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PRF,FACE 

This repor t  i s  a f i n a l  d r a f t  of  a l i t e r a t u r e  search required as par- 

t i a l  fu l f i l lmen t  of condition of NASA Contract NAS 9-5174, "Liquid 

Propel lant  Behavior under Conditions of Varying Acceleration." Every 

reasonable e f f o r t  has been made t o  obtain as complete a l i s t i n g  of 

the  open l i t e r a t u r e  regarding low-g l i q u i d  behavior. Some items may 

have been missed, however. Readers are r e spec t fu l ly  inv i t ed  t o  of- 

fer  addi t ions during the  remainder of calendar year 1966. 

The m r k  of co l l ec t ing  and co l la t ing  l i terature material was accom- 

p l i shed  by G. A .  Hastings and D . \ W .  H i l l .  

and the preparat ion of commentary was accomplished f o r  the  most p a r t  

by J. G. Seebold and, t o  a lesser extent ,  by H. M .  Satterlee. 

R e v i e w  of a l l  the items 

i 



The L i t e ra tu re  of Low-g Propel lant  Behavior 

This repor t  concerns publications i n  the  f i e l d s  of low-g f l u i d  mech- 

anics  and heat  t r a n s f e r  which appeared during and a f t e r  1959. 

was chosen because it marks the  approximate beginning of development of 

what might be ca l l ed  the  "modernff theory o f  c a p i l l a r y  f l u i d  mechanics. Cap- 

i l l a r y  ac t ion  was, of course, a subject of c l a s s i c a l  invest igat ion.  The 

advent of space f l i g h t  has brought with i t  a resurgence of  i n t e r e s t  i n  cap- 

i l l a r y  f l u i d  mechanics, because i n  unpowered o r b i t a l  f l i g h t ,  spacecraf t  ac- 

ce l e ra t ion  and l o c a l  g rav i t a t iona l  acce lera t ion  a re  near ly  balanced, and no 

overpowring body force i s  f e l t  by contained l iqu id .  The l i q u i d  i s  i n  an 

approximately 'fweightlessIf condition, and forces  which a re  usua l ly  negli-  

gible ,  such as contact and surface forces ,  become dominating influences,  

This year 

j u s t  as they are i n  the  c l a s s i c  capi l la ry  tube. 

0 A s  a result of t h i s  s imi la r i ty ,  there  i s  a subs t an t i a l  body of c lass-  

i c a l  l i t e r a t u r e  which is  d i r e c t l y  applicable t o  present needs and funda- 

mental i n  the development of t h e  modern theory. Considerable d e t a i l  re- 

g a l u u g  ~riic: i a a u ~ ~ r S  aiiu i i i o u u r y  VI UCVCIU~IILGAIU VI ULLG L I I G W V I J  " Q y L I I U I  A "J , 
together  with spec i f i c  references t o  the  l i t e r a t u r e ,  can be found i n  James 

Clerk Maxwell's c l a s s i c a l  a r t i c l e  i n  the  n in th  ed i t i on  o f  the Encyclopedia 

Bri tanica,  as revised by the 3rd Baron Rayleigh i n  the  t en th  ed i t ion .  

---22-- Lf- -----la - -A  &:-+---- ..* A--vc.ln-mm.-.+ -4' CLn Thnfi-7 cf P - n 4 1 1 - ~ 4 + ~ r  

One comprehensive and usefu l  summary of the  modern theory of capil-  

lary f l u i d  mechanics i s  "Capillary Hydrostatics and Hydrodynamics a t  Low-gfl 

by W. C. Reynolds, M .  A .  Saad, and H. M .  Sa t te r lee ,  hereaf te r  re fer red  t o  

as  IfReynolds (1964)'f. 

W. C .  Reynolds which appeared i n  1961; a fur ther  extension, by W. C .  Reynolds 

and H. M .  Sa t t e r l ee ,  will s h o r t l y  appear i n  a NASA monograph on the Dynamics 

of Propel lant  Sloshing, e d i t e d  by H.  N. Abramson. Other r e l a t i v e l y  compre- 

hensive publ icat ions,  many in the  nature o f  reviews, have appeared; among 

This i s  a n  extension of an e a r l i e r  publ icat ion by 

a 
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them are Benedikt (1961), Berenson (1963), Clodfe l te r  (1963) , Koestel (1959) , 
Neimer (1959), O t t o  (1964), Sherley (1962), Steinle(1963),  Unterburg (1962), 

and Wood (1963). An attempt has bee3 made i n  preparing the present  repor t  

t o  s e l e c t  and comment on publications which seem t o  be of  most p r a c t i c a l  i m -  

portance t o  spacecraf t  designers, o r  which have been fundamental i n  the  de- 

velopment of modern cap i l l a ry  f l u i d  mechanics. 

Boiling heat  t r a n s f e r  has been the subjec t  of vigorous experimental and 

some a n a l y t i c a l  inves t iga t ion  f o r  a considerable period o f  time. 

most  work has been ca r r i ed  out  a t  high heating rates which a re  not t y p i c a l  o f  

the o r b i t a l  environment 

of i n t e r e s t .  

t r ans fe r ,  including p a r t i c u l a r l y  t h a t  i n  bubble dynamics, is  summarized and 

referenced i n  M. Jakob' s "Heat Transfer". 

Although 

f o r  tanked propel lants ,  some pre-1959 work is  s t i l l  

Most of the ea r ly  work which has found appl ica t ion  i n  low-g hea t  

0 The following commentary i s  subdivided i n t o  7 sec t ions  dealing with 

Propel lant  Location and In t e r f ace  Shape, In te r face  S t a b i l i t y ,  Reorientation, 

Sloshing, Propel lant  Containment and Ullage Control, Draining, and Heat Transfer.  

TIL- L 2  Ll: -L-- - --*--- 
Illt: ULuJAugLa~l ly  L U V I = : I D ,  i I ?  a d d i t l o n  t o  t he  forzgoiiig topics ,  3ii2h topics  as 

l i f e  support, propel lant  gaging, phase separat ion,  d i s t r ibu t ion  of non-condens- 

ab les ,  gyros, accelerometers, and experimental techniques. Experimental tech- 

niques a r e  discussed i n  almost a l l  of  the experimental inves t iga t ions  mentioned 

i n  the  commentary; addi t iona l ly ,  some publ icat ions such as Kirk (1960), Cummings 

(1963), K i r k  (1963), Lepper (1963) Vander Velde (1963), and Paynter (1965) deal  

almost exclusively with t h i s  subject,  The bibliographic c i t a t i o n s  are grouped 

by calendar year, and l i s t e d  alphabet ical ly  (by the  last name o f  the sen ior  

author) i n  each year.  

Propel lant  Lacation and Interface Shape 

The problems of the equilibrium configuration o f  l i q u i d  i n  a p a r t i a l l y  

f i l l e d  container i n  a low-gravity environment were among the f i r s t  t o  be a t -  
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tacked, both because of p rac t i ca l  necessi ty  and because some c l a s s i c a l  re- 

s u l t s  and methods were found t o  be applicable. 

cap i l l a ry  hydrostat ics ,  the most l i k e l y  locat ion of a contained mass of 

l iqu id ,  and the  shape of the  liquid-gas in te r face ,  under equilibrium con- 

d i  ti ons . 

These a r e  the  problems of 
0 

The pr inc ip le  of minimum surface energy was used by L i  (1960) t o  in- 

ves t iga te  the s t ab le  configuration of l i q u i d  i n  a zero-g f i e l d .  It was con- 

cluded t h a t  i f  the l i q u i d  wets the  tank wall, it wi l l  c l i n g  t o  i t ,  leaving 

a vapor bubble i n  the  tank. A fur ther  result was t h a t  bubbles on the  tank 

wall will pulsa te  u n t i l  they become large enough t o  touch each other ,  then 

they will coalesce t o  form a l a r g e r  bubble which will eventual ly  j o i n  the  

c e n t r a l  bubble by contact.  

t i o n a l  problem associated with minimun! t o t a l  p o t e n t i a l  energy o f  a tank 

p a r t i a l l y  f i l l e d  with l i qu id ,  L i  (1962) found t h a t  t he  f r e e  endpoint trans- 

v e r s a l i t y  condition y ie lds  an expression f o r  contact angle which i s  inde- 

Again, by formulating the  isoperimetr ic  varia- 

0 

pendent of g rav i t a t iona l  accelerat ion;  t h i s  r e l a t i o n  i s  the  familiar Dupre- 

-w----- L"ulg - equabL"rl* _ _ _ _  12 _ _ _  A n,etJiod fox. sei-ies ao-i-uticjIi Uf yiie differeni&(i eq-mtioil 

f o r  t h e  equilibrium shape of an axisymmetric l iquid-gas in t e r f ace  is  a lso  

given by L i  (1962), and t h e  f irst  few coef f ic ien ts  are worked out. 

An introduct ion t o  t h e  theory and macroscopic descr ipt ion of cap i l -  

l a r y  hydrostat ics  i s  presented by Berenson (1963). 

p r inc ip le  i s  a l s o  discussed by Neu (1963) and Clodfe l te r  (1963). 

The minimum energy 

The zero-g equilibrium configuration of  l i q u i d  contained i n  cylin- 

d r i c a l  and sphe r i ca l  tanks is  discussed by Clodfel ter  (1963) along with ex- 

perimental  observations, including t r ans i en t  overshoot of t he  zero-g sur- 

face shape. 

t i o n  o f  t he  t r ans i en t  change i n  t h e  cap i l l a ry  surface t h a t  r e s u l t s  when a 

l i q u i d  contained i n  a cy l ind r i ca l  tank experiences sudden weightlessness. 

Petrash and Nelson (1963) a l s o  made an experimental investiga- e 
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The shape of t he  c a p i l l a r y  surface i n  a r i g h t  c i r c u l a r  cyl inder  is  

discussed by S a t t e r l e e  and Chin (1965). 

f e r e n t i a l  equation and t h e  r e s u l t s  of numerical i n t eg ra t ion  a re  presented. 

Good agreement With experiment i s  shown, and the  experimental techniques 

a re  discussed. An e l l i p s o i d  of revolut ion approximation to  t he  c a p i l l a r y  

shape i s  also developed. 

A der iva t ion  of t he  governing d i f -  
0 

I n  another  approach t o  tk solu t ion  o f  t he  same problem, Yeh and 

Hutton (1965) make use of the s e r i e s  so lu t ion  due t o  L i  (1962). 

d i t i o n a l  coe f f i c i en t s  are developed t o  improve convergence, b u t  appl ica t ion  

i s  s t i l l  l imi t ed  t o  near ly  f l a t  in te r faces .  The c l a s s i c  method and results 

of Bashforth and Adams are discussed, and numerical examples of t h e  use of 

t he  c l a s s i c  t a b l e s  are given. 

Some ad- 

The c a p i l l a r y  surface i n  an  annular tank i n  an &a1 body force f i e l d  

0 i s  described i n  Seebold, Ho l l i s t e r ,  and S a t t e r l e e  (1966). 

The inves t iga t ion  and ca lcu la t ion  o f  s t a t i c  i n t e r f ace  shapes f o r  a 

broad range of Bond numbers are discussed by Moiseev, e t  a1 (1964); em- 

phasis  i s  on metnods r a the r  t han  r e su l t s .  

The shape of t he  equi l ibr ium free surface i n  a cy l ind r i ca l  tank ro- 

t a t i n g  a t  constant angular  ve loc i ty  about i t s  axis i n  an  axial body force 

f i e l d  i s  discussed by Seebold and Reynolds (1965). 

s eve ra l  poss ib le  equi l ibr ium in t e r f ace  configurations,  obtained by numerical 

i n t e g r a t i o n  of t he  governing d i f f e r e n t i a l  equation, and the supporting ex- 

perimental  r e s u l t s  are presented. 

of a bubble loca ted  on t h e  axis of an  inv isc id  body of l i q u i d  i n  s o l i d  body 

r o t a t i o n  i n  zero-g i s  described by DiMaggio (1963) i n  terms of e l l i p t l  'C in- 

Shape paraneters  of the  

I n  an ear l ier  study, the equi l ibr ium shape 

t e g r a l s  , and some se l ec t ed  zero-g bubble contours are p lo t t ed .  

Blackshear and Eide (1964) derive the d i f f e r e n t i a l  equation f o r  the 

shape of a free l i q u i d  surface i n  a tank o f  square c ross  s ec t ion  i n  t h e  
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presence of grav i ta t iona l ,  centr i fugal ,  and c a p i l l a r y  forces .  A closed solu- 

t i o n  i s  obtained by neglecting the capi l la ry  forces. The results of numerical 
0 

so lu t ion  of t h e  complete problem, r e s t r i c t e d  t o  a two-dimensional i n f i n i t e  

channel, are presented. 

The r e s u l t s  o f  an experimental s tudy of the zero-g equilibrium in t e r f ace  

i n  which cryogenic l i qu ids  = r e  employed are reported by Sieger t  and Petrash 

(1965). It was found, not surpr is ingly,  t h a t  cryogenic l i qu ids  behave no d i f -  

f e r e n t l y  than standard and more e a s i l y  handled test l iquids .  In  an e a r l i e r  

experimental inves t iga t ion  reported by Petrash e t  a1 (1962) i t  was found t h a t  

the equilibrium configuration of alcohol in a spher ica l  g lass  tank i n  zero-g 

i s  a t o t a l l y  wetted tank m l l  with a vapor bubble i n  the  i n t e r i o r  o f  the l i q -  

uid.  I n  a r e l a t e d  study, Petrash and O t t o  (1962) v e r i f i e d  that knowledge of 

contact angle and tank geometry permits predic t ion  of  t h e  zero-g configura- 

t i o n  of l i q u i d  i n  the  tank. Petrash,  Nussle, and Otto (1963) repor t  experi- 

mental v e r i f i c a t i o n  of the f a c t  t h a t  the  shape of t he  equilibrium liquid-gas 

in t e r f ace  i s  completely determined by contact angle and Bond number. Some 

2-+ ^_^^  &2-- ---I ----- J 3  -I--- 2 - . L - - - n - - -  
I I L U C L  c a  U L L L ~  p i c  b u t ! >  01 LUW-g ~rit,t:.t~icrce~ i i i  sphei5.cil1, cy i i r idr ica i ,  arid con- 

i c a l  containers a r e  included. 

and cy l ind r i ca l  containers,  t he  same authors (1963) found that t h e  contact 

I n  a similar study employing spherical ,  conical,  

angle remains unchanged i n  zero-g compared t o  i t s  one-g value. 

The results of a l o w @ ;  a i r c r a f t  t es t  program i n  which t h e  configurations 

of water, engine o i l ,  hydraulic f l u i d ,  JP-4 f u e l ,  and mercury were inves t iga ted  

i s  reported by Clodfel ter  and Lewis (1961). 

The parameters which a f f ec t  propellant loca t ion  i n  coast ing o r b i t a l  f l i g h t  

a r e  rev iemd by Sa t t e r l ee  (1962), and it i s  demonstrated that propel lant  loca- 

t i o n  can be predicted.  

together  with the  r e s u l t s  o f  experimental and ana ly t i ca l  inves t iga t ions ,  see 

Sherley (1962) , 

For another discussion of propel lant  loca t ion  problems, 

0 
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Early contributions of importance were made by k n e d i k t  (1959) and 

Reynolds (1959). 

ance of  c a p i l l a r y  and g rav i t a t iona l  forces  ac t ing  on a l i q u i d  i n  low-g, 

while t he  l a t t e r  demonstrated t h e  importance of c a p i l l a r y  forces  i n  a free- 

f a l l  photographic study. 

The former  presented an estimate of the r e l a t i v e  import- 
0 

Additional i n fomat ion  r e l a t ive  t o  c a p i l l a r y  hydrostat ics  can be found 

i n  Andes (1962), Barcatta (1963), Benedikt (1961), Brazinsky (1962) , Callahan 

(1962), Chin (1964), Cline (1964), Dr isco l l  (1960) Jahsman (1961), Koestel 

(1959), Neimer (1959), O t t o  (1965), O t t o  (1964), P o v i t s k i i  (1963), Reynolds 

(1964) , Roennau (1961), Shuleykin (1963), Stehl ing (1961), S t e in l e  (1963) 

Swalley (1965) , Unterburg (1962) Wolczek (1959) and Wood (1963). 

In te r face  S t a b i l i t v  

Liquid contained a t  t he  top of an inverted tank i n  a low-gravity environ- 

0 ment may under c e r t a i n  circumstances be s t ab le  in that locat ion.  Under very 

s p e c i a l  circumstances the l i q u i d  may derive support from surface and contact 

forces ,  but usua l ly  t h e  l i q u i d  is supported by t h e  pressure of  t he  gas be- 

neath the  iiquici-gas in te r face ,  while the in t e r f ace  i t s e l f  is s t a b i l i z e d  by 

s u r f a c e  tension. 

i s  a dynamic problem t h a t  can, under c e r t a i n  circumstances, be inves t iga ted  by 

simpler methods t r e a t i n g  the s t a t i c  problem. 

The s t a b i l i t y  of an inverted meniscus t o  small disturbances 

By analyzing the  l iquid-gas in te r face  i n  an inverted rectangular channel, 

Concus (1963) showed t h a t  the s t a t i c  va r i a t iona l  method and t h e  dynamic small 

v ib ra t ion  method y ie ld  i d e n t i c a l  s t a b i l i t y  limits f o r  an inv isc id  l iqu id .  I n  

an extension of these results, Concus (1964) showed t h a t  while solut ions t o  t he  

free surface d i f f e r e n t i a l  equation e x i s t  which represent  i n f l e c t e d  surfaces,  

such surfaces  are unstable.  

The work of Bretherton (1961) has inportant  implications regarding the  
0 

s t a b i l i t y  of an axisymmetric l iquid-gas in t e r f ace  which exhib i t s  zero contact 
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angle. It i s  shown t h a t  under the  act ion of grav i ty  a bubble w i l l  not rise 

i n  a tube unless  the  Bond number exceeds 0.842; this must a l s o  be the c r i t -  

i c a l  Bond number f o r  an inverted &symmetric meniscus of zero contact angle. 

The inv i sc id  motion of t he  bubble i n  e f f ec t ive ly  gravity-free and gravity- 

dominated environments i s  a l s o  discussed. 

The comprehensive r e s u l t s  of  Reynolds, e t  a1 (1364), make possible  the 

inves t iga t ion  of the  s t a b i l i t y  of almost  any axisymmetric meniscus contained 

i n  a tank of a r b i t r a r y  w a l l  curvature. The cap i l l a ry  s t a b i l i t y  o f  an ai- 

symmetric l iquid-gas in t e r f ace  in an annular tank is  determined i n  Seebold, 

Ho l l i s t e r ,  and Sa t t e r l ee  (1966). 

Seebold and Reynolds (1965) discuss the s t a b i l i t y  of t he  c a p i l l a r y  sur- 

face i n  a cy l ind r i ca l  tank r o t a t i n g  a t  constant angular ve loc i ty  about i t s  

ax is .  Rotation i s  found t o  be des tab i l iz ing  i n  the case of  wetting l i qu ids  

i n  an adverse acce lera t ion  environment, and t o  introduce an i n s t a b i l i t y  

which can occur a t  zero- o r  even posit ive-g.  A parametric s t a b i l i t y  map 

governing the existence of s t ab le  menisci, and supporting experimental re- 

S i i l t S ,  ai-e pi-eseiited. 

I n  an experimental invest igat ion,  J e t t e r  (1963) found t h a t  square o r  

rectangular  passages are not e f fec t ive  i n  s t a b i l i z i n g  l i qu ids  which exh ib i t  

vanishingly small contact angle because of  corner e f f e c t s .  

The e f f e c t  of boundary e l a s t i c i t y  on i n t e r f a c i a l  s t a b i l i t y  has been 

inves t iga ted  ana ly t i ca l ly  by Smith (1965) and Tong and Fung (1965’). The 

former considered a f l a t  surface contained i n  a two-dimensional channel 

having f l ex ib l e  walls o r  f l oo r ,  while the  l a t te r  s tudied a cy l ind r i ca l  do- 

main with a f l e x i b l e  bottom. In  p r a c t i c a l  s i t ua t ions  a t  low-g, sloshing 

frequencies and e l a s t i c  frequencies a re  vas t ly  mis-matched, s o  t h a t  no int- 

por tan t  i n t e rac t ion  should be observed. o 
It i s  shown i n  Koval and %uta (1966) t h a t  the  addi t ion  o f  an e l e c t r i c a l  
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body force changes t h e  na tu ra l  sloshing frequency of a cap i l l a ry  surface,  

thereby a l t e r i n g  the  cap i l l a ry  s t a b i l i t y  cha rac t e r i s t i c s .  This would be 
0 

true of any superimposed body force, of course. 

The s t a b i l i t y  of the  accelerated in t e r f ace  between a l i q u i d  and a i r  

was investigated'experimentally by Emmons, Chang, and Watson (1960). I n  

this study, a third-order theory was a l s o  developed f o r  t he  unstable growth 

of  disturbances on the  f r e e  surface.  Bellman and Pennington (1961) extended 

the ana lys i s  of  Taylor i n s t a b i l i t y  t o  include surface tension and v iscos i ty .  

Surface tension has a s t a b i l i z i n g  influence, and v i scos i ty  reduces the r a t e  

of growth of disturbances.  

Additional information r e l a t ive  t o  c a p i l l a r y  s t a b i l i t y  can be found 

i n  Anliker (1963), Beam (1961), B e l l  (1963) , Berenson (1963) , c l i n e  (1964) , 
L i  (1963), Masica (1964), Masica (1964), O t t o  (1964), O t t o  (1965), Sherley 

(1963), S te rn l ing  (1959), Swalley (1965) , and Wood (1963) 

Reorientation 

0 

The s t a b i l i t y  theory re fer red  t o  i n  the last sec t ion  says nothing about 

iiappLis aftei- tiie eiqtic& ijond iliiiiL&r is CL--L. CL- * u u a u  uiic LE- 

ver ted  meniscus becomes unstable.  

somehow flow t o  the other end of  its container.  It i s  t h i s  f l o w ,  and the  re- 

verse flows t h a t  develop when t h e  l iqu id  impinges on the  other  end o f  the  

tank, t h a t  are the  subjects  of  reor ien ta t ion  s tudies .  

One na tu ra l ly  expects t h a t  a l i q u i d  will 

The reor ien ta t ion  f l o w  of l i qu id  i n  a cy l ind r i ca l  tank was studied ex- 

perimentally by Ho l l i s t e r  and Sa t t e r l ee  (1965). 

was imposed during free f a l l  a f t e r  establishment of  t he  t y p i c a l l y  highly- 

curved low-g liquid-gas in t e r f ace .  

and 200 were employed. 

ported by Masica and Petrash (1965), and Masica and Salzman (1965). 

Reorientation acce lera t ion  

ieor ien ta t ion  Bond numbers of order 10 

Similar s tudies  with zero-g i n i t i a l  shapes are re- 

In  the 0 
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l a t te r  it i s  demonstrated t h a t  baf f les  can be he lpfu l  i n  a l l e v i a t i n g  the  re- 

c i r cu la t ion  ( llgeyseringff) problem associated with reor ien ta t ion  flow, thus 

promoting b e t t e r  l i q u i d  co l lec t ion .  

0 

Bowman (1965) presents a n  experimental s tudy of reor ien ta t ion  f l o w  i n  

which the  t y p i c a l  low-g in t e r f ace  i s  not allowed t o  develop; ins tead ,  the 

surface is  i n i t i a l l y  qui te  f l a t .  A s  a r e s u l t ,  some i n t e r e s t i n g  flow pa t t e rns ,  

not expected t o  be observed i n  most p r a c t i c a l  s e t t l i n g  s i tua t ions ,  were ob- 

served. The r e s u l t s  of  a l inear ized  ana lys i s  presented i n  Bowman (1966) suc- 

ces s fu l ly  reproduced many of these features .  I n  an experimental inves t iga t ion  

of  r eo r i en ta t ion  under non-axial accelerat ion,  Bo- (1966) found t h a t  when a 

s e t t l i n g  Bond number of 72 is  applied t o  a cy l ind r i ca l  tank inc l ined  a t  lo, t he  

unsymmetric flow cha rac t e r i s t i c  i s  n o t  very repeatable,  whereas when the  cyl- 

inder  i s  inc l ined  a t  loo, a de f in i t e  tendency of  the  l i qu id  t o  flow up one 

s ide  of t he  container i s  always observed. This i s  not surpr i s ing ,  s ince  the  0 
t ransverse component of t he  s e t t l i n g  'accelerat ion r e s u l t s  i n  t ransverse Bond 

numbers of 1.26 f o r  1' i nc l ina t ion  and 12 .7  f o r  10' i nc l ina t ion .  The c r i t i c a l  

contac t  angles near zero degrees (as used i n  the experiments); therefore  un- 

c e r t a i n  t ransverse u n s t a b i l i t y  behavior would be expected a t  1' inc l ina t ion ,  

while an inc l ina t ion  of 10' should produce de f in i t e  t ransverse i n s t a b i l i t y .  

Another discussion of  propel lant  s e t t l i n g ,  with p a r t i c u l a r  emphasis on 

o r b i t a l  t r a n s f e r  of propellants,  i s  presented by Gluck and G i l l e  (1965). A 

descr ip t ion  of the flow, together  with an estimate of the  s e t t l i n g  time, i s  

based on sca led  exper imnts  conducted a t  one-g. 

The s t r u c t u r a l  s ignif icance of the impingement of  reor ien ta t ion  flow 

on t h e  end of a propel lant  tank was the  subject  of an experimental inves t i -  

gat ion reported by Stephens (1965). While a preliminary analysis  i s  al leged 

t o  have indicated t h a t  damaging s t r e s s  l eve l s  could r e s u l t ,  no s t r u c t u r a l l y  
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s ign i f i can t  impact loads were observed. 

Problems of l i q u i d  reor ien ta t ion  and associated phenmena as found i n  
0 

the  Centaur vehicle ,  together  with experimental and a n a l y t i c a l  r e su l t s ,  a re  

discussed by Sherley (1962). Additional information can be found i n  Otto 

(1964), O t t o  (1965) ,Reynolds (1964), Ste in l e  (1963), Swalley (1965), and 

Wood (1963). 

Sloshing 

The sloshing cha rac t e r i s t i c s  of  propel lants  contained i n  rocket tanks 

a r e  of considerable p r a c t i c a l  importance because of the  p o s s i b i l i t i e s  o f  un- 

s t a b l e  in t e rac t ion  with a t t i t u d e  control  system osc i l l a t ions ,  immersing vent 

l i nes ,  developing excessive forces  and moments due t o  l i q u i d  motion, and s o  

for th .  For t he  purpose of t h i s  repopt, t h i s  subdivision includes l i n e a r  and 

non-linear sloshing, t r ans i en t  response t o  sudden weightlessness, and the  ef- 

f e c t  of ant i -s losh baf f les .  

The ana ly t i ca l  and experimental study of Sa t t e r l ee  and Reynolds (1964) 

t r e a t s  l i nea r i zed  s loshing about an axisymmetric equilibrium meniscus i n  a 

c y l i n d r i c a l  container.  

sented f o r  l i m a r i z e d  low-g sloshing i n  the  fundamental mode. 

Compiete ana ly t i ca l  ana experimental r e s u l t s  a r e  pre- 

Two approaches t o  the  analysis  o f  symmetric l i q u i d  s loshing i n  an in- 

f i n i t e  channel of rectangular sect ion are presented by Hung, e t  a 1  (1964). 

I n  t h e  first, the ve loc i ty  potent ia l ,  free surface shape, pressure, and v i -  

bra t ion  frequency are expanded i n  the r a t i o  of the m a x i m u m  amplitude of f r e e  

surface v ibra t ion  t o  tank radius. 

t a ined  ( the  zero-order po ten t i a l  i s  zero). 

same problem, a harmonic funct ion expansion and Fourier  time-series ana lys i s  

A f i r s t -o rde r  ve loc i ty  p o t e n t i a l  i s  ob- 

I n  the second approach t o  the 

are employed. 

the r e s u l t s  a r e  presented. 

Numerical computation was ca r r i ed  out i n  a s ing le  case and 

0 
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A l i nea r i zed  ana lys i s  of axisymmetric sloshing during draining under 

low-g conditions i s  presented by Saad and Oliver (1964). The r e s u l t s  in- 

d ica te  a s l i g h t  reduction i n  the c r i t i c a l  Bond number f o r  draining an in-  

ver ted tank. 

Se r i e s  so lu t ion  of the l inear ized sloshing problem i s  ca r r i ed  out by 

The ve loc i ty  po ten t i a l  i s  obtained as an  i n f i n i t e  Koval and I3huta (1965). 

s e r i e s  of eigenfunctions. An approximate e x p l i c i t  expression can be ob- 

t a ined  by t runcat ing the s e r i e s ,  and t h i s  approximation could be used t o  

es t imate  pressures exerted by the  sloshing l i q u i d  on the containing tank. 

I n  another paper, Bhuta and Koval (1965) discuss the problem of  l i nea r i zed  

s loshing i n  a draining o r  f i l l i n g  tar$ i n  l o w g .  The p o s s i b i l i t y  of vapor 

blowthrough during draining i s  indicated,  as i s  the need f o r  ba f f l e s  t o  damp 

the  f r e e  surface motion during f i l l i n g .  The la t te r  r e su l t s  are questionable 

because f l o w  during f i l l i n g  i s  much f a r t h e r  from i d e a l  than f l o w  during 

draining. 

0 

perience weightlessness, and t h a t  tl-r? idea of i nc ip i en t  dynamics should be 

abandoned. I n  s p i t e  of this, success f i l  l inear ized  ana lys i s  has been re- 

ported. 

The t r ans i en t  response t o  sudden weightlessness of the f r e e  surface 

of a l i q u i d  i n  two-dimensional and cy l indr ica l  containers i s  subjected t o  

a l i nea r i zed  treatment by Fung (1965). The predicted ver tex  motion campares 

favorably with experiment. Pa r t i cu la r ly  s ign i f i can t  i s  the f a c t  t h a t  the 

i n i t i a l  ver tex motion opposite t o  l a t e r  t i m e  motion which i s  observed experi- 

mentally f o r  a sho r t  t i m e  a f t e r  entry i n t o  sudden weightlessness is reproduced 

by t h e  analysis .  A similar approach i s  used by Bowman (1966) t o  inves t iga te  

0 
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t he  response of an i n i t i a l l y  f l a t  in te r face  t o  sudden a x i a l  accelerat ion.  

results of an experimental s tudy of the t r a n s i e n t  response of a l iquid-gas 

The 0 

i n t e r f a c e  t o  sudden weightlessness i n  spher ica l ,  cy l ind r i ca l ,  and annular  tanks 

are presented by Sieger t ,  e t  a1 (1964). 

The problem of non-linear o s c i l l a t i o n s  of an inv isc id ,  incompressible l i q -  

u id  having a free surface i s  formulated by applying Hamilton's p r inc ip l e  a t  con- 

s t a n t  volume by Petrov (1964). It i s  demonstrated t h a t  t h i s  i n t e g r a l  represen- 

t a t i o n  i s  equivalent  t o  the c l a s s i c  boundary value problem statement.  Several  

s p e c i f i c  c l a s ses  of extremizing functions are b r i e f l y  mentioned. 

t i o n s  o r  n u m r i c a l  results are presented. 

No applica- 

A numerical scheme f o r  computing t h e  non-linear axial ly  symmetric osc i l -  

l a t i o n s  of a c a p i l l a r y  surface i n  a cy l ind r i ca l  container  i s  discussed by 

Concus, e t  a1 (1965). T h e  numerical results presented show t h a t  t he  method 

has considerable promise and should be appl icable  t o  r eo r i en ta t ion  flow, a s  0 
well. 

Moiseev, e t  a1 (1964), discuss mthods  of solving c a p i l l a r y  hydrodynamic 

nnnhl vvIb,IIu. -ma 

ing t h e  e f f e c t  of v i scos i ty .  

gf pzrtic.fizr in te res t  is t h e  diss?lssior? of Eethcds f o r  im.est . igi t -  

Randolph (1965) considers t h e  problem of non- 

l i n e a r  axisymmetric motion of  a viscous l i q u i d  i n  a cy l ind r i ca l  container .  The 

d i f f i c u l t y  of applying an appropriate macroscopic viscous boundary condition 

where t h e  free surface contacts  t he  s o l i d  wall is  pointed out. While an  a p  

proach t o  numerical so lu t ion  i s  suggested, no computational o r  numerical re- 

su l t s  are reported.  

I n  a study of e l a s t i c  i n t e rac t ion  of tank s t ruc tu re  with s losh ing  l i qu id ,  

Tong and Fung (1965) f i n d  that increqsed f l e x i b i l i t y  leads t o  reduced n a t u r a l  

frequency. 

(1966), it i s  shown t h a t  superhposing an e l e c t r i c a l  body force  a l t e r s  the  

na tu ra l  frequency of o s c i l l a t i o n  of t h e  c a p i l l a r y  surface.  

I n  t h e  f l a t  in t e r f ace ,  square tank, ana lys i s  o f  Koval and &uta 

0 
This r e s u l t  w w l d  
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be expected f o r  any body force ,  of course. 

I n  an experimental s tudy o f  high-g s loshing motions, Cooper (1959) ob- 

ta ined  good agreement with first mode smal l  amplitude slosh theory.  The 

l lspi l l -overl l  o f  l i q u i d  t h a t  occurs when a l a rge  amplitude s losh  mve  reaches 

the  hemispherical  tank top results i n  considerable energy d i s s ipa t ion  and a 

sharp increase  i n  damping. O f  experimental i n t e r e s t  i s  t h e  f a c t  t h a t  w h i l e  

wave amplitudes were found hard t o  measure o r  def ine a t  times, the  la teral  

force produced by s losh  wave motion was r ead i ly  obtained. 

Miles and Troesch (1960) studied the  gravi ty-free o s c i l l a t i o n s  of t h e  

c y l i n d r i c a l  free surface of an  inv isc id  l i q u i d  i n  a x i a l  solid-body r o t a t i o n  

contained i n  a c y l i n d r i c a l  tank. This  i s  not  a problem i n  which surface 

fo rces  are important because the  cent r i fuga l  body force  dominates. Compre- 

hensive r e s u l t s  f o r  t he  natural modes of  cen t r i fuga l  o s c i l l a t i o n  were pre- 

sented.  

Further  information on sloshing and r e l a t e d  top ics  can be found i n  

Brazinsky (1962), Chernous 1 ko (196L) 

(196k) Hwang (1965) Koestel (1959): Moore (1965) I Neimer (1959) .r Otto (1944), 

Otto (1965), Paynter (1964), Reynolds (1964), Scr iven  (1960) , Shuleikin (1962), 

Shuleikin (1962) , Siege1 (196i), Smith (1965), Swalley (1965), and Unterburg 

(1962) 

Propel lan t  Containment and Ullage Control 

Chernous I ko (1965), Chu (1964), Cline 

I n  this sec t ion  methods f o r  p re fe ren t i a l  posi t ioning of contained l i qu ids  

i n  a low-gravity environment, such as a t  th tank d ra in  f o r  restart, and a m y  

from vents  are reviewed. Included are  passive methods, such as sur face  tens ion  

devices;  a c t i v e  methods, such as d ie lec t rophore t ic  devices;  and nethods of 

vent ing.  Pos i t i ve  expulsion devices, being independent of body forces  due t o  

acce le ra t ion  f i e l d s  o r  t he  lack of them, are disregarded. 

I n  an inves t iga t ion  ca r r i ed  out i n  a drop-tower, Pe t rash  and O t t o  (1942) 
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found i n t e r n a l  tank ba f f l i ng  t o  be an e f f e c t i v e  means of pos i t ion ing  l i q u i d  

f o r  vent ing and restart i n  low-g. 

of l i q u i d  i n  low-g was inves t iga ted  by C lodfe l t e r  and Lewis (1961), and no 

The e f f e c t  of screens on the configurat ion 
0 

important a l t e r a t i o n  i n  configuration was observed. 

Conical baffles were found by Neu and Good (1963) t o  be use fu l  f o r  or- 

i e n t i n g  l i q u i d s  i n  zero-g. 

discussed by Por t e r  and Clayton (1965) i n  an i n t e r e s t i n g  introduct ion t o  zero-g 

The use of a standpipe f o r  l oca t ing  l i q u i d  is  

research a t  the  Royal Aircraft Establishment, Farnborough, England. 

The results of a n a l y t i c a l  s tud ies  and one-g tests of t he  use of surface 

and d ie lec t rophroe t ic  forces  i n  l i qu id  containment are presented i n  a r epor t  

by B e l l  Aerospace (1963). Experimental da ta  and general  design information 

f o r  proposed propel lan t  containers  a r e  included. 

Some simple experiments wtth cap i l l a ry  r e t en t ion  devices i n  axial  and 

t ransverse  body fo rce  f i e l d s  are described by Jet ter  (1963). 

square o r  rectangular  passages were found t o  promote i n s t a b i l i t y .  

Corners i n  

The results of an a n a l y t i c a l  and experimental s tudy  of  p rope l lan t  con- 

tainment and venting i n  zero o r  small adverse g rav i ty  environments are re- 

ported by Boraas, e t  a l  (1965). Systems of c o a d a l  cones are inves t iga ted  

for containment. C r i t i c a l  s t a b i l i t y  condi t ions are determined by equating 

buoyancy and sur face  tension forces. While the  r e l a t i o n s  developed i n  this 

unusual way do no t  seem t o  check with standard results i n  the  l i m i t i n g  cases,  

the experiments reported seem t o  be i n  agreement with the  ana lys i s .  Screens 

and a c e n t r a l  standpipe a re  u t i l i z e d  i n  a combined containment and venting 

device.  

The p r inc ip l e  o f  dielectrophoresis  is  discussed by Blackmon and Crocker 

(1963), toge ther  with a descr ipt ion of some experiments and a discussion ~f 

t he  app l i ca t ion  of dielectrophoret ic  body forces  i n  posi t ioning l i qu ids  i n  

zero-gravity. 

0 
I n  similar papers, Blachon (1962, 1963) , descr ibes  the  col- 
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0 l e c t i o n  of l i q u i d s  using e l e c t r i c a l  forces .  Caloulated co l l ec t ion  forces 

and times compare favorably with experiment. 

An inves t iga t ion  of dielectrophoret ic  separat ion and o r i en ta t ion  of l i q -  

u id  hydrogen i n  low-g i s  reported by Hurwitz, e t  a1 (1964). 

was obtained between theory, laboratory analog tests, and zero-g a i r c r a f t  t e s t s .  

Good agreement 

A va r i e ty  o f  venting ( i n  this case, res idua l  propel lant  dumping) methods 

and t h e i r  r e l a t i v e  usefulness are discussed by Sa t t e r l ee  (1962). Similar  prob- 

lems, and experimental and ana ly t ica l  r e s u l t s ,  are discussed by Sherley (1962). 

Plans f o r  a f u l l - s c a l e  o r b i t a l  f l u i d  mechanics experiment aboard an  S-IVB s tage  

a re  discussed by Cline (1964), and Swalley (1965) . 
Additional information on propel lant  containment and ul lage cont ro l  can 

be found i n  Abdalla (1964), Allingham (1964), B e l l  (1962), Blackmon (1965), 

Heald (1965), Hunter ( 1962), Krivetsky (1962), Otto (1964), O t t o  (1965), Paynter 

(1964), P o r t e r  (1965), Reynolds (1964), Rod (1962), S te in le  (1963), Unterburg 

(1962), and Wood (1963). 

Draining 

0 

Extract ing i i q u i d  from a tank i n  a l o w g r a v i t y  environment can present  

se r ious  problems. 

eventual ly  a dip will appear i n  the  surface above the drain.  

i s  a severe problem because the dip i s  much more pronounced. 

ltsuckedft i n t o  the  drain,  a d i r e c t  gas path i s  provided t o  the pump suction. 

The propel lant  volume remaining i n  the  tank when t h i s  occurs i s  trapped and 

unusable. This e f f e c t  is  independent of and addi t iona l  t o  v o r t i c i t y  e f f e c t s .  

Additionally,  draining dynamics can adversely i n t e r a c t  with s loshing motions. 

A l i nea r i zed  analysis  of sloshing during tank draining under low-g con- 

A s  t he  depth of l i qu id  i n  a draining tank i s  reduced, 

I n  low-g, this 

When the  dip i s  

d i t i ons  i s  presented by Saad and Oliver (1964). 

a s imi l a r  treatment.  The formulation i s  generalized t o  account f o r  var iable  

a x i a l  accelerat ion,  but  the  solut ions presented a r e  f o r  constant accelerat ion.  

Buts and Koval (1965) present 

0 
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The p o s s i b i l i t y  of vapor blowthrough during zero-g draining i s  indicated.  

A photographic s tudy  of zero-g draining o f  l i q u i d  from a c y l i n d r i c a l  

0 

tank i s  presented by Nussle, e t  a1 (1965). 

i z ing  gas and ba f f l i ng  the  tank out le t  were found t o  be he lpfu l  i n  a l l ev ia t -  

DiPfusing the incoming pressur- 

ing the e f f e c t s  of suc t ion  dip,  thus delaying vapor blowthrough. 

An experimental s tudy of  tank draining under one-g i s  reported by 

Gluck, e t  a1 (1965). The point  a t  which gas inges t ion  occurred was found 

t o  depend only on Froude number f o r  Bond numbers of order 100 and l a rge r ;  

f o r  Bond numbers of order 10, the c r i t i c a l  condition was found t o  depend on 

Bond number as ml l .  

Some addi t iona l  information on tank draining under l o w g  conditions 

can be found i n  OlLoughlin (1965), O t t o  (1964), O t t o  (1965), P o v i t s k i i  (1963), 

Reynolds (1964), Sherley (1962), S te in le  (1962) , SmlleY (1965) , and Unter- 

burg (1962). 

He a t  Transfer 

t a ined  l i qu ids  i s  different ,  and becwse the  na tu ra l  convective t ranspor t  

of energy and mass, general ly  dominant a t  one-g, i s  much less vigorous. 

I n  an ana ly t i ca l  inves t iga t ion  of low-gravity t ranspor t  processes, 

Gebhart (1963) f inds t h a t  random disturbances normally present i n  t h e  motion 

of space vehicles  can r e s u l t  i n  r e l a t i v e l y  e f f ec t ive  convective t ransport .  

The hea t  t r a n s f e r  problem i n  a p a r t i a l l y  f i l l e d  propel lant  tank i n  

low-g i s  discussed i n  a repor t  prepared by Dynamic Science Corp. (1963). A 

lumped-capacity formulation intended f o r  so lu t ion  on an analog computer wm 

obtained. The heat t r a n s f e r  mechanisms considered were i n t e r n a l  rad ia t ion ,  

phase change due t o  evaporation and condensation, conduction, free convec- 

t i on ,  and convection i n  l i q u i d  layers due t o  d i f f e r e n t i a l  surface tension. 

0 
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The thermally-induced motion o f  l i q u i d  i n  a f u l l  two-dimensional con- 

t a i n e r  heated on one s ide  and insulated on the other  three i s  considered i n  

the repor t  of Hung, e t  a 1  (1964) 

heating funct ion and the  temperature, pressure,  and ve loc i ty  d i s t r ibu t ions  

0 
The problem i s  solved f o r  a t r i angu la r  

a r e  p lo t ted .  

A survey of avai lable  l i t e r a t u r e  on the  influence of grav i ty  on nuc- 

leate boi l ing  i s  most recent ly  presented by Adelberg (1963), together with 

r a t iona l i za t ion  o f  the observations i n  terms of the per t inent  force  r a t i o s .  

It i s  pointed out t h a t  s ince the mechanics of bubbles a r e  s t rongly  influenced 

by g rav i t a t iona l  forces ,  nucleate boi l ing can be s t rongly  influenced by such 

forces.  Note i s  taken of t he  d i f f i c u l t y  i n  so r t ing  out  s teady-state  and 

t r ans i en t  phenomena i n  r e l a t i v e l y  short-l ived drop tower experiments. 

r a t i o  arguments are used by Adelberg and For s t e r  (1961) t o  estimate one-g 

tes t  parameter values which may f ie ld  use fu l  information on zero-g boi l ing  

heat  t r ans fe r .  

(1966). 

Force 

0 
Similar  resul ts  a r e  presented i n  Adelberg and Schwartz 

The prcblem af f s rze&cz~~ivec t i~r i  heat transfer t o  a l i q u i d  contained i n  

a ro t a t ing  tank during spin-up from r e s t  i n  a low-gravity environment i s  dis- 

cussed by Fendell  (1966). 

Low-g heat  t r ans fe r  t o  l i qu id  propane contained in a spher ica l  s t e e l  

tank i s  discussed by Rex and Knight (1964). 

a sounding rocket.  While the  heat  f l ux  was about th ree  times as g rea t  as  the  

The experiment was conducted i n  

s o l a r  f l u ,  it was s t i l l  representative of o r b i t a l  heating rates. Most low-g 

hea t  t r a n s f e r  exper imnts  reported t o  date have been conducted a t  high heat- 

i ng  r a t e s  which are not t yp ica l  of o r b i t a l  conditions.  Nucleate boi l ing  

ev ident ly  pe r s i s t ed  throughout the experiment, and a reduced heat t r a n s f e r  

r a t e  of about 1/3 the one-g value ms observed. 0 
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The results of an experimental inves t iga t ion  of bo i l ing  hea t  t r a n s f e r  

t o  l i q u i d  ni t rogen i n  a near zer+g environment a re  reported by C l a r k  and 
0 

Merte (1963). The heat f l u x  range was high, lo3 t o  2.520 4 Btu/hr-ft2. A 

similar experimental s tudy by Merte and Clark (1963) ind ica tes  t h a t  g rav i ty  

reduction has l i t t l e  e f f e c t  on boiling hea t  t r a n s f e r  a t  high heat t r a n s f e r  

r a t e s .  

In  an experimental inves t iga t ion  of  t he  e f f e c t  of reduced g rav i ty  on 

pool-boiling, Usiskin and Siege l  (1961) found t h a t  the c r i t i c a l  heat  f lux 

var ies  approximately with the  k-powr of gravi ty .  It was a l s o  found t h a t  

t he  ve loc i ty  of  f r e e l y  r i s i n g  bubbles decreases with reduced gravi ty ,  and 

t h a t  bubble diameters a t  separat ion from the heated surface vary inversely 

with g rav i ty  t o  the  1/3.5 power. I n  similar experiments conducted a t  high-g, 

Costel lo  and T u t h i l l  (1961) also obtained a k-powx- va r i a t ion  of burnout 

0 heat  flux with gravity.  

I n  an order of magnitude analysis  based on experimental data, Keshock 

and S iege l  (196L) found t h a t  when bubble growth rate i s  la rge ,  nucleate 

L - 2  U U L L L I I ~  1 J - - is esseiitiaiiy gi-aviiy independent, and bubble departure from t i e  

heated surface i s  governed by i n e r t i a l  and surface forces .  

i ng  bubbles, the  authors found t h a t  departure i s  governed by buoyant and 

surface forces .  

For slowly grow- 

Viscous forces  appeared t o  be unimportant. 

S iege l  and Homll  (1965) report  an experimental determination of  the  

peak nucleate boi l ing  heat flux i n  water, e t h y l  alcohol, and an aqueous suc- 

rose so lu t ion  i n  low-g. Ver t ica l  o r ien ta t ion  of the  heated wire resu l ted  i n  

a lower peak heat  flux than d id  horizontal  o r ien ta t ion .  The peak o r  burnout 

f lux was found t o  be roughly proportional t o  t he  &power o f  g. 

Qua l i t a t ive  information regarding nucleate pool bo i l ing  of  water i n  

low-g i s  presented i n  a repor t  o f  a photographic inves t iga t ion  ca r r i ed  out 

by Hedgepeth and Zara (1963). 

0 
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Qua l i t a t ive  descr ipt ions o f  boil ing and condensing phenomena based on 

v i s u a l  observation of  l o w  and zero-g a i r c r a f t  tests a re  given by Hedgepeth 

(1960). 

t es t  loop. I n  a repor t  of a s imi la r  study i n  which mercury was the tes t  

l i qu id ,  R e i t z  (1960) reports  no difference i n  the mode of condensation i n  

zero-g as compared with one-g conditions. 

Both mercury and d i s t i l l e d  hater  were used i n  a boiler-condenser 

Correlat ions f o r  two-phase f l o G  i n  horizontal  cap i l l a ry  tubes a r e  

presented i n  a repor t  by Suo and G r i f f i t h  (1963). The cor re la t ions  should 

be appl icable  t o  l o w g  flow. Similar f l o w  v isua l iza t ion  tests, conducted 

both a t  one-g and zero-g, are reported by Evans (1963). 

The r e s u l t s  of an experimental inves t iga t ion  of bo i l ing  heat  trans- 

fer  t o  subcooled d i s t i l l e d  water flowing through a resistance-heated tube 

i n  a low-gravity environment a re  repcrted by Papel l  (1962). 

s lug  flow and a subs t an t i a l  increase i n  l o c a l  heat t r a n s f e r  coe f f i c i en t s  

The onset of  

0 
under low-g conditions =re  observed. 

A scheme f o r  simulating zero-g flow by means of  v e r t i c a l  o r  parabolic 

t o  how two-phase isothermal flow, boiling, and condensing might be inves t i -  

gated. It i s  reported t h a t  such a system has ye t  t o  be b u i l t  and t e s t ed ,  

Such hea t  t r a n s f e r  problems as nucleate boi l ing,  impingement of l i q -  

u i d  on a warn unwetted surface,  and heat  t r a n s f e r  be tmen  f u e l  and oxidizer 

tanks are discussed by Sherley (1962). A discussion of the  thermodynamics 

o f  passive o r b i t a l  temperature control  of propel lants  i s  given by Sa t t e r l ee  

(1962). 

Information on low-g heat  transfer and r e l a t ed  top ics  can a l s o  be 

found i n  Abdalla (1964), Abdalla (1965), Adelberg (1965), Albers (196.51, 

Aydelott  (1964), Bell (1964), Benton (196b), Brady (1963), Clark (19641, 

Cline (1964), Clodfel ter  (1964), Ginwala (1961), Heath (1964) , Henchley 
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(1962), Kirk (1960) , Kirk (1963), Lancet (1965), Manson (1964) 

Merte (1961), Polk (1962), Regetz (1964) 

Steinle (1960)~  and Trusela (1960) . 

McGrew ( 1964) 

Schwartz (1965) Siege1 (1959) , 



- 21- 

B I Z  I O G W H I C  CITATIONS 

1959 - 8 

1960 - 12 

1961 - 22 

1962 - 21 

1963 - h2 



-22- LMS C/A 8 35 8 05 

Benedikt, E. T., "Scale of Separation Phenomena i n  Liquids Under Conditions 
of Nearly Free Fallll,  ARS J., Feb. 1959. 

Cooper, R. M.,  and J .  P. O ' N e i l l ,  !!Damping Ratios for Sloshing Liquids i n  a 
Cyl indr ica l  Tank Having a Hemispherically Domes Bottom and Roof", EM-9-27, 
STL/TR-~9-0000-09780, Contract AF Ob( 647)-309, Space Technology Labs. , Inc., 
P.  0. Box 95001, Los Angeles h5, Ca l i f . ,  Oct. 26, 1959. 

Koestel, A .  , IIHydrodynamic Problem Areas i n  Zero Gravityll, Meteori te  Pene- 
t r a t i o n  Conference , Washington, 1959. 

Neimer, J., "Effect  of Zero Gravity on F lu id  Behavior and System Designlf, 
WADC TN-59-149, ASTIA NO. AD 228810, 1959. 

Reynolds, W. C . ,  "Behavior of Liquids i n  Free Fa l l f1 ,  Journa l  of  t he  Aero/ 
Space Sciences, Vol. 26, No. 1 2 ,  December 1959. 

S iege l ,  R., And C. Usiskin, "A Photographic Study of  Boiling i n  the  Absence 
of Gravity", ASME Av. Conf. , L o s  Angeles, Mar. 9-12-59, Paper No. 59-Av-37, 
ASME Trans., Ser. c - H'T, Aug. 1959. 

Stern l ing ,  C .  V., and L.< E. Scriven, l t I n t e r f a c i a l  Turbulence: Hydrodynamic 
I n s t a b i l i t y  and t h e  Marangoni Effect",  J .  AIChE, US, No. 4, 1959. 

Wolc zek, O.,  "On t h e  Technical Real izat ion of Subgravity and Weightless- 
ness'!, . l o t h  In t e rna t iona l  Astronaut ical  Congress Proceedings, Vol. 1, 
Springer,  London, 1959. 



-23- 

1960 - 
Bit ten,  John, "Liquid Oxygen Converter1!, USAF, WADD TR 60-669, Oct. 1960. 

Brown, E. L., "Human and System Performance During Zero G " ,  Prepr in t  2301, 
SAE-AFOSR, Astronautic Symposium, Los Angeles, Cal i f . ,  Oct. 12-1k, 1960. 

Dr isco l l ,  D.  G . ,  Wryogenic Tankage f o r  Space F l igh t  Applications", Advances 
i n  Cryogenic Engineering, vol. 5, New York: Plenum Press, 1960. 

Emmons, H., Chang, C., and Watson, B., "Taylor I n s t a b i l i t y  of F in i t e  Surface 
Waves", JFM, Vol. 7,  P a r t  2, 1960. 

Hedgepeth, L. M. ,  "Zero Gravity Boiling and Condensing1f, ARS, Space Power 
Systems Conf., Santa Monica, Calif . ,  Prepr in t  1322-60., Sept. 27-30, 1960. 

- 

Kirk, D.  A . ,  !!The Effect  of Gravity on Free Convection Heat, Transfer - The 
F e a s i b i l i t y  of  Using an Electromagnetic Body Force", Wright A i r  Development 
Division, WADD Tech. Rept. 60-303, Part 1, August 1960. 

L i ,  T.,  'Xiquid Behavior i n  a Zero-G Field",  General Dynamics/Astronautics, 
San Diego, Calif., Sept. 1960. 

Miles, J. W. and Troesch, B. A . ,  "Surface Osc i l la t ions  o f  a Rotating Liquid 
i n  a Gravity-free Field", EM-10-9, STL/TR-60-0000-09137, Space Technology 
Laboratories,  Inc., P. 0. Box 95001, Los Angeles 45, Calif., June 1960. 

0 
R e i t z ,  J. G., YZero Gravity Mercury :ondensing Research1!, Aerospace Engineer- 
ing,  Sept. 1960. 

Scriven, L. E. ,  IIDynamics of a Fluid Interface",  Chem. Engrg. Sci., Vol. 1 2 ,  
1960. 1 

Ste in le ,  H., " A i r  Experimental Study of the Transi t ion from Nucleate t o  Film 
Boiling Under Zero G r a v i t y  Conditions", Heat Transfer and Fluid Mechanics 
I n s t i t u t e ,  Stanford Universi ty  Press, 1960. 

Trusela, R. A. ,  "Zero-g Space Boilers", SAE Paper 154C, SAE Journal,  Sept.  
1960. 



-24- LMS C/A8 35805 

Adelberg, M . ,  and K. Forster ,  "The Effect  of Gravity Upon Nucleate Boiling 
Heat Transfer",  I n  Weightlessness - Physical  Phenomena and Biological Ef- 
f e c t s ,  Plenum P r z s ,  1961. 

Beam, J .  and M .  Anliker, "On the S t a b i l i t y  of Liquid Layers Spread Over 
Simple Curved Bodies1!, SUDAER Report No. 104, Dept. of  Aeronautical Engineer- 
ing,  Stanford University, 1961. 

Be l l ,  J. E., e t  a l ,  lfDeve1opment o f  Pos i t ive  Expulsion Systems f o r  Cryogenic 
Fluidsll, Beech Ai rc ra f t  Corp., Boulder, Colo., F ina l  Report - Phase I and 11, 
from 15 Jan 1961 t o  20 Nov. 1961. Contr. AF' 33(616)-6930, SSD-TDR-62-1k, May 
1962. 

Bellman, R., and R.  Pennington, "Effects of Surface Tension and Viscosity on 
Taylor I n s t a b i l i t y f 1 ,  Q. J.,Appl. Math., Vol.  1 2 ,  1961. 

Eknedikt, E. T., "General Behavior o f  a Liquid i n  a Zero o r  Near Zero Gravity 
Environment!*, Weightlessness - Physical Phenomena and Biological Effects ,  
Plenum Press,  New York, 1961. 

Bretherton, F. P., "The Motion o f  Long Bubbles in Tubes", J. F l u i d  Mech., 
Vol. 10, P t .  2, 1961, 

Clodfel ter ,  R. G., and R. C. Lewis, I'Fluid Studies i n  a Zero Gravity Environ- 
ment!!, Report on E lec t r i c  Propulsion Technology, Propulsion Lab. , Aeronautical 
Systems Div., Wright-Patterson AFB, Ohio, June 1961. 0 
Costello,  C. P., and W. B. Tu th i l l ,  "Effects  of Acceleration on Nucleate Pool 
Boilingv1,. Chemical Engineering Symposium Ser ies ,  Vol. 57, No. 32, 1961. 

G i n > ~ l a ,  K., ffEn,-inzerifig Skddy of v s p i -  Cooliiig E q - ~ p m e n i  for Zem- 
Gravi ty  Environmentlv, Northern Research and Engineering Corp., Cambridge, 
Mass., Wright A i r  Development Division, Aeronautical Accessories Lab., 
Wright-Patterson AFB, Ohio, WADD TR 60-776, January 1961. 

Hankins, D. L. ,  and P. J. Gardner, "Liquid Oxygen Converter f o r  Weightless 
Environmentll, Aerospace Medical Lab., Wright-Patterson AFB, Ohio, Nov. 1961. 

Hartkopf, S. E., "Zero Gravity Tests of X-1s Nitrogen Tank", USAF, Fl igh t  
Test Center, Edwards AFB, AFTTC TN 60-3b, Jan.  1961. 

Jahsman, W. E. ,  "The Equilibrium Shape of the  Surface of  a Fluid i n  a Cylin- 
d r i c a l  Tankf1, Developments i n  Mechanics, Vol. 1, Plenum Press, New York, 
1961. 

Lepper, R., I1Experimental Studies of the Hydrodynamic Behavior of Liquids 
i n  a Zero Gravity hvironmenttt ,  Northrop Corp., Norair  Division, Report No. 
ASG-TM-61-13-Z5., 1961. 

L i ,  T., I1Liqui.d Behavior i n  a Zero-G Field" ,  IAS, Annual Meeting, 29th, N e w  
York, N.  Y.,  Paper No. 61-20, January 23-25, 1961. 

Merte, H. ,  Jr., ;and J. A .  C la rk ,  l tPool  Boiling i n  an Accelerating System", 
ASME J .  Heat Transfer,  Aug. 1961. 

0 



- 25- LMS C/A8 358 05 

1961, Cont. 

Roennau, L . , "Liquid-Gas In te r face  i n  Zero-G" , Rept . No. 61Ol-637~-RU-O0OI 
F ina l  Report, Space Technology Labs., Inc. ,  Redondo Beach, Calif.,  Dec. 3 i ,  
1961. 

S iege l ,  R., "Transient Capi l lary Rise i n  Reduced and Zero-Gravity Fields" ,  
ASME, Trans., Ser. E. J. Appl. Mech., Vol.  28, June 1961. 

"Space Zero rrG1l Fuel Studies t o  A i d  Centaur, Rover and Saturn Propulsion 
Programsf1, Vol. 36, Feb. 1961. 

Stehling, K. R., T3ehavior of  Liquid Hydrogen i n  a Space Environmentlf, 
Appendix - The Aerobee Vehicle., Br i t .  Interplanetary SOC., J., Vol. 18, 
Sept - Dec 1961. 

Usiskin, C. M.,  and R. Siegel,  "An E-rrperimental Study of Boiling i n  Reduced 
and Zero Gravity Fields" ,  ASME, Trans., Ser. C. J. Heat Transfer,  Vol. 83, 
Aug. 1961. 

Wiederhorn, C., "The Space Environment and i t s  In te rac t ions  with Liquid Pro- 
pe l l an t s  and Their Storage Systems1!, Arthur D. L i t t l e ,  Inc . , Cambridge, Mass., 
NASA Contr. NAS 5-664, Rept. C-63210-02-1, Sept. 1961. 

Zipkin, M. A .  , 'IEnvironmental Problems i n  the Design of Space P o w r  Systemsf1, 
Aerospace Engineering, V o l .  20, No. 8, 1961. 



- 26- 

1962 - 

LMS C/A 8 35 8 05 

Andes, G. M., and J .  E. McNutt, "Capillary Phenomena i n  Free Fall!!, J. 
Aerospace Sc i . ,  Vol. 29, Jan. 1962. 

Blackmon, J. B., "Dielectrophoretic Propel lan t  Or ien ta t ion  in Zero Gravity!!, 
Transactions of the 7th Symposium on B a l l i s t i c  Missile and Space Technology, 
U. S. Air Force Academy, Colo., Aug. 13-16, 1962. 

See a l s o :  
Douglas Ai rc ra f t  Company, Santa Monica, Calif. , 1962. 

"Dielectrophoret ic  Propel lant  Orientat ion i n  Zero Gravity!!, 

Brazinsky, I. and S. Weiss, "A Photographic Study of Liquid Hydrogen Under 
Simulated Gravi ty  Conditions!!, NASA "M X-479,; Feb. 1962. 

Callaghan, E. E., llWeightlessnessff, Machine Design, Vol .  34, No. 24, Oct. 11, 
1962. 

Henchley, R. B., "Liquid Propel lant  Losses During Space F l ight" ,  f i n a l  re- 
por t ,  Arthur D . , L i t t l e ,  Inc. ,  Cambridge, Mass., Oct. 1962. 

Hunter, B. J., J .  E. Bell, and J. E. Penner, "Expulsion Bladders f o r  Cryogenic 
Fluids",  Advances i n  Cryogenic Engineering, Vol. 7 ,  New York: Plenum Press ,  
1962. 

Krivetsky, A., e t  a l ,  "Research on Zero-Gravity Expulsion Techniques1!,, 
f i n a l  repor t ,  B e l l  Aerosystems Co., Buffalo, N. Y.,  March 1962. 0 
L i .  T., !!Hydrostatics i n  Various Gravi ta t iona l  Fields" ,  J. Chem. Phys., Vol. 
36, No. 9, May 1962. 

Newman, D., e t  a l ,  IIDevelopment of Expulsion and Or ien ta t ion  Systems f o r  
Advanced Liquid Rocket Propulsion Systems", Phase 1 Progress Report f o r  
Per iod 1 June through 15 October 1962, Edwards AFB, Calif.,  Rocket Research 
Labs. , Dec. 1962. 

Papel l ,  S. S., "An I n s t a b i l i t y  Effect on Two-Phase Heat Transfer  f o r  Sub- 
cooled Water Flowing Under Conditions of Zero Gravity", American Rocket 
Society,  Space Power Systems Conferepce, Santa Monica, Calif., Sept. 25-25, 
1962. 

Petrash,  D. A . ,  and E. W., Ot to  Y3tudies of t he  Liquid-vapor In t e r f ace  Con- 
f i g u r a t i o n  i n  Weightlessness'!, 'Paper 2514-62, American Rocket Society,  Space 
Power Systems Conference, Santa Monica, Calif., Sept.  25-28, 1962. 

Pe t rash ,  D. A., R. F. Zappa, and E.  W. Ot to t  "Experimental Study of the  Ef-  
fects of Weightlessness on t h e  Configuration of Mercury and Alcohol in 
Spher i ca l  Tanks", NASA TN D- l l97 ,  Apr. 1962. 

Polk, R .  L., IISubcritical Liquid Owgen Storage and Conversion System f o r  
Omnigravic OperationI1, Engineering Rept. AE-2072-R, L i f e  Support, Sys tem 
Lab. ,I Wright-Patterson AFB, Ohio, Dec. 1962. 

Rod, R. L. ,  IIPropellant Gaging and Control", Instruments and Control Sys- 
tems, Vol. 35,  Oct. 1962. 

0 



- 27- LMS C/A8 35805 

1962, Cont. 

S a t t e r l e e ,  H.  M., "Propellant Control at Zero-gll, Space/Aeronautics, Vol. 
38, No. 1, July 1962. 

See a l s o :  Sa t t e r l ee ,  H. M.,  "Propellant Orientat ion,  Venting, and Tempera- 
ture Control Under Zero-gravity Conditions", Spacecraft  Thermodynamics Sym- 
posium, L I G C  Research Labs, P a l o  A l t o ,  Calif., Mar. 28, 1962. 

Sherley, J. E., "The F i n a l  Report f o r  the  General Dynamics/Astronautics 
Zero-G Program (May 1960-March 1962) I!, NASA CR-51278, General Dynamics/Astro- 
naut ics ,  August 1962. 

Shuleikin,  V. V., "Shape of t he  Surface of a Liquid i n  Process o f  Losing Its 
Weightlessness", NASA TTF-8373, Jan .  1963. 
Vol. 147,, No. 1, Nov. 1, 1962. 

Transl.  Doklady, A.  N. ,  USSR, 

Shuleikin,  V. V., "More on t h e  Behavior of a Liquid Approaching Weightless- 
ness", NASA TT F-8374, Transl. Diklaliy, A. N.,  USSR, Vol. 147, Dec. 11, 1962. 

Unterburg, W., and J .  Congelliere,  '!Zero Gravity Problems i n  Space Powr-  
p l an t s :  A S t a t u s  3x-veytt, ARS Journal,  Vol. 32, No. 6, June 1962. 



- 28- 

Adelberg, M . ,  "Effect of Gravity Upon Nucleate Boilingf1, Proceedings of 
American Astronaut ical  Society, Physical and Biological  Phenomena under 
Zero Gravi ty  Conditions, 2nd Symposium, Los Angeles, Calif.,  Jan. 18, 1963. 

See a l so :  ?!Zero Gravity Heat Transfer", Proceedings of the  I n s t i t u t e  of 
Environmental Sciences 1963 Annual Technical Meeting, I n s t i t u t e  of Environ- 
mental Sciences,  M t  . Prospect, I l l i n o i s ,  Apr i l  1963. 

Anliker,  M. ,  and W. S. P i ,  "Effects of Geometry and Unidirect ional  Body 
Forces on the  S t a b i l i t y  of  Liquid Layers", SUDAER No. 150, Stanford Univ., 
March 1963. 

Barcatta,  F. A. ,  H. L. Daley, A .  H. Firestone, A .  T. For res te r ,  YZero G 
Propel lant  Feed Systems f o r  Cesium Ion Rocket Engines", AIAA, E l e c t r i c  
Propulsion Conference, Colorado Springs, Colo., Mar. 11-13, 1963. 

Bell Aerospace Corp., "Development of FXpulsion and Or ien ta t ion  Systems f o r  
Advanced Liquid Rocket Propulsion Systemst!, Rept. No. 8219 933033, July 1963. 

Berenson, P. J . , "Fundamentals of Low Gravi ty  Phenomena Relevant t o  F lu id  
System Design", Proceedings of American Ast ronaut ica l  Society,  Physical  and 
Biological  Phenomena Under Zero Gra-sity Conditions, 2nd Symposium, Los 
Angeles, Calif., Jan. 18, 1963. 

Blackmon, . J. B.. , and J. F. Crocker, "Propel lant  Or ien ta t ion  i n  Zero Gravi ty  
With E l e c t r i c  Fields" ,  Physical  and Biological  Phenomena i n  a Weightless 
S t a t e ,  Advances i n  the Aeronautical Sciences, Vol. 14, Western Per iodica ls  
Co., North Hollywood, Calif., Jan. 1P63. 

0 

Blaclanon, J. B., l fPropel lant  Orientat ion in Zero Gravity With E l e c t r i c  Fields",  
Proc., Aerospace Forum, I1 Session, 3 l s t  U S  Meeting, N e w  York, N .  Y., Jan.  
21-23, 1963. 

Brady, A. P., e t  a l ,  I?Investigation ?f the  Space S t o r a b i l i t y  of Pressurizing 
Gases1!, In te r im Report, Feb 19, 1962-Feb 18, 1963. NASA CR-51520, Aug. 1963. 

Clark, J .  A . ,  H. Merte, Jr., "Nucleate, Transi t ion,  and Film Boiling Heat 
Transfer  a t  Zero Gravity'!, ,Proceedings of American Astronaut ical  Society,  
Phys ica l  and Biological  Phenomena Under Zero Gravi ty  Conditions, 2nd Sym- 
posium, Los Angeles, Calif.,  Jan. 1 8 ,  1963. 

Clodfe l te r ,  R. G., "Fluid Mechanics and Tankage Design For Low Gravi ty  En- 
vironmentsff, Technical Documentary Report, June 1961 - A p r i l  1963, A i r  Force 
Systems Command, AF Aero-Propulsion Lab., Wright-Patterson AFB, Ohio, Sept.  
1963. 

Concus, P., "Capi l lary S t a b i l i t y  i n  an Inverted Rectangular Tank", American 
Ast ronaut ica l  Society,  Phys ica l  and Biological  Phenomena Under Zero Gravity 
Conditions, 2nd Symposium, Los  Angeles, Calif . ,  Jan. 18, 1963. 

Congelliere,  J. T.,,  Unterberg, W., and Zwick, E. B., !'The Z e r o - G  Flow Loop: 
Steady-Flow, Zero-Gravity Simulation For Inves t iga t ion  of Two-Phase Phenarnenalf, 
American Astronaut ical  Society,  Physical  and Biological  Phenomena Under Zero 
Gravity Conditions, 2nd Symposium, Los Angeles, Calif.,  Jan.  18, 1963. 

0 



- 29- LMS C/A8 35805 

1963, Cont. 

Colaprete, S. J., lfPreliminary Invest igat ion f o r  a Zero-Gravity Water Separator" , 
North American Aviation, Inc., Environmental Lab., Los Angeles, C a l i f . ,  23 Sept.  
1963. 

Cummings, J .  W. , IIDynamic Techniques f o r  Extending Zero G Duration", Proceedings, 
American Astronaut ical  Society, Physical and Biological Phenomena Under Zero 
Gravity Conditions, 2nd Symposium, Los Angeles , Calif., Jan. 18, 1963. 

DiMaggio, 0. D . ,  "Equilibrium Configuration of the Liquid-Vapor In te r face  I n  a 
Rotating Container Under Zero G Conditions!!, Proceedings, American Astronaut ical  
Society,  Phys ica l  and Biological Phenomena Under Zero Gravity Conditions, 2nd 
Symposium, Los Angeles, Calif., Jan. 18, 1963. 

Draper, C .  S., M. S. iSapuppo, and L.  F. Hughes, "Acceleromter Design and Test- 
ing f o r  Zero-G Environment!!, Proceedings, American Astronaut ical  Society, 
Phys ica l  and Biological Phenomena Under Zero Gravity Conditions, 2nd Symposium 
Los Angeles, Calif., Jan. 18, 1963. 

Dynamic Science Corp., "Study of Forces on Propel lants  Due t o  Heat Transfer  In- 
fluencing Propel lan t  Temperature i n  a Recovery-Type Vehiclell, 15 Jan. 1963. 

Evans, D. G., TfVisual Study of Swirling and Nonswirling Two-Phase Two-Component 
Flow a t  1 and 0 Gravity", NASA IM X-725, Aug. 1963. 

Evans, R. L., and J .  R. Olivier, "Proposal for Determining t h e  Mass of  Liquid 
Propel lan t  Within a Space Vehicle Propellant Tank Subjected t o  a Zero Gravi ty  
Environment!f, NASA TN D-1571, March 1963. 

0 

See a l s o :  
Vol. 39, June 1963. 

"Gas Laws Help Find Propel lant  Mass a t  Zero GIf,  Space/Aeronautics, 

Gebhart, B., Wmdom Convection Under Conditions of Weightlessness", - AIAA 
, Journal,  Vol. 1, Feb. 1963. 

Hedgepeth, L., and E. A .  Zaca, YZero Gravity Pool Boilingf1, Aeronautical  Systems 
Division, USAF, Report No. ASD-TDR-63-706, Sept. 1963. 

Hinds, D. E., and J. Cleveland, flCapillary Action Liquid Oxygen Converter f o r  
Weightless Environment1', Pioneer C e n t r a l  Div., Ekndix Corp., Davenport, Io t a ,  
Jan. 1963. 

J e t t e r ,  R. I., "Orientation of Fluid Surfades i n  Zero Gravity Through Surface 
Tension Effectsff,] Proceedings , American Astronaut ical  Society, Physical  and 
Biological  Phenornena Under Zero Gravity Conditions, 2nd Symposium, Los Angeles, 
Calif. ,i Jan. 18; 1963. 

Kirk, D. A.,  "Means of Creating Simulated Variable Gravity Fields  f o r  t he  Study 
of Free Convective Heat Transfer, ASD-TDR-63-250, Wright-Patterson A i r  Force 
Rase, Ohio, 1963. 

Lepper, R. ,  V$SL Optical  EpihydrogoniometerIt, Proceedings, American Astrc- 
n a u t i c h l  Society,  Physical and Biological Phenomena Under Zero Gravi ty  Condi- 
t ions,  2nd Symposium, Los Angeles, Calif.,  Jan. 18, 1963. 



-30- 

1963, Cont. 

Lepper, R. ; IINorthrop Space Laboratories Zero Gravity Simulation F a c i l i t i e s "  , 
I n s t i t u t e  of Environmental Sciences, 1963 Annual Technical Meeting, Proceed- 
ings,  M t .  Prospect, Ill., I n s t i t u t e  o f  Environmental Sciences, 1963. 

1 

Merte , ,H., Jr., and J .  A.  Clark , "Boiling Heat Transfer  with Cryogenic Fluids  
a t  Standard Fract ional ,  and Near-Zero Gravity" , ASME Paper No. 53-HT-28,, Aug. 
1963. 

Neu, J .  T . j  and R. J .  Good, "Equilibrium Behavior of F lu ids  i n  Containers a t  
Zero Gravity!!, AIAA Journal,  Vol. 1, No.,]+, Apr. 1963. 

Petrash,  D.  A . ,  R .  C .  Nussle, and E. W. O t t o ,  "Effect of Surface Energy on t h e  
Liquid-Vapor In te r face  Configuration During Weightlessness" ,' NASA TN D-1.5'82, 
Jan. 1963. 

Petrash,  D. A . ,  R. C .  Nussle, and E. W. O t t o ,  "Effect of Contact Angle and 
Tank Geometry on the  Configuration o f  the  Liquid-Vapor In te r face  During Weight- 
lessness" ,  NASA TN D-2075, Oct. 1963. 

Petrash,  D.  A . j  and T.  M. Nelson 
Vapor In t e r f ace  Configuration During Weightlessness", NASA TN-D-1582, Jan. 1963. 

"Effect of Surface Energy on the Liquid- f 

Povi t sk i i ,  A. ,S. , IfWorld Without Gravity", t r a n s l .  i n t o  English from Russian 
newspaper, Ixvest iya,  Foreign Technology Div., A i r  Force Systems Command, 
Wright-Patterson AF'B., Ohio, Apr. 23, 1963. 0 
Povi t sk i i ,  A. S., and L. Y. Lyubin, Wnptying and F i l l i n g  Vessels i n  Conditions 
o f  Weightlessness", Planetary and S p x e  Science, Vol. ,  11 , No. 11, (USSR) , 1-963. 

Randolph, B. W., "Linear Approaches t o  the Dynamics of  Fluids  Subjected t o  T ime  
Varying Body Forces!', F ina l  Report, Apr. 1962 - Mar. 1963, Northrop Corp., 
Northrop Space Labs. , Hawthorne , Calif. , Apr. 1963. 

Shuleykin, V. V., tlSecond Ser ies  of Ground Tests with Weightless Liquids1!,$ 
J o i n t  Publ icat ions Research Service, Washington, D., C .  , JPRS 23259, 1 7  Feb. 
1964. Transl. i n t o  English from Dokl. Akad. Nauk S$SR (Moscow) , V. 153, No. 6, 
2 1  Dec. 1963. 

S te in l e ,  H. F., IIReview of  Zero-G Studies Performed a t  General Dynamics/Astro- 
naut ics t t ,  Proceedings, American Astronautical  Society, Physical  and Biological 
Phenomena Under Zero Gravity Conditions, 2nd Symposium, Los Angeles, Ca l i f . ,  
Jan. 18, 1963. 

Suo, M a ,  and P. G r i f f i t h ,  I'Two Phase Flow i n  Capi l la ry  Tubes!!, National Magnet 
Lab., Mass. I n s t .  of Tech. , Cambridge, Tech. Rept. No. 8581-2LJ March 1963. 

Thompson, L. ,  I. DePuy, V.  Daniels, and W. Walters, "Study of Zero-Gravity 
Pos i t ive  Expulsion Techniques" ( Inter im Report, Apr. 16 1962 - FQb. 15 1963), 
Bell Aerosystems Co., Buffalo, N .  Y . ,  NASA Contract NAS 7-149, June 1963. 

Vander Velde, E. , "An Experiment t o  Test Low-Level Accelerometers", A i r ,  
Space , and Instruments, Draper Anniversary Volume , New York , McGraw-Hill 
Book Co., Inc.  1963. 

0 



- 31- LMSC/A8 35805 

1963, Cont. 

Wood, B., "A Zero Gravity Liquid Behavior Problem", Proceedings, American 
Ast ronaut ica l  Society,  Physical  and Biological  Phenomena Under Zero Gravity 
Conditions, 2nd Symposium, Los Angeles, Calif., Jan. 18, 1963. 



-32- LMS C/A 8 35 8 05 

Abdalla, K. L. ,  R. A .  Faage, and R. G. Jackson, "Zero-Gravity Performance of 
Ullage Control Surface with Liquid Hydrogen While Subjected t o  Unsymmetrical 
Radiant Heating. NASA- 24-X- 1001, August 1964. 

Allingham, W. D., YCnvestigation of Posi t ive Displacement Cryogenic Fluid Ex- 
puls ion Techniques", Boeing Co., Sea t t le ,  Wash., 1964. 

Aydelott, J. C. ,  E. L. Corpas, and R. P .  Gruber, Vomparison of Pressure Rise 
i n  a Hydrogen Dewr f o r  Homogenous, Normal-Gravity Quiescent,  and Zero-Gravity 
Conditions -- Fl igh t  7 " ,  NASA-TM-X-1006, Sept . 1964. 

Bell  Aerosystems Company, "Study of Zero-Gravity Pos i t ive  Expulsion Techniques", 
Interim Report No. 8230-933007, Contract NAS 7-lh9, 16 March 1963 - 15 Jan. 1964. 

Benton, W., A. Cohen, G. Gustafson, and C. Lankton, "Propellant S t o r a b i l i t y  
i n  Spacer1, F ina l  Rept. 15 May 63 - 30 June 64, Contract AFO4 (611)-9078, FPL 
TDR 64 75, GE Co., Philadelphia,  Pa., June 1964. 

Blackshear, W. ,  and D. G. Eide, "The Equilibrium Free Surface of a Contained 
Liquid Under Low Gravity and Centrifugal Forces", NASA TN-D-2471, Oct. 1964. 

Chernous'ko, F. L,, "Motion of a Solid Body with a Cavity Containing an I d e a l  
Fluid and an A i r  Bubble", PMM No. 1.28, No. 4, 1964 (Trans la t ion) .  

Chin, J .  H. and L. W. Gallagher, "Effect of Fluid Motion on Free Surface Shape 
Under Reduced Gravity", AIAA Journal, Dec. 1964. 

0 
Chu, W., "Fuel Sloshing i n  a Spherical  Tank F i l l e d  t o  an Arbi t rary Depth", 
AIAA Journal,  Vol. 2, No. 11, Nov. 1964. 

Clark, J ,  A. ,  "A Review of Pressurizat ion,  S t r a t i f i c a t i o n ,  and I n t e r f a c i a l  
Phenomena", Cryogenic Engineering Conference, Philadelphia,  Pa., Paper A-6,  
1964. 

Cline,  F. B., V a t u r n  1-B  Liquid Hydrogen Orb i t a l  Ekperiment Definit ion",  
NASA-TM-X-53158, 1 2  Nov. 1964. 

Clodfel ter ,  R. G., IILow-Gravity Pool-Boiling Heat Transfer" j Rept. APL-TDR- 
64-19, A i r  Force System Command, Wright-Patterson A i r  Force Systems Command, 
Wright-Patterson A i r  Force Base, Ohio, March 1964. 

Concus, P., "Capillary S t a b i l i t y  i n  an Inverted Rectangular Channel f o r  Free 
Surfaces With Curvature of  Changing Sign", A I M  Journal,  Vol. 2, No. 1 2 ,  Dec. 
1964. 

Heath, C. A., and C.  P.  Costello,  "The Effec t  of the Orientat ion and Magnitude 
of Gravity Fields  Upon Film Boiling From a F l a t  Plate", University of  Washing- 
ton  College of  Engineering, May 1964, 

Hung, F. C., ,  E. T. Benedikt, T. C .  L i  and R. Halliburton, '!Propellant Behavim 
i n  Zero Gravity (F ina l  Report)", NASA CR-62508, North American Aviation, Inc., 
Nov. 1964. 

0 



- 33- LMS C/A 8 358 05 

1964, Cont. 

Hurwitz, M.,  E. J. Fahimian, and J. M .  Reynolds, "Zero Gravity Control of 
Hydrogen and Cesium by E l e c t r i c a l  PhenomenalT, F ina l  Report, Dynatech Corp., 
Cambridge, Mass., Apr i l  1964. 

' 

Keshock, E. G., and R. Siegel ,  "Forces Acting on Bubbles i n  Nucleate Boiling 
Under Normal  and Reduced Gravity Conditions", NASA TN D-2299, Aug.. 1964. 

See a l so :  
i n  Sa tura ted  Water", A I C h E  Journal ,  V.  10, No. 4, July 1964. 

"Effects  of Reduced Gravity on Nucleate Boiling Bubble Dynamics 

Manson, L., "A Technique f o r  the  Simulation of T h e r m a l  Behavior of F lu ids  i n  
a Lox-Gravity Field" ,  Cryogenic Engineering Conference, Philadelphia,  Pa. ,  
1964. 

Masica, W. J., D. A.,Petrash, and E. W. Otto, "Hydrostatic S t a b i l i t y  of the  
Liquid-Vapor Interface i n  a Gravi ta t iona l  Fieldf1,  NASA TN D-2267, May 1964. 

Masica, W. J., J. D. Derdul, and D. A .  Petrash,  "Hydrostatic S t a b i l i t y  of 
the  Liquid-Vapor In t e r f ace  in a Low-Acceleration Field" ,  NASA TN-D-2444, 
August 1964. 

McGrew, J. L., D. W. Murphy, and R. V. Bailey, !!Boiling Heat Transfer i n  a 
Zero Gravity Environment", SAE-ASME National A i r  Transport and Space Meeting, 
A p r i l  1964. 

Moiseev, N. N.,  A. D. Myshkis, and A.  A. Petrov, "On the Problems of Hydro- 
dynamics i n  Cosmonauticsll, In te rna t iona l  As t ronaut ica l  Federation, 15 th  
In t e rna t iona l  Astronaut ical  Congress, Warsaw, Poland, Sept. 7-12, 1964. 

0 
Otto,  E .  W., "S t a t i c  and Dynamic Behavior of t h e  Liquid-Vapor In t e r f ace  During 
Weightlessness1T, NASA ?M x-52016, Apr i l  196L. 

Pape l l ,  S .  S., "An I n s t a b i l i t y  Effect  on Two-Phase Heat Transfer f o r  Subcooled 
Water Flowing Under Conditions of Zero Gravity,ll NASA TN D-2259, Nov. 1964. 

Paynter, H., R. Marsh, V. Tyler, and C .  Mackenzie, "Zero-G Liquid Propel lant  
Or ien ta t ion  by Passive Control11, Paper 8620, SAE/ASME National A i r  Transport 
and Space Meeting, New York, Apr i l  1964. 

Paynter ,  H. L . ,  '!Time f o r  a Tota l ly  Wetting Liquid t o  Reform from a Gravity- 
Dominated t o  a Nulled-Gravity Equilibrium S t a t e l f ,  AIAA Journal,  Vol. 2, No. 
9 ,  Sept .  1964. 

Petrov,  A.  A.,  IIVariational Statement of the Problem of  Liquid Motion i n  a 
Container of F i n i t e  Dimensions", PMM Vol. 28, No. 4, 1964 ( t r ans l a t ion ) .  

"Propel lant  S t a b i l i t y  i n  Spacell, Tech. Doc. Rept. No. RPL-TDR-64-75 (F ina l ) ,  
Rocket Propulsion Laboratory, Research and Technology Division, A i r  Force 
Systems Command, Edwards A i r  Force Base, June 1964. 

Regetz, J. D.,  Conroy, M. J. ,  and R. G. Jackson, "Weightlessness Experiments 
With Liquid Hydrogen i n  Aerobee Sounding Rockets; Nonuniform Radiant Heat 
Addit ion - Fl igh t  4", NASA 'IM X-873, Feb. 1964. a 



- 34- LMSC/A8 35805 

1964, Cont. 

Reynolds, W. C.,  M.  A.  Saad, and H. M.  Sa t t e r l ee ,  "Capi l lary Hydrostatics and 
Hydrodynamics a t  Low-gtr, Tech. Rept. No. LG-3, Mechanical Engineering Dept., 
Stanford University,  Stanford, Cal i f . ,  Sept. 1, 1964. 

Rex, J., and B. A .  Knight, "An Experimental Assessment of  the Heat Transfer 
Propert ies  of Propane i n  a Near-Zero Gravity Environment1! , U. D. C . No. 547.213: 
536.23: 531.51, Technical Note No. Space 69, Royal A i rc ra f t  Establishment, 
London, Aug. 1, 1964. 

Rumiantsev, V. V., "On the  S t a b i l i t y  of Motion of a Rigid Body Containing a 
F lu id  Possessing Surface Tension1!, PMM Vol. 28, No. 4, 1964. 

Saad, M. A. ,  and D. A .  Oliver,  "Linearized Time Dependent Free Surface Flow 
i n  Rectangular and Cylindrical  Tanks", Proceedings of the  Heat Transfer and 
Fluid Mechanics I n s t i t u t e ,  Stanford University Press,  1964. :, 

Sa t t e r l ee ,  H. M.,  and W. C .  Reynolds, "The Dynamics of t h e  Free Liquid Sur- 
face i n  Cyl indr ica l  Containers Under Strong Capi l lary and Weak Gravity Con- 
di t ions" ,  Dept. of Mechanical Ebgineering, Fkpt. L G 2 ,  Stanford University, 
Stanford, Calif., 1964. 

Scriven, L .  E.,\ and C .  V. Sternl ing,  "On Cellular Convection Driven by Surface 
Tension Gradients; Ef fec ts  of Mean Surface Tension and Viscos i ty" j  JFM, Vol .  
19,  P a r t  3, 1964. 

Selyakov, V., l fPecul ia r i t i es  of Dynamic Weightlessness", A i r  Force Systems 
Command, Wright-Patterson O B ,  Ohio, Foreign Technology Division, FTD-MT-63-19; 
AD- 602571, 1964. 

S ieger t ,  E., D. A .  Petrash,  and E. W. O t t o ,  "Time Response of Liquid-Vapor 
In te r face  Af te r  Entering Weightlessness", NASA-LeRC, Cleveland, Ohio, NASA-TN- 
D- 2458, A u w  t 1964. 

Zenkevich, V. B., "On the  Behavior of a Liquid Under Conditions o f  Weightless- 
nesst1, High Temperature, Vol. 2,  March - Apri l  1964. 



- 35- LMS C/A 8 35 8 05 

Abdalla, K. L e ,  e t  a l ,  '!Pressure Rise Charac te r i s t i c s  f o r  a Liquid Hydrogen 
Dewar f o r  Homogeneous, Normal-Gravity Quiescent  and Zero-G Tests", NASA 
IMX-113hJ Sept .  1965. 

Adelberg, M . ,  "Boiling Condensation and Convection i n  a Grav i t a t iona l  F ie ld"  , 
AIchE National Meeting, Feb. 1965. 

Albers,  J. A .  , and R. P. Macosko, 1IExperimental Pressure-Drop Inves t iga t ion  
of Nonmtting, Condensing Flow o f  Mercury Vapor i n  a Constant-Diameter Tube 
i n  1-G and Zero-Gravity EnvironmentsT1, NASA-TN-D-2838 , June 1965. 

Bhuta, P. G . j  and L .  R. Koval, "Sloshing of a Liquid i n  a Draining o r  F i l l i n g  
Tank Under Variable G Conditions1', USAF, Off ice  of S c i e n t i f i c  Research, and 
Lockheed Missiles and Space Co., Symposium on Flu id  Mechanics and Heat Transfer  
Under Low Gravi ta t iona l  Conditions, Palo Alto,  Calif., June 24, 25, 1965. 

B i t t en  , J .  F., "Liquid Oxygen Converter", American I n s t i t u t e  of Chemical En- 
gineers,  55th National Meeting, Symposium on Ef fec t s  of Zero Gravity on F lu id  
Dynamics and Heat Transfer - P a r t  11, Houston, Texas, Feb. 7-11, 1965. 

Blackmon, J. B.j "Collection of Liquid Propel lan ts  i n  Zero Gravi ty  with E l e c t r i c  
Fields" ,  Journal  of Spacecraf t  and Rockets, Vol. 2 ,  May - June 1965. 

Boraas , S. , D. Chipchak, C .  Schmidt, and L .  Vecchies, "Evaluation of Propel lan t  
Containment and Venting Devices f o r  Zero Gravity Applications'!, AFRPL-TR-65-118 
( f i n a l  repor t )  , June 1965. 

0 
Boman, T .  E. ,  "Liquid S e t t l i n g  i n  Large Tanksll, USAF, Office of S c i e n t i f i c  
Research, and Lockheed Missiles & Space Co., Symposium on Flu id  Mechanics and 
Heat Transfer Under Low Gravi ta t iona l  Conditions , Palo Alto, Calif. , June 25 - 
26, 1965. 

Chernouslko, F. L.,  "Self-Similar Motion of F lu id  Under the  Action o f  Surface 
Tension!! , Pr ik ladnaia  Matematika i Mekhanika, Vol. 29 , Jan-Feb. 1965. 

Concus, P. , G. E. Crane, and L. M .  Perko, ! 'Inviscid F lu id  Flow i n  an Accelerating 
Axisymmetric Container" , USAF, Office of S c i e n t i f i c  Research, and Lockheed 
Missiles & Space Co., Symposium on Fluid Mechanics and Heat Transfer Under Low 
Grav i t a t iona l  Conditions, Palo A l t o ,  Calif. , June 24, 25, 1965. 

Fung, F. C. W., llDynamic Response of Liquids i n  P a r t i a l l y - F i l l e d  Containers 
Suddenly Experiencing Weightlessnessff , USAF, Off ice  of S c i e n t i f i c  Research , and 
Lockheed Missiles & Space Co. , Sympoqium on Flu id  Mechanics and Heat Transfer 
Under Low Grav i t a t iona l  Conditions, Palo Alto, Calif., June 24, 25, 1965. 

Gar r io t t ,  R. and G. A. Burns, ' IZe r0 -G Propel lan t  Gauging Ut i l i z ing  Radio Fre- 
quency Techniques i n  a Spher ica l  Resonatorfl, IEEE Transactions on Aerospace, 
Vol. AS-3, Feb. 1965. 

Gluck, D.  F., and J .  P. G i l l e ,  "Fluid Mechanics of Zero-G Propel lant  Transfer 
i n  Spacecraf t  Propulsion Systemsf1, ASME Transactions,  Se r i e s  B, Journal of 
Engineering f o r  Industry , Feb. 1965. 

0 



-36- LMS C /A 8 3 58 05 

1965, Cont. 

Gluck, D.  F., J. P. G i l l e ,  D. J.  Simkin, and E. E. Zukoski, t tDis tor t ion  of 
t he  Liquid Surface During Tank Discharge Under Low-g Conditionst ' ,  Aerospace 
Volume of AIChE Symposium Series ,  1965. 

Heald, D. A ., and K .  D . Holland, "Centaur Hydrogen Tank Venting Experiencet1 , 
ALRA/NASA F l igh t  Testing Conference, Huntsvi l le ,  A l a . ,  Feb. 1965. 

Hol l i s t e r ,  M .  P. , and H. M. Sa t t e r l ee ,  trLow Gravity Liquid Reorientation!!, USAF 
Office of S c i e n t i f i c  Research and Lockheed Miss i les  & Space Co. , Symposium on 
Flu id  Mechanics and Heat Transfer Under Low Gravi ta t iona l  Conditions, P a l o  Alto , 
June 24, 25, 1965. 

Hwang, C . ,  t tLongitudinal Sloshing of a Liquid i n  a F lex ib le  Hemispherical Tank", 
ASME Paper 65-APM-14, Applied Mechanics/Fluids Engineering conference, Washington , 
3. C. ,  June 1965. 

Kallis, S. A. Jr. , "Problems of  Liquid Behavior i n  Weightless Environments1t , 
Chrysler Corp., Huntsvil le,  A l a . ,  30 Apr. 1965. 

Kosmahl, H.  G . ,  flOptimun Design of Magnetic Braking Coils  With Special  Appli- 
ca t ion  t o  Lewis Drop Tower Experiments1t, NASA TN-D-3132, Dec. 1965. 

Koval, L .  R. , and P. G.  &uta, "A Direct Solut ion f o r  Capillary-Gravity Waves 
i n  a Cyl indr ica l  Tankt1, EM-15-1, 98~~6011-RU000 , TRW Space Technology Labora- 
t o r i e s ,  One Space Park, Redondo Beach, Cal i f . ,  March 1965. 

Lancet, R. T., P. Abramson and R. P.  Forslund, "The Flu id  Mechanics o f  Con- 
densing Mercury i n  a Low-Gravity Environment", USAF Office of S c i e n t i f i c  Re- 
search and Lockheed Missiles & Space Co., Symposium on F lu id  Mechanics and 
Heat Transfer  Under Low Gravi ta t iona l  Conditions, Palo Al to ,  June 2h, 25, 
1965. 

0 

L e  Boiteux, H. ,  "The Onera Laboratory f o r  Research on Weightlessnesstf, A i r  
e t  Cosmos, Apr. 17, 1965. 

Lomen, D. O . ,  "D ig i t a l  Analysis o f  Liquid Propel lant  Sloshing i n  Mobile Tanks 
with Rotat ional  Symmetry", NASA CR-230, May 1965. 

Moore, R. E. ,  and L. M. Psrko,  ItInviscid F lu id  Flow i n  an Accelerat ing Cyl indr ica l  
Containertt,  J .  Fluid Mech., Vol. 22, P s r t  2, 1965. 

Masica, W. J., and D .  A. Petrash,  "Motion Df Liquid-Vapor In t e r f ace  i n  Response 
to Imposed Acceleration",  NASA TN D-3005, Sept .  1965. 

Masica, W. J .  , and J. A .  Salzman, "An E x p e r k n t a l  Inves t iga t ion  of  t h e  Dynamic 
Behavior o f  t h e  Liquid-Vapor In te r faca  Under Adverse Low-Gravitational Condi- 
t i ons t t ,  USAF, Office of S c i e n t i f i c  Research, and Lockheed Miss i les  & Space Co., 
Symposium on Flu id  Mechanics and Heat Transfer Under Low Gravita '2onal Condi- 
t i ons ,  Palo Alto,  Calif . ,  June 24, 25, 1965. 

Nussle, R. C .  , J.  D.  Derdul,-and D. A .  Pet rash ,  ttPhotographic Stiidy o f  Propei- 
lanb Outflow from a Cylindrical  Tank During Weightlessnes:>", NAS?.-TN-D-2572, 
Jan. 1965. 



- 37- LMS C/A 8 358 05 

l?hS, Cont. 

O'Loughlin, J .  R., "Liquid Film Drain From an Accelerat ing Tank WallT1, AIAA 
Journal ,  Vol. 3, Jan.  1965. 

I 
2 O t t o ,  E. W., Y3tatic and Dynamic Behavior of the  Liquid-Vapor In t e r f ace  During 

Weightlessness!!, P rep r in t  17a, American I n s t i t u t e  of Chemical Engineers, 55th 
Nat ional  Meeting, Symposium on Effects  of Zero Gravity on Fluid Dynamics and 
Heat Transfer - P a r t  I, Houston, Texas, Feb. 7-11, 1965. 

Paynter, H. L . ,  "The Martin Company's Low-G Experimental Fac i l i t y" ,  USAF, O f -  
f i c e  of Sc ien t i f i c  Research and Lockheed Missiles & Space Co., Symposium on 
Fluid Mechanics and Heat Transfer Under Low Gravi ta t iona l  Conditions, Palo 
A l t o ,  June 2h, 25, 1965. 

Por t e r ,  J.,  and D.  A .  Clayton, "An Introduct ion t o  Zero-g Research a t  the Royal 
A i r c r a f t  Establishment*!, RAE TR 65016, Minis t ry  of Aviation, Farnborough Hants, 
Feb. 1965. 

Por te r ,  R. N . ,  and H. B. Stanford,  V o s i t i v e  Expulsion Devices Assure Smooth, 
Rel iable  S t a r t s  f o r  Spacecraft  i n  Zero-g Space," SAE Journal ,  Aug. 1965. 

Randolph, B. W., "Fluid Dynamics i n  4 Cyl indr ica l  Container After Gravi ta t iona l  
Body Force Vanishes Abruptly", ASME Paper 65-AV-43, Aviation and Space Confer- 
ence, Los  Angeles, Calif., March 1965. 

Reiter, G. S., and D. A. Lee, IlZero Gravity S t a b i l i t y  Test ing of a Liquid-Fi l led 
Space Vehicle", P rep r in t  17c, American I n s t i t u t e  of Chemical Engineers, 55th 
National Meeting, Symposium on Effec ts  of Zero Gravity on F lu id  Dynan,ics and 
Heat Transfer- P a r t  I, Houstqn, Texas, Feb. 7-11, 1965. 

0 

S a t t e r l e e ,  H. M., and J. H. Chin, "Meniscus Shape Under Reduced-Gravity Condi- 
t ionsll ,  USAF, Office of S c i e n t i f i c  Research, and Lockheed Missiles & Space Co., 
Symposium on Flu id  Mechanics and Heat Transfer  under Low Gravi ta t iona l  Condi- 
t i ons ,  Palo Alto,  Calif., June 24, 25, 1965. 

Schwartz, S. H.,{and M .  Adelberg, "Some Thermal Aspects of a Contained Fluid i n  
a Reduced Gravity Field",  USAF, Office of S c i e n t i f i c  Research, and Lockheed 
Missiles & Space Co., Symposium on Fluid Mechanics and Heat Transfer Under Low 
Gravi ta t iona l  Conditions, Palo A l t o ,  June 24, 25, 1965. 

Seebold, J. G. , and W. C. Reynolds, !!Shape and S t a b i l i t y  o f  the  Liquid-Gas 
In t e r f ace  i n  a Rotating Cyl indr ica l  Tank a t  L o w  GI!, USAF, Off ice  of S c i e n t i f i c  
Research, and Lockheed Missiles & Space Co., Symposium on F lu id  Mechanics and 
Heat Transfer Under Low Gravi ta t iona l  Conditions, Pa lo  Alto,  Calif . ,  June 25, 
25, 1965. 

Seebold, J. G.,  and W. C. Reynolds, I1Configuration and S t a b i l i t y  of a Rotating 
Axisymmetric Meniscus a t  Low g ! ! ,  Technlca.1 rt;po.!-t LG-4, Dept. of Mechanical 
Engineering, Stanford University,  1965. 

S i e g e l ,  R. ,  and J. R. Hom11, 71Cr i t ica l  Heat. Flux f o r  Saturated P o o l  a i l i n g  
from Horizontal  and Ver t i ca l  Wires i i i  Reduced Grnv i ty" ,  NASA TN-C-3123, De:. 
1965. 



- 38.. LMS C/A 8 35'805 

1965, Cont. 

S ieger t ,  C .  E. ,  D. A.  Pe t rash ,  andE.  W. Otto, "Behavior of Liquid-Vapor 
In t e r f ace  of Cryogenic Liquids During Weightlessnesst', NASA TN-D-2658, Feb. 
1965. 

Smith, R. D., " I n t e r f a c i a l  S t a b i l i t y  of Liquid Layers on E l a s t i c  Surfaces", 
USAF, Off ice  of S c i e n t i f i c  Research, and Lockheed Missiles & Space Co., 
Symposium on Flu id  Mechanics and Heat Transfer  Under Low Grav i t a t iona l  Con- 
d i t i ons ,  Pa lo  Alto,  Calif.,  June 24, 25, 1965. 

Smith, J. M., R. M. Ci rna ,  and Y. L i ,  '!The Application of Hydrophilic and Hydro- 
p leds ic  Surfaces f o r  Phase Separation i n  a Low-g Environment", USAF, Off ice  of 
S c i e n t i f i c  Research, and Lockheed Missiles & Space Co., Symposium on Flu id  
Mechanics and Heat Transfer  Under Low Gravi ta t iona l  Conditions, Palo Alto, 
June 24, 25, 1965. 

Stephens, D.  G., ttExperimental Inves t iga t ion  of Liquid Impace i n  a Model 
Propel lant  Tank", NASA TN D-2913, Oct. 1965. 

IISubcooled Boiling i n  a Negligible Gravi ty  Field",  NASA CR 63419, May 1965. 

Swalley, F. E., G. K. P l a t t ,  and L. J. Hastings, ltSaturn V Low-Gravity F lu id  
Mechanics Problems and Thei r  Inves t iga t ion  by Ful l -scale  Orb i t a l  Experiment", 
USAF, Off ice  of S c i e n t i f i c  Research, and Lockheed Missiles & Space Co., 
Symposium on F lu id  Mechanics and Heat Transfer Under Low Grav i t a t iona l  Con- 
d i t i ons ,  Pa lo  Alto, June 24, 25, 1965. 0 
Tong, P., and Y. C. F'ung, "The Effec t  of W a l l  E l a s t i c i t y  and Surface Tension 
on the Forced Osc i l l a t ions  of  a Liqvid i n  a Cyl indr ica l  Container", USAF, 
Off ice  of S c i e n t i f i c  Research, and Lockheed Missiles & Space Co., Symposium 
on F lu id  Mechanics and Heat Transfer Under Low Gravi ta t iona l  Cmdit ions,  Pa lo  
Alto, June 24, 25, 1965. 

Welch, N. E., and E. Funk, IIDistribution of  Noncondensable Gases i n  Liquids 
Under Low-G Conditions1! , USAF, Office of S c i e n t i f i c  Research, and Lockheed 
Missiles & Space Co., Symposium on Flu id  Mechanics and Heat Transfer Under 
Low Grav i t a t iona l  Conditions, Palo Alto,  June 24, 25, 1965. 

Yeh, G. C.  K . ,  and R. E. Hutton, "Sta t ic  Configurations of t he  Liquid-Vapor 
In t e r f ace  i n  an Axisymmetric Tank i n  Various Gravi ta t iona l  F ie lds t t ,  EM-15-2, 
9840-6010-RUOOO, TRW Space Technology Laboratories,  Inc . , One Space Park, 
Redondo Beach, Calif., March 1965. 



! .  - 39- 
i 

1966 - 
LMS C/A 8 35'8 05 

0 . Adelberg, M.,  and S. H.  Schwartz, Y3caling of Fluids  f o r  Studying t h e  Ef fec t  
of Gravity upon Nucleate BoilingT1, Proceedings o f  the I n s t i t u t e  o f  Environ- 
mental Sciences Annual Technical Meeting, Apr i l  13-15, 1966. 

Albers, J. A. ,  and R. P. Macosko, "Condensation Pressure Drop of Nonwetting 
Mercury i n  a Uniformly Tapered Tube i n  1-g and Zero-Gravity!!, NASA TN D-3185, 
Jan. 1966. 

Bowman, T. E., "Dpamics of an Axi-symmetric Liquid Free Surface Following a 
S tepwise Acceleration Change!', Proceedings of the I n s t i t u t e  of Environmental 
Sciences Annual Technical Meeting, April  13-15', 1966. 

Bowman, T. E., "Response of t he  Free Surface of  a Cyl indr ica l ly  Contained 
Liquid t o  Off-axis Accelerations,!' Proc. Heat Transfer and Fluid Mechanics 
I n s t i t u t e ,  Stanford Universi ty  Press, Stanford, Calif., June 22-24, 1966. 

Fendell ,  F. E., "Heat Transfer  t o  Rotating Cryogenic Fuel Tanks i n  Orbit", 
Paper No. 66-432, AIAA 4 th  Aerospace Sciences Meeting, Los Angeles, Calif.,  
June 27-29, 1966. 

Koval, L. R., and P. G. Bhuta, "Slosh Control by Dielectrophoresis",  Pro- 
ceedings of t h e  Institute of Environmental Sciences Annual Technical Meet- 
ing,  April  13-15, 1966. 

Rose, R. G., Wynam5.c Analysis of Longitudinal I n s t a b i l i t y  i n  Liquid Rockets", 
Paper No. 66-472, AIAA 4th Aerospace Sciences Meeting, Los Angeles, Calif., 
June 27-29, 1966. 0 
Seebold, J. G., M. P. Ho l l i s t e r ,  and H. M.  Sa t t e r l ee ,  IICapillary Hydrostatics 
i n  Annular Tanks", Paper No. 66-425, AIAA 4th Aerospace Sciences Meeting, Los 
Angeles, Calif., June 27-29, 1966. 


