheres very  s t r o n g l y  t o  a f l a t  su r face .  Large 
p e r t u r b a t i o n s  were app l i ed  t o  a s e s s i l e  drop and they d i d  not  
even prv~duce a displacement of the  l i n e  o f  con tac t  between t h e  
i n t e r f a c e  and t h e  s u r f a c e .  The adhesion between t h e  s e s s i l e  
drop and a tube ,  and a needle  can be observed i n  Figure  11. 

I n  another  sequence of t h e  Fluid  Mechanics S e r i e s ,  the  a s t r o -  
naut made a low-g d r ink ing  cup. He could d r ink  from t h e  cup 
anJ add water  i n  much t h ~  same manner you would i n  one-g. The 
cup was made by i n v e r t i n g  a smal l  can i n s i d e  a l a r g e r  can ,  s o  
a s  t o  form an annular  con ta ine r .  The l i q u 4 d  o r i e n t s  i n  t h e  
bottom of the  cup and was s t r o n g l y  held  i r ~  t h a t  p o s i t i o n .  I n -  
t e r f a c e  shapes i n  c o n t a i n e r s  of va r ious  shapes have been i n v e c .  
t i g a t e d  i n  des igning p r o p e l l a n t  tanks  t h a t  p r e f e r e n t i a l l y  
o r i e n t  the  l i q u i d  over the  o u t l e t .  The shape of cn i n t e r f a c e  
and t h e  p e r t u r b a t i o n  required t o  d i s p l a c e  the  l i q u i d  from an 



Figure 10. Sessile drop (the tube is freely resting on 
the drop surface).  



Figure 11. Adhesiveness of l i q u i d  drop t o  a needle 
(top) and s tube (bottom) 
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annular  con ta ine r  is one of ~ , . e  conf igura t ions  t h a t  have been 
s t u d i e d  (Ref. 26). S ince  t h e  shape o f  t h e  i n t e r f a c e  i n  t h e  
d r ink ing  cup could n o t  be observed, a c o r r e l a t i o n  was no t  
poss ib le .  

The as t ronau t  suggested a refinement t o  t h e  d r ink ing  cup, by 
showing a drawing of h i s  des ign (Figure 12).  A s  h e  admit ted,  
t h e  cup is  n o t  too  e f f i c i e n t  because a l a r g e  amount of its 
volume is taken up by t h e  c e n t r a l  lump. 

Much work h a s  been done i n  developing a means by which t h e  
i n t e r n a l  geometry of a p r o p e l l a n t  t ank  can be modified s o  t h a t  
s u r f a c e  t ens ion  f o r c e s  w i l l  p r e f e r e n t i a l l y  o r i e n t  a l i q u i d  
p r o p e l l a n t  over  t h e  t ank  o u t l e t  i n  low-gravity (Ref. 27). We 
would l i k e  t o  o f f e r  our  s o l u t i o n  t o  t h e  problem here  (Figure 13) 
because it  does demonstrate haw t h e  shape an  i n t e r f a c e  assumes 
i n  low-g can be used. 

Three t h i n  s h e e t  vanes a r e  placed i n  t h e  cup. The p r o f i l e  o f  
one vane is  shown i n  t h e  c r o s s - s e c t i o n a l  view. Holes a r e  placed 
i n  t h e  vanes s o  l i q u i d  w i l l  t r a n s f e r  from one s e c t o r  t o  another 
of  t h e  cup. An equ i l ib r ium i n t e r f a c e  shape is  reached when t h e  
p ressure  wi th in  t h e  l i q u i d  is uniform. Therefore  t h e  sharp  
corners  formed by t h e  vanes and t h e  cup w i l l  produce regions  of 
lower p r e s s u r e  wi th in  t h e  l i q u i d ,  s o  they must f i l l  wi th  l i q u i d  
t o  e s t a b l i s h  equi l ibr ium.  S ince  t h e  vane is wider n e a r  t h e  l i p  
o f  t h e  cup ( t h e  o u t l e t )  a l a r g e r  amount o f  l i q u i d  w i l l  have t o  
p o s i t i o n  i n  t h a t  region t o  achieve an i n t e r f a c e  wi th  a uniform 
curvature .  So the  l i q u i d  i n  t h e  cup, even when t h e  volume is 
smal l ,  w i l l  tend t o  p o s i i i o n  near  t h e  l i p  of t h e  cup s o  it can 
be drunk. The vanes w i l l  a c t  a s  s l o s h  b a f f l e s  t o  s u r o r e s s  
d i s tu rbances  t o  t h e  l i q u i d .  Very l i t t l e  o f  t h e  i n t e r n a l  volume 
o f  the  cup is  occupied by t h e  -Janes, s o  e f f i c i e n t  use  is made 
o f  t h e  volume. A dev ice  us ing t h e s e  genera l  concepts w i l l  be 
used i n  t h e  p r o p e l l a n t  tanks  of t h e  Viking O r b i t e r  (Ref. 28). 

Whether o r  not  t h e r e  i s  a need f o r  a low-g d r ink ing  cup i n  t h e  
space program is  debatable .  

I n  a demonstration of t h e  we t t ing  o f  a l i q u i d  i n  t h e  Fluid  
Mechanics S e r i e s ,  drops were placed on t h r e e  d i f f e r e n t  su r faces :  
p l a s t i c ,  metal  and paper. The drops  were d i f f i c u l t  t o  s e e  be- 
cause of t h e i r  s i z e ,  but  wi th  t h e  d e s c r i p t i o n s  provided by t h e  
as t ronau t  the  r e l a t i v e  we t t ing  was demonstrated. On t h e  p l a s t i c  
s u r f a c e  t h e  drop had a hemispher ical  shape and a con tac t  angle  
near 90 degrees ,  a s  was seen i n  o t h e r  sequences. A s i m i l a r  drop 



Figure 12. Low-g Drinking Cup as designed by 
William R. Pogue 
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Figure 13. Low-g Drinking Cup as  designed by Martin Marietta Corp. 



was formed on t h e  metal surface.  It would be expected t h a t  t he  
contact  angle would be somewhat less on t h e  metal than i t  was 
on the  p l a s t i c  sur face ,  but the  image was not good enough t o  
perceive the  d i f fe rence .  A s  discussed i n  Chapter 11, t h e  reason 
fo r  the  d i f fe rence  i n  contact  angles is due t o  t he  d i f fe rences  
i n  the  energy of the  surface.  The higher  t he  energy of the  so l id  
sur face  i n  comparison t o  the l i qu id  sur face ,  the  smaller the  
contact  angle. 

When t h e  water was placed on the  paper sur face ,  more spreading 
of the  water and a lower p r o f i l e  t o  t he  drop was observable. 
The contact  angle of t he  water on t h e  paper was smaller  than 
it was with the o ther  sur faces ,  but paper has a lower sur face  
energy than both metal and p l a s t i c .  However, the  mechanism 
involved here  is no longer j u s t  wet t ing of a sur face  because 
water was being absorbed by t h e  paper. Since t he  sur face  was 
f i l l e d  with water the  i n t e r f ace  of t he  drop was e s s e n t i a l l y  i n  
contact  with water,  f o r  which there  is no such th ing  a s  con- 
t a c t  angle. Eventually the e n t i r e  drop would be absorbed i n t o  
the paper. 

SUMMARY 

I n  t h i s  s ec t i on  of t h e  repor t ,  those port ions of the da t a  i n  
which s t a t i c  i n t e r f a c e  shapes could be observed were d i s -  
cussed. The theory t h a t  e s t ab l i shes  t he  shape a gas l l i qu id  
i n t e r f ace  w i l l  assume i n  low-g was presented and the  inf luence 
of a sur face  i n  contact  with t he  l i qu id  was considered. Cal- . 
culated i n t e r f ace  shapes of a drop on a thread cor re la ted  
with t he  observed in t e r f ace  shapes. The s ign i f icance  of t he  
c a p i l l a r y  a rea  i n  determining the  minimum energy in t e r f ace  
configurat ion when more than one possible  i n t e r f ace  e x i s t s  was 
shown. The da ta  demonstra~es t h a t  contact  angle i s  highly 
dependent on the sur face  mater ia l  and can not be r ead i ly  
cor re la ted .  



B. O s c i l l a t i n ~  Drop 

Another of t he  ob jec t ives  of t he  Fluid Mechanics S e r i e s  of dem- 
ons t ra t ions  was t o  i nves t i ga t e  the  o s c i l l a t i o n  of a l i qu id  drop. 
Using the  acquired da t a ,  o s c i l l a t i o n  frequencies could be 
cor re la ted .  Data t h a t  i nd i ca t e s  an e f f e c t  of o s c i l l a t i o n  
amplitude on frequency was a l s o  obtained. Damping r a t e s  were 
s i g n i f i c a n t l y  g rea t e r  than predicted by theory, due t o  non- 
l i n e a r  ef  f ec t s .  

When a drop of l i qu id  is perturbed under law-gravity condi- 
t i o n s  it w i l l  o s c i l l a t e  about i t s  equi l ibr ium i n t e r f a c e  shape, 
the  sphere. I f  the  drop is perturbed i n  t he  proper manner it 
can be caused t o  o s c i l l a t e  i n  var ious  modes. The shape of t h e  
drop a s  it goes through one-half cyc le  of o s c i l l a t i o n  5s shown 
i n  Figure 14. Shown a r e  t h e  four  lowest modes of o s c i l l a t i o n .  
The f i r s t  mode is the  bas ic  harmonic mode of t he  drop. A drop 
tends t o  o s c i l l a t e  i n  t h i s  mode whenever i t  i s  dis turbed.  If  
the drop i s  perturbed a t  the  proper frequency the  second and 
higher  modes can be exci ted.  

The e f f e c t  of v i s c o s i t y  on the  o s c i l l a t i o n  has  been evaluated 
(Ref. 30) and a parameter t o  def ine  t h e  po in t  a t  which c r i t i c a l  
damping occurs is  i d e n t i f i e d  as  follows: 

O r  i s  g rea t e r  than 1.7 damped o s c i l l a t i o n s  occur ,  i f  - 
p v 2  

Or i s  l e s s  than 1.7 the  motion is c i r t i c a l l y  damped i f  - 
ov 2 

and -a perturbed drop w i l l  not o s c i l l a t e ,  but slowly r e tu rn  
t o  i t s  equi l ibr ium shape. 

For t e drops being analyzed here  t he  parameter i s  on the  order  k of 10 s o  damped o s c i l l a t i o n  d id  occur. 

O s c i l l i a t i o n  Frequency of a Spherical  Drop 

The frequency of o s c i l l a t i o n  of a l i qu id  drop was analyzed by 
Lord Rayleigh i n  1879 (Ref. 31). For any given mode of 0s- 
c i l l a t i o n ,  determined by the  in teger  I ,  the  frequency i s  given 
by 
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Figure 14. The focr laweat modes of an orcillatiag 
drop (frao Ref. m) 



Where t h e  frequency f is  i n  Hertz.  

When P =  2 t h e  frequency is t h a t  of  t h e  f i r s t  mode of  o s c i l l a -  
t i o n .  Equation (9) i s  then 

The o s c i l l a t i o n  frequency i s  determined by t h e  s u r f a c e  t e n s i o n ,  
which is t h e  r e s t o r i n g  f o r c e ,  and t h e  mass ( d e n s i t y  t imes 
volume) of the  drop. 

A comprehensive a n a l y s i s  of t h e  o s c i l l a t i o n  frequency and damping 
of  a  l i q u i d  drop can be found i n  Reference 32. The e f f e c t s  of 
t h e  v i s c o s i t y  o f  t h e  drop and t h e  surrounding f l u i d ,  and the  
e f f e c t  of  t h e  presence o f  s u r f a c e  a c t i v e  agen t s  a r e  considered.  

I n  t h e  F lu id  Mechanics s e r i e s  a  number of o s c i l l a t i n g  drop 
demonstrat ions were accomplished. I n  one sequence t h e  drop was 
r e s t r a i n e d  on a  th read  t o  prevent  it  from d r i f t i n g  away. This 
enabled t h e  camera t o  be posi t ioned c l o s e  t o  t h e  drop,  g i v i n g  
an image s i z e  about 40% of  t h e  f i l m  f r a a e  width.  

Syr inge plungers  were used t o  apply t h e  p e r t u r b a t i o n  t o  t h e  drop.  
The plungers  were brought i n t o  c o n t a c t  wi th  oppos i t e  s i d e s  o f  
the  drop. The drop adhered t o  the  1.25 cm diameter  d i s k s  on t h e  
ends of t h e  p lungers .  By p u l l i n g  t h e  p lungers  away from t h e  
drop,  t h e  drop was e longated u n t i l  i t  e v e n t u a l l y  broke away 
from t h e  plungers .  A t  t h e  p o i n t  of detachment of t h e  s u r f a c e ,  
t h e  drop was e longated but  a l s o  had a  s p u r t  i n  t h e  s u r f a c e  
where t h e  plunger made c o n t a c t  (Fig .  15) .  This s p u r t  qu ick ly  
withdrew i n t o  the  s u r f a c e  of t h e  drop under t h e  a c t i o n  of 
s u r f a c e  t ens ion .  The p e r t u r b a t i o n  produced by t h e  withdrawal 
of t h e  p lungers  from t h e  s u r f a c e  of t h e  drop was s u f f i c i e n t  t o  
cause a  f a i r l y  l a r g e  amplitude o s c i l l a t i o n .  I n  e a r l i e r  a t t empts  
t o  o s c i l l a t e  a  drop i n  t h e  F lu id  Mechanics S e r i e s ,  wi res  and 
needles  were used t o  apply t h e  p e r t u r b a t i o n .  Since  t h e r e  was 
very l i t t l e  adhesion between the  s u r f a c e  of a  needle  and the  
water ,  t h e  o s c i l l a t i o n s  produced were of very  low amplitude.  

I n  t h i s  sequence, i n  which t h e  drop was r e s t r a i n e d  on t h e  th read ,  
most o f  t h e  t e s t s  were wi th  water  drops  of 50 and 100 c c  volume. 
The drops were l i g h t l y  t i n t e d  wi th  marker pen ink t o  improve 
t h e i r  v i s i b i l i t y .  I n  one t e s t ,  a  drop wi th  about one percent  
soap added t o  i t  was o s c i l l a t e d .  I n  another  the  drop had an 
i n t e r n a l  a i r  bubble. A l i s t  of the  t e s t s  i n  t h i s  s e r i e s  i s  



Figure 15. First mode o s c i l l a t i o n  of a drop.  Top photo is 
jus t  before pulling away plunger , next is just 
after .  Others are  spaced every one-half cycle. 
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presented i n  Table 2. When the  volume was s t a t e d  on t h e  sound 
t r a c k  it is  l i s t e d  on t h e  t a b l e .  The d u r a t i o n  i s  t h e  per iod of 
time t h a t  t h e  drop was allowed t o  o s c i l l a t e ,  which g i v e s  some 
i n d i c a t i o n  of t h e  q u a l i t y  of  t h e  d a t a  f o r  any p a r t i c u l a r  t e s t .  

The 50 and 100 c c  drops were o s c i l l a t e d  i n  two d i f f e r e n t  ways, 
r e f e r r e d  t o  a s  symmetric and asymmetric. Symmet.~c o s c i l l a t i o n  
3f t h e  drop was produced by s imul taneously  p u l l i n g  both plungers  
away from oppos i t e  s i d e s  of t h e  drop (Figure  15) .  F i r s t  mode 
o s c i l l a t i o n s  were produced i n  t h i s  manner. When f i r s t  one 
plunger was pu l l ed  away and then t h e  o t h e r  was pu l l ed  away 
about one-half c y c l e  l a t e r ,  asymmetric o s c i l l a t i o n s  were 
produced (Figure  16) .  The asymmetric o s c i l l a t i o n  corresponds 
t o  t h e  second mode. Based on equa t ion  (9) t h e  frequency a t  t h e  
second mode ( 1 c 3) i s  1.94 t imes  t h e  frequency a t  t h e  f i r s t  
mode ( I  c 2) ,  s o  p u l l i n g  t h e  p lungers  i n  t h a t  manner does e x c i t e  
t h e  second mode. Both a  s i d e  view (plungers  p u l l e d  on t h e  p lane  
o f  view) and an cnd view (plungers  pu l l ed  pe rpend icu la r  t o  t h e  
p lane  of view) of  t h e  symmetric o s c i l l a t i o n s  a r e  i n  t h e  f i l m  
d a t a  (Figure  17).  

The o s c i l l a t i o n s  produced by the  p lungers ,  due t o  t h e  n a t u r e  
of t h e  p e r t u r b a t i o n s ,  could not  be pure  f i r s t  o r  second mode. 
Only i f  t h e  drop was d i sp laced  t o  a  shape as shown i n  Figure  14 
would pure o s c i l l a t i o n  i n  t h a t  mode occur.  Due t o  t h e  e lon-  
g a t i o n  and t h e  s p u r t s  produced by t h e  p lungers ,  h igher  modes of 
o s c i l l a t i o n  were produced i n  a d d i t i o n  t o  the  b a s i c  f i r s t  o r  
second mode t h a t  was e x c i t e d .  The b a s i c  mode had a  l a r g e r  
amplitude s o  it could always be observed,  even though t h e  o t h e r  
modes were p resen t .  I n  a d d i t i o n ,  t h e  h i g h e r  modes damped o u t  
a t  a  f a s t e r  r a t e ,  a s  w i l l  be d i scussed  l a t e r ,  s o  they disappeared 
w i t h i n  a  few c y c l e s  l eav ing  j u s t  the  b a s i c  modes. 

Actual ly  the  p i c t u r e  presented by Figure  14 i s  somewhat s impl i -  
f i e d .  For each mode t h e r e  a r e  21 + 1 d i f f e r e n t  o s c i l l a t i o n s ,  
a l l  having t h e  same frequency (Ref. 33). There i s  t h e  b a s i c  
a x i s y m e t r i c  mode and o t h e r s  a r e  degenerate  modes t h a t  a r e  t h r e e  
dimensional  i n  form. The manner of p e r t u r b a t i o n  probably a l s o  
e x c i t e s  t h e  degenerate  modes. 

While the  second mode of o s c i l l a t i o n  can be induced by p u l l i n g  
the  p lungers  a s  desc r ibed ,  t h e  pe r iod  of t i m e  t h a t  i t  p e r s i s t s  
is l imi ted .  The drop h a s  a  n a t u r a l  tendency t o  o s c i l l a t e  i n  t h e  
f i r s t  mode, i ts  b a s i c  harmonic frequency,  Therefore  t h e  second 
mode p e r s i s t e d  f o r  a  s h o r t  t h e ,  u s u a l l y  long enough t o  measure 
t h e  frequency,  and then damped o u t .  A s  t h e  second mode decayed, 
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Figure  16. Drop asc i  11s t ing  a t  second m o d e  frequency, pic tures  spaced 
every one-11a 1 f cycle 
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are spaccd one-liall  cpclc nparc .  



there  was a period during which both the f i r s t  and second mode 
were present ,  giving the drop a very e r r a t i c  o s c i l l a t i o n .  
F ina l ly  the  second mode disappeared, leaving only the  f i r s t  
mode o s c i l l a t i o n .  

The measured frequencies of o s c i l l a t i o n  were co r r e l a t ed  using 
equation (9) and the r e s u l t s  a r e  presented i n  Table 3. A very 
good co r r e l a t i on  was obtained f o r  t he  f i r s t  and second modes 
3f o s c i l l t t i o n  of  t he  50 and 100 cc drops. The s t a t e d  drop 
volumes we re used. Measurements of the drop volume from the  f i lm  
conf inned the s t a t e d  volumes. A dens i ty  of 1 gmlcc was used. 
A s  discussed i n  Chapter 11, the  marker pen ink is only a mild 
sur face  ac t i ve  agent,  causing a s l i g h t  reduction i n  the  sur -  
face tension of water f o r  the concentrat ions used. A value of  
70 dyneslcm %.as used f o r  the  sur face  tension. Depending upon 
the  durat ion of the  test, the frequency of o s c i l l a t i o n  could be 
measured f a i r l y  accurately by counting cycles  and f i lm frames, 
and converting t o  Hertz using the  frame r a t e  of 24 frames per 
second. The uncertainty i n  t h e  measured and ca lcu la ted  f r e -  
quencies is estimated t o  be 5% and was neglected by considering 
tjro s ign i f i can t  d i g i t s .  

The tests i n  which the second mode was induced with the 50 cc 
drop were not  t oo  successful.  I n  only 2 of the 5 attempts was 
second mode o s c i l l a t i o n  obtained. When it was induced i t  only 
pers i s ted  f o r  a few cycles  and then became muddled with t he  f i r s t  
mode t h a t  was beginning t o  appear. The second mode o s c i l l a t i o n  
of the100 cc drop was more successful.  

The volume of the drop with the i n t e r n a l  a i r  bubble was not  
s t a t ed  on the sound t rack s o  i t  had t o  be measured by sca l ing  
from the  diameter of t he  d i sk  on the  end of the plunger 
(1.25 cm). The formation of the a i r  bubble ins ide  t he  drop is 
pa r t  of the  f i lm da ta  so the  drop could be measured before and 
a f t e r  the a i r  was added (Figure 18). Measured values of 50 cc 
of water and 10 cc of a i r  were obtained. One cycle  of o s c i l l a -  
t i on  of the drop with the  i n t e rna l  a i r  bubble i s  shown i n  Fig- 
ure  19. 

A d i r e c t  co r r e l a t i on  of the  o s c i l l a t i o n  frequency is not poss- 
i b l e  using equation (10) because it does not account fo r  t he  
i n t e rna l  a i r  bubble. However, i f  the  physical  s ign i f icance  of 
the terms i n  equation (1) a r e  accounted f o r ,  a cor rec t ion  f ac to r  
can be applied t o  the equation and a f a i r l y  g o ~ d  co r r e l a t i on  can 
be obtained. The mass of the drop appears i n  the denominator 
of the equation. Adding a i r  t o  the drop does not s i g n i f i c a n t l y  





Figure 18. An a i r  bubble i s  added t o  a dgop before i t  is oscilleced. 



Figure 19. Oscillation aE drop w i t h  i n t e r n a l  a i r  bubble.  Top photo 
is immediately following p u l l  away of the  plungers, othcrr 
follow every one-lsall cycle. 

URIGlNAL PAGE I8 
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change t h e  drop mass, s o  t h e  mass of  50 grams was used t h e r e .  
Surface  t ens ion  can  be expressed a s  e r g s  p e r  square  cen t ime te r ,  
energy p e r  u n i t  a rea .  The s u r f a c e  t e n s i o n  energy i n  t h e  
equa t ion  is based on the  s u r f a c e  a r e a  o f  a  sphere.  With an  
i n t e r n a l  a i r  bubble t h e  a r e a  of t h e  o u t e r  s u r f a c e  of  t h e  drop 
h a s  been increased and t h e  i n t e r n a l  a r e a  of t h e  bubble h a s  been 
added. Therefore  t h e  s u r f  ace  t e n s i o n  term was modified by t h e  
r a t i o  of t h e  s u r f a c e  a r e a  of  a sphere  (A ) t o  t h e  t o t a l  s u r f a c e  
a r e a  of t h e  drop and a i r  bubble (Ac). d e  change i n  t h e  
c a p i l l a r y  a r e a  of  the  drop (discussed i n  Sec t ion  A) is taken 
i n t o  account.  

The c o r r e l a t i o n  obta ined is f a i r l y  good cons ide r ing  t h e  uncer-  
t a i n t y  i n  t h e  volume of  t h e  drop and bubble,  and t h e  r e s u l t i n g  
u n c e r t a i n t y  i n  t h e  s u r f a c e  a r e a s .  

Adding soap t o  water  reduces t h e  s u r f a c e  t ens ion  and t h e r e f o r e  
t h e  frequency of  o s c i l l a t i o n .  The volume o f  t h e  soap drop was 
not  s t a t e d  on t h e  sound t r a c k ,  but  it was measured a s  50 cc .  
A s u r f a c e  t ens ion  of  29 dyneslcm was used i n  ob ta in ing  t h e  c o r r e -  
l a t i o n .  The measured frequency was based on only seven c y c l e s  
because t h e  o s c i l l a t i o n s  damped o u t  r a p i d l y ,  s o  i t s  accuracy 
is  somewhat low. Photos of t h i s  drop a s  i t  o s c i l l a t e s  a r e  
shown i n  Figure  20. 

I n  another  sequence i n  t h e  F lu id  Mechanics S e r i e s ,  t h i r t e e n  
drop o s c i l l a t i o n  t e s t s  were performed us ing t h e  same drop. The 
drop was f r e e - f l o a t i n g  i n  a l l  t h e s e  t e s t s .  Both plungers  were 
pu l l ed  away from t h e  drop s imul taneously ,  e x c i t i n g  t h e  f i r s t  
mode i n  a l l  t e s t s .  A d i f f e r e n t  type  of  p lunger ,  having a  round 
b a l l  on i ts  end,  r a t h e r  than a  f l a t  d i s k ,  was used i n  t h e s e  
t e s t s .  The l i q u i d  adhered more s t r o n g l y  t o  these  p lungers ,  s o  
the amplitude of t h e  p e r t u r b a t i o n  was l a r g e r  than t h a t  of  t h e  
t e s t s  desc r ibed  above. There was a  mi r ro r  i n  t h e  background, 
o r i en ted  s o  t h a t  i t  a l s o  gave an end view of  t h e  drop. However, 
the  s i z e  of t h e  image of t h e  drop was smal l ,  only  6% of  t h e  f i l m  
frame width.  D e t a i l s  of the  drop o s c i l l a t i o n  could no t  be  seen 
and the  image i n  the  mi r ro r  was worse (Figure  21). The volume 
of t h e  drop was not  s t a t e d  on t h e  sound t r a c k ,  s o  t h i s  d a t a  
could not  be c o r r e l a t e d  us ing equa t ion  (9 ) .  A drop volume of 
32 c c  was c a l c u l a t e d  us ing t h e  measured frequency i n  t h a t  equat ion.  



Figure 20. Oscillating soap drop. Top photo is i m d i a t e l y  follawfng 
puLl away of plungers. Pictures are spaced one cycle 
apart  in time, 



Figure 21. Oscillating Drop, Plungers pulled away 
and lower photos are one-half cycle apart. 



Each of the tests is  l i s t e d  i n  Table 4 with i t s  durat ion.  The 
range of the measured frequencies a r e  l i s t e d ,  with t he  minimum 
being the  i n i t i a l  value during the  test and the  maximum being 
t h e  f i n a l  value.  

While no co r r e l a t i on  of frequencies was poss ib le ,  some o ther  
i n t e r e s t i ng  e f f e c t s  were noted. An e f f e c t  of amplitude on the  
o s c i l l a t i o n  frequency of a drop has been noted i n  ground based 
t e s t s  and analyses. The ana ly t i ca l l y  derived v a r i a t i o n  is 
shown i n  Figure 22 (R.?f. 29). The amplitude r a t i o  i s  defined 
a s  the  r a t i o  of the  two major axes of t he  drop. Here only t he  
maximum values  a t  the peak of the  o s c i l l a t i o n  a r e  used. A s  
t he  amplitude r a t i o  increases ,  t he  period of the  o s c i l l a t i o n  i s  
increased. I t  takes a longer time f o r  the  drop t o  d i sp lace  t o  
a l a rge  amplitude than i t  does t o  d i sp l ace  t o  a small ampli- 
tude. A s  the  amplitude r a t i o  approaches one, t he  period approa- 
ches t h a t  given by Rayleigh's equation (equation (10)). Ray- 
l e i g h ' s  equation was derived based on the  assumption t h a t  t he  
amplitude of the  o s c i l l a t i o n  is  small. A s  Figure 22 shows, 
l a rge  amplitudes a r e  required before a s i g n i f i c a n t  change i n  the 
o s c i l l a t i o n  period can be detected (e.g., an amplitude r a t i o  of 
1.2 produces a one percent change i n  per iod) .  This curve is 
only known t o  be appl icable  t o  f i r s t  mode o s c i l l a t i o n .  

I n  general i t  can be seen from the  da t a  i n  Table 4 t h a t  t he re  
was about a f i v e  percent v a r i a t i o n  i n  frequency from s t a r t  t o  
f i n i s h  of the  t e s t .  The i n i t i a l  amplitude r a t i o  was about 1.5. 
So the da ta  appears t o  l i e  somewhat about t he  curve i n  Figure 
22. 

As t he  amplitude of o s c i l l a t i o n  of a drop decays from i ts  i n i t i a l  
amplitude, each successive value of period and amplitude she-ld 
f a l l  on the  curve i n  Figure 22. An attempt was made t o  show t h i s  
trend with the  da t a  from two of t he  tests. The da t a  po in ts  
a r e  shown on Figure 22. The lowest measured value of frequency 
was used t o  def ine  t h e  Rayleigh frequency. Since t he  image was 
small ,  the  accuracy of the  amplitude measurement is  not  good. 
Again, t he  d a t a  i nd i ca t e  t ha t  the  e f f e c t  of  amplitude i s  some- 
what g r ea t e r  than predicted by the  theory. 

This e i f e c t  is due t o  t he  nature  of t he  per turbat ion applied t o  
the drop. The plungers d i s to r t ed  the  drop and induced higher  
modes of o s c i l l a t i o n  t ha t  were most pronounced when the  ampli- 
tude of the  o s c i l l a t i o n  was large.  The curve i n  Figure 22 i s  
only appl icable  t o  a pure f i r s t  mode o s c i l l a t i o n ,  with the  drop 
having the  form shown i n  Figure 14. I t  has been shown t h a t  i f  



Table 4. Oscillating Drop Tests (Free Floating Drop) 

j 

'* 

Test 
Number 

L 

1 

2 

3 

4 

5 

6 

7 - .  

8 

9 

10 

11 

12 

13 

Test 
Duration 
(60~) 

17.8 

21.6 

14.9 

19.4 

6.5 

17.6 

23.7 

20.7 

22.8 

38.9 

18.5 

25.6 

17.3 

Frequency 
L (Hz) 

Minimum 

1.20 

1.22 

1.26 

1.29 

1.30 

1.35 

1.36 

1.33 

1.32 

1.33 

1.41 

1.36 

1.37 

- 

Maximum 
I 

1.28 

1.29 

1.32 

1 .35 

- 
1.38 

1.41 

1.41 

1.39 

1 .41 

- 
1.41 

1.43 

- 



I ncrease 
in 

Period, % 

Figure 22. Effect of Oscillation Amplitude on Period 



t he  form of the  drop is d i f f e r e n t  from t h a t  given by Figure 14 
a s  it o s c i l l a t e s ,  a g r ea t e r  increase i n  amplitude r a t i o  w i l l  
occur (Reference 29). The curve i n  Figure 22 represen ts  a 
minimum energy l eve l  of f irst mode o s c i l l a t i o n .  

Another i n t e r e s t i ng  th ing  can be noted i n  t h e  d a t a  l i s t e d  i n  
Table 4. There is  a gradual increase i n  t h e  measured frequencies 
with each successive test. Volume is  the  only l i k e l y  surrpect, 
s i nce  a decrease i n  volume would cause an increase i n  frequency. 
A s  the  plungers were pul led away from the  drop, t he  s p u r t s  
pul led out  from the sur face  pinched off  i n t o  small  drops. I n  
many of the tests small  drops could be seen a f t e r  t h e  plungers 
were pulled away. The astronaut  could a l s o  be obsenred d i l i -  
gen t ly  t ry ing  t o  c o l l e c t  up a l l  these  small  drops on t h e  plun- 
gers  s o  they could be returned t o  t h e  drop before t he  next test. 
Using equation (10) t he  s e n s i t i v i t y  of the frequency t o  t he  
volume can be derived: 

Subs t i t u t i ng  i n  the  known va r i ab l e s ,  it i e  found t h a t  

A change of frequency of 0.15 Hz, t h e  ne t  change aver  t he  
t h i r t e e n  tests, corresponds t o  a 6.8 cc  change i n  volume out of  
a t o t a l  32 cc drop volume. While it i s  not  obvious from the  
f i lm,  a small amount of l i qu id  nus t  have been l o s t  from the  
drop with each test. The drop volume gradual ly  decreased and 
the  frequency of o s c i l l a t i o n  increased. 

Another por t ion  of the  Fluid Mechanics Se r i e s  i n  which o s c i l l a -  
t ing  drops appear is  the  coalescence demonstrations. The coal-  
escence of two drops provides t he  per turba t ion  t o  induce a 
f a i r l y  la rge  amplitude o sc i l l a t i on .  The image is l a rge  and t h e  
volume of the  drops is s t a t e d  f o r  two of t h e  s i x  tests, however 
the astronaut  says t h a t  t he  volt* i.? i s  "around 30 cc" . Another 
problem involved i n  using t h i s  da ta  is  t h a t  grape and straw- 
berry drink were used t o  co lor  the  drops. Both of these  addi -  
t i v e s  a r e  s t rong  sur face  ac t i ve  agents,  a8 discussed i n  Chapter 
11, reducing the  eurface tension t o  values  between 50 and 60 



dynes per  centimeter.  Due t o  the uncer ta in ty  of both volume 
and surface tension, no r e l i a b l e  co r r e l a t i ons  were obtained. 

Osc i l l a t i ng  drops appear i n  o ther  places i n  the  Fluid Mechanics 
Se r i e s  and SL-3 da t a ,  but  t he  sequences usua l ly  s u f f e r  from 
one o r  more of t he  following def ic ienc ies :  the period of time 
which t h e  drop was allowed t o  o s c i l l a t e  was too sho r t ,  the  drop 
was r o t a t i n g  o r  had a non-uniform per turba t ion ,  o r  t h e  volume 
of t he  drop was not  known. 

.The bes t  o s c i l l a t i n g  drop sequence was t he  one i n  which the  
drop was on a thread. It provided t h e  bes t  da t a  qua l i t y ,  the 
va r i ab l e s  were f a i r l y  w e l l  known and a cons is ten t  co r r e l a t i on  
-ould be obtained. 

Damping Rate f o r  Osc i l l a t i nn  Spherical  Drop 

Damping is the  d i s s ipa t ion  of energy due t o  viscous forzes.  
S i r  Horace Lamb derived the  bas ic  equations f o r  t he  damping 
r a t e  of an o s c i l l a t i n g  spher ica l  drop i n  1881 (Ref. 34). The 
o s c i l l a t i o n  amplitude is assumed t o  decay i n  an exponential  
manner. 

where a is the  amplitude a t  a time zero and a is the  amplitude 
a f t e r  tfme t has elapsed. The damping cbe f f i c i en t  B determines 
t he  r a t e  of decay. From Lamb's ana lys i s ,  the  damping coe f f i c i en t  
is  a function of the l i qu id  v i s cos i t y  and the  radius  of the drop. 

where 1 ind ica tes  the mode. 

When 1 = 2 the  dampir:g r a t e  fo r  the f i r s t  mode is obtained. 



Equation (14) i s  used t o  der ive an expression t h a t  w i l l  allow 
the  damping coe f f i c i en t  t o  be ca lcu la ted  from parameters t h a t  
a r e  measured from the data .  Time i s  a funct ion of the  frequency 
of the o s c i l l a t i o n  and the  number of cyc les ,  n. 

theref o re ,  

where a is  tk amplitude a t  the oth cycle  and a is  the  ampli- 
tude a tOthe  n cycle.  l%e amplitude is  always h e  peek ampli- 
tude of the o sc i l l a t i on .  I t  i s  the  d i f fe rence  between the  w e r a l l .  
displacement of the  drop and i ts  s t a t i c  diameter. .As t i m e  approaches 
i n f i n i t y ,  the amplitude goes t o  zero (not t o  the drop diameterb.  
A 1 1  of these parameters, amplitude, frequency and number of 
cyc les ,  can be measured from the f i lm  data.  

Damping r a t e  is  much more s e n s i t i v e  t o  the t e s t  condi t ions 
than is  o s c i l l a t i o n  frequency. The theory of equation (15) i s  
only appl icable  t o  t he  i n t e r n a l  d i s s ipa t ion  of energy of low 
amplitude o s c i l l a t i o n s  of a s ing l e  mode. 

Due t o  the  nature  of the per turbat ion applied t o  the drop 
(plungers pulled away from sur face  of  drop) higher modes of 
o s c i l l a t i o n  were exci ted.  When both of t he  plungers were pul led 
away simultaneously the  f i r s t  mode o s c i l l a t i o n  had the  h ighes t  
amplitude and the  other modes had a r e l a t i v e l y  low amplitude. 
Calculated values  of the  damping coe f f i c i en t  of the f i r s t  s i x  
modes a re  l i s t e d  i n  Table 5 fo r  two drop volumes, 50 and 100 cc. 
A s  can be seen, t he  damping coe f f i c i en t  f o r  the  higher modes is 
s ign i f i can t ly  l a rge r  than the coe f f i c i en t  f o r  the f i r s t  mode. 
Due t o  t h e i r  smaller amplitude and high damping r a t e ,  the higher  
mods o s c i l l a t i o n s  could only be r ead i ly  observed f o r  a few 
cycles .  A s  the  o s c i l l a t i o n s  continue the  higher  modes gradual ly  
disappeared, leaving the  f i r s t  mode as  t he  only observable mode. 
With the  50 and 100 cc  drops,  t h e  higher  modes cc-uld no longer 
be observed a f t e r  about 10 cycles .  When it was intended t o  e x c i t e  
the second mode, by pu l l ing  one plunger and then the  o ther ,  the 
second mode pers la ted  fo r  about 15 cycles  and then gradual ly  



TABLE 5. CALCULATED DAMPING COEFFICIENT 

TABLE 6. MEASURED DAMPING COEFFICIENT 

# 

l 
I 

2 
3 
4 
5 
6 
7 

WUMBER OF TESTS 

50 CC DROP 
B (SEC) 

.0092 
,026 
.051 
.083 
. I23  
.I70 

100 CC DROP 
B (SEC) 

I 

.006 
,017 
.032 
.053 
.078 
.110 

I 

B 
(SEC) 

0.18 (2)* 
0.38 (1) 
0.088 (1) 
0.38 (1) 
- 

VOLUME 
KC) 

r 

50 
50 

100 
50 

J 

TYPE OF OSCILLATION - 
SYMMETRIC 
ASYMMGTRIC 
SYMMETRIC 
SOAP SOLUI'ION - SYI'YIMETRIC 



changed t o  f i r s t  mode. Only the f i r s t  mode had s u f f i c i e n t  
amplitude and durat ion t o  permit measurement of the damping 
r a t e .  The measured damping coe f f i c i en t s ,  Table 6 ,  were found 
t o  be much I - rge r  than the  values  predicted by theory. 

There a re  two reasons for t h e  l a rge r  damping ra te .  One is t h a t  
the  higher modes of o s c i l l a t i o n  i n t e r a c t  with t he  f i r s t  mode, 
increasing the  viscous shear  and therefore  the  damping r a t e .  
The modes do not damp independently, but i n t e r ac t .  Another 
s ign i f i can t  e f f e c t  is  the d i s s ipa t ion  of energy due t o  t he  
motion of the  l i qu id  i n t e r f ace  with respect  t o  the  thread. 
Due t o  the hys t e r e s i s  of contact  angle a t  t he  thread ( a s  
discussed i n  Section A of t h i s  chapter) considerable energy is  
required t o  d i sp lace  t he  i n t e r f ace  along the  thread. 

The f i r s t  of these problems can be minimized by ignoring t h e  
f i r s t  portion of the t e s t ,  when the higher  modes were prominent. 
After  about 10 cycles  the  higher  modes were not v i s u a l l y  appar- 
e n t ,  but t h e i r  e f f e c t  on the  damping r a t e  could p e r s i s t  f o r  a 
much longer period. The only way t o  completely avoid t he  e f f e c t s  
of higher modes on the  damping i s  t o  use a method of per tur -  
bing the drop tha t  only exc i t e s  the  f i r s t  mode. 

The amplitude of the o s c i l l a t i o n  was small  a f t e r  the  more pro- 
nounced e f f e c t s  of the higher modes had disappeared. It became 
d i  Eicult t o  resolve the small d i f fe rence  between t h e  displaced 
drop and i t s  s t a t i c  diameter with s u f f i c i e n t  accuracy. One of 
the  most s i gn i f i can t  problems i n  making t h i s  measurement i s  t h a t  
the  o s c i l l a t i o n  ax i s  may be moving with respect  t o  the  plane 
of the fi lm. Since the image is  only two dimensional t h e  ro- 
t a t i o n  of the  drop is perceived as  a change i n  amplitude. 

An accurate measurement of the decay i n  amplitude of a pure 
f i r s t  mode o s c i l l a t i o n  could not  be accomplished with any of  
the  o s c i l l a t i n g  drop data.  I n  those t e s t s  i n  which the  drop 
was res t ra ined  on a thread,  the quan t i t a t i ve  e f f e c t  of t he  
thread on the  damping r a t e  could not be establ ished.  The mea- 
sured values of damping coe f f i c i en t  a r e  only v a l i d  fo r  a drop 
on a thread and o s c i l l a t i o n s  with many modes present .  

Surface ac t ive  agents a r e  another f ac to r  which cen increase 
the  damping r a t e .  This is one of t he  cc 4 i t i ons  under which 
surface tension dr i . , . , l  flow or  the  Marango.li e f f e c t  can be 
produced. (hnoth?r '.. discussed with res2ect  t o  the I c e  Melting 
demonstration). kher; there  i s  a sur face  ac t i ve  agent on the  
surface of a drop, the o s c i l l a t i o n s  cause gradients  i n  the  



concentrat ion of the su r f ac t an t ,  A s  t he  drop elongates  in -  
creasing the  sur face  area,  t h e  concentration of t he  su r f ac t an t  
i s  decreased where the  drop has  deformed the  most. Decreasing 
t h e  concentration of t he  su r f ac t an t  increases  t h e  sur face  
tension of the  l i qu id  i n  t h a t  region of t he  drop. Near t h e  
cen t e r  of the  drop the  sur face  tension remains a t  the  law value 
imposed by the  sur fac tan t .  The Marangoni e f f e c t  is  t h a t  l i q u i d  
w i l l  flow along a sur face  from t h e  region of low sur face  
tension t o  the  region of high surface tension.  This flow 
opposes any fu r the r  increase i n  sur face  a r ea  and thereby in-  

. c reases  t he  damping. Similar ly ,  contract ions i n  t he  sur face  
a r ea  a r e  a l s o  opposed. 

The e f f e c t s  of su r f ac t an t s  on a l i qu id  sur face  can be repre- 
sented by an inextens ib le  f i l m  over t h e  surface.  The f i lm  does 
no t  permit any l o c a l  expansion o r  cont rac t ion  of the  surface.  
The damping of a sur face  with an inex tens ib le  f i lm  can be com- 
pared t o  a surface of a pure l i qu id  t o  determine the  maximum 
e f f e c t  of sur fac tan ts .  I f  dens i ty  and v i s c o s i t y  a r e  t he  same 
the  r a t i o  i s  given by Ref. 32) : 

Damping coe f f i c i en t  with inex tens ib le  i n t e r f a c e  = 
Damping coe f f i c i en t  with pure l i qu id  

where 1 defines  the  mode of o s c i l l a t i o n .  When 1 = 2, f o r  
f i r s t  mode o s c i l l a t i o n ,  the e f f e c t  is the  most s i g n i f i c a n t  
with t he  r a t i o  equal t o  1.36. A t  h igher  modes of o s c i l l a -  
t i o n  t he  - a c i o  approaches one. The increase i n  damping due t o  
a su r f ac t an t  is not  a subs t an t i a l  one. 

Sine t he  marker pen ink is a mild su r f ac t an t ,  i t  would no t  have 
had any e f f e c t  on t he  damping r a t e .  Perhaps the e f f e c t  of the  
s t rong su r f ac t an t s ,  such a s  t he  f r u i t  d r inks ,  would approach 
t h a t  described above. 

Osc i l l a t i ng  S e s s i l e  Drop 

I n  t he  Fluid Mechanics s e r i e s  a s ing l e  s e s s i l e  drop was o s c i l l a -  
ted i n  a number of d i f f e r e n t  ways. The drop was s e t t i n g  on a 
f l a t  p l a s t i c  surface.  There was a qua r t e r  inch g r id  on the  



s u r f a c e  below t h e  drop t o  a i d  i n  measuring i t s  s i z e .  The camera 
was loca ted  somewhat above t h e  drop s o  t h e  image does no t  al low 
t h e  h e i g h t  of t h e  drop o r  t h e  c o n t a c t  angle  t o  be measured 
accura te ly .  I t  i s  es t imated t h a t  t h e  drop volume was 50 cc.  
The con tac t  angle  was near  90 degrees s o  t h e  i n t e r f a c e  had t h e  
form of a hemisphere. 

The measured o s c i l l a t i o n  f requencies  f o r  each of t h e  t e s t s  
performed with  t h i s  drop a r e  l i s t e d  i n  Table 7. The means of 
pe r tu rb ing  t h e  drop and t h e  d u r a t i o n  of t h e  t e s t  (an i n d i c a t i o n  
of t h e  d a t a  q u a l i t y )  a r e  l i s t e d  i n  t h e  t a b l e .  

I n  t h e  f i r s t  two tests a tube (soda s t raw s i z e d )  was slowly 
withdrawn from t h e  top  of t h e  drop,  wi th  t h e  tube o r i e n t e d  
v e r t i c a l l y .  The i n t e r f a c e  d i s t o r t e d  u n t i l  t h e  adhesion be- 
tween t h e  drop and t h e  tube was overcome and then t h e  i n t e r -  
f ace  r e t r a c t e d .  This p e r t u r b a t i o n  induced t h e  o s c i l l a t i o n  of 
t h e  drop. The form of t h e  f i r s t  mode o s c i l l a t i o n  o f  t h e  s e s s i l e  
drop is  s i m i l a r  t o  t h e  f i r s t  mode of a s p h e r i c a l  drop. F i r s t  
it e longa tes  i n  a d i r e c t i o n  perpendicular  t o  t h e  s u r f a c e  and 
then one-half c y c l e  l a t e r  it  f l a t t e n s  and e longates  i n  a p lane  
p a r a l l e l  t o  t h e  s u r f a c e  (Figure  23). Unless t h e  amplitude of 
t h e  o s c i l l a t i o n  i s  very l a r g e ,  t h e  l i n e  o f  con tac t  between t h e .  
l i q u i d  i n t e r f a c e  and t h e  s o l i d  s u r f a c e  remains f ixed .  The in -  
t e r f a c e  r o t a t e s  about t h i s  l i n e  o f  c o n t a c t ,  s o  t h e  con tac t  
ang le  v a r i e s  a s  t h e  drop o s c i l l a t e s .  

I n  test number 3 (Table 7) a s y r i n g e  needle  t a n g e n t i a l l y  con- 
t a c t i n g  t h e  top of t h e  drop was used t o  e x c i t e  t h e  o s c i l l a t i o n .  
Using t h e  adhesion between t h e  needle and t h e  s u r f a c e ,  t h e  drop 
was d r iven  i n t o  o s c i l l a t i o n  a t  i t s  second mode by moving t h e  
needle  up and down a few times and then p u l l i n g  i t  away. The 
second mode is  s i m i l a r  i n  form t o  t h e  second mode of t h e  spher- 
i c a l  drop,  shown i n  Figure  14, cons ider ing  j u s t  t h e  upper h a l f  
of t h e  s p h e r i c a l  drop. Again t h e  c o n t a c t  l i n e  remained f ixed  
and c o n t a c t  angle  v a r i e d  dur ing t h e  o s c i l l a t i o n .  From t h e  
measured s e s s i l e  t r o p  f requencies ,  t h e  second mode i s  2.3 times 
t h e  f i r s t  mode frequency, whi le  t h e  f a c t o r  was shown t o  be 1.94 
f o r  t h e  s p h e r i c a l  drop. Th is  i s  t h e  f i r s t  i n d i c a t i o n  from t h e  
d a t a  t h a t  t h e  presence of t h e  s u r f a c e  has  a s i g n i f i c a n t  e f f e c t  
on t h e  o s c i l l a t i o n  of t h e  drop. 

I n  test 4 t h e  sy r inge  needle was p a r a l l e l  t o  t h e  s u r f a c e  and 
was slowly pu l led  away from t h e  drop i n  t h e  v e r t i c a l  d i r e c t i o n .  
F i r s t  mode o s c i l l a t i o n ,  of a lower amplitude than was achieved 
wi th  t h e  tube,  was induced. 
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Table 7 .  O s c i l l a t i n g  S e s s i l e  Drop Data 

r 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

Frequency, 
Hz 

1.1 

1.1 

2.5 

1.1 

1.0 

1.0 

2.5 

0.52 

Duration, 
sec 

26 

23 

6 

20 

11 

29 

7 

9 

Source of Oscillation 
-. 

Tube, Vertical 

Tube, Vertical 

Syringe, 2nd Mode 

Syri nge 

Unknown 

Tube, Hor izo~tal  

Strike Surface 

Lateral 





Figure 23. Con t hued 



Following t e s t  4 a  needle  was passed through t h e  drop l a t e r a l l y  
a  few t imes.  While no g r o s s  movement of the  c o n t a c t  l i n e  could 
be observed, the  image was not  good enough t o  determine i f  
smal l  s h i f t s  i n  t h e  con tac t  l i n e  occurred.  I t  h a s  been ob- 
served i n  ground based t e s t s  t h a t  a  con tac t  l i n e  moves i n  a  
s e r i e s  of smal l  l o c a l i z e d  s h i f t s  of t h e  l i n e  along t h e  s u r f a c e  
(Ref. 35). Next t h e  tube was passed through t h e  drop a  number 
o f  times. Tn some cases  smal l  s h i f t s  J.n t h e  c o n t a c t  l i n e  
could be observed. None of t h e s e  sequences provided any u s e f u l  
o s c i l l a t i o n  da ta .  

A t  t he  beginning of test 5 t h e r e  is  an i n t e r r u p t i o n  i n  t h e  
f i l m  d a t a  s o  t h e  source  of t h e  p e r t u r b a t i o n  can not  be observed. 
Based on t h e  amplitude of t h e  o s c i l l a t i o n  it appears t h a t  t h e  
tube was used again .  I n  t h i s  test and t h e  fo l lowing test 
( t e s t  6) t h e  frequency of t h e  f i r s t  mode i s  0 . 1  Hz lower than 
i t  was i n  t e s t s  1 and 2. The accuracy of  t h e  d a t a  i s  s u f f i -  
c i e n t  t o  r e so lve  t h i s  change i n  frequency. Apparently t h i s  was 
due t o  t h e  d i s tu rbances  app l i ed  t o  t h e  drop fol lowing t e s t  4.  
Perhaps t h e  con tac t  l i n e  of t h e  drop was not  i n  i ts  e q u i l i b r i u m  
conf igura t ion  due t o  t h e  r e s i s t a n c e  of t h e  c o n t a c t  l i n e  t o  
movement. The d i s tu rbances  app l i ed  t o  t h e  drop allowed t h e  
con tac t  l i n e  t o  d i s p l a c e  and r e l i e v e  some t e n s i o n  w i t h i n  
t h e  drop. I n  subsequent tests t h e  n e t  s u r f a c e  t e n s i o n  f o r c e  
was somewhat l e s s  and t h e  f requenc ies  were t h e r e f o r e  lower. 

High frequency o s c i l l a t i o n s  were se tup  i n  t h e  drop by s t r i k i n g  
t h e  su r face  wi th  a  wrecch. A t  f i r s t  it was j u s t  g e n t l y  tapped. 
The p e r t u r b a t i o n  could be observed t o  t r a v e l  from t h e  base  t o  
the top of t h e  drop.  A s  t h i s  wave meets t h e  top of t h e  drop 
a  smal l  rounded s p u r t  appeared (F igure  24). The high f r e -  
quency o s c i l l a t i o n  damped out  quickly  and some e r r a t i c  o s c i l l -  
a t i o n  of t h e  drop remained. The s u r f a c e  was s t r u c k  s e v e r a l  
t imes and the  f o r c e  w i t h  which it was s t r u c k  was g r a d u a l l y  
increased.  Each time t h e  appearance of the  o s c i l l a t i o n  was 
s i m i l a r  t o  t h a t  descr ibed above, but  t h e  amplitude was g r e a t e r .  
Following repeated h i t s  on t h e  s u r f a c e ,  second mode o s c i l l a t i o n  
could be observed. The frequency of t h i s  o s c i l l a t i o n  was t h e  
same, w i t h i n  t h e  measurement accuracy,  a s  t h a t  measured i n  t e s t  
3. Apparently t h e  second mode i s  less s e n s i t i v e  t o  changes i n  
t h e  boundary cond i t ion  a t  t h e  con tac t  l i n e .  

Following t e s t  7 t h e  tube was placed h o r i z o n t a l l y  on top  of the  
drop.  The tube was r o t a t e d  about an axis  pe rpend icu la r  t o  t h e  
s u r f a c e  wi th  t h e  drop a c t i n g  a s  t h e  p ivo t  po in t  (F igure  25).  



Flgure 24. Spurt formed by high frequency oscillation. 

FSgure 25. A tube i s  rotated on top of the drop. 
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Surface  t ens ion  f o r c e s  kep t  t h e  tube from s l i d i n g  o f f  the  s i d e  
of t h e  drop.  With t h e  tube h o r i z o n t a l ,  i t  was pu l l ed  v e r t i c a l l y  
away from t h e  drop.  As t h i s  was repeated a  few more t imes ,  a  
v a r i a t i o n  i n  t h e  w e t t i n g  o f  t h e  tube and t h e r e f o r e  t h e  adhesion 
between t h e  drop and t h e  tube could be observed.  The most 
adhesion was achieved when t h e  tube was pushed deeply onto  t h e  
drop,  a l lowing a  l a r g e r  a r e a  t o  be wet ted  by t h e  l i q u i d .  

A l a t e r a l  o s c i l l a t i o n  was induced by s h i f t i n g  t h e  s u r f a c e  abrup- 
t l y .  I t  was moved l a t e r a l l y  about 2.5 cm i n  0.3 seconds. Due 
t o  i n e r t i a  t h e  motion of t h e  drop lagged t h e  motion of t h e  s u r -  
f a c e  (Figure  26). When t h e  drop d i d  fo l low,  movenent of the  con- 
t a c t  l i n e  could be observed a s  i t  was pu l l ed  along behind t h e  
drop.  The drop continued t o  l a t e r a l l y  o s c i l l a t e ,  wi thou t  any 
f u r t h e r  movement of t h e  c o n t a c t  l i n e  a t  a  frequency of 0.52 Hz. 

No theory t o  p r e d i c t  t n e  o s c i l l a t i o n  frequency of a s e s s i l e  drop 
could be found i n  t h e  l i t e r a t u r e  sea rch .  An adap ta t ion  of t h e  
equa t ion  f o r  the  s p h e r i c a l  drop was considered a s  a  means of 
c a l c u l a t i n g  t h e  frequency. A c o r r e l a t i o n  wi th  the  above desc r ibed  
s e s s i l e  drop t e s t s  was not  at tempted because of t h e  poor image. 
However, i n  t h e  Liquid F l o a t i n g  Zone demorlstration t h e r e  i s  some 
much b e t t e r  o s c i l l a t i n g  s i ? s s i l e  drop d a t a .  S e s s i l e  drops were 
formed on 2.22 cm diameter d i s k s  and i n  some nf the  t e s t s  t h e  d i s k s  
were moved s o  a s  t o  induce f i r s t  mode o s c i l l a t i o n  of t h e  s e s s i l e  
drop. The d i s k  diameter was used t o  s c a l e  the  drop dimensions. 
Since  t h e  drop was f ixed  i n  p o s i t i o n  wi th  r e s p e c t  t o  t h e  d i s k ,  
dimensions perpendicular  t o  t h e  p lane  of t h e  image a r e  no problem. 
The image i s  l a r g e  (Figure  27). 

This  d a t a  h a s  been c o r r e l a t e d  wi th  some success  by LMSC (Ref. 9 )  
and D r .  Car ru the r s  (Ref. 7 ) .  They used equat ion (10) wi th  t h e  
rad ius  of a  s p h e r i c a l  drop s u b s t i t u t e d  f o r  t h e  volume a s  fo l lows:  

The s e s s i l e  drop h a s  t h e  form of a  t runca ted  sphere ,  s o  the  r a d i u s  
of  t h a t  sphere  was s u b s t i t u t e d  i n t o  the  equat ion.  P red ic ted  
f requencies  were up t o  twenty pe rcen t  g r e a t e r  than t h e  measured 
frequency . 
Equation (11) was used t o  t r y  t o  improve the  c o r r e l a t i o n .  That 
equat ion was used wi th  sorne success  i n  p r e d i c t i n g  the  o s c i l l s t i o n  



Figure 26. Rapid lateral motion of  surface catlees drop t o  
lag movement. 

Figure 27. Two sessile drops for Liquid  Floating Zone 
demonstration. 



frequency of t h e  drop w i t h  an i n t e r n a l  bubble. I n  comparing t h e  
s e s s i l e  drop wi th  a s p h e r i c a l  drop,  t h e  mass i s  considered t o  have 
the same e f f e c t  i n  both caeee.  The e f f e c t  of s u r f a c e  t ens ion  i s  
modified by cons ide r ing  t h e  c a p i l l a r y  a r e a  de f ined  i n  s e c t i o n  A. 
For t h e  s p h e r i c a l  drop,  t h e  c a p i l l a r y  a r e a  is  simply t h e  s u r f a c e  
a r e a  (As). For t h e  s i s s i l e  drop,  equa t ion  (7)  f o r  Ac was used 
t o  account f o r  t h e  s u r f a c e  of the  drop t h a t  i s  exposed t o  t h e  a i r  
and t h e  s u r f a c e  i n  c o n t a c t  wi th  the  d i s k .  The c o n t a c t  angle  i s  
t h e  angle formed by t h e  s u r f a c e  where i t  meets t h e  edge o f  t h e  d i sk .  
I t  was found t h a t  t h e  r a t i o  of t h e  two a r e a s  (ASIA ) had a v a l u e  
g r e a t e r  than,  bu t  n e a r  t o  one. The concept of s u r f a c e  energy 
d i scussed  i n  s e c t i o n  A p r e d i c t s  t h a t  t h i s  r a t i o  i s  always g r e a t e r  
than one. Since  i t s  v a l u e  i s  nea r  one t h e  i n f l u e n c e  of  t h e  a r e a  
r a t i o  on the  c a l c u l a t e d  frequency is small .  Frequencies c a l c u l a t e d  
us ing t h i s  approach d i d  not  c o r r e l a t e  a s  w e l l  a s  d i d  equa t ion  
(20) above. The boundary of t h e  l i q u i d  and t h e  s o l i d  has  a s i g -  
n i f i c a n t  e f f e c t  on the  s e s s i l e  drop o s c i l l a t i o n  frequency t h a t  
can not be d i r e c t l y  accounted f o r  by us ing the  equa t ions  f o r  t h e  
o s c i l l a t i o n  of  a sphere .  Equation (20) provides  a reasonable  
approximation i f  t h e  r a d i u s  used i n  t h e  equa t ion  i s  a s  def ined.  

The b e t t e r  q u a l i t y  o s c i l l a t i n g  drop d a t a  c o r r e l a t e d  ve ry  w e l l  
wi th  t h e  theory.  Drops of two d i f f e r e n t  volumes, wi th  two 
d i f f e r e n t  va lues  of  s u r f a c e  t e n s i o n ,  and a t  both f i r s t  and second 
mode f requencies  were c o r r e l a t e d .  By a simple modi f i ca t ion  of 
t h e  equa t ions ,  t h e  e f f e c t  of an i n t e r n a l  a i r  bubble on o s c i l l a t i o n  
frequency was p r e d i c t e d .  The e f f e c t  of t h e  amplitude of o s c i l l a -  
t i o n  on the  frequency was a l s o  shown. No c o r r e l a t i o n  of damping 
r a t e s  was p o s s i b l e  because of t h e  na tu re  of  t h e  d a t a .  Since  
h igher  modes of o s c i l l a t i o n  were p r e s e n t ,  much h igher  damping 
c o e f f i c i e n t s  were measured. Theory t o  c o r r e l a t e  t h e  o s c i l l a t i o n  
frequency of  a s e s s i l e  drop i s  not  a v a i l a b l e ,  but  an approximate 
frequency can be c a l c u l a t e d  from t h e  equa t ion  f o r  an o s c i l l a t i n g  
sphere.  



C . Coalescence 

A demonstrat ion of coalescence was a l s o  a p a r t  of the  o b j e c t i v e s  
of the  F l u i d  Mechanics S e r i e s  of demonstrat ions.  The i n £  luence 
of the  drop s i z e s  and v e l o c i t i e s  was t o  be eva lua ted .  Coalescence 
appears  many p l a c e s  i n  the  d a t a  b u t  a s e r i e s  of s i x  t e s t s  provided 
the  b e s t  q u a l i t y  d a t a .  I n  each of these  s i x  t e s t s  complete coa l -  
escence occurred,  while i n  some of t h e  o t h e r  d a t a  bouncing of 
two drops  was observed. Measured parameters f i t  w i th in  the  
proper  c a t e g o r i e s  f o r  coalescence a s  e s t a b l i s h e d  i n  ground-based 
t e s t i n g .  

When two dr3ps of l i q u i d  c o l l i d e  s e v e r a l  types  of i n t e r a c t i o n  a r e  
p o s s i b l e  (Ref. 36). 

1) They may bounce a p a r t ,  c o n t a c t  of t h e  two s u r f a c e s  being 
prevented by the  in te rven ing  a i r  f i l m ;  

2) They may coa lesce  and remain permanently u n i t e d ;  

3) They may c o a l e s c e  temporar i ly  and s e p a r a t e ,  apparen t ly  
r e t a i n i n g  t h e i r  i n i t i a l  i d e n t i t i e s ;  

4 )  They may coa lesce  temporar i ly ,  wi th  the  subsequent s e p a r a t i o n  
accompanied by s a t e l l i t e  drops;  o r  

5) With very high energy c o l l i s i o n s ,  s p a t t e r i n g  may occur,  i n  
which numerous t i n y  d r o p l e t s  a r e  expe l l ed  r a d i a l l y  from the 
pe r iphery  of the  i n t e r a c t i n g  drops.  

The type of i n t e r a c t i o n  t h a t  does occur wi th  any c o l l i s i o n  depends 
p r i m a r i l y  upon the  s i z e  of the drops and t h e i r  v e l o c i t i e s .  
Angular momentum, e l e c t r i c  f i e l d s  and o t h e r  f a c t o r s  can a l s o  
have an in f luence .  

Drop c o l l i s i o n s  appear  a number of p laces  i n  the f l u i d  mechanics 
demonstrat ions.  They appear  i n  the  SL-3 demonstrat ions and a 
number of p l a c e s  i n  the  F l u i d  Mechanics S e r i e s .  I n  the  r o t a t i n g  
drop sequence, a f t e r  the drop had broken i n t o  two drops ,  the 
r e j o i n i n g  of the  drops sometimes appears  i n  the  d a t a .  I n  the  
Liquid  F l o a t i n g  Zons dc -ons t ra t ion  two s e s s i l e  drops were brought 
toge the r  a l lowing them L O  coalesce .  Coalescence of a i r  bubbles 
wi th in  the zone was a l s o  demonstrated. 

The b e s t  da ta  i s  a s e r i e s  of s i x  coalescence t e s t s  t h a t  were 
conducted a s  p a r t  o f  the  F l u i d  Mechanics S e r i e s .  I n  each t e s t  



one d rop  was s t a t i c a l l y  p o s i t i o n e d  on a t h r e a d .  The o t h e r  d rop  
was f r e e - f l o a t i n g  and  was maneuvered s o  as t o  impact  t h e  s t a t i c  
drop.  The pa rame te r s  t h a t  were measured f o r  each  t e s t  a r e  
i d e n t i f i e d  i n  F i g u r e  28 and they  a r e  l i s t e d  i n  Table  8. 

I t  was assumed t h a t  t h e  c e n t e r s  o f  b o t h  d rops  were i n  a  p l a n e  
p a r a l l e l  t o  t h e  p l ane  of t h e  f i l m .  Whcn t h e  i n i t i a l  c o n t a c t  c f  
t h e  drops  could  be observed ,  i t  a p p e a r s  t h a t  t h i s  assumpt ion  is  
j u s t i f i e d .  Fo r  t he  f a s t e r  moving d rops ,  which have a  smeared 
image on t h e  f i l m ,  t h i s  may n o t  b e  t h e  c a s e .  

The d rops  have d i f f e r e n t  c o l o r s  s o  t h e i r  mixing fo l lowing  c o a l e s -  
cence  cou ld  be  observed .  S t r awber ry  d r i n k  was used  t o  g i v e  t h e  
r e d  c o l o r  and e i t h e r  g rape  d r i n k  o r  marker  pen i n k  t o  g i v e  t he  
b l ack  c o l o r .  I n  one c a s e  no c o l o r a n t  was added t o  t h e  moving 
drop.  A s  d i s c u s s e d  i n  Chapter  I1 the  f r u i t  d r i n k s  a r e  s t r o n g  
s u r f a c  t a n t s ,  r educ ing  t h e  s u r f a c e  t e n s i o n  of t h e  w a t e r  t o  a  
v a l u e  of  a b o u t  55 dyneslcm. 

The a s t r o n a u t  c t a t e s  t h a t  t h e  d rop  volume i s  around 30 c c  d u l i n g  
t e s t  1. The b l a c k  d rop  was o s c i l l a t i n g  i n  t h e  f i r s t  mode as 
i t  approached t h e  r ed  drop.  J u s t  p r i o r  t o  c o n t a c t ,  t h e  b l a c k  
d rop  was e l o n g a t e d  i n  a d i r e c t i o n  toward t h e  r e d  d rop  and  was 
beg inn ing  t o  r e t r a c t .  Based on t h e  p a t h  of t h e  moving d rop ,  
i t  cane v e r y  c l o s e  t o  mi s s ing  t h e  s t a t i o n a r y  d rop ,  w i t h  t h e  
o s c i l l a t i o n  h e l p i n g  t o  b r i n g  t h e i r  s u r f a c e s  c l o s e r  t o g e t h e r  a t  
t h e  p o i n t  of impact .  

S e l e c t e d  p i c t u r e s  of t h e  c o a l e s c e n c e  f o r  t e s t  1 a r e  shown i n  
F i g u r e  29. Large a m p l i t u d e ,  f i r s t  mode o s c i l l a t i o n  was induced 
by t h e  coa l e scence .  Immediately f o l l o w i n g  coa l e scence ,  t h e r e  
was a  s h a r p  boundary between t h e  two d i f f e r e n t l y  c o l o r e d  l i q u i d s .  
A s  t h e  o s c i l l a t i o n s  con t inued  t h e  two c o l o r s  can  be observed  t o  
s lowly  mix. The mixing cou ld  be  observed  f o r  a b o u t  40  secondc.  

Two new drops  of the same s i z e  and  c o l o r  wore made f o r  t h e  
second t e s i .  I n  t h i s  t e s t  t h e  impact  o f  t h e  d rops  was more 
d i r e c t  than  i t  was i n  t e s t  1. Again,  f i r s t  mode o s c i l l a t i o n  
was produced and  t h e  mixing of  t h e  d rops  cou ld  be observed .  A 
photo  sequence of t h i s  t e s t  is  shown i n  F i g u r e  30. 

I n  t e s t  7 t h e  s t a t i c  drop  was t h e  p roduc t  of t h e  c o a l e s c e n c e  in  
t e s t  2 .  The remainder  nf t h e  t e s t s  ( t e s t s  3 t':.rough 6) a l l  use  
a  s t a t i c  drop  t h a t  was t h e  p roduc t  of t h e  p r e v i o u s  coa l e scence .  
A sma l l  d rop ,  w i t h  a  low v e l o c i t y ,  c o a l e s c e d  w i t h  t h e  s t a t i c  
d rop ,  a s  shown i n  F i g u r e  31. P r i o r  t o  c o a l e s c e n c e  t h e  small d rop  
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was o s c i l l a t i n g  as i t  moved. Due t o  t h e i r  r e l a t i v e  s i z e s ,  
second m d e  o s c i l l a t i o n  was induced by t h i s  coa l e scence .  

The moving drop  had a h igh  v e l o c i t y  i n  t e s t  4. Smearing of t h e  
d rop  image due t o  t h e  f i l m  d a t a  format  is obvious  i n  F i g u r e  32. 
A f t e r  t h e  s m a l l  d i o p  impacted t h e  s t a t i c  d rop  c o a l e s c e n c e  occur-  
r e d  b u t  t h e  d rops  a lmos t  p a r t e d  a g a i n .  The s t a t i c  d rop  was 
r o t a t e d  by t h e  impact  and was p u l l e d  o f f  of  i t s  t h r e a d .  C a p i l l a r y  
waves cou ld  be  observed  t r a v e l i n g  a round t h e  l a r g e r  d rop  fo l low-  
i n g  impact .  I t  is  n o t  shown i n  F i g u r e  32 ,  b u t  t h e  small drop  
was p u l l e d  comple te ly  i n t o  t h e  l a r g e r  d rop  as i t  con t inued  t o  
r o t a t e .  E r r a t i c  o s c i l l a t i o n s  were induced by t h i s  coa l e scence .  

I n  t e s t  5  t h e  small d rop  had a f a i r l y  h i g h  v e l o c i t y .  Again 
t h e  l a r g e  d rop  was r o t a t e d  by t h e  impact  and  p u l l e d  o f f  t h e  
t h r e a d  (F igu re  33) .  

T e s t  6 is  s i m i l a r  t o  test  3. The v e l o c i t y  o f  t h e  drop  was low 
and second mode o s c i l l a t i o n  was induced by t h e  c o a l e s c e n c e  
(F igu re  34). 

Two pa rame te r s  have been used  t o  c a t e g o r i z e  t h e  c o a l e s c e n c e  of  
drops .  One is  t h e  Weber number, t h e  r a t i o  of i n e r t i a  f o r c e  t o  
s u r f a c e  t e n s i o n  f o r c e .  

where r i s  t h e  r a d i u s  of t h e  moving d rop  and u i s  i ts  v e l o c i t y  
i n  t h i s  a p p l i c a t i o n .  The o t h e r  i s  a d imens iona l  parameter  

CI 

where d i s  the  minimum d i s t a n c e  between d rop  c e n t e r s  d e f i n e d  
i n  F i g u r e  28 and  rl  and  r 2  a r e  t h e  r a d i i  of t h e  two drops .  
These two pa rame te r s  a r e  l i s t e d  f o r  each  t e s t  i n  Table  9. 

F i g u r e  35 (Ref. 36) shows a r e l a t ~ o n ,  d e r i v e d  from t e s t  d a t a ,  
between t h e s e  two pa rame te r s  f o r  t h e  c a s e  where b o t h  d rops  a r e  
t h e  same s i z e .  S i m i l a r  r e l a t i o n s  can  be d e r i v e d  f o r  d rops  of 
unequal  s i z e s .  The t e s t s  t h a t  e s t a b l i s h e d  t h e s e  c u r v e s  and 
o t h e r  d a t a  found i n  t h e  l i t e r a t u r e  i s  based on d r o p s ,  t h e  l a r g -  
e s t  of which i s  1 .5  mrn i n  d i ame te r .  The Skylab t e s t s  were 
performed wi th  d rops  between 1 .8  and 5.2 cm i n  d i a m e t e r ,  s o  
some c a r e  must be used i n  c o r r e l a t i n g  t h i s  d a t a .  
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Figure 35. Regimes of T~terac t ion  for 
Equal Sized Drops (from Ref. 36) 
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TABLE 9. COALESCENCE PARAME'ERS 

The d a t a  p o i n t s  from t e s t  1 and 2 ,  t h e  two t e s t s  i n  which the  
drops  a r e  equa l  s i z e d ,  a r e  shown on Figure  35. T e s t  1 f a l l s  
i n t o  the region i n  whict the  drops  should have bounced o f f  one 
ano the r .  

T e s t  Number 

1 

2 

3 

4 

5 

6 

Bouncing of the drops occurs when t h e i r  r e l a t i v e  i n e r t i a  i s  low 
and they meet a t  a  g lancing angle .  For equa l  s i z e d  drops  the 
Weber number must be l e s s  than 2.0 and the  parameter 

Weber Number 

0.09 

0.17 

0.14 

9 .5  

3.5 

0.04 

2 
d l  + r ) )  must be nea r  t o  one. Under ~ c h  cond i t ions  the  

l a y e r  of a i r  between the drops cannot he expe l l ed  f a s t  enough, 
s o  the  drops do n o t  make c o n t a c t .  There i s  a  sequence i.n the 
F l u i d  Mechanics S e r i e s  i n  which two drops  impact b u t  bounce 9 i C  
one ano the r .  The q u a l i t y  of the  image was no t  good enough to 
measure the necessary  parameters.  

One reason t h a t  coal.escence d id  occur i n  t e s t  1 is  t h a t  the  
moving drop was o s c i l l a t i n g .  The o s c i l l a t i o n s  brought the 
sur face  of the drop c l o s e r  t o  the  s t a t i o n a r y  drop than is  
ind ica ted  by the  l o c a t i o n  of the  drop c e n t e r .  F igure  35 and 
the  dimensf.ona1 parameter do n o t  account  f o r  the  o s c i l l a  t i o n s .  
The r e l a t i v e l y  l a r g e  mass of the  drop could a l s o  be a  f a c t u r .  
I t  has been observed i n  grcund based t e s t s  t h a t  i n c r e a s i n g  
drop s i z e  (up t o  I mm diameter)  tends  t o  reduce the  c r i t i ~ a l  
value  of Weber number, below which bouncing occurs.  

Tes t  2  f a l l s  wel l  wi th in  the permanent coa lescenc t  regime. 

Curves s i m i l a r  t o  Figure  35 were n o t  a v a i l a b l e  L n  cowpare :be 
regimes of i n t e r a c t i o n  f o r  drops of unequal s i z e .  I t  would bc 
expected t h a t  t e s t s  3,  5 and 6 would f a l l  i n t o  the permanent 



coalescence region. In test 4 the moving drop almost separated 
from the rtatic drop following the init ial  coalencence. It  would 
be expected that this test must fa l l  very clone to the 'ISepara- 
tion - No Satellites" regime. 



D. Ro ta t ing  Drop 

Liquid drops  were r o t a t e d  wi th  the  o b j e c t i v e  of determining 
t h e i r  shape a s  they r o t a t e  and t o  cause  f i s s i o n  of the  drop.  
I n  a unique s e r i e s  of t e s t s ,  t h e  e x i s t a n c e  of a "peanut" shape 
f o r  a r o t a t i n g  drop was demonstrated.  Very l i t t l e  exper imenta l  
or  a n a l y t i c a l  evidence a s  t o  t h e  e x i s t a n c e  of t h i s  form was 
a v a i l a b l e  p r i o r  t o  these  t e s t s .  I n  one t e s t  the  drop waq ro -  
t a t e d  f a s t  enough t o  cause spontaneous f i s s i o n  i n t o  two drops.  
The d a t a  from the  s i x  t e s t s  performed provide an i n d i c a t i o n  of 
the r e l a t i o n  between the  angu la r  r o t a t i o n  r a t e  and the  d i s t o r -  
t i o n  of the  drop. 

I f  a  f r e e - f l o a t i n g  drop is  r o t a t e d  i n  a low-g environment, su r -  
f ace  t ens ion  f o r c e s  can balance  c e n t r i f u g a l  f o r c e s  t o  e s t a b l i s h  
a n  e q u i l i b r i u m  i n t e r f a c e  shape. P la teau  was the  f i r s t  t o  exper i -  
menta l ly  i n v e s t i g a t e  the  i n t e r f a c e  shape of a r o t a t i n g  drop i n  
1ah3.  He used two immiscible l i q u i d s  of t h e  same d e n s i t y ,  one 
:o s imula te  the  drop and the  o t h e r  t o  s imulate  the surrounding 
medium (Ref. 37). Lord Rayleigh analyzed t h e  shape of a r o t a t -  
ing  drop i n  1914 (Ref. 38) and moi,e r e c e n t  work by S.  Chandrasekhar 
(Ref. 39) and D. K. Ross (Ref. 40) has r e f i n e d  t h a t  a n a l y s i s .  

I n  a l l  the  above work the equ i l ib r ium shape was e s t a b l i s h e d  t o  
be of the form of an  o b l a t e  spheroid  t h a t  tended towards a 
t o r u s  a t  the  maximum d i s t o r t f o n .  The curves  i n  Figure  36 show 
one-four th  of the c ross - sec t io l ,  of the  drop wi th  the b / r  a x i s  
being both  the a x i s  of r o t a t i o n  and symmetry. When the  r o t a -  
t ion-1  r a t e  is inc reased  the drop f l s t t e n s  a long the b / r  a x i s .  
Curve 5 is  the  l a s t  i n t e r f a c e  shape t h a t  s t i l l  enc loses  the 
o r i g i n .  F u r t h e r  inc reases  i n  angular  r a t e  g ive  a pure t o r o i d a l  
i n t e r f a c e  shape. A t  each p o i n t  on the  su r face  of the drop the  
curva tu re  of the  i n t e r f a c e  is  such t h a t  the  c a p i l l a r y  p r e s s u r e  
balances  t h e  h y d r o s t a t i c  p r e s s u r e  due t o  c e n t r i f u g a l  f o r c e  a s  
fo l lows : 

where K i s  the i n t e r f a c e  curva tu re  ( a s  def ined i n  Sec t ion  A) a t  
a p o i n t  on the s u r f a c e  the  d i s t a n c e  r from the  a x i s  of r o t a t i o n  
and KO i s  the curva tu re  a t  the  a x i s  of r o t a t i o n .  From the  
a x i s  of r o t a t i o n  the  inc rease  i n  the  c a p i l l a r y  p ressure  wi th  
r e d i u s  (due t o  the  inc rease  i n  curva tu re )  matches the  inc rease  
i n  h y d r o s t a t i c  p ressure  due t o  r o t a t i o n .  I f  the proper expres-  
s i o n  f o r  the  curva tu re  is placed i n  equat ion (21) i t  can be 
solved t o  y i e l d  the  i n t e r f a c e  shape. 
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A p a r l m e t e r  U* i s  used  t o  nond imens iona l i ze  t h e  r o t a t i o n a l  r a t e ,  
where 

and r i s  the  r a d i u s  of  t h e  drop  k\en i t  i s  s p h e r i c a l .  

When w* = 0 cu rve  1 i s  oh t a i n e d .  Fo r  cu rve  5 ,  b /  r = 0 ,  a / r  = 
1.6701 and u* = 0.7071.  

A p l o t  of  w* v e r s u s  t h e  d i s t o r t i o n  of the  drop  ( a / r j  shows t h a t  
u* i s  double va lued  when i t  i s  g r e a t e r  t han  0.7071 (Firgtire 37). 
The v a l u e  of w* i n c r e a s e s  w i t h  d i s t o r t i o n  u n t i l  i t  r eecSps  a 
maximum of 0.7540, beyond t h a t  p o i n t  wJc d e c r e a s e s  nc: ;:I-.. " s t n r -  
t i o n  coni4-ues  t o  i n c r e a s e .  S ince  t h e  d imens ional  ?..'i,,t6.:r r a t e  
i s  direct141 r e l a t e d  t o w *  i t s  v a r i a t i o n  wi th  d i s t o l  ;,-*. is tt.e 
same. The a n g u l a r  momentum of  t h e  d rop  is  s i n g l e  ..:...*. !a however, 
a lways  i n c r e a s i n g  w i t h  i n c r e a s i n g  d i s t o r t i o n .  

I n  S e c t i o n  A of t h i s  r e p o r t  i t  was s h o w  t h a t  t h e r e  a r e  two 
p o s s i b l e  i n t e r f a c e  shapes  f o r  a  d rop  c,t , t h r ead :  t h e  d r a y  could  
be  c e n t e r e d  on t h e  t h r e a d  o r  i t  coci-; be t angen t  t o  t h e  t h r e a d .  
While bo th  i n t e r f a c e s  had a  uni form c u r v a t u r e  and s a t i s f i e d  the  
coi l tac t r n g l e  boundary c o n d i t i o n ,  on ly  o:le i n t e r f s c c  f o r  ally 
give11 s e t  of c o n d i t i o n s  is  p o s s i b l e  based  on energy  consider:- 
t i o n s .  The d rop  w i l l  t end  t o  be i n  i t s  mi;~Lmum ene rgy  c o n f i g -  
u r a t i o n .  A s i m i l a r  c o n s i d e r a t i o n  a r i s e s  w i ~ h  the  r o t a t i n g  d r o p .  
One i n t e r f a c e  c o n f i g u r a t i o n  has  been shown. P r e s s u r e s  due t o  
c a p i l l a r y  and c e n t r i f u g a l  f o r c e s  a r e  ba lanced  t o  d e f i n e  a n  
i n t e r f a c e  shape .  The p o s s i b i l i t y  of a n o t h e r  i n t e r f a c e  s h a p e ,  
which could  have a  lower en ,  . g y  :lust be c o n s i d e r e d .  Fo r  t h e  
r o t a t i n g  d r o p ,  t h e  k i n e t i c  e n e r t y  $due t o  r o t a t i o n  must be added 
t o  t he  s u r f a c e  ene rgy  of  t h e  dron  .-a de te rmine  i t s  t o t a l  ene rgy .  

The s t a b i - l i t y  of  - drop  can  be a n - i y z e d .  I f  a smal~l. p e r t u r b a t i o ~  
i s  a p p l i e d  t o  t h e  drop  and i: r e t u r n s  t u  t he  same c o n f i g u r ~ t f o n ,  
t he  d rop  i f  s t a b l e  and i s  i n  t h e  minimum energy  con£ i g u r t i t i o n ,  
I f  i t  i s  found t 3  be u n s t a b l e ,  a ~ - ? + e r  c o n f ' g u r a t i o n  w i t h  a  
lower energy rrttist e x i s t .  Entk. S .  Ct;andrasekh,r (Ref .  39) and 
D .  K .  knss  (Kef. 41) have ana lyzed  t n e  s t a b i l i t y  d r  t h e  c o r o i d a l  
f n r m  of the  r o t a t i n g  d rop ;  b u t  i h e i r  ;esu! t s  db n o t  a g r e e .  
Accordi:ly; t o  D. K .  Ross t h e  t o r o i d a l  form i s  s t s b l e  i f  w *  i s  
1-ss  than t h e  ~naximurn v a l u e  of 0.7540.  He s t a t e s  thd: :it 
l a r g e r  v a l u e s  t h e  drop  w i l l  be u n s t a b l e  acd a  new ec - : i , i b r ium 
st.ape emerges.  According t o  S .  Chandrasekhar  a t  va lues  of w* 



of about 0.5 (he uses  a  s l i g h t l y  d i f f e r e n t  n o t a t i o n  s o  these  
a r e  only approximate values)  the  drop w i l l  be u n s t a b l e  i f  
v iscous  f o r c e s  a r e  p r e s e n t ,  and uncondi t ional  i n s t a b i l i t y  occurs  
a t  w* of about 0.70. He s t a t e s  t h a t  "one may a n t i c i p a t e  t h a t  
a t  t h i s  po in t  a  s t a b l e  sequence of t r i a x i a l  forms branches off t ' .  
"he t o r o i d a l  shape was obtained i n  P l a t e a u ' s  experiment f o r  
11 va lues  of angular  v e l o c i t y  because tne v i scous  l i q u i d  t h a t  

surrounds the drop damps o u t  any d i s t u r b a ~ : e s ,  making the  t o r o i d a l  
form s t a b l e .  

There appears  t o  be much s i m i l a r i t y  be tween the  s t a b l e  r o t a t i n g  
forms of a  drop held  toge the r  by g r a v i t a t i o n a l  f o r c e s  (Ref. 42) 
and t h i s  case ,  a drop held  toge the r  by s u r f a c e  t ens ion  fo rces .  
The a n a l y s i s  of the s e l f - g r a v i t a t i n g  drop appears  t o  be much 
more developed than f o r  t h e  s u r f a c e  t ens ion  drop. 

From the  l i t e r a t u r e  sea rch ,  the  f i e l d  of l u n a r  geology y ie lded  
the  only i n d i c a t i o n  of the o t h e r  poss ib le  form of a  r o t a t i n g  drop 
(Refs. 42, 44, and 45) .  Some g l a s s  g lobu les  e j e c t e d  from 
meteoroid impacts were found t o  have a  peanut o r  dumbbell shape.  
The c ross - sec t ion  of t h i s  shape is  s i m i l a r  t o  t h a t  i n  Figure  
36, except  t h a t  the a / r  a x i s  appears  t o  be a n  a x i s  of symmetry. 
Apparently the g l a s s  g lobu les  were r o t a t i n g  a f t e r  e j e c t i o n  and 
they s o l i d i f i e d  i n  t h a t  form. Measurements of the g l a s s  drops 
were used t o  p r e d i c t  the angular  v e l o c i t y  t h a t  would y i e l d  such 
an equ i l ib r ium shape. 

I n  Reference 36 tne coalescence and subsequent breakup of a rops  
due t o  r o t a t i o n  was i n v e s t i g a t e d .  Following coalescence the  
drops were about t o  break a p a r t  aga in  and have a  peanut shape, 
s i m i l a r  t o  the  g l a s s  g lobu les  d iscussed above. However, the  
breakup due t o  angular  momentum was analyzed based on t h e  t o r o i d a l  
form. 

To summarize the e x i s t i n g  l i t e r a t u r e  of the  r o t a t i n g  drop,  the 
a n a l y s i s  has concentra ted  on the t o r o i d a l  form. It has  been 
shown t h a t  i t  is n o t  the only form a  r o t a t i n g  drop can assume. 
Other than a  few h i n t s ,  such a s  the  lunar  g l a s s  drops ,  very  
l i t t l e  has been done t o  d e f i n e  the  shape and behavior of  o t h e r  
forms . 
In  a  unique demonstrat ion on Skylab, the  peanut shape was shown 
t o  be on equ i l ib r ium form f o r  the  r o t a t i n g  drop.  S ix  i n d i v i d u a l  
t e s t s  were conducted i n  the F l u i d  Mechanics S e r i e s  and the  peanut 
form was obtained i n  each.  



A number o f  d i f f e r e n t  methods were used  t o  r o t a t e  t h e  d rop ,  as 
shown i n  F i g u r e  38. A r i n g  wi th  p e r i p h e r a l  h o l e s  was t aken  up 
t o  Skylab  f o r  t h e  purpose o f  r o t a t i n g  d rops .  It was hoped 
t h a t  a  d rop  cou ld  be r o t a t e d  by blowing through t h e  r i n g ,  b u t  
i t  was n o t  s u c c e s s f u l .  The d rop  cou ld  n o t  b c  k e p t  c e n t e r e d  i n  
the  r i n g .  R a t h e r ,  b r u t e  f o r c e  methods were used,  such as i n s e r t -  
i n g  a  tube i n t o  t h e  d rop  and s t i r r i n g  i t ,  and s t r i k i n g  t h e  edge 
of  a drop  a  number o f  times wi th  thz  n e e d l e  of  a s y r i n g e .  While 
t he se  methods d i d  induce  r o t a  t i o n ,  t h e  most  s u c c e s s f u l  method 
made use  of  two food cans  w i t h  t h r e e  s t r i n g s  between them. 
The s t r i n g s  w i r e  t w i s t e d  i n  t h e  c e n t e r  and t h e  d rop  tended t o  
p o s i t i o n  a t  t h i s  . .d in t  as shown by F i g u r e  39. A t t empt s  t o  
d i s p l a c e  t h e  d rop  from the  c e n t e r e d  p o s i t i o n  were opposed by 
the  s t r i n g s ,  a s   show^ by t h e  c e n t e r  and  r i g h t  photos  o f  F i g u r e  
39. The cans  and s t r i n g s  were r o t a t e d ,  a l l -owing t h e  s t r i n g  
t o  s t i r  t h e  d rop .  A c o n t r o l l e d  amount of a n g u l a r  momentum cou ld  
be a p p l i e d  t o  t h e  d rop  w i t h o u t  producing  any  l a t e r a l  t r a n s l a t i d n ,  
Any a t t e m p t  t o  f u r t h c i  i n c r e a s e  t h e  a n g u l a r  momentum o f  t h e  d rop  
by r e i n s e r t i n g  th,- s t r i n g s  u s u a l l y  caused  t h e  d rop  t o  b r e a k  
a p a r c .  The syringe need le  was t h e  b e s t  method o f  i n c r e a s i n g  
a n g u l a r  ndmP,itum because i t  cou ld  be i n s e r t e J  i n t o  and  withdrawn 
f r o n  t h e  i r o p  wi thou t  producing  e x c e s s i v e  p e r t u r b a t i o n s .  

I n  a  low-g envi ronment ,  w i t h  a minimum of  d i s s i p a t i o n  due t o  
v i s c o u s  d r a g  of  t he  a i r ,  t he  d rop  c o n t i n u e s  t o  r o t a t e  i n  a n  
e q u i l i b r i u m  form. The t y p i c a l  e q u i l i b r i u m  form a c h i e v e d  i n  
t he se  demons t r a t i ons  is  shown i n  F i g u r e  40. The d rop  i s  r o t a t i n g  
c lockwise  i n  the  p lane  of the  p i c t u r e .  

An eva lua t i -on  of  t h e  f o r c e s  a c t i n g  on the  peanut  form of t h e  
r o t a t i n g  d rop  i n d i c a t e s  t h a t  t h e  d rop  i s  n o t  symmetr ica l  w i t h  
r e s p e c t  t o  i t s  long  a x i s .  Scme t y p i c a l  c r o s s - s e c t i o n s  a r e  
shown i n  F igu re  41. Cons ider  t h e  c r o s s - s e c t i o n  p a s s i n g  through 
the  a x i s  of r o t a t i o n .  C r o s s - s e c t i o n s  n e a r  t h e  ends  of the  d rop  
a r e  c l o s e  t o  c i r c u l a r .  Tile d rop  is n o t  symmetric  w i t h  r e s p e c t  
t o  ar.y of t h e  a x e s .  

T h e  parameters  measured from each  r o t a t i n g  d rop  a r e  shown i n  
Fi.gure 41. They a r e  t he  a n g u l a r  v e l o c i t y  (u) , t h e  e l o n g a t i o n  
pe rpend icu l a r  t o  t h e  a x i s  of r o t a t i o n  (a), and t h e  compression 
a long  the  a x i s  of  r o t a t i o n  (h)  . The measured pa rame te r s  f o r  
each of  the  t e s t s  a r e  l i s t e d  i n  Table  10. The d u r a t i o n  i s  t h e  
pe r iod  of time t h a t  t h e  d rop  was a l lowed t o  r o t a t e .  

The voi.ume of t he  d rops  was n o t  s t a t e d  on t h e  sound t r a c k .  
Usi.ng the  measured f requency  of o s c i l l a t i o n ,  t h e  volume of t h e  drop  
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(a) Blow ring (b) S t i r  w i t h  straw 

(c )  S t r i k e  w i t h  needle 
(d)  ~ o o d  cans and strings 

Figure 38. Pletf~ods of Rotating Drops 
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Figure 39.  The drop tends to center en t h e  threads, even 
though disturbed as it i s  in right photos. 

Figure 40. Peanut shape assumed by rotating drop. 
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Figure 41. Rotating Drop Configuration 
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Table 10. Rotating Drop Data 

Drop Volume, 
cc 

35 

35 

35 

9 1 

9 1 

9 1 

9 1 

71 

r 

Test 
No. 

1 

2 

3 

4 

5 

6 

1 

alb 

1. 6 

3.5 

2.6 

3.2 

3.4 

3.7 

4.3 
00 

Duration, 
sec 

20 

37 

8 

25 

7 

58 

17 

31 

Rotation Rate 

W ,  
rpm 
33.5 

25.0 

27.0 

27.2 

25.3 

28.3 

24.4 

w * 

0.42 

0.32 

0.34 

0.55 

0.51 

0.58 

3.50 

19.4 1 0.35 



f o r  t e s t s  1 and 2 was c a l c u l a t e d .  By s c a l i n g  the dimensions wi th  
r e s p e c t  t o  the  food cans  used i n  r o t a t i n g  the  drop,  the  o t h e r  
volumes were c a l c u l a t e d .  The r a t i o  a / b  was used t o  d e f i n e  the  
e longat ion s ince  both  dimensions could be d i r e c t l y  measured a t  
any po in t  i n  t ime.  Th i s  e l i m i n a t e s  the  dependency of the  elong- 
a t i o n  parameter on the  drop volume. 

A syr inge needle  was used t o  r o t a t e  the drop i n  t e s t  1, a  tube 
was used f o r  2 and the  ca.m and s t r i n g s  were used f o r  t h e  r e -  
mainder of the t e s t s .  

Tes t  1 demons t r a  ced how angular  momentum a,.,! angu la r  fcequency 
can vary .  Af te r  a l lowing the drop t o  r o t a t e  a t  a  s teady r a t e  
f o r  20 seconds, the needle was passed through the  drop a  few 
more times t e  inc rease  the angu la r  momentum of the drop. The 
drop e longated,  bu t  the  angular  r a t e  decreased.  From t h i s  t e s t  
i t  car1 be concluded t h a t  the  v a r i a t i o n  of  w* and drop e longa t ion  
f o r  the peanut shape is  s i m i l a r  t o  t h a t  f o r  the  t o r o i d a l  shape. 
The parameter W* is double valued.  A f t e r  a  maximum va lue ,  the  
r o t a t i o n  r a t e  decreases  a s  d i s t o r t i o n  i n c r e a s e s .  I n  the  f i r s t  
p a r t  of the  t e s t  the drop had a  p r o l a t e  spheroid  form (water-  
melon) . A £  t e r  the  inc rease  i n  angular  momentum the  drop necked 
down a t  the a x i s  and assumed the peanut shape. This  d a t a  p o i n t  
must l i e  beyond the maximum value  of u*. I n  both  p a r t s  of the 
t e s t  the  shape and r o t a t i o n  r a t e  were n o t  varying wi th  time. 

The angular  r a t e  obtained i n  t e s t  2 f a l l s  i n  b2tween the two 
r a t e s  of t e s t  1. Again the shape and r o t a t i o n  r a t e  were s t a t i c .  
The drop midsection was c y l i n d r i c a l  i n  shape i n d i c a t i n g  t h a t  
the value  of w* musr: be c l o s e  t o  the po'lnt a t  which necking a t  
the a x i s  begins t o  occur.  

I n  t e s t  3 the  angular  momentum was aga in  inc reased  dur ing the  
t e s t .  Before and a £  t e r  the  inc rease  the drop had the  peanut 
shape. The drop was s t i l l  e longa t ing ,  s o  i t  was not  a t  s teady 
s t a t e  a t  the end of the t e s t .  Again the second d a t a  p o i n t  
provided by t h i s  t e s t  rnust be beyond the  maximum value  of u*. 

I n  t e s t s  4 and 5 the  peacut shape was aga in  assumed by the 
r o t a t i n g  drop.  The e longa t ion  was dec reas ing  and the  angu la r  
r a t e  was inc reas ing  i n  t e s t  4 a s  the drop achieved i t s  equ i l ib r ium 
conf igura t ion ,  aga in  showing t h a t w *  i s  double valued.  

Test  6 i s  the  most unique of the t e s t s .  A f t e r  applying the  
angular  momentum t o  the drop i t  r o t a t e d  f ~ r  a period of 31 
seconds. During t h i s  per iod the  drop was e longa t ing ,  i n  the  



peanut  shape ,  and t h e  r o t a t i o n a l  rate was s lowing .  F i s s i o n  of 
the  d rop ,  s p l i t t i n g  i t  i n t o  two e q u a l  s i z e d  d r o p s ,  o c c u r r e d  
(F igure  42).  S ince  i t  took such  a  l ong  p e r i o d  Lor f i s s i o n  
t o  occu r  t h e  v a l u e  of  a n g u l a r  momentum a p p l i e d  must have been 
v e r y  c l o s e  t o  t h e  c r i t i c a l  v a l u e  f o r  f i s s i o n  t o  occu r .  

The d a t a  p o i n t s  from t h e  s i x  t e s t s  a r e  p l o t t e d  i n  F i g u r e  4 3 .  
Also  shown i n  t h e  f . igure  is  t h e  cu rve  f o r  t h e  t o r o i d a l  shape  
of t h e  r o t a t i n g  drop .  I f  t he  volume of t h e  35 c c  d rop  was 
a c t u a l l y  g r e a t e r  and t h e  volume o f  t h e  9 1  and 7 1  c c  d r o p s  was 
l e s s ,  a f a i r l y  smooth cu rve  could  be drawn through t h e  d a t a  
p o i n t s .  Even though t h e r e  i s  some u n c e r t a i n t y  i n  t h e  d rop  
volume, t h e r e  i s  s u f f i c i e n t  a c c u r a c y  t o  draw some c o n c l u s i o n s  
abou t  t he  peanut  shape of t h e  r o t a t i n g  d rop .  

1)  The cu rve  of u* v e r s u s  drop  e l o n g a t i o n  i s  doub le  va lued .  
A f t e r  a  maximum v a l u e ,  w* d e c r e a s e s  a s  e l o n g a t i o n  i n c r e a s e s .  

2) The s l o p e  of  t h e  W *  v e r s u s  e l o n g a t i o n  cu rve  is  g r e a t e r  
fo l l owing  t h e  maximun~ v a l u e  of W* t h a n  i t  i s  f o r  t h e  t o r o i d a l  
shape .  

3)  The peanut  shape a p p e a r s  t o  be  t h e  minimum energy  c o n f i g u r -  
a t i o n  f o r  t he  range  of  a n g u l a r  r a t e s  of  t h e  tests.  T h i s  i s  
besed only  on t h e  f a c t  t h a t  a l l  t h e  p o i n t s  l i e  below the 
curve  f o r  the  t o r o i d a l  shape .  The ene rgy  of t h e  d rop  
depends upon t h e  s u r f a c e  energy  and t h e  k i n e t i c  ene rgy .  
The moment of  i n e r t i a  and the  s u r f a c e  a r e a  of t h e  d rop  must 
be known b e f o r e  a n  e x a c t  comparison can  be made. 

4) None of t h e  r o t a t i n g  d rops  were of  t h e  t o r o i d a l  form s o  
v e r y  l i t t l e  cou ld  be l e a r n e d  conce rn ing  t h e  t r a n s i t i o n  from 
t h a t  form t o  t h e  peanut  form. A s  d i s c u s s e d  above,  s t a b i l i t y  
a n a l y s e s  i n d i c a t e  t h e  s m a l l e s t  v a l u e  o f  w* for t h i s  t r a n s i -  
t i o n  i s  a b o u t  0.5. The d rop  i n  t h e  f i r s t  p a r t  o f  T e s t  1 
f a l l s  t he  c l o s e s t  t o  t h e  t r a n s i t i o n  p o i n t ,  whi le  t he  o t h e r  
d rops  were w e l l  w i t h i n  t he  peanut  regime.  A v a l u e  of w* 
of 0.42 was measured i o r  t h a t  t e s t ,  b u t  t h e r e  i s  some 
u n c e r t a i n t y  i n  t he  drop  volume. 



Figure 42. F i s s i o n  of a Rotating Drop 
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E. I d s c i b l e  Liquids 

The objec t ive  of the I m i s c i b l e  Liquids demonstration was t o  
demonstrate t h e i r  behavior i n  low-g. The r a t e  of coalescence 
of a dispers ion of t he  two l i qu ids  was t o  be es tab l i shed .  It 
was found t h a t  the  r a t e  of separat ion of t he  imniscible l i qu ids  
was very slw. No s i g n i f i c a n t  separat ion was observed w e r  a 
period of 10 hours. 

Tw,. l i qu ids  a r e  immiscible when they a r e  mutually insoluable .  
A dispers ion of two immiscible l i qu ids  can be formed i f  they 
a r e  s t rongly mixed. I f  t he  d e n s i t i e s  of t he  two l i qu ids  a r e  
d i f f e r e n t ,  the  d i spers ion  w i l l  quickty separa te  i n  one-g. In  
low-g, t h e  force of g rav i ty  w i l l  not  be present  t o  separa te  t h e  
two l i qu ids  and the  dispers ion w i l l  behave q u i t e  d i f f e r en t ly .  
Such dispers ions can be formed i n  one-g with c e r t a i n  l i qu ids ,  
espec ia l ly  i f  t h e i r  dens i t i e s  a r e  near ly  equal ,  and a r e  re fe r red  
t o  as  emulsions (Ref. 4 6 ) .  

A small experiment module was used t o  demonstrate t he  behavior 
of imniscible l iqu ids .  The module consis ted of  t h r ee  v i a l s :  
one with 25% o i l  and 75% water,  one wi th  50% o i l  and 50% water ,  
and one with 75% o i l  and 25% water. The o i l  could be separated 
from the  water using the  cen t r i fuga l  force produced by swinging 
the module on the end of a s t r i n g .  A dispers ion  could be formed 
by shaking the  module, 

In  the  f i lm  da t a  t he  menipulation of the  test module was demon- 
s t r a t e d ,  The l i qu ids  were s h m  a f t e r  being separated and a f t e r  
dispers ion (Figure 4 4 ) .  I n  one sequence, t he  moda1.e was held i n  
f ron t  of t he  camera f o r  a period of four minutes ,-ter shaking. 
The module was photogmphed aver a period of 10 hours,  using a 
35 mm camera, t o  record any separat ion of t he  l iqu ids .  

Lacy and Otto (Ref. 10 and 11) present  a de t a i l ed  d e s ~ r i p t i o n  
and ana lys i s  of t he  Imniscible Liquids demonstration. Their  
second paper is s imi l a r  t o  the  f i r s t  except t h a t  some photo 
densitometer measurements, made from t h e  photographic da t a ,  
a re  added t o  t he  ana lys i s .  They performed the  same experiment 
i n  one-g and demonstrated t h a t  separat ion of the two l i qu ids  
took place i n  l e se  than 10 seconds. Their ana lys i s  of t he  da t a  
concluded t h a t  t he  d i spers ion  was a t  l e a s t  3.6 x lo5 tfmer more 
s t a b l e  i n  l w - g  t h a t  it  was on ear th .  (The diepersions were 
l e e s  separated a f t e r  10 hours i n  low-g than they were a f t e r  0.1 
second i n  one-g) . 



Figure 44, The rlule w i t h  three v i a l s  f o r  t!le I m i s c i h I e  
L i q u i d s  demonstr3tion is sllown fo!lowing 
centr i fuga l  ieparat ion (above) and a i t e r  
m i x i n g  (below). 



When g r a v i t a t i o n a l  f o r c e s  a r e  smal l ,  t h e  mechanism f o r  separa-  
t i o n  of the  d i s p e r s i o ~  i s  v e r y  d i f f e r e n t .  One l i q u i d  can sep- 
a r a t e  from the  o t h e r  only by coalescence.  I f  drops of  one l i q u i d  
do come i n t o  con tac t  and do coa lesce ,  s e p a r a t i o n  can proceed 
a t  some slow r a t e .  Therefore  t h e  motion of t h e  drops i n  t h e  
d i s p e r s i o n  and p r o b a b i l i t y  of coalescence become important  f ac -  
t o r s .  The presence of s u r f a c e  a c t i v e  agents  can have a  s i g -  
n i f i c a n t  e f f e c t  on t h e  r a t e  of separa t ion  (usua l ly  slowing i t ) .  

The demonstrat ion d i d  no t  y j ~ l d  any d a t a  on t h e  mechanisms of 
s e p a r a t i o n  i n  low-g. Astro~, .u t  Pogue d i d  observe a  " c e l l u l a r  
s t r u c t u r e  t h a t  grew coarse  dur ing t h e  e lapsed  10 hours f t .  Appa- 
r e n t l y  s e p a r a t i o n  was t ak ing  p lace  a t  a  slow r a t e ,  but  i t  could 
not  be de tec ted  from t h e  photograpFic d a t a .  

I?. Liquid Films 

The o b j e c t i v e  of t h i s  demonstrat ion was t o  c o n s t r u c t  t h i n  
l i q u i d  f i l m s  i n  low g r a v i t y  and t o  observe and .ecord t h e i r  
formation,  c h a r a c t e r i s t i c s  and time t o  rup tu re .  While t h e  form 
of t h e  f i lms  was t h e  same a s  i n  one-g, they conta ined a  l a r g e  
volume of l i q u i d  ( e s p e c i a l l y  those  formed on t h e  three-dimensional  
wi re  frames).  For t h i s  reason,  t h e i r  l i f e t i m e  was inc reased  i t .  

comparison t o  s i m i l ? t  demonstrat ions on Ear th .  

Skylab mission SL-4 a s t r o n a u t  Gerald Carr  conducted a  s e r i e s  of  
demonstrat ions us ing both p l a i n  water  and a  soap s o l u t i o n  t o  
form a  number of l i q u i d  f i lms .  Three types  of  w i r e  frames were 
used: v a r i a b l e  a:ea, two-dimensional; f ixed  a r e a ,  two-dimensional; 
and f i x e d  volume, t h r e e  dimensional  (F igure  45) .  Both water  
and soap s o l u t i o n  f i lms  were formed wi th  the  v a r i a b l e  a r e a  
fratnes, whi le  t h e  f ixed s r e a  and volume frames u t i l i z e d  only  
the  soap s o l u t i o n .  

There were two f i l m  formation methods at tempted.  The f i r s t  used 
t h e  v a r i a b l e  a r e a  frames t o  i n c r e a s e  t h e  s u r f a c e  a r e a  of a  smal l  
l i q u i d  drop (118 t o  I cc )  u n t i l  the  f i l m  t h a t  formed had b u r s t .  
An expanding loop was used t o  draw f i lms  of both p l a i n  wa te r  
(Figure  46) and soap s o l u t i o n  (Figure  47) .  A maximum f i l m  
diameter of 7 .4  cm ( 3  i n )  was observed fo r t tp la in"  w a t e r ,  whi le  
t h e  as t ronau t  was a b l e  t o  draw t h e  soap s o l a t i o n  ou t  t a  t h e  
l i m i t  of loop exptns ion.  The second v a r i a b l e  a r e a  f r m e  das  
a  r ec tang le  with two extended l e g s  and a  four th  movable s i d e  
t h a t  s l i d e s  along them. Only soap s o l u t i o n  was expanded i n  t h e  
r e c t a n g l e ,  a smal le r  drop (es t imated t o  be about 118 c c )  y i e l d -  
ed a  f i l m  a r e a  of about 45 cm2. 



(a) Variable Area 

Fixed Area and Volume 

Figure 45. Wire Frames Used rn Liquid F i l m  Demonstration (from Ref.12) 
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Figure 46 .  Film Forraed 
w i t h  "Plain" Water 
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Figure 47. F i b  Formed 
w i t h  Soap Solution 

Full of Soap Solution Some Solut ion Removed by Shaking 

Figure 48. Cube Wire Frame with  Soap F i l m  and Bulk Liquid 
Soap Solution in Center 



The second f i lm formation method consis ted of dipping the  frames 
i n  a container  of soap so lu t ion  and jerking them out  t o  form a 
f i lm  r a t h e r  than remove a s i g n i f i c a n t  quant i ty  of l i qu id .  I n  
f a c t ,  on severa l  t r i a l s  with t he  cube wire frame, as t ronaut  Carr 
pulled it out  slowly, and it contained a considerable add i t i ona l  
volume of l i qu id ,  as  v i s i b l e  i n  Figure 48. Once the  f i lms were 
formed, t he  frames were held s t a t i ona ry  and changes occurring 
i n  the  f i lms up t o  rupture  were observed and timed. During 
t r i a l s  i n  which bulk l i qu id  soap so lu t ion  was contained i n  the  
frame, the  astronaut  was able  t o  essent ;a l  l y  remove the bulk 

. l i qu id  by shaking the  frame. The f i lms then assumed minimal 
surface configurat ions s imi l a r  t o  those noted i n  ground labora tory  
t e s t s .  

The th r ee  frames used i n  the  i n e r t i a  method ( j e r k  from a con- 
t a ine r  of soap solut ion)  were a f ixed a rea  loop, a te~rai~edroti 
and a cube. Films on the loop l a s t ed  up t o  1-1/2 minutes, with 
those on the  complex shapes, te t rahedron and cube, changing 
constant ly  a s  p a r t s  of the f i lm  network ruptured and sur face  
tension caused t h e  remaining f i lms  t o  read jus t .  Astronaut Carr 
commented t h a t  t h e  most s t a b l e  configurat ions f o r  the  3 dimen- 
s iona l  frames occurred when f i lms d id  not contact  one another,  
i .e. ,  when they covered adjoining or  opposite e x t e r i o r  faces .  

Extensive analyses of l i qu id  f i lms  and t h e i r  governing pheno- 
mena have been performed i n  t h e  f i e l d  of sur face  chemistry. 
Although the  mechanism of f i lm  rupture  is  not w e l l  understood, 
i t  can be s t a t e d  t h a t  undisturbed f i lms usua l ly  rupture  only 
a f t e r  some degree of thinning (Ref. 46). Thinning of f i lms 
i s  general ly  accomplished by two means: drainage and evapora- 
t ion .  However, s t a b i l i t y  of a f i lm i s  governed by i t s  e l a s -  
t i c i t y  and r e s i l i ence .  

There a r e  two types of l iqu id  drainage t h a t  occur i n  fi lms. The 
f i r s t  i s  due t o  grav i ty ,  it is  negl ig ib le  i n  "thin" f i lms 
(1-5p th ick)  and has no bearing on the  Skylab f i l n s  s ince ,  
although some were qu i t e  th ick ,  they were created i n  a zero- 
grav i ty  environment. The second drainage nechanism is  due t o  
the curvature of the  f i lm where it contac ts  the  wire frame. 
This curvature causes a lower p tessure  a t  the f i lm  edge and s o  
pumps l i qu id  from the  cen te r  of the  f i lm  to  the f i lmlwire  
in te r face .  Therefore t he  r a t e  a t  which a f i lm  th in s  i s  inverse- 
l y  proport ional  t o  i t s  minimum width or diameter. 



Evaporation i s  a s ign i f i can t  f i lm  thinning agent only when the  
sur fac tan t  f i lm  covering the bulk l i qu id  is  very thin.  This 
s u f a c e  f i lm a c t s  as  a re ta rdant  t o  evaporation, becoming more 
e f f e c t i v e  a s  t he  sur fac tan t  l ayer  thickens.  The ac tua l  r a t e  of 
evaporation i s  a l s o  affected by the  vapor pressure of t he  l i qu id  
i n  the  f i lm and the  condi t ions of the  atmosphere i n  which t h e  
f i lm  is created.  

Pure l i qu ids  do not  produce a s t a b l e  f i lm,  s ince  they o f f e r  no 
res i s tance  t o  rupture.  E l a s t i c i t y  of a f i lm  is  a measure of 
i t s  a b i l i t y  t o  withstand a temporary a r ea  expansion without 
rupture.  A s  the  surface area increases ,  the su r f ac t an t  concen- 
t r a t i o n  i s  lowered and therefore  t he  sur face  tension i s  ra i sed  
loca l ly .  This increased surface tension r e s i s t s  rupture  and 
by the  Marangoni e f f e c t  (as  mentioned i n  Sect ion B) re inforces  
the thickness of the  film. From t h i s  explanation, it i s  ob- 
vious t h a t  pure l i qu ids  have no e l a s t i c i t y ,  s incs  t he  sur face  
tension is constant throughout the  l i q u i d  layer .  It should 
fur ther  be noted t h a t  a sa tura ted  so lu t ion  a l s o  has no e l a s -  
t i c i t y ,  again due t o  uniform sur face  tens ion  throughout t he  
layer ,  (Reference 47). The log i ca l  conclusion, then, is t h a t  
maximum f i lm s t a b i l i t y  occurs when t h e  concentrat ion of t he  
so lu t ion  is somewhere between zero and the  maximum; and t h i s  is, 
i n  f a c t ,  the  case.  

The r e s i l i e n c e  of a f i lm  i s  a funct ion of both t h e  r a t e  of 
d i f fus ion  of the  sur fac tan t  back t o  a sur face  t h a t  has  been 
extended and therefore  undergone a rise i n  sur face  tensicn,  and 
the  r a t e  a t  which the  Marangoni e f f e c t  thickens t he  f i lm  a t  
t h i s  weak point.  A more r e s i l i e n t  f i lm w i l l  thicken before t he  
surface tension re turns  t o  the  s u r f a c t a n t - i ~ f l u e n c e d  equi l ibr ium 
leve l ;  while i f  the  surface tension lowers before the  f i lm  i s  
again a uniform thickness ,  the a rea  remains weak and a l i k e l y  
s i t e  f o r  i n i t i a t i o n  of f i lm rupture.  

The shape assumed by severa l  f i lms t h a t  jo in  along one o r  more 
s ides  i s  governed by surface tension. I n  a two dimensional 
case,  the  equilibrium condi t ion i s  3 f i lms joined a t  angles  of 
120°. For th ree  dimensional cases ,  the  shapes produced a r e  
somewhat more complex, but s t i l l  governed by the  p r inc ip l e  of 
equal surface tension in a l l  l egs  leading from the junction. 



I n  sumaary the  most important p roper t ies  f o r  f i lm  s t a b i l i t y  are:  

1) low equi l ibr ium sur face  tension,  

2) moderate r a t e  of attainment of equi l ibr ium sur face  tension 
by su r f ac t an t  d i f fus ion ,  and 

2 )  high surface v i scos i t y ,  which tends t o  r e t a r d  drainage 
and theref  o re  maintain th icker  f i lms . 

The soap so lu t ion  l i qu id  f i lms formed on Skylab show a consid- 
e r ab l e  increase i n  longevity over those formed'of a s imi l a r  
so lu t ion  i n  ground (1-g) experiments. However, tests by 
Wesley Darbro of NASA-MFC have shown no s i g n i f i c a n t  improve- 
ment i n  s t a b i l i t y  over ground f i lms t h a t  were ro ta ted  t o  a t  
l e a s t  p a r t i a l l y  negate the  e f f e c t s  of g rav i ty  drainage, (Ref. 
12). The Skylab zero grav i ty  environment appears t o  have l i t t l e  
o r  no e f f e c t  on the o ther  drainage and s t a b i l i t y  mechanisms of 
soap fi lms. I n  f a c t ,  much l a rge r  and longer l a s t i n g  f i lms 
have been formed on e a r t h  using o ther  so lu t ions  (Ref. 37). 

The second important r e s u l t  was the formation of fi lms containing 
s ign i f i can t  amounts of bulk l i qu id  on the  t h r ee  dimensional wire 
frames. Darbro discusses  t he  impact of t h i s  bulk l i qu id  on the  
f i lm  minimum sur face  i n  Ref. 12. 

An addi t iona l  comment should be made on the  two dimensional 
f i lms made with the expanding wire loop. Since pure water has 
no e l a s t i c i t y  (as  explained e a r l i e r )  it is  extremely doubtful  
t h a t  i t  would be poss ib le  t o  form a pure water fi lm. It is  
suspected t ha t  some contaminant acted a s  a su r f ac t an t  and thus 
made the  formation of R "plain" water f i lm  possible.  



The o b j e c t i v e  of t h i s  demonstration was t o  observe t h e  i n t e r -  
f a c e  between each of t h e  phases a s  t h e  i c e  melted and t o  eva l -  
u a t e  t h e  r a t e  of mel t ing i n  low-g. Compared t o  one-g, t h e  
mechanism of mel t ing is much d i f f e r e n t  i n  low-g. The l i q u i d  
does no t  d r a i n  away from t h e  i c e  but  surrounds it. This  
i n s u l a t i n g  l a y e r  of l i q u i d  in f luences  t h e  r a t e  of h e a t  conduc- 
t i o n  t o  t h e  i c e .  Gravi ty  d r i v e n  convection would n o t  be pres- 
e n t ,  but  s u r f a c e  t ens ion  f o r c e s  a r e  one p o s s i b l e  source  of 
low-g convection. 

An i c e  cy l inder  was photographed wi th  a 16 mn camera as it 
melted i n  t h i s  demonstration.  The ice w*s i n i t i a l l y  3.0 cm 
i n  diameter,  6 .1  cm i n  l eng th  and had a v o l u ~  of 43.2 cc. It 
was formed on a wooden s t i c k  loca ted  on t h e  a x i s  of t h e  c y l i n -  
de r .  About every t e n  t o  f i f t e e n  minutes,  t h e  camera was s t a r t e d ,  
operated a t  2 frames per  second f o r  a few seconds and  the^ 
stopped. The d a t a  q u a l i t y  is poor because t h e  camera was 
s l i g h t l y  out of focus.  It took about 190 minutes f o r  t h e  i c e  
t o  completely mel t .  P i c t u r e s  of t h e  i c e  c y l i n d e r  a s  i t  melted 
a r e  shown i n  Figure  49. 

A s  t h e  i c e  melted,  t h e  water  surrounded t h e  i c e ,  wi th  s u r f a c e  
t ens ion ,  t h e  i c e  and t h e  s t i c k  determining t h e  i n t e r f a c e  shape. 
An i n t e r f a c e  conf igura t ion  i n  which t h e  curva tu re  of t h e  s u r f a c e  
i s  uniform and t h e r e f o r e  t h e  l i q u i d  p ressure  i s  cons tan t  ( a s  
descr ibed i n  Sec t ion  A) is always e s t a b l i s h e d .  A f t e r  some 
melting had occurred t h e  s u r f a c e  had t h e  form of an e l l i p s o i d ,  
being elongated by t h e  i c e .  Most of t h e  l i q u i d  c o l l e c t e d  on 
the  s i d e s  of t h e  i c e  cy l inder  t o  make t h e  e l l s o i d a l  form, 
removing l i q u i d  from t h e  ends of t h e  c y l i n d e r .  S ince  t h e  smal l  
a r e a  of i c e  a t  t h e  ends of t h e  c y l i n d e r  was more d i r e c t l y  
exposed t o  t h e  surrounding a i r ,  t h e  ends of t h e  i c e  melted 
f a s t e r  than t h e  s i d e s .  The l eng th  t o  diameter  r a t i o  of t h e  
l i q u i d  i n t e r f a c e  g radua l ly  changed a s  t h e  i c e  melted,  from a , 

va lue  of 2.0 f o r  t h e  i c e  c y l i n d e r  t o  1.2 f o r  t h e  l i q u i d  drop. 
The drop always had some e longa t ion  due t o  t h e  presence of t h e  
s t i c k ,  i n  t h e  same way a thread elongated a drop ( s e c t i o n  A). 
The r a t i o  of t h e  drop diameter t o  t h e  s t i c k  diameter  was 24:1, 
which was l a r g e  enough t o  permit  t h e  drop t o  be cen te red  on t h e  
s t i c k  and not  s i t  tangent  t o  t h e  s t i c k .  S ince  t h e  p r e f e r e n t i a l  
i n t e r f a c e  shape i s  h igh ly  s e n s i t i v e  t o  c o n t a c t  angle ,  t h i s  d a t a  
po in t  call no t  be d i r e c t l y  compared wi th  t h e  drop on a th read  
d a t a  i n  Sec t ion  A. 
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Figure 4 9 .  Ice FIel t i n g  Demonstration 



There i s  another  l e s s  pronounced e f f e c t  on t h e  shape o f  the  
i n t e r f a c e  and t h e  l i q u i d  surrounding t h e  i c e .  A s  t h e  i c e  f i r s t  
began t o  mel t ,  t h e  l i q u i d  i n t e r f a c e  was ve ry  c l o s e  t o  t h e  i c e  
a t  t h e  ends of t h e  i c e  c y l i n d e r .  Therefore  t h e  temperature  of 
t h e  l i q u i d  s u r f a c e  must have been c o l d e r  a t  t h e  ends of t h e  i c e  
c y l i n d e r  than  it was along the  s i d e s ,  where t h e r e  was a t h i c k e r  
l a y e r  of l i q u i d .  Since  t h e r e  was a temperature g r a d i e n t  a long 
the  l i q u i d  s u r f a c e  t h e r e  must a l s o  be a s u r f a c e  t e n s i o n  g r a d i e n t .  
Sur face  t ens ion  is  p r imar i ly  a func t ion  of temperature ,  w i t h  
s u r f a c e  t e n s i o n  decreas ing wi th  i n c r e a s i n g  temperature f o r  most 
l i q u i d s .  Therefore  t h e  s u r f a c e  t e n s i o n  was g r e a t e r  nea r  t h e  
ends of the  i c e  c y l i n d e r  than it was a long t h e  a ides .  " I f  
f o r  any reason d i f f e r e n c e s  of s u r f a c e  t ens ion  e x i s t  along a 
f r e e  l i q u i d  s u r f a c e ,  l i q u i d  w i l l  flow toward t h e  reg ion  of 
h igher  s u r f a c e  tension",  (Ref. 4 8 )  a s  Mardngorii desc r ibed  t h e  
phenomena t h a t  bea r s  h i s  name. Therefore ,  l i q u i d  w i l l  f low 
from t h e  s i d e s  of t h e  i c e  c y l i n d e r  t o  i t s  ends.  Continued 
movement of  t h e  l i q u i d  tends  t o  reduce t h e  temDerature g r a d i e n t  
and e s t a b l i s h e s  c i r c u l a t i o n  w i t h i n  t h e  l i q u i d .  ,'AS t h e  l eng th  
of t h e  i c e  c y l i n d e r  reduced, t h e r e  was more l i q u i d  over  t h e  
ends of t h e  c y l i n d e r .  The temperature g r a d i e n t s  a long t h e  
l i q u i d  s u r f a c e  w i l l  g radua l ly  reduce and t h e  Marangoni f low 
w i l l  e v e n t u a l l y  cease .  

The phenomenon o f  Marangoni flow is f u r t h e r  desc r ibed  and some 
simple experiments demonstrat ing i t  can be found i n  Ref. 4 9 .  A 
survey of the  l i t e r a t u r e  of the  Marangoni e f f e c t s  can be  found 
i n  Ref. 50. 

None of  t h e  e f f e c t s  of t h e  s u r f a c e  t e n s i o n  d r iven  flow c o u L  be 
d i r e c t l y  observed i n  t h e  f i l m  d a t a .  Nor does the  d a t a  permit  
an e v a l u a t i o n  of the  magnitude of t h e  Marangoni e f f e c t .  Some 
type o f  suspended p a r t i c l e s  would be necessary  t o  make t h e  c i r -  
c u l a t i o n  v i s i b l e  and any change t o  t h e  i n t e r f a c e  shape due t o  
the  flow could no t  be d iscerned.  S ince  a temperature g r a d i e n t  
of approximately 20°c was p r e s e n t  between t h e  i c e  and a i r ,  i t  
must be assumed t h a t  Marangoni flow was occurr ing.  Temp,rature 
g r a d i e n t s  of 4 ° ~ / c m  have been shown t o  produce l i q u i d  s u r f a c e  
v e l o c i t i e s  of  1 cmlsec i n  a lcoho l  (Ref. 49) .  

The l i q u i d  surrounded t h e  i c e ,  tending t o  i n s u l a t e  t h e  i c e  from 
the  surrounding a i r .  How w e l l  the  l i q u i d  i n s u l a t e s  t h e  i c e  
depends upon the  magnitude of t h e  conduction and convect ion h e a t  
t r a n s f e r  w i t h i n  the  l i q u i d .  The Marangoni flow could be making 
a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  convect ion h e a t  t r a n s f e r .  



Convection h e a t  t r a n s f e r  can  a l s o  b e  induced by mechanica l  
v i b r a t i o n s  r e f e r r e d  t o  as "G-Jitter" (see Chapter  11). The 
v i b r a t i o n s  c a a  produce v e l o c i t y  f l u c t u a t i o n s  and s h e a r  s t r e s s e s  
w i t h i n  t h e  l i q u i d ,  which c a n  produce c o n v e c t i v e  h e a t  t r a n s f e r  
(Ref. 18). Forced convec t ion ,  due t o  t h e  a i r  f l o w  o f  t h e  
v e n t i l a t i o n  system, must a l s o  be cons ide red  as a p o s s i b l e  s o u r c e  
o f  h e a t  t r a n s f e r .  

Drs. O t t o  and Lacy (Ref. 14) made a d e t a i l e d  e v a l u a t i o n  o f  t h e  
i c e  me l t ing  d a t a .  They performed a n  i d e n t i c a l  exper iment  i n  
one-g and found t h a t  t h e  ice mel ted  i n  130 minutes.  I n  one-g 
t h e  l i q u i d  d r a i n e d  away from t h e  i c e  l e a v i n g  t h e  s u r f a c e  of  t h e  
i c e  exposed t o  t h e  sur rounding  a i r ,  s o  t h e  mechanism o f  h e a t  
t r a n s f e r  i s  q u i t e  d i f f e r e n t  from t h e  low-g case. 

Using a s i m p l i f i e d  model o f  t h e  i c e  c y l i n d e r ,  t h e y  analyzed  t h e  
h e a t  t r a n s f e r  i n  t h e  one-g and low-g case. For  t h e  low-g 
case, they  canclude  t h a t  conduct ion  and r a d i a t i o n  h e a t  t r a n s -  
f e r  provided t h e  h e a t  of f u s i o n  o f  t h e  i c e .  However, t h e  accuracy  
o f  t h e  d a t a  and t h e  h e a t  t r a n s f e r  model d o  no t  permi t  a s s e s s -  
ment of  small convec t ive  e f f e c t s .  Convect ive  h e a t  t r a n s f e r  i n  
low-g is no t  w e l l  unders tood and much work needs t o  be  done t o  
e s t a b l i s h  i ts  mechanisms and magnitudes (Ref. 18) .  



H. Fr ams 

A foam is  a mixture of gas and l i qu id  wi th  a d e f i n i t e  s t ruc tu re .  
The bubbles of a foam a r e  arranged such t h a t  th ree  fi lms come 
together  forming angles of 120 degrees between each i i l m .  (This 
is  a t t r i bu t ed  t o  Plateau,  1861.) The behavior of a foam, i t s  
s t a b i l i t y ,  drainage arid the  in£  luence of sur f  actan ts i s  s imi l a r  
t o  t ha t  of l i qu id  f i lms described i n  sec t ion  F. 

Dynamic and s t a t i c  methods a r e  used t o  measure t he  s t a b i l i t y  of 
foams. One of the dynamic methods i s  t o  bubb1.e gas through the  
l iqu id  t h a t  i s  capable of foaming. Af te r  an i n i t i a l  period 
during which the height  of the  foam column above the  l i qu id  
gradually increases ,  t h i s  height  becomes constant.  Bubbles 
a r e  burst ing a t  the  top of the column a t  the same r a t e  they a r e  
being formed a t  the base of the column. The height  of foam is 
l i k e  a property ef  the  i i qu id ,  being only dependent upon the flow 
r a t e  of the gas (Ref. 47).  

While it was not intended a s  such, t h i s  dynamic measure of foam 
s t a b i l i t y  was demonstrated i n  Skylab. Following the  I ce  Melting 
demonstration ( sec t ion  G) soap was added t o  the  l i qu id  drop t h a t  
formed from the i c e  cyl inder .  A s  a i r  was in jec ted  i n to  the drop, 
a foam was formed (Figure 50). The volume of t he  foam gradually 
increased a s  a i r  was added. A s  a i r  continued t o  be added the  
foam reached a s t a t i c  diameter and no fu r the r  increase i n  s i z e  
was observed. On the  surface of the  foam, bubbles were observed 
e rupt ing  and small drops f ly ing  away as  a i r  was added. The 
mechanism of bubble co l lapse  and formation of a j e t  a t  the sur face  
of the foam must be t he  same as discussed f o r  cav i t a t i on  (Sec- 
t ion L) . 



Fir:i~rc 50. Adding a i r  to  a soap and water solttt ion 
increases tlre volume until it reaches a 
s t a t i c  size (loner photo). 



I. Low-g T:ansfer of Liquids  

One method of s u c c e s s f u l l y  t r a n s f e r r i n g  a  l i q u i d  from one 
c o n t a i n e r  t o  another  i n  a  low-g environment was demonstrated.  
The t e s t  l i q c i d  f o r  t h i s  demonstrat ion was blood. This  demon- 
s t r a t i o n  was not  p a r t  of  any of  the  f l u i d  mechanics demonstra- 
t i o n s ,  but  was found i n  the  c o l l e c t i o n  of  Skylab v ideo  t ape  
da ta .  

A sample of b l o o l  had j u s t  been withdrawn from one a s t r o n a u t  
by another  (0. G a r r i o t t ) .  The blood was i n  a l a r g e  s y r i n g e  
and was being t r a n s f e r r e d  t o  an evacuated b o t t l e  (Figure  51). 
The camera was zoomed i n  a s  t h e  t r a n s f e r  began s o  t h e  image is 
f a i r l y  l a r g e .  

The needle  of the  sy r inge  was i n s e r t e d  i n t o  the  b o t t l e ,  p i e r c -  
ing a  diaphragm. I t  extended p a r t  way i n t o  t h e  b o t t l e .  Blood 
immediately began t o  be drawn from t h e  sy r inge  t o  t h e  b o t t l e ,  
s i n c e  t h e  b o t t l e  was a t  a  p r e s s u r e  somewhat below ambient. As 
t h e  flow of l i q u i d  began, a  drop could be observed forming a t  
t h e  t i p  of t h e  syr inge.  The drop continued t o  expand u n t i l  i t  
coil tacted the  w a l l  of t h e  b o t t l e .  A t  t h i s  po in t  t h e r e  was a 
volume of  l i q u i d ,  loca ted  near  one end of t h e  b o t t l e ,  d i v i d i n g  
t h e  gas  i n t o  two s e p a r a t e  volumes, Liquid continued t o  t r a n s f e r  
a s  t h e  two gas volumes compressed.The volume of gas  near  t h e  
diaphragm of t h e  b o t t l e  was t h e  smal le r  o f  t h e  two. Each 
volume must have had the  same p r e s s u r e  wi th  t h e  Liquid a c t i n g  
a s  a  p i s t o n  between them. 

The q u a l i t y  of the  image is  not good enough t o  observe t h e  shape 
of  t h e  l i q u i d  i n t e r f a c e .  I t  would be expected t h a t  i t  would 
be concave and hemispher ica l  i n  form. No turbulance  o r  gey- 
s e r i n g  of  the  l i q u i d  could be observed. The i n t e r f a c e  on each 
s i d e  of  t h e  l i q u i d  volume moved toward t h e  ends of t h e  b o t t l e  
a s  t h e  t r a n s f e r  continued.  The a s t r o n a u t  appl ied  some p r e s s u r e  
t o  t h e  plunger of  t h e  s y r i n g e  t o  achieve complete t r a n s f e r  of 
t h e  l i q u i d .  

There i s  l i t t l e  d i f f e r e n c e  between t h e  t r a n s f e r  i n  low-g and 
one-g. The p r e s s u r e  w i t h i n  the  b o t t l e  was s e l e c t e d  so t h a t  the  
a d d i t i o n  of a  g iven volume of blood reduced the  p ressure  d i f f e r -  
e n t i a l  t o  zero.  I n  one-g t h e  l i q u i d  w i l l  f a l l  t o  the  bottom 
s i d e  of  t h e  b o t t l e ,  s o  t h e r e  w i l l  always be a  s i n g l e  gas  volume. 
While t h e  two s e p a r a t e  gas  volumes d i d  not  in f luence  t h e  proper  
t r a n s f e r ,  i t  does demonstrate one of t h e  problems t h a t  can a r i s e  
i n  the  low-g t r a n s f e r  of l i q u i d s .  



Figure 51. Transfer of blood from syringe t o  
evacuated bottle. 



When smal l  q u a n t i t i e s  of  l i q u i d  and small c o n t a i n e r s  a r e  being 
used,  evacuat ing one con ta ine r  t o  achieve t r a n s f e r  is a simple 
approach. On a l a r g e r  s c a l e ,  s t r u c t u r a l  c o n s i d e r a t i o n s  and 
vapor iza t ion  of t h e  l i q u i d  u s u a l l y  r u l e  ou t  t h i a  method of 
t r a n s f e r .  I f  the  r e c e i v e r  c o n t a i n e r  must be vented dur ing  t h e  
t r a n s f e r ,  t h e  l o c a t i o n  of t h e  gas  becomes ve ry  c r i t i c a l .  

The plunger of t h e  sy r inge  e l imina ted  t h e  problems t h a t  might 
a r i s e  i n  t h e  supply con ta ine r  i n  low-g. The volume between t h e  
plunger and t h e  w a l l  of the  sy r inge  was i n i t i a l l y  completely 
f u l l  of l i q u i d .  As l i q u i d  l e f t  t h e  sy r inge  t h e  plunger followed, 
s o  no gas could e n t e r  t h e  syr inge.  L i q r ~ i d  was always over t h e  
en t ranzc  t o  the need le  dur ing t h e  t r a n s f e r .  X . L  t h e  p o s i t i o n  
of the  l i q u i d  w i t h i n  t h e  sy r inge  was not  c o n t r o l l e d  i n  such a 
manner, gas  could become pos i t ioned  s o  t h a t  i t  would be t r a n s -  
f e r r e d  i n s t e a d  of l i q u i d .  The r e c e i v e r  would then r a p i d l y  
f i l l  wi th  gas and t r a n s f e r  would s top .  Some means of  o r i e n t i n g  
the  l i q u i d  i n  t h e  supply c o n t a i n e r  must be provided. 



J. D i f f u s i o n  

The o b j e c t i v e  o f  t h i s  d e m o n s t r a t i o n  was t o  o b s e r v e  t h e  rate o f  
d i f f u s i o n  i n  a low-g env i ronment .  D i f f u s i o n  b y  i t s e l f  i s  d i f f i -  
c u l t  t o  o b s e r v e  o n  e a r t h  b e c a u s e  t h e  f o r c e  o f  g r a v i t y  a l s o  p ro-  
d u c e s  c i r c u l a t i o n  w i t h i n  a f l u i d .  W i t h i n  t h e  l i m i t a t i o n s  o f  t h e  
d a t a  a  c o r r e l a t i o n  o f  t h e  d i f f u s i o n  rate was o b t a i n e d .  A p a r a -  
b o l i c  d i f f u s i o n  f r o n t  was also n o t e d .  

D i f f u s i o n  i s  a p r o c e s s  by which a f l u i d  c a n  become u n i f o r m l y  
mixed by t h e  random m o t i o n  o f  t h e  m o l e c u l e s  o f  t h e  f l u i d .  
D i f f e r e u c e s  i n  t e m p e r a t u r e  w i t h i n  a f l u i d  w i l l  b e  e q u a l i z e d  by 
d i f f u s i o n .  When two d i f f e r e n t  f l u i d s  are p r e s e n t ,  d i f f u s i o n  
w i l l  u n i f o r m l y  mix t h e  two. 

"' . d e m o n s t r a t i o n  was c o n d u c t e d  u s i n g  a t u b e  q u i t e  c l o s e  i n  s i z e  
t o  a n  a v e r a g e  l a b o r a t o r y  test t u b e ,  1.3 c m  I.D. a a d  1 5  cm long .  
T h i s  c o n t a i n e r  was f i l l e d  314 f u l l  o f  w a t e r  and t h e  t e a ,  mixed 
i n  a b o u t  s e v e n  t i m e s  t h e  normal  c o n c e n t r a t i o n ,  was c a r e f u l l y  
i n s e r t e d ,  c o n t a c t i n g  t h e  w a t e r .  The t u b e  was mounted n e x t  t o  a 
r u l e d  s c a l e  s o  t h a t  t h e  p r o g r e s s  o f  t h e  d i f f u s i o n  f r o n t  c o u l d  
be measured.  A c l o c k  was a l s o  l o c a t e d  o n  t h e  s i d e  o f  t h e  test 
c o n t a i n e r .  The t e a  u s e d  ( t h e  a s t r o n a u t s  normal  d r i n k i n g  t e a )  
came premixed w i t h  s u g a r .  A camera was se t  a p  t o  t a k e  t i m e  
l a p s e  p i c t u r e s  o f  t h e  d e m o n s t r a t i o n ,  i n c l u d i n g  c o n t a i n e r ,  s c a l e  
and c l o c k  f a c e .  

Q u a l i t y  o f  t h e  d a t a  o b t a i n e d  was somewhat d e g r a d e d  by t h e  f a c t  
t h a t  t h e  camera was o u t  o f  f o c u s  ( F i g u r e  52). It was n o t  
p o s s i b l e  t o  d i s t i n g u i s h  t h e  p o s i t i o n  o f  t h e  hands  o n  t h e  c l o c k -  
f a c e ,  s o  t h e  s i n g l e  s i g n i f i c a n t  d a t a  p o i n t  was t h e  p o s i t i o n  of  
t h e  d i f f u s i o n  f r o n t  i n  t h e  c e n t e r  o f  t h e  c o n t a i n e r  a f t e r  51.5 
h o u r s  a t  t h e  c o n c l u s i o n  o f  t h e  d e m o n s t r a t i o n .  T h i s  l o c a t i o n  
was a p p r o x i m a t e l y  2 c m  f roln  t h e  s t a r t i n g  p o s i t i o n  o f  t h a t  f r o n t  
The o t h e r  n o t e w o r t h y  r e s u l t  was t h a t  a s t r o n a u t  Lousma r e p o r t e d  
a t  t h e  end o f  t h e  e x p e r i m e n t  t h a t  t h e  d i f f u s i o n  f r o n t  had 
assumed a  p a r a b o l i c  s h a p e ,  w i t h  a  s i g n i f i c a ~ . t  l a g  i n  d i f f u s i o n  
a t  t h e  c o n t a i n e r  w a l l .  T h i s  o b s e r v a t i o n  is a l s o  c o n f i r m e d  i n  
t h e  time l a p s e  p i c t u r e s .  

The l i m i t e d  d a t a  d e s c r i b e d  above was u s e d  i n  a  s i m p l e  one-  
d i m e n s i o n a l  a n a l y s i s  o f  d i f f u s i o n  by B. Facemire  a t  NASA-MSFC 
(Refs .  13 and 5 1 ) .  The r e s u l t  is  a complementary e r r o r  f u n c t i o n  
t h a t  c a l c u l a t e s  t h e  c o n c e n t r a t i o n  a t  a p o s i t i o n  X a t  time t 
a s  a  f r a c t i o n  o f  t h e  i n i t i a l  c o n c e n t r a t i o n .  The o n l y  o t h e r  i n p u t  
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Figure 52. Diffusion Front Progress, SL-3 
Liquid Diffusion Demonstration 



needed t o  perform the  c a l c u l a t i o n  i s  the  d i f f u s i o n  c o e f f i c i e n t  
of t ea  i n  water.  Since t h i s  i s  n o t  r e a d i l y  a v a i l a b l e ,  the  coef- 
f i c i e n t  f o r  sugar i n  water was used s i n c e  the  t ea  d i d  con ta in  some 
sugar.  What is  being observed is  t h e  d i f f u s i o n  of whatever g ives  
the  t e a  i t s  c o l o r ,  s o  the  d i f f u s i o n  c o e f f i c i e n t  of t h a t  molecule 
should be used. Since the  v a r i a t i o n  i n  t h e  d i f f u s i o n  c o e f f i c i e n t  
i s  small f o r  many molecules i n  water ,  the  c o e f f i c i e n t  f o r  sugar 
i s  adequate. 

The r e s u l t s  obta ined when the  Skylab d a t a  was s u b s t i t u t e d  i n  t h e  
above-described express ion,  us ing  the  sugar i n  water d i f f u s i o n  
c o e f f i c i e n t ,  c o r r e l a t e d  well wi th  the  v i s i b l e  concen t ra t ion  l e v e l  
found by r e f r a c t i v e  index measurements of t ea  s o l u t i o n s  conducted 
a t  MSFC . 
There a r e  obvious e f f e c t s  a t  the  wal l  of the  con ta ine r ,  a s  
ind ica ted  by t h e  pa rabo l ic  shape of the  d i f f u s i o n  f r o n t ,  t h a t  
r e t a r d  the  r a t e  of d i f f u s i o n  of the  t e a  i n t o  the  water. This 
r e t a r d a t i o n  may be due t o  t h e  d i f f e r i n g  n a t u r e  of molecule 
c o l l i s i o n s  wi th  t h e  wal l  end molecule c o l l i s i o n s  wi th  o ther  
molecules. Reference 51  s p e c u l a t e s  t h a t  t h e  r e t a r d i n g  f o r c e  is 
e l e c t r o s t a t i c  i n  nature .  Due t o  the  q u a l i t y  of the  d a t a  obta ined,  
f u r t h e r  a n a l y s i s  was deemed t o  be imprac t i ca l .  



K. L iqu id  F l o a t i n g  Zone 

The o b j e c t i v e  o f  t h i s  demons t r a t ion  was t o  examine t h e  s t a b i l i t y  
o f  a l i q u i d  zone s u r f a c e  i n  low-g, under both  static and dynem'c 
c o n d i t i o n s .  An examinat ion  o f  t h e  i n t e r n a l  l i q u 3 d  c i r c u l a t i o n  
was a l s o  t o  be accomplished. A h i g h l y  s u c c e s s f u l  series o f  
tests were performed i n  which t h e  zone was r o t a t e d  and o s c i l l a t e d  
i n  eve ry  p o s s i b l e  manner. Two modes of  i n s t a b i l i t y  were demon- 
s t r a t e d ,  one o f  which had neve r  been obse tved  be fo re .  While 
t h e  a s t r o n a u t  cou ld  obse rve  t h e  i n t e r n a l  c i r c u l a t i o n ,  i t  c o u l d  
not. be observed on t h e  f i l m  d a t a .  T h i s  demons t r a t ion  was expanded 
beyond i t s  o r i g i n a l  o b j e c t i v e s  by a s t r o n a u t  Gibson t o  i n c l u d e  
o t h e r  phenomena o f  t h e  l i q u i d  w i t h i n  t h e  zone, such  as coa le scence ,  
t h e  behav io r  o f  a i r  bubbles ,  e tc .  

The Liquid F l o a t i n g  Zone is one method by which m e t a l s  c a n  be  
processed  wi thou t  a c o n t a i n e r  i n  low-g. The zone is molten metel 
suspended between two c o a x i a l  s o l i d  rods .  I n  a t y p i c a l  a p p l i c a -  
t i o n  a c r y s t a l  i s  grown o r  a r e f i n e d  metal is  s o l i d i f i e d  on  one  
rod wh i l e  t h e  o t h e r  rod p rov ides  t h e  raw material. Heaters 
l o c a t e d  around t h e  zone m e l t  t h e  metal. I n  o r d e r  t o  r educe  
c o n c e n t r a t i o n  and t empera tu re  g r a d i e n t s  t h e  zone must be  r o t a t e d  
as i t  is hea ted ,  s o  t h e  dynamic behav io r  o f  t h e  zone is a 
concern.  

I n  t h i s  demonst ra t ion  t h e  zone was s imu la t ed  w i t h  w a t e r  suspended 
between two p a r a l l e l  d i s k s  2.22 cm. i n  d i ame te r .  The d i s k s  were 
mounted on r o d s  s o  t h a t  t h e i r  s p a c i n g  cou ld  be v a r i e d  and each  
cou ld  be  r o t a t e d .  

Zones o f  6 ,  14 and 20 cc were formed from two sessile d rops .  
One d rop  was u s u a l l y  c l e a r  and t h e  o t h e r  was c o l o r e d  o r  had 
soap  added t o  i t .  The zone was r o t a t e d  t h r e e  d i f f e r e n t  ways; 
one rod r o t a t e d ,  bo th  rods  r o t a t e d  i n  t h e  same d i r e c t i o n  and 
both rods  r o t a t e d  i n  o p p o s i t e  d i r e c t i o n s .  Two modes o f  s t a b i l i t y  
were observed.  One mode is a x i s y m e t r i c  (F igure  53),  i n  which 
t h e  zone pinched o f f  a s  i t  was r o t a t e d .  It was found t h a t  i f  t h e  
l i q u i d  i s  h i g h l y  v i s c o u s  (soap s o l u t i o n )  t h e  zone was always 
a x i s y m e t r i c a l l y  u n s t a b l e ,  f o r  t h e  zone l e n g t h s  t e s t e d .  The 
o t h e r  mode h a s  t h e  form o f  a sk ip - rope  (F igu re  53). M i s a l i g n -  
ment o f  t h e  d i s k s  o r  any o f f - a x i s  perturbation caused  t h i s  non- 
symmetrical  mode t o  form. 

A pre l imina ry  a n a l y s i s  o f  t h e  s t a b i l i t y  o f  t h e  r o t a t i n g  zone 
can  be found i n  References  6 and 7. A more complete e v a l u a t i o n  
w i l l  be found i n  References  8 and 9 when t h e y  become a v a i l a b l e .  



Figure  53. Cnstahle modes of r o t a t i n g  zotle, axis)mt?tric  above 
and ~ ~ n s y m r t r i c  IrcIov. 



Other  dynamic e f f e c t s  t h a t  were demonst ra ted  were: 

1) Coalescence  of t he  zone from t h e  s e s s i l e  d r o p s  ( F i g u r e  54) .  
T h i s  d a t a  i s  d i s c u s s e d  i n  S e c t i o n  C. L iqu id  was t r a n s f e r r e d  
from one s e s s i l e  d rop  t o  t h e  o t h e r  by p u l s i n g  one rod  s o  
t h a t  d rops  broke away and c o a l e s c e d  wi th  t h e  o t h e r  d rop  
( t o p  photo  i n  F igu re  55) .  

2) Long i tud ina l  o s c i l l a t i o n  of t he  zone. The e n t i r e  zone was 
o s c i l l a t e d  by a x i a l l y  p e r t u r b i n g  one of  t h e  r o d s  ( c e n t e r  
photo  of F igu re  55) .  An a n a l y s i s  of  t h i s  d a t a  can  a l s o  be 
found i n  r e f e r e n c e s  7 ,  8 ,  and 9. The d a t a  was found t o  
c o r r e l a t e  w i t h  t he  t heo ry  f o r  c a p i l l a r y  waves on a  l i q u i d  
s u r f a c e  o n l y  f o r  t h e  small zones.  

3) O s c i l l a t i o n  of  the  s e s s i l e  d rops  ( lower  pho to  i n  F i g u r e  55 ) .  
Th i s  d a t a  is  d i s c u s s e d  i n  S e c t i o n  B .  

4)  Behavior  of sir  bubbles  i n  zone. A i r  bubb le s  were added 
t o  t he  zone. I t  was found t h a t  t h e  l a r g e r  bubbles  c 3 a l e s c e d  
qu ick ly .  The c e n t e r  photo  i n  F i g u r e  56 is c n l y  s h o r t l y  
a f t e r  t h e  upper  photo.  Some v e r y  small bubb le s  were formed 
i n  t he  zone and t h e  e f f e c t  of  r o t a t i o n  was demonst ra ted .  
Due t o  buoyancy f o r c e s  the  bubb le s  were p o s i t i o n e d  a l o n g  
the  c e n t e r  o f  r o t a t i o n  (bot tom photo  i~ F i g u r e  56). 

5) Mixing. By c o l c r i n g  the  two s e s s i l e  d rops  d i f f e r e n t l y  
t h e  mixing of  the  two l i q u i d s  c o u l d  be observed  fo l lowing  
coa l e scence  and d u r i n g  r o t a t i o n .  Rope f i b e r s  were added 
t o  c l e a r  wa te r  f o r  t h e  same purpose ( F i g u r e  57) .  A s  t h e  
demons t r a t i ons  were b e i n g  performed t h e  a s t r o n a u t  cou ld  
observe  t h e  i n t e r n a l  c i r c u l a t i o n  p a t t e r n s  b u t  t hey  canno t  
be nbserved i n  t h e  f i l m  d a t a .  

6)  I c e  me l t i ng .  A c y l i n d e r  of i c e  was p l aced  be tkeen  t h e  two 
d i s k s .  The i c e  was s m a l l e r  i n  d i ame te r  than  t h e  d i s k s .  
Water was added t o  t h e  s u r f a c e  of t h e  i c e  t o  comple t e ly  
f i l l  the  zone (F igu re  58) .  A s  t he  ?one was r o t a t e d  t h e  i c e  
c y l i n d e r  a l i g n e d  wi th  t h e  a x i s  of r o t a t i o n  due t o  bucyant  
f o r c e s .  The sequence does  n o t  show t h e  complete  m e l t i n g  
of  t h e  i c e .  



Figure 54. Coalescence of sessile drops from L i q u i d  
F l o a t i n g  Zone demonstration, 



Figure 55. Drop dynamics in l i q u i d  Floating Zone demonstration: 
s h o o t   in^ drop, la  tern1 oscillat ioc and oscil l a t   in^ 
scs s i l e  drop. 
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Figure 56. Bul~hlcs w i t t i  in t l ~ c  L i q u i d  Float  in^ Zonc 



Figure 57. Rope Fibers in Zone 

Figure 58. Melting Ice in  Zone 
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L .  Cav i t a t ion  

A bubble wi th in  a  l i q u i d  can o s c i l l a t e  i n  much the  same manner 
a  l i q u i d  drop o s c i l l a t e s ,  a s  d iscussed i n  Sec t ion  B. Both 
hydrodynamic and su r face  t ens ion  f o r c e s  can a c t  a t  the  s u r f a c e  
of a  bubble. I f  the  magnitude of the  hydrodynamic f o r c e s  ex- 
ceed the  s u r f a c e  t ens ion  f o r c e s  a t  some p o i n t  on the  s u r f a c e ,  the 
bubble can become u n s t a b l e  and c o l l a p s e  upon i t s e l f .  A bubble 
can cont inue t h i s  a c t i o n  of c o l l a p s i n g ,  d i s i n t e g r a t i n g  and 
coa lesc ing  t o  r e s t o r e  i t s  shape. Each time a n  u n s t a b l e  drop 
c o l l a p s e s  a  j e t  of l i q u i d  forms t h a t  shoo t s  a c r o s s  the  bubble. 
Such j e t s  a r e  tile source  of d e s t r u c t i v e  f o r c e s  of c a v i t a t i o n  
(Ref. 52). Reynolds f i r s t  noted t h i s  i n  1894 when water f lowing 
through a  c o n s t r i c  t i o n  caused bubbles t o  form which co l l apsed ,  
produc ing a  hydrau l i c  blow, 

The phenomena of c a v i t a t i o n  was i n a d v e r t e n t l y  demonstrated twice 
i n  Skylab. One i n s t a n c e  was when t h e  o s c i l l a t i o n  of  a drop 
with an  i n t e r n a l  a i r  bubble was being demonstrated.  The bubble 
and the  drop had only a  t h i n  f i l m  s e p a r a t i n g  them a t  one a r e a  
on the su r face .  When t h i s  region was touched wi th  the  plunger 
the bubble ruptured.  While the  source of the  i n s t a b i l i t y  of the  
bubble was n o t  hydrodynamic f o r c e s  a s  desc r ibed  above, the  
r e s u l t i n g  c o l l a p s e  was the  same a s  c a v i t a t i o n .  A j e t  of l i q u i d  
s h o t  ou t  of the  drop a t  the  p o i n t  the  bubble had been ruptured.  
The drop be fore  and a f t e r  t h e  r u p t u r e  of t h e  bubble is shown 
i n  F igurcs  59 and 60.  

A s  the  v e l o c i t y  of the j e t  decreased,  s u r f a c e  t ens ion  f o r c e s  
ac ted  to  r e t r a c t  p a r t  of the j e t  back i n t o  the  drop,  while some 
of the j e t  pinched o f f  i n t o  i n d i v i d u a l  drops.  A column of 
l i q u i d  i s  u n s t a b l e ,  under the e f f e c t s  of s u r f a c e  t ens ion ,  
when i t s  l eng th  exceeds i t s  circumference.  The q u a l i t y  of 
the d a t a  d i d  no t  permit  an  e v a l u a t i o n  of the  j e t  v e l o c i t y  o r  
the i n s t a b i l i t y  of the  j e t .  

I n  the  o t h e r  demonstrat ion,  a i r  was added t o  a  drop u n t i l  i t  
b u r s t .  When the  bubble rup tu red ,  the  drop imploded and a  j e t  
of water s h o t  o u t  one s i d e .  I n  t h i s  sequence the  j e t  could 
be seen pinching o f f  i n t o  t h r e e  small  and one l a r g e  drop. The 
drop is  shown before  and a f  t e r  rup tu re  of the bubble i n  F igures  
61 and 62. 

I n  another  sequence, a j e t  of water was formed by i n j e c t i n g  
water i n t o  a  drop. A very long j e t  was formed i n  t h i s  case ,  
reaching a  l eng th  four  times the  o r i g i n a l  drop diameter .  The 



Figure 59.  Drop with internal a i r  bubble immediately 
befcre ruptt~re ,  

Figure 60.  JcL of l i q u i d  s l ~ o o t s  out of view a s  bubble 
co1 l a p s e s .  



Figure 61. A i r  is being added w i t h  a syr inqe  t o  a drop. 

Figure G2, Co I lapse of tllc internal, a i r  bubble .  



or ig ina l  drop was about 8 cm in  diameter and the j e t  reached a 
length of 31 cm. As i: formed, the j e t  had a v e l o c i t y  of  about 
26 cmlsec. Pinch-off of the j e t  i n t o  a number of drops was 
again observed (Figure 63) . 



Figure 63. A j e t  of l i q u i d  is formed by i n j e c t i n g  water 
into a drop. 



I V  . APPLICATIONS SURVEY 

A l i t e r a t u r e  sea rch  was conducted t o  f i n d  t h e  theory and a n a l y t i c a l  
techniques a p p l i c a b l e  t o  the  f l u i d  mechanics phenomena observed 
i n  t h e  Skylab demonstrations.  This  was a broad-based search 
cover ing many d i f f e r e n t  f i e l d s  of sc ience ,  Most of the  phenomena 
observed i n  the  f l u i d  mechanics demonstrations can be genera l i zed  
t o  the  behavior of the  l i q u i d  drops  o r  gas  bubbles under some 
s p e c i f f z d  condi t ions .  It became apparen t  i n  accomplishing t h e  
l i t e r a t u r e  search t h a t  the  a p p l i c a t i o n  of the  b a s i c  phenomena 
o f  drops and bubbles covers a wide range of d i s c i p l i n e s .  Most 
of the  b a s i c  theory of drops and bubbles,  such as t h e  frequency 
and damping of a n  o s c i l l a t i n g  drop,  was e s t a b l i s h e d  around the  
end of the  19th  century.  I n  the  c u r r e n t  l i t e r a t u r e  much t h e  
same phenomena a r e  still  being i n v e s t i g a t e d ,  except  t h a t  the  
added e f f e c t s  of e l e c t r i c  f i e l d s ,  a i r  flow, shock waves, su r face  
a c t i v e  agents ,  vapor iza t ion ,  e t c .  , are now being considered.  

The phenomena .?bserved i n  Skylab a r e  n o t  a p p l i c a b l e  only t o  a 
low-gravity environment. I f  a drop is  very smal l  o r  f r e e  f a l l i n g  
the  g r a v i t y  f o r c e  i n  one-g can be n e g l i g i b l e  i n  comparison t o  
s u r f a c e  tension forces .  

A colloquium, s o l e l y  on the s u b j e c t  of drops and bubbles,  was 
he ld  a t  the  C a l i f o r n i a  I n s t i t u t e  of Technology i n  Pasadena, 
Ca l i fo rn ia  i n  September, 1974. Papers presented a t  t h i s  colloqu- 
ium ranged i n  s u b j e c t  mat ter  from the  behavior of the  un iverse  
t o  the  behavior of the  nucleus of an  atom, showing the wide range 
of a p p l i c a b i l i t y  of the  phenomena of drops  and bubbles (Ref. 53). 

I n  the  following paragraphs the  s i2 : l i f icance of t h e  phenomena 
of drops and bubbles t o  va r ious  f i e l d s  is  b r i e f l y  presented.  
Where the  s p e c i f i c  r e s u l t s  of the  Skylab f l u i d  mechanics d a t a  
a n a l y s i s  have some a p p l i c a t i o n ,  t h i s  i s  noted.  

Astrophysics  - A s t a r  can be t r e a t e d  as a drop of l i q u i d .  How- 
e v e r ,  i n  t h i s  case ,  the  fo rce  t h a t  holds the drop toge ther  is  
no t  su r face  t ens ion ,  bu t  g r a v i t y .  The theory regarding t h e  
e f f e c t s  qf v iscous  f o r c e s  on o s c i l l a t i n g  drops is the  same f o r  
s e l f  - g r a v i t a t i n g  and s u r f a c e  tension drops.  The a n a l y s i s  of 
r o t a t i n g ,  s e l f  - g r a v i t a t i n g  drops appears  t o  be more advanced 
than the  theory of r o t c t i n g  sur face  tension drops.  Binary 
s t a r s  a r e  bel ieved t o  have been formed by the  f i s s i o n  of a 
r o t a  t ic& s t a r .  



Since there are s imi la r i t i e s ,  surface tension drops could be 
used t o  simulate and study the behavior of se l f -gravi ta t ing  
drops. Rotating drop experiments,. such as those performed on 
Skylab, could s inula te  a star. 

Cloud Physics - The objective of the science of cloud physics 
is t o  develop a model of a cloud, leading t o  an a b i l i t y  t o  
understand, predict and possibly control  the weather. Within 
a cloud, water droplets  coalesce and break up under the influence 
of the forces of a i r  flow and an e l e c t r i c  f i e ld .  The science 
of cloud physics has provided a considerable amount of inform- 
t ion,  both theoret ical  and experimental, on the dynamic behavior 
of a l iquid  drop. Compared t o  the drop s i zes  used i n  the Skylab 
demonstrations, the drops i n  a cloud are about 2 orders of 
magnitude smaller. A large drop i n  the f i e l d  of cloud physics 
is 5 ran i n  diamter, with typical  s i z e s  fo r  most analyses and 
t e s t s  being on the order of 100 microns. Since the drops i n  a 
cloud a re  small and f ree  f a l l ing ,  the i r  behavior is  similar  t o  
a drop i n  low-g-avity conditions. 

Under low-g conditions the dynamic behavior of a drop can be 
s i w l a  ted on a large scale. Osci l la t ion  frequencies, instead 
of being on the order of 100 Hz a s  they a re  fo r  cloud sized 
drops, a r e  slowed due t o  the larger  s i z e  of the drop t o  around 
1 Hz. High speed camerqs a r e  not required t o  view the phenomena. 
With the force of gravity and the e f f e c t  of a i r  flow eliminated 
from the t e s t ,  jus t  the basic behavior of the drop can be observed. 
Due t o  the larger  s i ze  and slowed r a t e s  the phenomena can be 
d i rec t ly  observed a s  they happen and the duration of the test 
can be much longer. 

The Sky lab demonstrations provide a unique extrapolation of 
pr ior  experimental resul t s .  Unti l  the Skylab demonstrations, 
the l a rges t  drop used i n  an osc i l l a t ing  drop t e s t  was 5 mn i n  
diameter (Ref. 54). I n  Skylab the la rges t  drop was 5.8 cm i n  
dianeter ,  and larger  drops could have been used. The r e s u l t s  
presqnted i n  Chapter 111 show tha t  the same theory is  appllcable 
t o  a l l  drop sizes.  Coalescence theory is  based on drops a s  
large a s  1.5 nnn in diameter, while the Skylab t e s t s  used drops 
a s  large as 5.2 cm in diameter. With respect t o  coalescence, 
the Skylab data did not es tabl i sh  that the theory applicable 
LO small drops can be applied t o  large drops. The ro ta t ing  
drop phenomenon has a l s o  been considered i n  the science of 
cloud physics, a s  discussed i n  Chapter 111. The unique Skylab 
demonstration of the peanu t-shaped ro ta t ing  drop should contribute 
t o  the understanding of tha t  phenomenon. 



Geology - The spher ica l  harmonics of the e a r t h  t ha t  e s t a b l i s h  i t s  
shape a r e  the  same in form a s  the modes of o s c i l l a t i o n  of a 
l i qu id  drop. One of the most i n t e r e s t i n g  geological  items found 
i n  the l i t e r a t u r e  search was the repor t  of the discovery of 
s o l i d i f i e d  r o t a t i n g  drops on the moon. This  was the only r e f -  
erence found in  which the shape of t he  r o t a t i n g  drop was the  
same a s  t h a t  observed i n  the Skylab demonstration. (See Section 
D of Chapter I11 f o r  de ta i l s . )  

Metallurrw - Metalurgis ts  have been considering f o r  meny years  
the use of a low-gravity environment t o  improve the  pu r i t y  and 
s t r u c t u r e  achieved i n  the  processing of metals. The need t o  
use a container ,  which is  always a source of contamination, can 
be eliminated by processing the  metals as they free-f  l o a t  i n  
low-g. Molten metals have a very high sur face  tension, ranging 
from about 300 t o  1500 dyneslcm, s o  a l a rge  sur face  tension 
force  is avai lable .  

Some experiments with molten metals were conducted i n  Skyzsb. 
I n  those experiments the e f f e c t s  of low-g on the melting, s o l i d i -  
f i c a t i on ,  joining and brazing of metals was inves t iga ted  (Refs. 
55, 56, 57). Among the demonstrations, the l i q u i d  f l a a t i n g  
zone demonstration was specif  i c a l l l -  aimed at  a conta iner less  
method of proceseing and r e f in ing  metals. 

Combustion - The ign i t i on  and combustion process within i n t e r n a l  
combustion engines and l i qu id  rocket engines involves drops of 
the propel lants .  How these drops evaporate,  atomize and behave 
i n  a shock wave a r e  important t o  the e f f ic iency  of the combus- 
t ion.  Again, the bas ic  dynamic behavior of a drop i s  e s s e n t i a l  
t o  the understanding of more complex processes. 

Chemical Processes - Drops and bubbles appear i n  meny d i f f e r e n t  
fcrms i n  chemical processes. Emulsions, foams and aeroso ls  
cons i s t  of e i t h e r  drops or bubbles. The formation and behavior 
of such f l u i d  mixtures is e s s e n t i a l  t o  the understanding of 
many processes. A few simple demonstrations of the behavior 
of emulsions and foams.in the absence of g rav i ty  were conducted 
i n  Skylab. Detergency, the  rewval of foreign mater ia l  from 
a surface by surface chemical means, is another example. The 
conftgurat ion assumed by a drop on a thread, demonstrated i n  
Sicylab, i s  one of che mechanisms of detergency. 

Heht and Mass Transfer - lieat t r ans fe r  involving a change of 
phase is a process of drops and bubbles. Nucleate bo i l inq  is 
the formation of a bubble on a surface.  I f  a vapor can -be made 
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t o  condense on a surface i n  the  form of drops,  r a t h e r  than a 
f i lm  of l i qu id ,  the hea t  t r ans fe r  r a t e  t o  the  sur face  is s ig-  
n i f  i c an t ly  increased. The s t a t i c  i n t e r f ace  and dynamic behavior 
of a drop on a surface was demonstrated i n  Skylab.. Contact 
angle  was shown t o  be a s i g n i f i c a n t  parameter i n  determining 
the shape of the drop. Hysteresis  of the  contac t  angle inf luences 
the dynamic behavior of the drop. 

F lu id  Flow - Drops can be ca r r i ed  along by the flow of both gases 
and l iqu ids .  Again the bas ic  behavior of drops and bubbles, a s  
demonstrated i n  Skylab, is e s s e n t i a l  t o  understanding t h e i r  
behavior i n  f l u i d  flow. How drops can rebound from sur faces  
and cause erosion is of concern. Collapsing gas bubbles i n  a 
l i qu id  flow cause the des t ruc t ive  e f f e c t s  of cav i t a t i on .  Cavi- 
t a t i on  was demonstrated on a la rge  s ca l e  i n  Skylab. 

Nuclear Physics - The nucleus of an atom can be simulated by a 
l i qu id  d r ~ p .  The binding energy of the nuclear p a r t i c l e s  is 
analogous t o  surface tension and a nucleus i s  incompressible, 
its densi ty  being independent of volume. The general  f ea tu re s  
of nuclear energy l e v e l s  a r e  analogous t o  the o s c i l l a t i o n s  of a 
l i qu id  drop. A l i qu id  drop model b e s t  simulates the f i s s i o n  
of a nucleus.  The s t a b i l i t y  of a nucleus can be considered a s  
the s t a b i l i t y  of a drop t o  deformation: i f  the drop becomes 
unstable when deformed, f i s s i o n  occurs. The l i qu id  drop model 
may be a key t o  determining the exis tence of heavy nuc le i .  

Aerospace - Flu ids  must be cont ro l led  within tanks on spacecraf t  
so t h a t  l i qu id  can be drained t o  supply l i f e  support systems 
and propulsion systems under low-gravity condi t ions.  I n  many 
appl ica t ions  surface tension is  used t o  prefe re - i t i a l ly  o r i e n t  
the l i qu id  within the tank or t o  prevent gas bubbles from en te r -  
ing the flow of l i qu id  from the tank. One way i n  which t h i s  is  
done was demonstrated by the low-g dr inking cup made by 
astronaut  Pogue. 



FUTURE EXPERIMENTS 

When Lhe Space S h u t t l e  becomes opera t iona l  i n  the  1980s, the  
performance o f  experiments i n  space w i l l  become somewhat 
r o u t i n e .  The o p p o r t u n i t i e s  t o  conduct experiments i n  space 
have been l i m i t e d  and w i l l  cont inue t o  be f o r  a few more years .  
Some of the  l a t e r  Apollo miss ions  provided some o p p o r t u n i t i e s  
t o  perform some f l u i d  mechanics experiments.  The Skylab f l u i d  
mechanics demonstrations a r e  presented i n  t h i s  r e p o r t .  These 
p a s t  e f f o r t s  have demonstrated t h e  f e a s i b i l i t y  and the  advantages 
of performing f l u i d  experiments i n  low-g . 
I n  the  Space S h u t t l e  and i t s  payload thc  Spacelab,  t r u e  exper i -  
ments w i l l  he a b l e  t o  be performed. Laboratory modules w i l l  
be a v a i l a b l e  t h a t  provide a l l  the  necessary  appara tus ,  f l u i d s ,  
power and ins t rumentat ion.  Cur ren t ly  t h e  hardware f o r  the  
Spacelab i s  being def ined  and t h e  f l u i d  mechanics experiments 
t o  be performed a r e  being planned. 

A dis t ingu i shed  committee of s c i e n t i s t s *  j u s t  completed (January 
1975) a study t o  d e f i n e  what f l u i d  physics ,  thermodynamics and 
h e a t  t r a n s f e r  experiments should be performed i n  space (Ref. 18). 
Their  r e p o r t  cons iders  the  c u r r e n t  s t a t e - o f - t h e - a r t  and d e f i n e s  
how low-g experiments could add t o  t h e  understanding of the  
phenomena. The r e p o r t  s t a t e s  what phenomena should be i n v e s t i -  
gated i n  low-g bu t  does n o t  desc r ibe  how t o  perform the  exper i -  
men ts. Their  recornendat ions  a r e  b r i e f l y  summarized here .  

C r i t i c a l  Po in t  Thermopt.ysica1 Phenomena - P r e s e n t l y  the re  is  
much i n t e r e s t  i n  d e f i n i n g  t h e  p r o p e r t i e s  of f l u i d s  near  t h e i r  - . . 

c r i t i c a l  po in t .  I n  experiments on Ear th ,  the  fo rce  of g r a v i t y  
causes  unwanted secondary e f f e c t s ,  so  low-g experiments a r e  
d e s i r a b l e .  P r o p e r t i e s  such a s  the  s p e c i f i c  h e a t ,  d i e l e c t r i c  
cons tan t ,  v e l o c i t y  of sound, v i s c o s i t y  and thermal conduc t iv i ty  
would be measured a t  the  c r i t i c a l  p o i n t .  These p r o p e r t i e s  a r e  
be l i eved  t o  h a w  an  anomalous behavior near  the  c r i t i c a l  p o i n t ,  
b u t  have y e t  t o  be measured a c c u r a t e l y .  

Fluid-Surface Dynamics and C a p i l l a r i t y  - Experiments t o  v e r i f y  
the  t h e o r i e s  of many of the  phenomena demonstrated on t h e  Skylab 
a r e  recommended here .  Contact  ang le  h y s t e r e s i s ,  i i q u i d  i n t e r f a c e  
shapes i n  low-g, su r face  waves i n  low-g, drop breakup and coales-  
cence,  and l i q u i d  f i l m s  a r e  the phenomena suggested f o r  i n v e s t i -  
g a t i o n .  

*F. T. Dodge, H. N .  Abramson, S. W. Angr i s t ,  I. Catton,  S. W. 
Church i l l ,  R. J .  Mannheiner, S. Ostrach,  S.  H. Schwartz, and 
J .  V .  Sengers. 



Convection i n  Reduced Grav i ty  - I n  low-g, h e a t  convection d r iven  
by buoyant f o r c e s  i s  no longer  s i g n i f i c a n t ,  b u t  t h e r e  a r e  o t h e r  
means by which convection can occur t h a t  should be i n v e s t i g a t e d .  
Surface  t ens ion  d r iven  flow, thermoacoustic e f f e c t s ,  mechanical 
v i b r a t i o n s ,  e l e c t r i c  and magnetic f i e l d s ,  concen t ra t ion  g r a d i e n t s  
and chemical p o t e n t i a l s  would be considered a s  p o s s i b l e  mechanisms 
of convection h e a t  t r a n s f e r .  

Non-Heated M u ~ t i p h a s e  Mixtures - The behavior of foams, a e r o s o l s ,  
immiscible l i q u i d  d i s p e r s i o n s  and bubbles should be i n v e s t i g a t e d  
i n  low-g. The formation,  behavior and s t a b i l i t y  of  these  mixtures  

'could be s t u d i e d  wi thout  the  pronounced e f f e c t  of g r a v i t y .  

Multiphase Heat Trans fe r  - The long low-g pe r iods  a v a i l a b l e  i n  
space a r e  i d e a l  f o r  the s tudy of b o i l i n g ,  condensat ion,  s o l i d i -  
f i c a t i o n  and o t h e r  phase change h e a t  t r a n s f e r  p rocesses .  By 
e l i m i n a t i n g  the  e f f e c t  of g r a v i t y ,  the  more s u b t l e  e f f e c t s  of 
su r face  t ens ion ,  the l i q u i d  meniscus, l i q u i d  we t t ing ,  e l e c t r i c ,  
magnetic and a c o u s t i c  f i e l d s ,  e t c .  on mu1 t iyhase  h e a t  t r a n s f e r  
can be i n v e s t i g a t e d .  

'The above summary only p r e s e n t s  the genera l  c a t e g o r i e s  of 
experiments and mentions a few examples wi thin  each.  The r e p o r t  
i t s e l f  mentions the many p o s s i b l e  v a r i a t i o n s  t o  t h e  experiments.  
Each experiment has many parameters t h a t  could be v a r i e d .  

A r e c e n t  a r t i c l e  (Ref. 58) a l s o  considered what f u t u r e  f l u i d  
mechanics experiments should be conducted i n  space .  I n  t h i s  
case  the  experiments were d i r e c t e d  towards the sc ience  of cloud 
physics .  The concept of a Cloud Physics  Laboratory ,  which would 
be a Space S h u t t l e  Payload, i s  descr ibed.  The l i s t  of exper i -  
ments has  a l o t  of s i m i l a r i t i e s  wi th  the  above desc r ibed  r e p o r t ,  
except  t h a t  they a r e  d i r e c t e d  s p e c i f i c a l l y  toward cloud physics  
phenomena. The a r t i c l e  does no t  d i s c u s s  the  o b j e c t i v e  o r  
approach of the experiments,  but  i s  d i r e c t e d  more towards the  
concept and a p p l i c a t i o n  of the  Cloud Physics  Laboratory.  

It appears  t h a t  the re  w i l l  n o t  be any problem i n  f ind ing  
experiments t o  be performed i n  space.  The problem w i l l  be t o  
determine r e l a t i v e  p r i o r i t y  of t h e  suggested experiments,  based 
upon t h e i r  poss ib le  c o n t r i b u t i o n  t o  technology. 

What was learned from the Skylab f l u i d  mechanics demonstrat ions 
t h a t  should be app l i ed  to  the procedures used i n  f u t u r e  f l u i d  
mechanics experiments? 



The demonstrat ions showed t h a t  once the behavior of l i q u i d s  i n  
low-g i s  understood,  t h e i r  behavior can be used t o  advantage 
i n  handling and manipulating the  l i q u i d .  Grav i ty  f o r c e s  a r e  
handy t o  have, s i n c e  the  l i q u i d  u s u a l l y  w i l l  be found i n  the  
bottam of a con ta ine r .  With g r a v i t y  a b s e n t ,  s u r f a c e  t ens ion  
f o r c e s  must be put  t o  use .  Surface  t ens ion  f o r c e s  a r e  handy . 

t o  have s i n c e  the l i q u i d  u s u a l l y  w i l l  be found i n  i t s  minimum 
energy conf igura t ion .  By us ing  t h i s  p r i n c i p l e ,  the  adhesion of 
a l i q u i d  t o  a s u r f a c e  can be used t o  s t o r e ,  t r a n s f e r ,  p e r t u r b ,  
move and p o s i t i o n  a l i q u i d .  The a s t r o n a u t s  developed a number 
of techniques a - ~ d  simple t o o l s  t o  handle l i q u i d s .  The Skylab 
f i lm d a t a  shows how they learned t o  make use  of t h e  s u r f a c e  
t ens ion  f o r c e s .  

The two Student  Experiments t h a t  were t o  i n v e s t i g a t e  f l u i d  
mechanics phenomena f a i l e d  due t o  the  f a i l u r e  of b ladders  t h a t  
a c t e d  a s  l i q u i d  r e s e r v o i r s  (Refs. 59, 60). I n  the case  of the  
wicking experiment,  i t  appears  t h a t  the  b ladder  a c t u a l l y  i n t e r -  
f e r e d  wi th  the proper opera t ion  of the  experiment.  A s  was shown 
by the F lu id  Mechanics S e r i e s  demonstra t i o n s ,  e l a b o r a t e  means 
of con ta in ing  the  t e s t  l i q u i d  a r e  n o t  necessary .  The o b j e c t i v e  
of the wave motion s tuden t  experiment was achieved i n  the  
demonstrat ions by o s c i l l a t i n g  a f r e e - f l o a t i n g  l i q u i d  dror 
The o b j e c t i v e  of the  wicking experiment could have been achieved 
bv merely i n s e r t i n g  the tubes i n t o  a l a r g ~  f r e e - f  l o a t i n g  drop 
: ~ f  l i q u i d .  

'rue o t h e r  th ings  iearned from the  demonstrat ions conLern prob:.ems 
t h a t  most l i k e l y  would be remedied by the  proper conduct of a 
t r u e  experiment. The p r o p e r t i e s  ~f the t e s t  l i q u i d  must be 
known and c o n t r o l l e d .  Since  the surf:lce t ens ion  of water can be 
d r a s t i c a l l y  cnanged by a small an,ount of contaminant,  i t  is n o t  a 
good l i q u i d  f o r  c a p i l l a r y  experiments.  Alcohol has  a low s u r -  
f ace  t ens ion  and i s  a so lven t ,  s o  i t  r e a d i l y  wets s u r f a c e s ,  is  
l e s s  s e n s i t i v e  t o  zontaminants and w i l l  g ive  repectab'e r e s u l t s  
i n  c a p i l l a r y  t e s t s .  S ince  Luture experiments w i l l  be performed 
i n  some s o r t  of l abora to ry ,  hazardous test  l i q u i d s  such as 
a l c o h o l s  and f reons  could tie kept  unrler c o n t r o l .  

I'lqre 1 i q u L . s  should be **sed when the  more c l a s s i c a l  t h e o r i e s  
a r e  being c o r r e l a t e b .  Liquids  w i t n  known amounts of s u r f a c t a n t  
p r e s e n t  and known p r o p e r t i e s  should be used t o  exper imenta l ly  
determine the e f f e c t s  of the  s u r f a c t a n t s .  

The volume of l i q u i d  used i n  the t e s t  must be a c c u r a t e l y  
measured. 



An a c c u r a t e  measure of damping c o e f f i c i e n t s  w i l l  r e q u i r e  a more 
s o p h i s t i c a t e d  t e s t  method than was used i n  t h e  demonstra t ions .  
F i r s t ,  a b e t t e r  method of s e t t i n g  t h e  system i n t o  o s c i l l a t i o n  
i s  r e q u i r e d ,  be i t  a drop o r  l i q u i d  s u r f a c e  i n  a ' c o n t a i n e r .  
For drops ,  a c o u s t i c a l  f o r c e s  have been suggested (Ref. 61) 
a s  a way cf applying a p e r t u r b a t i o n .  Using such a method, t h e  
drop could be d r i v e n  i n t o  o s c i l l a t i o n  i n  the  d e s i r e d  mode, 
without inducing h igher  modes of o s c i l l a t i o n .  I f  a good q u a l i t y  
Image was ob ta ined ,  16 mm f i l m  d a t a  would be adequate f o r  measur- 
ing the  change i n  o s c i l l a t i o n  amplitude wi th  time. A two dimen- 
s i o n a l  image would be accep tab le  i f  no motion o u t  of 'he p lane  
of view was induced by the  means of producing the  o s c i l l a t i o n .  
The idea  of us ing  a th read  t o  t e t h e r  the  l i q u i d  drop was s a t i s -  
f a c t o r y  f o r  the  demcnst ra t ions ,  b u t  such a n  approach would be 
unacceptable  f o r  an experiment.  

Acoust ic  f o r c e s  could a l s o  be used t o  improve the  technique f o r  
a r o t a t i n g  drop experiment.  A drop can be r o t a t e d  by a l i g n i n g  
the a c o u s t i c  sources  s o  t h a t  they produce a torque.  The angu la r  
momentum of the drop could be increased i n  smll increments,  
s topping f r e q u e n t l y  t o  observe the  deformation a s  a func t ion  of 
angu la r  speed. 

Mcny coalescence experiments have been performed on e a r t h .  
Apparatus t o  form drops  of given s i z e s  and v e l o c i t i e s  could  be 
adapted from proven methods (Refs. 36, 62, 63, 64).  

Methods of making the  f low of l i q u i d  v i s i b l e  ( e .g . ,  g l a s s  
beads,  S c h l i e r e n  o p t i c a l  system, holography) should be used s o  
t h a t  convection and mixing can be r e a d i l y  observed. 



V I .  CONCLUSIONS 

Each of the Skylab f l u i d  mechanics demonstrat ions had the  objec- 
t i v e  of demonstrat ing a s p e c i f i c  f l u i d  mechanics phenomenon i n  
a low-gravity environment. Surface  t ens ion  was a dominant fo rce  
i n  each demonstrat ion,  so  the e f f e c t  of t h i s  f o r c e  could be 
r e a d i l y  observed. Most of the  phen mena demonstrated could be 
ca tegor ized  a s  the behavior of drops or  bubbles.  Among the 
phenomena demonstrated were t h e  s ta t ic  i n t e r f a c e  shape of  a l i q u i d ,  
o s c i l l a t i o n  and r o t a t i o n  of drops ,  coalescence,  f i lms ,  foams and 
the  me1 t ing of i c e .  

I n  one sense ,  the  Skylab f l u i d  mechanics demonstra t ions  were a 
f e a s i b i l i t y  demonstra t ion.  It  was found t h a t  wi th  simple 
experiments,  very  s i g n i f i c a n t  f l u i d  phenomena can be i n v e s t i -  
ga ted  i n  a low-g environment. Large s c a l e  demonstra t ions  (com- 
pared t o  what i s  p o s s i b l e  on Ear th )  a l lowing  d i r e c t  obse rva t ion  
of the phenomena, were performed. The pe r iod  of time :or the 
low-g t e s t  was much g r c a t e r  than has  ever  b e f o r e  been a v a i l a b l e .  
The handling and ccn ta  inmen t of the f l u i d s  whi le  performing 
the demonstrat ion was shown t o  be much l e s s  of a problem than 
was expected . 
The demonstrat ions a l s o  i d e n t i f i e d  some problems t h a t  might be 
encountered.  The p r o p e r t i e s  of the  l i q u i d s  used,  e s p e c i a l l y  
t h e i r  s u r f a c e  tens 'on,  must be e s t a b l i s h e d  and c o n t r o l l e d .  
Contaminants p r e s e n t  i n  l i q u i d s  can cause  s i g n i f i c a n t  changes 
i n  che surCace t ens ion  and,  t h e r e f o r e ,  the  behavior  of the 
l i q u i d .  If pure o s c i l l a t j . o n s  of a s i n g l e  mode a r e  d e s i r e d  01 

i f  damping coefficients a r e  t o  be meascred, ref inements  i n  the 
methods of pe r tu rb ing  a l i q u i d  drop a r e  r e q u i r e d .  

Even thou3h they were demonstrat ions,  and n o t  c a r e f u l l y  performed 
experiments,  some s ig l l iEicant  r e s u l t J  m r e  obta ined from measure- 
menis and c o r r e l a t i o n <  der ived from the f i l m  d a t a .  Poor data  
q u a l i t y  ana l ack  of information on l i q u i d  volumes and l i q u i d  
s . i r  face tens ion l imi ted  the p r e c i s i o n  o l  the c o r r e l a t ,  ons.  

-1 numbel t 7 i  d i f f e r e n t  s t a t i c  i n t e r f a c e  shapes were demonstrated 
an;! c o r r t l a  t i o n s  with c a l c u l a t e d  i n  ~ e r f a c e  shapes were obta ined.  
I t  was found t h a t  the o s c i l l a t i o n  frequency of drops  wi th  volumes 
of  50 and 100 cc  c o r r e l a t e  wi th  a v a i l a b l e  theory.  O s c i l l a t i n g  
drops  of t h i s  s i z e  have never been ohserved be fore .  Coalescence 
was a l s o  demonstrated on a l a r g e  s c a l e .  



?he r o t a t i n g  drop demonstrat ion was probablv the  most unique of  
the  demonstrat ioqs.  It was known t h a t  o t h e r  forms f o r  the  
r o t a t i n g  drop must e x i s t ,  b u t  the  s p e c i f i c  shape wad not  known. 
The "peanut" shape of  the  r o t a t i n g  drop was demonstrated.  The 
d a t a  a l s o  provided some i n d i c a t i o n  of how the  e l o ~ g a t i o n  of t h i s  
ihape v a r i e s  wi th  angu la r  r o t a t i o n  r a t e .  

A method of process ing meta l s ,  wi thout  a c o n t a i n e r ,  i n  low-g was 
demonstrated. The s t a t i c  and dynamic behavior o f  the  l i q u i d  used 
i n  the process  was i n v e s t i g a t e d .  The changes i n  t h t  phenomena 
of immiscible l i q u i d s ,  l i q u i d  f i l m s ,  mel t ing,  ft .ns, t r a n s f e r  
of l i q u i d s  and d i f f u s i o n  due t o  a low-g environment were a l s o  
demonstrated. 

The r e s u l t s  of c e r t a i n  of these  demonstra t ions  a r e  d i r e c t l y  
a p p l i c a b l e  t o  processes  performed i n  low-g (e .g . ,  l i q u i d  
f l o a t i n g  zone). Cther demonstrat ions a r e  l a r g e  s c a l e  s imula t ions  
of phenomena t h a t  occur i n  one-g. Surface  t ens ion  f o r c e s  can 
dominate i f  a  l i q u i d  drop i s  smal l ,  even though i t  is i n  a one- 
g environment. Low-g enab les  the same phenomena t o  be observed 
usi.ng a much l a r g e r  l i q u i d  drop ( e  . g . ,  coalescence)  . The low-g 
t e s t  e l i m i n a t e s  the  dominance of g r a v i t y  from what i s  normal l y  
a one-g phenomenon. This a l lows  the  e f f e c t s  of su r face  t ens ion  
f o r c e s ,  t h a t  a r e  normally overwhelmed by g r a v i t y ,  t o  be s t u d i e d .  
The l i q u i d  f i l m  and immiscible l i q u i d s  demonstra t ions  a r e  exalnples 
of t h i s  a p p l i c a t i o n  of low-g t e s t i n g  . 
Future  low-g experiments,  employing the  Space S h u t t l e ,  w i l l  add 
considerably  t o  the unders tanding of f l u i d  mechanics phenomena. 
Reference 18,  which was summarized i n  Chapter V ,  provides  a good 
source f o r  recommended f u t u r e  f l u i d  mechanics experiments.  
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APPENDIX A FILM MTir IDENTIFICATION 

The purpose of t h i s  appendix i s  t o  give the speci f ic  iden t i f i -  
cat ion of the f i lm data used i n  performing the  analysis  pre- 
sented i n  t h i s  report.  

The f i lm l ibrary  a t  the NASA Johnson Space Center, Houston, 
Texas has kinescope copies of a l l  the videotapes from the  
Skylab missions. This agency should be contacted i f  copies of 
any of these films are desired. 
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APPENDIX B ANALYTICAL DERIVATIONS 

D e t e r m i n a t i o ~  of t h e  I n t e r f a c e  Shape of a  Drop on a  S t r i n g  i n  
Zero Gravi ty .  

The shape of a  drop on a  s t r i n g  i n  z e r o  g r a v i t y  is  t o t a l l y  de- 
termined by t h e  c a p i l l a r y  f o r c e s .  Assuming t h e  drop i s  axisym- 
m e t r i c ,  t h e  shape i s  given by equa t ion  (1 ) .  

.CR+ + ) = cons tan t  

Because t5e drop is  symmetrical ,  t h e  c u r v a t u r e  can be expressed 
a s  fo l lows:  

where r is  t h e  r a d i a l  coordi.nate, 7 t h e  l o n g i t u d i a n l  coord ina te  - from some re fe rence  p o i n t ,  is  an a r b i t r a r y  cons tan t .  This  
e q ~ a t i o r .  may be i n t e g r a t e d  ::zec&o g ive  



where c and c a r e  a r b i t r a r y  cons tan t s  which a r e  determined by 1 2 
t h e  boundary cond i t ions  

r = r ( th read  r a d i u s )  a t  TI = 0 t 

and 

A d r = tan(+ -0) a t  7 = 0 end r = r 
t 

( 5  

Using equa t ion  ( 3 ) ,  with  t h e  boundary cond i t ions ,  t h e  c o n s t a n t  
c may be found d i r e c t l y .  The v a l u e  of cl  determines t h e  

2 
volume of t h e  drop. I t s  va lue  is  found by a f i n i t e  d i f f e r e n c e  
i t e r a t i o n  technique. Using a smal l  increment f o r  Q and guess-  
ing a v a l u e  f o r  cl, equa t ion  (2)  i s  solved f o r  A r .  Both r and 

Q .are incremented and t h e  c a l c u l a t i o n  is continued around t h e  
drop. Only one-quar ter  of t h e  drop needs t o  be c a l c u l a t e d  due 
t o  a jmm~try .  The volume of t h e  c a l c u l a t e d  drop shape i s  compu- 
ted .  c1 i s  ad jus ted  accordingly  u n t i l  t h e  d e s i r e d  drop volume 

is  obta ined.  


	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.TIF
	0001B08.TIF
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.TIF
	0001B14.TIF
	0001C01.TIF
	0001C02.TIF
	0001C03.JPG
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.JPG
	0001C10.TIF
	0001C11.TIF
	0001C12.TIF
	0001C13.JPG
	0001C14.TIF
	0001D01.JPG
	0001D02.JPG
	0001D03.TIF
	0001D04.TIF
	0001D05.TIF
	0001D06.TIF
	0001D07.TIF
	0001D08.TIF
	0001D09.JPG
	0001D10.JPG
	0001D11.TIF
	0001D12.TIF
	0001D13.JPG
	0001D14.JPG
	0001E01.TIF
	0001E02.TIF
	0001E03.JPG
	0001E04.JPG
	0001E05.TIF
	0001E06.JPG
	0001E07.JPG
	0001E08.TIF
	0001E09.TIF
	0001E10.TIF
	0001E11.TIF
	0001E12.TIF
	0001E13.TIF
	0001E14.TIF
	0001F01.TIF
	0001F02.TIF
	0001F03.TIF
	0001F04.TIF
	0001F05.JPG
	0001F06.JPG
	0001F07.TIF
	0001F08.JPG
	0001F09.TIF
	0001F10.JPG
	0001F11.TIF
	0001F12.TIF
	0001F13.TIF
	0001F14.TIF
	0001G01.TIF
	0001G02.JPG
	0001G03.JPG
	0001G04.JPG
	0001G05.TIF
	0001G06.JPG
	0001G07.JPG
	0001G08.JPG
	0001G09.TIF
	0001G10.TIF
	0001G11.TIF
	0001G12.TIF
	0001G13.TIF
	0001G14.TIF
	0002A02.TIF
	0002A03.TIF
	0002A04.JPG
	0002A05.JPG
	0002A06.TIF
	0002A07.TIF
	0002A08.TIF
	0002A09.TIF
	0002A10.JPG
	0002A11.TIF
	0002A12.TIF
	0002A13.JPG
	0002A14.TIF
	0002B01.TIF
	0002B02.JPG
	0002B03.TIF
	0002B04.TIF
	0002B05.TIF
	0002B06.TIF
	0002B07.JPG
	0002B08.TIF
	0002B09.TIF
	0002B10.TIF
	0002B11.JPG
	0002B12.TIF
	0002B13.JPG
	0002B14.TIF
	0002C01.TIF
	0002C02.JPG
	0002C03.TIF
	0002C04.TIF
	0002C05.JPG
	0002C06.TIF
	0002C07.JPG
	0002C08.JPG
	0002C09.JPG
	0002C10.JPG
	0002C11.TIF
	0002C12.JPG
	0002C13.JPG
	0002C14.TIF
	0002D01.JPG
	0002D02.TIF
	0002D03.TIF
	0002D04.TIF
	0002D05.TIF
	0002D06.TIF
	0002D07.TIF
	0002D08.TIF
	0002D09.TIF
	0002D10.TIF
	0002D11.TIF
	0002D12.TIF
	0002D13.TIF
	0002D14.TIF
	0002E01.TIF
	0002E02.TIF
	0002E03.TIF
	0002E04.TIF
	0002E05.TIF
	0002E06.TIF
	0002E07.TIF



