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ABSTRACT 
13023 

T h e r m a l  s t ra t i f icat ion and se l f -p re s su r i za t ion  of cryogenic  
propel lant  tanks a r e  of concern to many people in  the a s t r o - s p a c e  and 
m i s s i l e  indus t r ies .  
method, is p resen ted  fo r  analytically determining both the liquid thermal  
s t ra t i f icat ion and the extent of the assoc ia ted  se l f -pressur iza t ion .  
conical and cyl indrical  geometrys  a r e  t reated.  

A procedure ,  based upon the Von Xarman  in tegra l  

Both 
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* A  THEORETICAL MODEL FOR PREDICTING THERMAL 
STRATIFICATION AND S E L F  PRESSURIZATION O F  A 

FLUID CONTAINER 

Methods for analyzing t h e r m a l  s t ra t i f icat ion of cryogenic propel -  

l an ts  have been  studied by s e v e r a l  inves t iga tors  in r e c e n t  y e a r s  [ Robbins 

and Rogers ,  19641, [Schmidt ,  e t  al, 19611, [ Schwind and Vliet, 19641, 

[Scot t ,  e t  ai, 19601, [ Tatom, e t  al, 19641, [ Tellep and Harpe r ,  19631. 

Most  of these  ana lyses  have been a imed p r i m a r i l y  at the t empera tu re  

dis t r ibut ion within and the volume occupied by the thermal ly  s t ra t i f ied  

layer .  

the ullage p r e s s u r e  [ Tellep and H a r p e r ,  19631, but no intensive a t tack  

h a s  been r epor t ed  on this phase of the problem. 

Some have touched on the effect  of this t h e r m a l  s t ra t i f icat ion on 

As a p a r t  of consultation work on the Centaur p ro jec t  for NASA- 

Lewis R e s e a r c h  Center ,  the Cryogenics  Division of National Bureau of 

Standards h a s  undertaken a n  ana lys i s  which could be used  with a geometry  

approximating that of the Centaur l iquid hydrogen tank. 

obtained as a r e s u l t  of this  ana lys i s  can be  applied to other  geomet r i e s  

with only s l ight  modification of procedure .  Numer ica l  solutions of the 

equations involve numer i ca l  integrat ion a n d / o r  i teration. These  com-  

putations are m o s t  efficiently per formed by a digital computer .  

The expres s ions  

The configuration used  to approximate  the Centaur shape is shown 

in  F igure  1. 

contained l iquid under some  operat ing conditions, the bas i c  ana lys i s  

was  conducted using this  shape. 

re f lec t  a pure ly  cy l indr ica l  shape is r ead i ly  accomplished. 

u s e d  is based  upon the classical approximate  in t eg ra l  ana lys i s  developed 

by Von K a r m a n  [ 19461 as modified by E c k e r t  and Jackson  [ 19511. 

m e n t  of the equations was  based  upon the m o r e  de ta i led  model  shown in  

F igu re  2. 

Since the approximate shape included a conical nose which 

Reduction of the resu l t ing  equation to 

The approach 

Develop- 

* This  work supported by NASA-Lewis R e s e a r c h  Center ,  Cleveland, Ohio, 
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A f r e e  convection turbulent boundary l aye r  was a s s u m e d  w3th 

t e m p e r a t u r e  and velocity var ia t ions  through the l aye r  pa t te rned  a f t e r  

Ecke r t  and Jackson  [ 19511, i. e . ,  . 

and 

The approach  used was  to equate the ver t ica l  component of the change in 

momentum flow through the element  to the ve r t i ca l  forces  acting on the 

element.  An identity i n  X r e s u l t s  f r o m  this  procedure  consisting of: 

Substitution for the wall shea r  s t r e s s  i s  made by means  of the 

Blasius  cor re la t ion  [ E c k e r t  and Drake ,  1959, -p. 1431, 

Tempera tu re  differences experienced between the wal l  and the 

bulk fluid a r e  sma l l  for the cases  cons idered  he re ,  therefore  //4 g / , 

i f  the application of this assumption to  a r i thmet ica l  differences is avoided. 

The a r i thme t i c  difference has  been taken c a r e  of by the introduction of the 

volumetr ic  coefficient of expansion, / . 

4 



Evaluation of the in tegra ls  in (1) and substi tution for  

For the application intended he re ,  a modera te ly  well insulated tank 

is assumed,  and it is found that the dominating t h e r m a l  r e s i s t ance  is 

f o r m e d  by the insulation so that the heat  flux to the tank is essent ia l ly  

constant. 

Blasius  cor re la t ion  with the Reynolds analogy [ E c k e r t  and Drake, 1959, 

p. 2031 together with a Prand t l  number cor rec t ion  due to Colburn ( Jakob, 

1949, E c k e r t  and Drake, 1959, p. 3241 r e s u l t s  in 

The assumpt ion  of constant hea t  flux and the Combination of the 

- 0.0228 RUZ( V )’ 
Lr6-Y 8 

It is now assumed  that  the equivalent velocity and the boundary l aye r  

thickness a r e  of exponential fo rm as given by 

5 



When this  substi tution is made  and the differentiation performe.d, 

. the identity 

is obtained. 

Compar ison  of this  expres s ion  with that  of previous invest igators  

( M o r s e ,  19623 who used  a semi- inf ini te  ver t ica l  f la t  plate model r evea l s  

that the t e r m s  involving the' r a t io  ZyR r e s u l t  f r o m  the c i r cu la r  shape 

configuration while the term incorporat ing dR/dZ e'nter s because'  of the 

conical shape. 

S ince  this  expres s ion  is an identity with X a s  the var iable ,  there  

mus t  be equality of the exponents of X . When these  equalit ies a r e  

wri t ten for  e i ther  a ve r t i ca l  flat plate o r  cyl indrical  configuration, the 

values for m and n a r e  obtainable and consis tent  with values of 3 / 7  and 

5 / 7  respect ively.  

included, the answer  i s  undefined. As a r e su l t ,  the express ions  developed 

in this paper  do not fully re f lec t  the effect  of the conical shape. 

When the t e r m  resul t ing f r o m  the conical shape i s  

To obtain a value for the constants and cz , a second 

Change in equation i s  developed based  upon a t h e r m a l  energy  balance. 

t he rma l  ene rgy  through the fluid e lement  is equated to the rma l  energy  

input with the following identity resul t ing:  

6 



Upon evaluating the in tegra l ,  substi tuting for  e w  , u and 6 , 
and pe r fo rming  the differentiation, this becomes  

Again, a check of the exponents r evea l s  consis tency except in  the c a s e  of 

. a conical shape. 

Inser t ing  values  fo r  m and n and solving (IC) and (3a)  simultane’ously 

for c, and G2 y ie lds  the following expressions: 

and 
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where 

K, = z. 735 

K3 = 5 3 9 . 6  

KE / -  0.B7 G a x  x" 

An i terat ion p rocedure  will p e r m i t  determinat ion of cz  , although a good 

f i r s t  approximation can be obtained by assuming a ver t ica l  flat p la te  

'geometry,  thus making k2, K4 and KG equal to 1. 

Ei the r  of the above methods m a y  be  used to de termine  the constants ,  

thus providing a descr ipt ion of the boundary l a y e r  growth. 

Using the developed expres s ions  for the  boundary l a y e r ,  a growth 

r a t e  for  the thermal ly  s t ra t i f ied  l a y e r  is now determined as 

Evaluating An , Am and(&$&& gives an express ion  for  growth 

r a t e  as 

A numer ica l  integrat ion may  now be used to produce a re la t ion  between 

d and 6 . 

8 



STRATIFIED LAYER TEMPERATURE GRADLENT 

To de r ive  a n  analyt ical  express ion  for the t empera tu re  gradient  in  

the thermal ly  s t ra t i f ied l aye r ,  i t  i s  a s s u m e d  that the boundary l aye r  decays 

completely in t r ave r s ing  the layer .  This  act ion is mathematical ly  ex-  

p r e s s e d  a s  

and 

where 64 and 4 a r e  the boundary l aye r  thickness  and equivalent 

veloci t ies  a t  the bottom of the layer .  (See F igu re  3) .  

An ident ical  p rocedure  to that previously used  for setting up a 

momentum equation is employed with the r e s u l t  that  and r . a r e  

determined to have values  of 3 / 7  and 5 / 7  respect ively.  

.Es tab l i shment  of a n  energy 'equation pk'oceeds along identical' ' l ines 

but r e q u i r e s  the addition of a t e r m  represent ing  energy  t r anspor t  a c r o s s  

the inner f ace  of the element .  After  evaluating integrals ,  substi tuting 

for and &A , and performing any requi red  differentiations,  

a differential  equation in and t i s  obtained. Since i t  appears  

s impler  to solve the equation by numer ica l  integrat ion,  the equation i s  

a r r anged  with this in mind and is given as 

9 



The above equation enables  us  to define a ver t ica l  t e m p e r a t u r e  

pa t t e rn  in  the s t ra t i f ied  l aye r  in  the absence  of vaporization or condensa- 

tion at the surface.  

ULLAGE SPACE TEMPERATURE GRADIENT 

The approach ut i l ized above can be applied to the ullage space 

when modified to re f lec t  var iab le  wal l  hea t  flux. Experimental  evidence 

[ Maxson, 19631 shows that significant t empera tu re  i n c r e a s e s  can occur  

in the ul lage space under  p r e s s u r i z e d  conditions. As a resu l t ,  the wall  

heat t r a n s f e r  r a t e  will  change due to a significant i nc rease  in the inner  

wal l  t empera tu re .  

a s  a function of t e m p e r a t u r e  difference.  

assuming a s imple l i nea r  relation, i. e.  , 

It  then becomes  n e c e s s a r y  to descr ibe  wall  heat  flux 

This  is accomplished by 

. Substitution fi . Since Qd ieo-ea , we have 

and development of the equation yields the differential  8f,, of this  t e r m  for 

Solution of this  equation r e q u i r e s  a combined i terat ion and numer ica l  

integrat ion procedure.  

10 



PRESSURIZATION COMPUTATIONS 

In o r d e r  to  u s e  the above developed equations to pred ic t  p r e s s u r i z a -  

tion r a t e s ,  i t  is n e c e s s a r y  to couple the r e su l t s  for  the ullage space  and 

the liquid phase.  

element descr ibed  by 

To accomplish this  we look a t  a differential  volume 

Note that the va r i ab le  4 introduced h e r e  is a var iab le  over  the 

en t i re  height of the ullage space  r e g a r d l e s s  of whether the ullage s t ra t i f ied 

layer  has  occupied the en t i r e  ullage space ,  ( F i g u r e  1). 

in this e lement  is then given by 

The m a s s  contained 

ahd the total m a s s  by 

The fluid m a s s  densi ty ,  

p re s su re ,wh i l e  f l  is a function of ,@ . 
, is a function of the local t empera tu re  and 

Since equation (7)  will provide information on 6a as a function 

of 2 , and the re fo re  of , the total  m a s s  may b e  de te rmined  f rom 

1 1  



where 9 
as the l aye r  where a t h e r m a l  gradient  exists. 

numer ica l  integrat ion p rocedure  mus t  be used. 

and the expres s ion  numer ica l ly  integrated until the computed mass 

compares  with the known mass f rom ini t ia l  conditions o r  a previous  step. 

T h e , p r e s s u r e  obtained f r o m  this  p rocedure  has  a matching saturat ion 

t empera tu re  which is compared  with the liquid sur face  t empera tu re  

determined e a r l i e r  f r o m  the t h e r m a l  analysis  of the s t ra t i f ied liquid 

layer .  

condensation of gas is pe rmi t t ed  to b r ing  the liquid sur face  t empera tu re  

into equi l ibr ium with the computed p r e s s u r e .  

pa t te rns  which resu l t  f r o m  liquid t empera tu re  g r e a t e r  than saturat ion 

t empera tu re  and liquid t empera tu re  less than saturat ion t empera tu re  a r e  

shown i n  F i g u r e  (4a )  and (4b) respectively.  The m a s s  vaporized is added 

to  the init ial  ullage m a s s  (de te rmined  by assuming sa tura ted  gas to'fill  

the ullage at the beginning of p re s su r i za t ion )  and the new mass used in  

the next step.  Computation of the m a s s  vaporized,  DM , is accomplished 

by use  of the equation 

includes the region below the s t ra t i f ied  vapor  l a y e r  as well 

A combined i te ra t ion  and 

A pressure is a s s u m e d  

If a sa t i s fac tory  match  is not made ,  then vaporizat ion of liquid o r  

The different t empera tu re  

V 

where 2, 
r ep resen t s  the la tent  heat  of vaporization. 

is m e a s u r e d  f rom the liquid sur face  downward and L 
V 

12 
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Figure 1. Assumed Geometry 
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ACCELERATION 

F i g u r e  2. E lement  Cons idered  For Boundary L a y e r  Growth 
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Figure 3.  Elemen t  Cons idered  For Boundary Layer Decay 
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( a  ) Evaporat ion 

Gas 
In 

Gas 
In 

( b ) Condensation 

F i g u r e  4; Interface T e m p e r a t u r e  Adjustment 
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Nomenclature 

A - c r o s s  s e c t i o n a r e a  

C C m n , + + , p  - derived constants 
I J  2 )  I 

/ c -  

6R' 

f 
h -  
K -  
A -  
L -  
fL - 
M -  
A . -  

f f -  
R -  
'E* - 
T -  
t -  
Lib- 
U -  
v -  

Y -  

P -  

- 

z -  

t -  

Y -  
A -  
6 -  

specific heat 

modified Grashof number,  

acce le ra t ion  

vapor  space  height 

substitutional t e r m  

the rma l  conductivity 

liquid depth 

length of cylindrical  tank 

m a s s  

P rand t l  number  

unit a r e a  heat flux 

tank rad ius  

radius  at. the liquid sur face  

absolute t empera tu re  

t ime  

local  velocity in boundary l aye r  

equivalent f r e e  s t r e a m  velocity 

volume 

ve r t i ca l  distance in tank 

horizontal  distance f r o m  tank wall 

ve r t i ca l  distance f r o m  bottom of s t ra t i f ied  l aye r  

vo lumetr ic  coefficient of t he rma l  expansion 

half angle of conical nose 

s t ra t i f ied  l aye r  thickness  

boundary l aye r  thiekne s s 



n -  

t e m p e r a t u r e  difference,  T - TB. 

dynamic v iscos i ty  

kinematic  viscosi ty  

fluid m a s s  density 

v iscous  shea r  s t r e s s  

ve r t i ca l  distance i n  ullage space  

overa l l  tank wall heat t r a n s f e r  coeff ic ient  

Subscr ipts  

- ambient  conditions (external  to  tank) 

5 - at bulk fluid condition 

1 - i n  s t ra t i f ied  l a y e r  

- i n  the conical nose  

w - at tank wall 

5 - in the ullage space  

- at bottom of s t ra t i f ied  l aye r  

6 - pertaining to boundary l aye r  

18 
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I . I N ~ O 2 U C T I O N  

For a imup i e d  flow system, the he. d required t o  suppress cavi ta t ion  

is  the net pos i t ive  suct ion head (NPSH), which is the  difference between 

t o t a l  head and vspor head a t  the p u p  inlet .  

cryogenic propellants,  vapor pre&;sure i s  usually a s igif icant  portion of 

the t o t a l  pressure, Liquid vapor pressure w i l l  incre:..se i n  a non-uniform 

m e r  due t o  temperature s t r a t i f i c a t i o n  r e su l t i ng  from ground hold and 

f l i g h t  zerodynamic hezt ing of the subcooled cr;roiyenic f luid.  The upper 

propellant Layers usual ly  show a 1mge incre,.::e i n  vapor p e  sure, whi le  

the lower layers  show l i t t l e  o r  no j?cre:,se (Reference 1). 

system operating pressure i s  of ten  *letemined b:T the KPSH rqui rement  s.t stE7.e 

burnout when the warmest propellant i s  being consumed. I f  the t o t s 1  hent 

In  missile boosters using 

Themfore, the 

input t o  the  propellant were uniformly d is t r ibu ted  within thz f l u i d ,  a 

m i n i m u m  incror-.se i n  the  vapor pressure wocl6 r e s u l t ,  re-tuirlng e ainimxm 

t o t a l  pressure :md t;,nnkage mi&t f o r  c given IJI?JX. Therefo-e, er"fectiv2 

methods f o r  reducing s t r a t i f i c? . t i on  a re  ~ e ; ~ u L r ~ d .  

. .  . 
. .  . .  

This r epor t  describes 3 ?ro:;rm, l a r g e l y  expcrimontzl, i n  which three 

d i f fe ren t  t e c h i q u e s  f o ~  reducing s t r z t i f i c  t ion  were evc1ii~ite:I; a> bottom 

he?ting, b )  riixing by mews of :i bdctble-lift purq ,  an3 c )  br:ffles. The 

t e s t  s p p r a t u s  enployed was a small tr. .nspc?rent t3nk f o r  ncn-cryozmic fluids 

m d  a 4 root  diameter x 6 foot  lone; vacuum j cketed t a l k  Tor t e s t s  ;.rith 

cryogenic r'l.;icts. The app  a tus  2nd exyriner-itr 1 nro::r"Jn :~,x Sriefl;: 5es- 

cribod i n  Section 11, the  r e s u l t s  2nd ccnclusioris in Sect.ons 111 :~nd I V ,  

respectively. 
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11. “rnXiE”PX”L PSOG.I?!N 

The first port ion (Phase A )  of t h i s  pro;pm included approximately 70 

tests with wafer T2rhich provided ;I preliminary avaluo.tion of the e f l e c t  or“ 

wall-bottom heating, bottoB geometry, and vmious  k f f l e  cwifi  vrat ions.  

Dzta included thermocouple tanper Ire niewwements m d  some pho to,-;rC:phic 

recording of flow p t t e r n s  within a t rmspa ren t  tes t  vessel. 

vessel  was heated by hot  water poured in tn  another trznsparent tank surro-anding 

it. Small glass microspheres (Emerson and Cummings Inc, Zcco-spher?s 21-1) 

I 

The t e s t  

of graded dens i t i e s  were iazersed i n  the water t e s t  f l u i d ,  and wer‘e i l luu in2ted  

by a planar l i g h t  source t o  provide 2 mems of observing the flui?. ;notion. 

Photographs of the flow f i e l d s  within the t ed t  vessel  were then obtained 

a t  several  t i m e  increments during the tes t ,  as shown i n  Fibwe 1. 

The second portion (Phase B)  of the p r o q m  u t i l i z e d  a 4 foot  diameter 

by 6 foot  ta l l  test vessel ,  which is  enclosed i n  a 6 foo t  diameter by 9 foot  

tal l  v a c u k  chamber,. This test vessel was desi:ged spec i f i ca l ly  f o r  l i q u i d  

hydrogen propellant feed and pressurizat ion system tests.  (Reference l}. ’ 

Side-wall heat ing is accwsplished with a heat  chamber consis t ing of  four  low 

absorp t iv i ty  aluminum r e f l e c t o r s  i n s t a l l e d  within the V A C U ~  annulus which 

contain four  rows of inf ra red  quartz lamps. Liquid te:npera.ture measurements 

throughout the vessel  were obtained by means of  thermistors to  an accuracy 

of 20,15*R, The thermistors were ca l ibra ted  each day of test by recording 

a l l  sensor outputs during a continuous venting from high saturat ion pressure 

and temperature down t o  ambient. 

The four foot  diameter test appsratus w a s  modified as required f o r  each 

of the three s t r a t i f i c a t i o n  reduction techniques evaluated, as shown in  

Figure 2, Figure 2a  shows the false bottom tha t  was i n s t a l l e d  t o  simulate a 
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convex-inward hemispherical dome. It contained an e l e c t r i c a l  res is tance 

heater czpable of producing varying hent inputs, 

t e s t s  m d  13 l iqu id  nitrogen tests were run with t h i s  confi,guration. 

heating rates were varied from 0.26 BTU/ft sec t o  0.02 BW/ft sec, and bottom 

heating rates were varied from 0.042 t o  0.013 BTU/ft sec. The same bottom 

configuration (Figure 2b) was retained fo r  the 9 l i q u i d  hydrogen t e s t s  and 

9 l i au id  ni t rosen t e s t s  i n  which tine bubble l i f t  pump was evaluated. Bubble 

pumping r z t e s  were s i m i l a r  t o  those used on the wall-bottom hecting tes t s .  

Sixteen l i qu id  hydrogen 

Wall 

2 2 

2 

Four ba f f l e  confi,mations were eviluated,  as shown schematically on Figure 2c, 

These consisted of a s ingle  conical downward ba f f l e  with three d i f f e ren t  hole 

sixes,  :md a three bc?.ffle confi;:yation with the intermediate ba f f l e  hole 

size. Four d i f fe ren t  w ~ l l  heating r t t e s  were run on each configuration. 
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In. AESULTS 

The s t r a t i f i c a t i o n  process, based on the Phase A photor;raphs and 

temperzture measurements, is visual ized t o  be similar t o  tha t  shotm on 

Figwe 3 at the start of  heating. 'ilith wall he:.ting of a subcooled f l u i d ,  

flow starts near the wall, continuing upward t o  the surface where a hwge 

annular vortex forms a t  the wall-surface intersect ion.  The la rge  s?lii;ulzr 

vortex near the wall crea tes  il generzl dow-mmrd f lov  i n  the center of the 

tank, penetrating the quiescent Cliiid to  grea te r  depths as time progresses, 

until f l u i d  motion i n  macroscopic eddies i s  observzble throughout the heated 

volume. 

i n t ens i ty  is some function of  the w c z l l  hunting r a t e s ,  

The time required t o  obtain t h i s  general f l u i d  notion .md vortex 

The the Phase B photoyraphs, the f l u i d  ne,= the tank botton w q s  

e s sen t i a l ly  quiescent u n t i l  pen@ tr:ited by the cent ra l  descending flow. 

Tempeqiture measurements taken. during t h i s  s tn-rt t rans ien t  indic.. ted t h s t  the 

energy .in the fluid.was d i s t r ibu ted  non-uniformly -in the iipper rsgions o f  the 

volume, without any heat ing occurring where the cent ra l  f l o v  pa t te rn  ha,d not  

penetrated. Bf t e r  the macroscopic eddy motion w8s o5served throughout the 

wall-heated portion of the tes t  vessel ,  the tenperature-volume g ro f i l e  did 

not change .in shape, bu t  the temperature increSlsed uniformly with 

each longitudinal locat ion throughout the volume. The test f l u i d  

approach sa tura t ion  i n  the Phase >. tests, therefore,  pho topaph ic  

time :It 

did no t  

data  of 

the f l u i d  motion as sa tura t ion  was approached w a s  not obtained. A typical  

s e t  of photographs of the s t r a t i f y i n g  process a t  d i f f e ren t  run times is  

shown on F i ,ve  1. 
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The processes described zbove c.m be i l l u s t r r t t ed  bj heizht (or  v o l i & ~ )  

vs texpcrature p ro f i l e s ,  plot ted f o r  t'iifferent tes t  times cs shown on 

Figure 4. 

approached saturat ion near  the end of testing. The s t a r t  t rans ien t  of region 

1 on Figure 4 shows the teniperature or  sensible energy dis t r ibut ion i n  the f l u i d  

t o  be l imited t o  the upper p a r t s  of the volume. As t i m e  pro,;res:;ed, the f l u i d  

ness  the bottom of the test vessel experienced a tenperature r i s e ,  indicat ing 

This d i t a  vas obtained from a. t e s t  with l i q u i d  hylrogen which 

gene rd  bulk motion, and a fixed volume-temper:? tu re  p ro f i l e  shspe resul ted 

apyoached s.?turstion, the volime- texpera ture p r o f i l e  sh,lpe :<,.ah ct.mSed 

s l i g h t l y  i n  thz lower portions of the volume, as shown i n  region 3. 

I n  order t o  evaluate the r e l a t i v e  effectiveness of the d i f f e ren t  strati- 

f i ca t ion  ?cd!.iction techniques employed, i t  :ms necess r y  t o  devise R sui table  

iaeasure of s t r a t i f  i c r  t i on  iEtensity. The rnethod used divided fhe f l q i d  

;olunie-terr;pernture p r o f i l e  i n to  two d i s t i n c t  ?arts defined as the bulk llnd 

I .  . .  

the s t i x t i f i e d  a r e i s ,  which a re  proportional to he. . t  content, The r .ztio of the 

hetit input t o  the s t r a t i f i e d  f l u i d  (a ), t o  the he t input t o  the bulk fl1.iid S 
(!IB), then becomes :i useful messure of stxitir"ic:ltion i c t ens i ty ;  i.e.,  the 

p e s i t e r  value of  (2  /Q , the greater the amount of s t ~ t i f i c i i t l o n ,  S B  

The nppropriate vnlues of :% and {IB me obtained by f i r s t  p l o t t i n g  the 

temperature-volume p r o f i l e  for the  rles'ired t i m e  increment, :md then dividing 

the x-nz boix-iieii by  the prof i le  i n t o  two pa r t s  as shown on Figure 5a. Assuming 

c m s t  n t  flv.id properties f o r  each time increment, the area bounded by the 

volume-temperature p r o f i l e  w i l l  be proportional t o  the sensible energy gain 

of the f lu id .  By dividing each volume-temperature p ro f i l e  a t  the point 
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3 where the temperature gradient (dT/dV) approaches zero a t  about 17.5 f t  

volume, (Figure 5a), two areas  a re  obtained; one proportional to  sensible  

energy gain in  the bulk (g), and the other  proportional t o  t'ne engrgy gain 

i k  the s t r x t i f i e d  layer ($), 

shape i s  approximately constant following the i n i t i a l  t rans ien ts ,  the sensible  

energy rise of the bulk f l u i d  (%) becomes a near ly  l i n e a  function of the 

t o t a l  heat  input,  in  the "quasi-steady state" region on Figure Tb, 

Since the volume-temperstare prof i lg  curve 

The performance of bubble pumping and briffles as s t r a t i f i c a t i o n  reduction 

devices -is evaluated by  comparing the value of Qs/t% f o r  wall and botton 

heating alone, with tha t  obtained when these d d i t i o n a l  devices a r e  used, 

?or consistency, the comparisons a re  macie fo r  equal values of  t o t a l  heat  

content within the f l u i d  for each of  the v:.riables considered. A typicel  

log-log p lo t  of Q /Q i s  shown on Figure 6a. 

w a s  always present,  a r . t i 0  of bottom to  wad3 hea t  inputs (Qb/qd) w a s  a l so  

used f o r  cross  p lo t t i ng  o f  Q /i) vs QT' data  as shown i n  Figurg 6b, 

vs Q Since some bottom heating S .  B T 

S ' B  

. Typical volume-temperature data  from a wall-bottom heating tes t  using 

the Phase B test vessel  (Figure 2a) are shown on 3'igtu.e 4. 

plots of s t r a t i f i c a t i o n  in t ens i ty  (")5/!%) versus the r a t i o  of bottom to  w a l l  

heat input  (g/Q) =e shown i n  r'igure 6b. 

Three t e s t  data  

It is seen tha t  the s t r a t i f i c a t i o n  

in tens i ty  is reduced as the w a l l  heat ing rate i s  reduced md/or the botton 

heating rate i s  increased, 

greater  than 0.1, and uall  heat ing rates l e s s  than 0.05 BTTJ/ft sec ,  was 

enough t o  reduce the maximum temperature of t he  f l u i d  t o  less than t h a t  

The s f r a t i f i o n  tion reduction obtstined f o r  Ck/s 
2 

without bottom heating. 

increased bottom heat ing was "an e f f ec t ive  s t r a t i f i c a t i o n  reduction device, 

I n  these ranges of wall heating rates arid C+/:hd, 

even though the t o t a l  heat  input t o  the f l u i d  w a s  greater. 
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Equations 1 and 2 shown on Figure 7 are empirical expressions for the  

s t r a t i f i c a t i o n  intensity derived from the wall-bottom heating tes t  r e su l t s ,  

re1 a t  ing v2j as a function of %, &b and :+ Equation 2 requires the use 

of Figure 7e for determination of the coef f ic ien t  a*, 

A typical  volume-temperature p ro f i l e  obtained from the bubble pump 

test configuration (Figure 2b) with constant w a l l  heating is  shown i n  Figure 8,  

It is  evident i n  comparing Figures 8a and 4 ,  that bubble pumping had a 

s igni f icant  e f f ec t  on the volume-temperature prof i le .  The pumping, however, 

w a s  accomplished using ambient temperature helium gas, which resul ted i n  a 

s igni f icznt  increase i n  the t o t a l  heat gain of the f lu id ,  Unfortunately, 

the increased sensible  energy gain from the pumping gas overshadowed the 

s t r a t i f i c ; i t i on  reduction e f f e c t  obtained with the pumped f luid.  For values 

of t o t a l  heat  content (Q ) equal to  those of the wall-bottom heating t e s t s ,  

the s t ra t i f . i ca t ion  in t ens i ty  w a s  redueed; but a considerable pa r t  of t h i s  t o t a l  

heat  gain came from the pumping gas. 

T . 
Increasing the bottom heating r a t e  was 

l e s s  e f fec t ive  in  reducing s t r a t i f i c k t i o n  for  the bubble pump t e s t s  than 

f o r  the t e s t s  w i t h  wall-bottom he4 t i n g  only. On one t e s t  i n  t h i s  se r ies ,  the 

tank top pressure w a s  reduced to  lj psig,  resu l t ing  i n  a s ign i f icant  inprovement 

i n  bubble 2mp performance (Reference 2) .  Tne l i qu id  level  fo r  t h i s  t e s t  was 

a l s o  lower, and the ne t  r e s u l t  was s i s i f i c a n t l y  lower values of s t r a t i f i c z t i o n  

in tens i ty  (Figure 8b) . 
Xesults of one of the t e s t s  of a spec i f ic  ba f f l e  configuration (Figure 2c),  

showing pronounced e f f ec t  ofi s t r a t i f i c a t i o n ,  are  shown on Figure 9. 

general, ba f f l e s  were more e f fec t ive  i n  Teducing s t r a t i f i c a t i o n  at short  times, 

as the w a l l  heating r a t e  was increased, ?ad as the bi5I"fle hole s i ze  was reduced 

t o  r e s t r i c t  f l u i d  c i rcu la t ion  (Figures 10a and lob). 

additive e f f e c t  t o  tha t  of the ba f f l e s  i n  reducing the s t r a t i f i c a t i o n  intensi ty .  

In  

Bottom heating had an 
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, Three ba f f l e s  were more e f fec t ive  in reducing s t r a t i f i c a t i o n  th<m a s ingle  

b a f f l e  of the same hole sixe. These observations were arr ived :I;t 3y a com- 

parison of  b a f f l e  t e s t  da t a  with thz equction 1 and 2 predictions. 

Djpical fluid temperature dSta obtained during outflow f o r  thc multiple 

baffle configuration is  shown on Pigures I l a  and l l b .  The corresponding 

volume-temperature p r o f i l c s  pr ior  to  outflow are superinposed 3n the outf low 

temperature cxurves, showing tha t  some f l u i d  he:; ting continued i wicg o ~ t f l m ,  

a d  that  some f l u i d  mixing occurred. 
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IV. C O N C L U ~ I . .  

1. S t r a t i f i c a t i o n  in t ens i ty  generally is reduced by a reduction i n  w a l l  

heating r a t e s  and/or an increzse in  bottom heating rates. 

2. Fluid m i x i n g  by means of a b u b b l e - l i f t  pump w i l l  reduce the strati- 

f i c a t i o n  in tens i ty ,  but i n  the majority of the tests conducted, the 

heating e f f ec t  of the aabient temperature pumping gas overshadowed 

the desired beneficial  effect .  The use of bottom heating i n  addition 

t o  bubble pumping did not s ign i f icant ly  improve the s t r a t i f i c a t i o n  

reduction effect .  

3 .  Bzffles are  e f fec t ive  in  reciucing s t r a t i f i c a t i o n  for short  heating 

times, f o r  r e l a t i v e l y  high w a l l  and bottom henting ra tes ,  and when 

the ba f f l e  hole s ize  is  r e l a t i v e l y  s m a l l .  
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Liquid temperature s t r a t i f i c a t i o n  i n  rocket vehic le  cryogenic 

propellant tanks is usually undesirable because the  hot l i q u i d  cannot 

be used unless  the  propellant tank pressure is increased to  meet the  

minimum n e t  pos i t i ve  suction head requirements of the engine pump. 

l 'herefore, to  minimize tank pressure and vehic le  weight i t  is necessary 

t o  mix the hot and cold l iqu ids .  Since any mixing apparatus must be 

iiJaptable t o  f l i g h t  vehic les ,  simplicity and r e l i a b i l i t y  are prime 

considerations :? properly designed bubble-lift-pump appeared t o  have 

promise o f  accomplishing the desired mixing ac t ion  k bubale-lift-pump 

achieves pumping ac t ion  through the  bouyancy of f l u i d  whose density 

is reduced by i n j e c t i n g  gas i n t o  the f l u i d ,  

during the execution of a NASA contract  NAS8-5208, a study o f  

cryogenic propel lants  s t r a t i f i c a t i o n  reduction, a bubble-lift-pump was 

i.nstalleG and operrited in botn 1 inu id  nitropen and l i qu id  hydrogen tanks,  

Zincc afict;ui; t c ?  bubble-pump cic.sit.;n .Liz Tor.maI.ion was not  available i n  the 

1 I Let-:. t u r e  , i t  \iLU ~~.eces:-;kry 60 zLu<iy cryopmic bubble-pump cha rac t e r i s t i c s  

with a sub-scale model before designing the fu l l - sca le  pump. 

describes the  design and t e s t i n g  o f  t h e  sub-scale bubble-lift-pump, as 

well as the pump used i n  the s t r a t i f i c a t i o n  reduction investigation 

'I'he effectiveness o f  t he  bubble-lift-pump as  a s t r a t i f i c a t i o n  reduction 

device is discussed i n  a separate paper (Reference 1 ) '  

This paper 
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TECHNICAL DISCUSSION 

A t  t h e  outse t  a l i terature search f a i l e d  t o  uncover previous 

theore t ica l  o r  experimental work that could be used d i r e c t l y  to  design 

the bubble-lift-pump, Most of  the  previous work on bubble-lift-pumps 

has been concerned with air  bubbles used t o  pump water in  very long 

tubes, A t yp ica l  example is the  work o f  Nicklin (Reference 2). 

a i r l i f t  pump theory of  Nicklin does not consider heat nor mass t ransfer  

The 

between the bubble and the  l iqu id ,  

l i qu id  hydrogen o r  l i qu id  oxygen could involve considerable heat t r ans fe r  

Since a bubble-lift-pump used with 

(depending on the gas in j ec t ion  temperature), and a considerable amount 

of mass t r ans fe r  due t o  the  high l i qu id  vapor pressure,  these fac tors  

cannot be ignored, 

Another factor  that precludes d i r e c t  appl icat ion of Nicklin 's  

work i n  the design o f  a bubble-lift-pump for  t h i s  pa r t i cu la r  appl icat ion 

. i n  the assuaption t h a t  the ve loc i ty  of t he  gas r e l a t i v e  to ' the . . l iqu id  

is constant throughout the length of the tube a t  

where g is the  accelerat ion of  grav i ty  and D is the-diameter of the  tube, 

Reference 3 indica tes  that the ve loc i ty  o f  a given bubble r e l a t i v e  t o  

l iqu id  is 

c 1 
Vb = V 1 + 8 exp (-1.06 L$D) J (2) 

00 1 
where V 

is the length  o f  the l i q u i d  s lug  between the bubble and the preceding 

bubble, and D is the diameter o f  the tube. 

is the  f i l l y  developed ve loc i ty  described i n  equation (11, L 
S 

Equation (2) w a s  derived 
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emperically from da ta  obtained i n  an experimental program and Bhows 

tha t  i f  t he  dis tance between bubbles is less than about 8 diameters, 

the bubble veloci ty  is greater than the  f u l l y  developed ve loc i ty  given 

i n  equation, (1). Since the  performance of a bubble-pump is a function 

of velocitfr  of  the gas r e l a t i v e  t o  t h e  l i q u i d  t h i s  var ia t ion  i n  gas 

ve loc i ty  must be accounted for i n  any theo re t i ca l  model that attempts to  

describe the  performance. 

Other experiments reported i n  Reference 3 ind ica te  that the  entrance 

e f f e c t s  i n  developing flow can extend for  as much as 20 tube diameters 

from the entrance. 

pumps used i n  the  s t r a t i f i c a t i o n  program were considerable less  than 

20, ind ica t ing  that the flow would not  be f u l l y  developed before the  

bubble had traversed the e n t i r e  length  of  the tube, For very long tubes 

The length to  diameter r a t i o s  (I1/D> of the bubble 

with L/D7> 20, t h e  assumption that the  gas. ve loc i ty  is- des'cribed. by 

equation (1) w i l l  not se r ious ly  l i m i t  the theo re t i ca l  analysis .  

The sub-scale pump w a s  designed and t e s t ed  t o  inves t iga te  the 

e f f e c t s  of heat and mass t r ans fe r ,  i n l e t  gas momentumo and bubble veloci ty  

on the performance of  the pump, and thereby determine the f e a s i b i l i t y  

of using a bubble-lift-pump i n  the s t r a t i f i c a t i o n  reduction program. 

SUB-SCALE PUMP 

The sub-scale pump onsis te?  of a 3 inch diameter tube 28 inches 

long f l a r e d  a t  the  lower end; and a gas in jec t ion  tube i n s t a l l e d  i n  the 

lower end, The pump length was set  by the s i z e  of the tank i n  which 

the pump w a s  t es ted .  The pump &I s r :  w? ;J :: dic ta ted  by ava i lab le  tube 

s i z e s  and the need for  a length t o  diameter r a t i o  s i m i l a r  t o  t h a t  of 
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t h e  fu l l - sca le  pump. Since i t  was necessary t o  measure l i qu id  flow 

rate, a trough with a V-notch weir w a s  at tached t o  t h e  upper end of 

the tube, Figure 1 shows t h e  sub-scale pump with w e i r  trough attached 

t o  the l i d  of the tes t  dewar, 

inch o r  0,25 inch o r i f i c e ,  The purpose o f  the two d i f f e ren t  s i z e s  is 

t o  permit investigation of  t h e  e f f e c t  o f  i n i t i a l  gas momentum on the  

performance o f  the pump., 

G a s  is introduced thru eigher a 0,040 

Liquid l e v e l s  i n  the  trough and i n  the  dewar were measured with 

thermistor point  l e v e l  sensors:  The row o f  dewar l e v e l  sensors with 

protective coverings can be seen i n  Figure 1. A square edge o r i f i c e  

flow sect ion was used t o  measure the gas flow rate.. 

After t he  data  from the f i r s t  few t e s m  Nith l i q u i d  nitrogen proved 

t o  be questionable, t he  pump was operated with water so that the flow 

i ssu ing  f,-orn the  top of the  r i se r  could be visually observed, It w a s  

discovered t h a t  the l i q u i d  i s su ing  from t h e  riser was ag i t a t ed  so  

v io len t ly  t h a t  a portion of i t  was being thrown clear o f  the trough, 

therefore ,  precluding an acurate  l iquid.  flow rate measurement through 

the  weir, To cor rec t  t h i s  condition, a sp lash  cap w a s  i n s t a l l e d  over 

the  pump riser tube, and a screen ba f f l e  i n s t a l l e d  upstream of the 

w e i r  t o  provide uniform flow through the  w e i r ,  

I n i t i a l l y  the pump w a s  tested with water a t  two d i f f e ren t  temperatures 

to determine the  e f f e c t s  o f  l i qu id  vapor pressure on pump performance, 

Then the  pump w a s  operated i n  both l i q u i d  nitrogen, and l i qu id  hydrogen 

with ambient temperature helium injected thqough the  0,25 inch o r i f i c e ,  

Finally the  pump was operated in both l i q u i d  nitrogen and l i q u i d  hydrogen 

with helium in j ec t ed  through the 0 , O b  i nch  o r i f i c e ,  

these tes ts  is given i n  Table I, 

The da ta  from 

The f e a s i b i l i t y  of a cryogenic l i q u i d  
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bubble-lift-pump w a s  demonstrated with the  sub-scale pump; therefore ,  

the fu l l - sca le  pump w a s  designed accordingly, 

FULLSCALE PUMP 

The bubble-pump i n s t a l l e d  i n  the s t ra t i f icat ion reduction test 

tank shown i n  Figure 2 is 32 % inches long, 6 inches i n  diameter, and 

f l a r e d  at the lower end, The diameter w a s  se lec ted  so that at a flow 

r a t e  of  0.5 f t  /sec9 the average l i qu id  ve loc i ty  would be low enough 

that the  f r i c t i o n  lo s ses  are negl igible ,  The a r b i t r a r i l y  chosen flow 

3 
4 

r a t e  of  0,5 f t  3 /sec w i l l  c i r c u l a t e  all the  l i qu id  i n  the s t r a t i f i c a t i o n  

reduction test tank i n  two minutes, The length  w a s  d i c t a t ed  by the  

size of  the test tank, 

The l i q u i d  flow r a t e  was measured with the s i x  600 V-notch weirs 

i n  t h e  c i r cu la r  weir t ray.  

d i c t a t ed  by t h e  need t o  d i s t r i b u t e  the l i qu id  uniformly a t  the periphery- 

of a 4 f t ,  diameter t h k .  

The pecul iar  shape of t h e  weir t r ay  w a s  

The l i qu id  l eve l  sensors i n  t he  weir t r a y  a r e  

located to  sense the  l i q u i d  l e v e l s  fo r  l i qu id  flow r a t e s  of 0'05, 0.1, 

and 0.4 f t  /sec which is the  estimated range o f  flow rates t o  e f f ec t  3 

mixing i n  the s t r a t i f i c a t i o n  reduction t e s t s ,  The l i qu id  l e v e l  i n  the 

tank i s  sensed by a s e r i e s  o f  l e v e l  sensors placed % inch apa r t ,  s t a r t i n g  

i inch below the  bottom of the weir t r a y  and extending for 5 inches,  

A 0.040 inch diameter o r i f i c e  w a s  used i n  the end of the gas supply l i n e  

located a t  the bottom of the  r i s e r  tube, 

Pr ior  to  i n s t a l l a t i o n  of t h e  pump i n  the t e s t  tank, the  weirs were 

ca l ibra ted  with water, This was accomplished by supplying f a c i l i t y  water 

t o  the  weir t r a y  t o  the desired l eve l ,  and weighting the water i s su ing  

from the weirs i n  a catch tank, 

After the weirs had been ca l ibra ted ,  the gas supply l i n e  to  the 
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bottom of the riser tube w a ~  i n s t a l l ed ,  and the pump operated with water 

t o  determine the  effect iveness  of the riser tube splash cap (Figure 2 )  

i n  maintaining uniform weir flow. Additional baf f l ing  was incorporated 

i n  the splash cap ' a f te r  these tests. Final ly ,  the pump was tes ted with 

l iqu id  nitrogen as shown i n  Figure 3. 

bration and checkout tests,  the bubble-pump w a s  i n s t a l l e d  i n  the test  

A t  the conclusion of these C a l i -  

tank. 

DATA EVALUATION 

The full-ecale pump t e s t  data is given i n  Table  11. 

In order for  the data of Tables I and I1 t o  be of use i n  designing 

the pump for  a full-scale f l i g h t  vehicle some method of correlation must 

be u t i l i zed .  The best  method of correlat ion is a theore t ica l  model 

that accurately describes the  performance. A s  mentioned before, however, 

an adequate theore t ica l  model apparently does not ex is t .  Therefore, i t  

w a s  necessary t o  develop an emperical correlation. After considering 

a var ie ty  of d i f fe ren t  parameters, i t  w a s  concluded that the dimensionleas 

groups shown i n  Figure 4 provide the best  correlation. 

include the important parameters that would be expected to  influence the 

performance of the pump. The diameter of the tube is incorporated in 

These groups ' 

the l iqu id  velocity factor  of the  abscissa. Theband of data shown in 

Figure 4 encompasses a l l  the sub-scale pump data points except fo r  the 

tests i n  which hydrogen was pumped with heJium injected through the  

0.040 inch o r i f i ce .  This w a s  t o  be expected, since the momentum t ransfer  

from the high velocity helium gas t o  the l iqu id  hydrogen i n  the riser 

tube would be a s igni f icant  factor. Converting the momentum t ransfer  

to equivalent height of pumped l iqu id  

49 



where h = equivalent height of pumped Liquid m .  

& = weight gas flow rate 

V = veloc i ty  of gas i n  i n j e c t o r  
8 

P P density of l i q u i d  

A = cross  sec t iona l  area of riser tube 

the r e su l t i ng  head (0.18 ft, for  the sub-scale data  of  Figure 4) is 

s ign i f i can t  when compared t o  the pump l i f t  height (0.49 f t . 1 ,  

ment o f  the data  points  i n  Figure 4 to  include the  momentum e f f e c t s  

was not  attempted due t o  the lack  of  su f f i c i en t  data ,  

Adjust- 

To convert the gas weight flow rates of  Tables I and I1 t o  the  

volumetric flow rate G used i n  the  dimensionless group of Figure 4, 

the  gas densi ty  must be known. This gas densi ty  is a function of both 

the heat t ransfer  from.the bubble t o  t h e  l i q u i d ,  and the mass ' t ransfer  
a ; 

r a t e  of l i qu id  vapor i n t o  the bubble. 

densi ty  as a function of  locat ion i n  the riser tube is very d i f f i c u l t .  

To simplify the problem the  gas densi ty  w a s  estimated by assuming 

simple f ree  convection from the bubble surface t o  the gas within the 

bubble, zero mass trarisfer,  and a uniform spher ica l  bubble whose 

diameter is 2/3 the diameter of  t h e  tube, 

should not se r ious ly  l i m i t  the  ana lys i s  s ince  there  a r e  no forced con- 

vection currents  within the  bubble, However, the assumption of zero 

mass t r ans fe r  w i l l  introduce an e r r o r 4  but i t  may not  be of  major 

significate because the e r ro r  w i l l  be e s sen t i a l ly  the same fo r  a l l  

gas flow rate calculat ions,  and would only r e s u l t  i n  an upward o r  down- 

ward displacement o f  Figure 4 by the  same amount, 

constant bubble s ize  is j u s t i f i e d  by the f ac t  t ha t  although the volume 

Accurate prediction o f  the gas 

The assumption of f r ee  convectic 

The assumption of 
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of the b::bble tends t o  decrease due t o  the temperature drop, i ts  s i z e  

w i l l  increase due t o  the  coalescence of  bubbles as they rise i n  the tube. 

Using the above assunptions together with the simrJlified gas ve loc i ty  

obtained from equation (1 1 it was determined t h a t  the  gas would no t  

reach the l i q u i d  t e % p r a t u r e  before i t  nad traversed the e n t i r e  length 

of the r iser tubc, I s c .  $he gas cooling rate  f o r  the conditions OZ 

i n t e re s t  is relatiyiel;! independent of  the l i qu id  propert ies ;  i , f t ,  

l iquid nitrogen o r  l i q u i d  hydroger.. I n  view of the faregoing, the  

density of the gas i n  the r iser tube was asoumd t o  be constant, and 

eciual t o  the ca lcu lz ted  value nt the ve r t i ca l  mid-point G €  tne tiube, 

The gas dens i t ica  thrr: were r c t u n l l y  used f o r  ezch c-ilculaticn ?+re 

given in Tables I 2nd IT, a l o r g  v i t h  o ther  per t inent  data  Gsed tc 

ca lcu la te  the dimemionless groups of  Figure 4. 

The fu l l  sca le  da t a  does not  appear t o  co r re l a t e  wi€h the 

dimensionless g ~ o u p s  shown i n  Figure Q, There are t:m possible ex- 

planations f o r  the scatter of  data ,  F i r s t ,  the tcmk l i q u i d  leve l  

measurements f o r  the fu l l - sca le  pump were taken a t  inch increments, 

which can introduce a 10,% e r r o r  i n  l i f t  height,  Secondly, the ac tua l  

l eve l  t o  which the l i q u i d  rises inside the sp lash  cap  of  the riser i s  

unknown., The.effective l i f t  hc izh t  o f  the l i q u i d  is greater than the 

leve l  in the weir t ray ,  b u t  the amount of t h i s  d i f fe rence  is not  

known. The w e i r  tray l i q u i d  l e v e l  w a s  used as the l i f t  height because 

no b e t t e r  measurement w a s  avai lable .  Since the sub-scale data  seemed 

t o  co r re l a t e  fairly w e l l ,  the f a i l u r e  o f  the f u l l  scale data  t o  

cor re la te  is  thought t o  be due t o  the low qua l i ty  of  the data  no t  the 

inadequacy of the co r re l  a tion, 
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I n  s p i t e  of the experimental errors and differenel-.; i n  length-to. 

diameter r a t i o s ,  the corre la t ion  shown i n  Figure 4 could be used for  

preliminary design of cryogenic bubble-li ft-pumps. Development of 

a theoretical model which includes the e f f e c t s  of mas8 t ransfer ,  heat 

t;ra:.sfer, and variable  bubble velocity should y i e l d  a more precise  

design tool than the emperical cor re la t ion  shown here ,  but the additional 

e f f o r t  required was not j u s t i f i e d  i n  the program, f!. dexonstration of 

the f e m i b i  l i t y  of a bubble-lif t-pump for  s t r a t i f i c a t i o n  reduction w a s  
\ 

the prime consideration, not the optimization o f  bubble-lift-pump des im.  

CONCL'JSI ONS 

The performance of cryogenic l i q u i d  bubble-lif t,-pumps of s m a l l  L/D 

is difficult to predic t  due t o  the complication of mass transfer, heat 

t ransfer  arid var iable  bubble velocity,  Tests of two di f fe ren t  s i zes  of 

p h g s  iGdicate that a bubble--.li-ft.-p&np con be used s a t i s f a c t o r i l x  to  : 

p m p  a cryogenic. l iqu id ,  and. t h a t  preliminary d e s i g r i  ;?nd performance 

predictions can be accomplished with the a i d  of the correlat ion presented 

in Figure 4 ,  
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Liquid  

. l n ° F  Watei 

1 
Nitrogen 1 
183OF Wat'e: 

I 

I 
.19 

Hydrogen 

Gas 

Ni 

I 

Be 

HE 

Lum 

ium 

I 

[n jectoj 
Size 
Inches 

0.25 

t 
0.040 

0.25 

TABLE I 

SUB-SCALE BUBBLE PUNP TEST DATA 
_I 

Lift 
Heigh 

h 
Inchei 

4.44 
6.38 
5069 
6.44 
4,65 
2.94 
4 -89 
2.88 
4.31 
5-13 
3.28 
5.06 
4*94 
6.22' 
5.19 
6.48 
4.39 
5.88 
6.34. 

5.86 
6,11 
6,36 

5.60 
5.86 
6,11 
4c39 
6.86 
5.39 
4,89 
5.39 
5.64 
5*60 
6.36 
6.61 
6.86 
4.89 
5.14 
7 -36 

6 236 

7061 
6.14 
6,14 

5.60 

4.39 

5.89 

7.36 

Liquid 
Flow 
Rate 

ft3/sec 

0 e 0073 
0 0385 
o 0232 

0.0089 

0 0271 
0 0450 
0 0097 
0.0400 
0.0089 
0 e 0278 
0.0089 
0 0285 

0.00a9 
0.0089 

0.0385 
0 0425 

0,0450 
0 0 0073 

0.0089 

0 e 0465 
0 e 0465 
0 0465 
0 0465 

0*046s 
0.0089 

0.0089 

0 0465 
0 0465 

0 0465 
0,0089 
0 0089 
0 0089 
o.ooa9 
0.0455 
0 0465 
0.0465 
0.0465 
0,0089 
0.0089 

0,0089 
0.0465 

0 0465 
0 0465 
0.0465 
0,0089 
0,0089 

Gas Floi 
Rate 

Ib/sec 

0,0011g 
0 00457 
0 m283 
0.00490 

0 00067 
0,00381 
0 00030 
0,00108 
0 03212 
0 I 00042 
o 00205 

O.OOO9O 

0 * 00339 

OeO0079 
0,00172 

0.00200 
0,00017 
0 00047 
0 0 00043 
0 0 00101 
0 D 00122 
0 0 00123 
0.00133 
0 00039 
0 00042 
0 a 00048 

0 00025 
0 00045 
0 00030 
0 00033 
0 00033 

0,00050 

o 00036 
o .00108 
0 00130 
0 OO151 
0,00157 
0 00043 
0 00045 
0.00150 
0,00065 
0 00133 
0.00147 
0 00157 

0 .OOo72 
0 03068 

Average 
Density of 
Gas i n B i s e  

lb/ft3 

0 053 

0,048 I 
0.022 1 

Average 
Volumetric 
5 s  Flow 
Rate i n R i s e  

&/see 

3 -0227 

3.0538 
3.0932 
3 e 0645 
3.0127 
3 -0450 

3 e 0225 
D 0441 
0.0086 
3 0426 
0.0164 

3.0871 

3.0063 

0 e 0357 
0.0187 
0 0415 
0 0077 
0,0214 
0.0238 
0.0458 
0 0554 
0 0568 
0.0604 
0.0177 
0 0191 
0 0217 

0 0114 
0 D 0202 
0 0137 
0 * 0150 
0 e 0149 
0 0165 
0.0491 
0,0588 
0,0684 
0.0710 
0.0194 
0.0204 

0 . 0295 

0 0229 

0,0681 

0 0602 
o .0668 

0 ., 0306 
0 0326 

0.0711 

Idquid 
YzpW 
F.r e sc w e  
ps ia 

2*1 8,02 

12.00 1 

L 
NOTE: Test vessel pressure 11.7 p s i a  for  a l l  t e s t s ,  
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TABLE I1 

F U L G S C A L E . B U B B L E  PUMP TEST DATA 

L i q u i d  

Hydrogen 

4 
N i  trogbn 

i 

4 

Tank 
Pressure 

lb / in  Abs. p 2  

41.7 
41.7 
41.7 
4L7 
41.7 
41.7 
41.7 
41.7 
41.7 
4107 
41.7 
41.7 
41.7 
41.7 
41.7 
26.7 
26.7 

. 26.7 
26.7 
26.7 
26.7 
26.7 
26.7 
26.7 
26.7 

Liquid V a p o z  
Pressure 

lb/in2 A b s  
pv 

L i f t  
H e i g h t  

h 
in. 

5028 
4,28 
3*78 
4*77 
4,27 
5.28 
3078 
2,78 
3.78 
2.78 
3.78 
3.53 
2.18 
3.78 
2.78 
4.27 
4-27 

. 3.78 
3.78 

3-78 
3.78 
3.78 
3.78 
3.78 

3-78 

I 

Gas 
Flow Rat1 

m 
lb/sec 

0 . 00342 
0 00234 
I 0 00160 

0 00285 

o 00215 

0 00335 

0 00329 

0 , 00167 
0,00217 
0.00135 
0 00125 

0.00155 

0 00196 

0 o 001% 

0.00260 

0 00296 
0,00228 
00.00222 ' 
0 00203 
0,00138 
0 0 00110 
0 00095 
0000053 
0 0 00148 
0 a 00108 

A v e r a g e  G a s  
Density in 

Riser 

lb/ft  4 
0,084 

0 084 
0.084 
0.084 
0.084 
0.084 

0.084 
0,084 
0.084 
0,084 
0,084 
0.084 
0,084 . 
0.054 

0.054 
0,054 
0,054 
0 054 
0.054 
0,054 
0.054 
0,054 

0,084 

0,084 

0.054 . 

A v e r a g e  
V o l u m e t r i c  
Gas FLOW Rat1 
in R i s e r  

G 
ft3/sec 

0 0278 
0 0191 

0,0407 

0 0 0399 
0.0340 
0 -0392 

0 0199 
0 0256 

0 0258 
0 0161 

0,0185 
0 0149 

0.0185 
0 0309 
0.0137 
0.0548 

0 0411 
0.0421 . . 

0 0376 
0,0255 
0 - 0204 
0 00175 
0 0096 
0.0274 
0 0 0200 

To l u m e  t ri c 
Zquid Flow 

R a t e  

It  3 q  / see  

0.05 
0 ~ 0 5  
0.05 
0010 
0.10 
0.05 
a,05 
0-05 
0.05 
0 ~ 0 5  
0.05 
0.05 
0.05 
0.05 
0.05 . 
0.1 
0.1 
0-05. 
0e05 
0e05 
0 005 
0~05  
0.05 
0.05 
0.05 
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MPWIMENTAL IMTESTIGATION OF THE EFFECTS OF BAFFLES ON NATURAL 

CONVECTION FLOW AND ON STRATIFICATION# 

G. C. Vliet* and J. J, Brogan* 
bckheed Missiles and Space Co., Pa10 Alto, Calif. 

Abstract: 

The r e s u l t s  of a study on the e f f ec t  of ba f f l e s  on natural  convection flow 
and on s t r a t i f i c a t i o n  a r e  'presented. T h i s  study, which i s  expected t o  be 
ap2licable t o  cryogenics, w a s  performed w i t h  water ra ther  than a cryogen 
i n  a two-dimensional vessel  t o  f a c i l i t a t e  op t ica l  methods f o r  determining 
the nature of the flow. Visudl s tudies  using a Schlieren apparatus and 
temperature measurements using thermocouples were performed. Two geometries: 
a vessel w i t h  only heated v e r t i c a l  walls and a vessel  w i t h  a heated ve r t i ca i  
wall and a heated inclined bottom, were considered. 

Baffles on heated v e r t i c a l  w a l l s  were only p a r t i a l l y  effect ive i n  reducing' 
s t r a t i f i c a t i o n .  The effectiveness decreases w i t h  t i m e  and increases w i t h  
the nmber and size  of baf f les .  
the ba f f l e s  e f fec t ive ly  d iver t  the natural  convection flow b u t  later the 

. Flow reat taches t o  the wal l  above the ba f f l e  making the.baff le  ineffect ive.  

In  the inclined plake s tudies  s ign i f icant  s t r a t i f i c a t i o n  r e s u l t s  only when 
the  r a t i o  of bottom t o  wall heat flux i s  l e s s  than o r  equal t o  1, b u t  when 
t h i s  r a t i o  i s  2 or greater  there is l i t k l e  s t r a t i f i c a t i o n .  Schlieren studies 
indicate that  ba f f l e s  on the bottom have a pronounced e f f ec t  on the natural  
convection flow but there i s  l i t t l e  e f f ec t  on the ultimate s t r a t i f i c a t i o n .  

The Schlieren s tudies  showed that i n i t i a l l y  
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EXPERIMENTAL INVESTIGATION OF THE EXFECT OF BAFFLES ON NATURAL 

CONVECTION FLOW AND ON STRATPIFICATION 

G. C. V l i t e t  and J. J. Brogan 
Lockheed Missiles and Space Co., Palo Alto, Cal i f .  

I. INTRODUCTION 

The thermal energy absorption by l i qu id  prope1lan-h of space vehicles r e su l t s  
i n  a weight penalty which occurs from eithe+ a loss  of vaporized propellant 
or an increase i n  tank w e i g h t  required t o  contain the warmer propellant. The 
magnitude of the l a t t e r  penalty increases with the s e ~ e r i t y  of the l iqu id  
propellant temperature var ia t ion.  Various methods fo r  predicting s t r a t i f i c a -  
t i o n  have been developed ( R e f s .  1 & 2) and it i s  a log ica l  next s tep t o  examine 
and evaluate methods of reducing s t r a t i f i c a t i o n .  

Various methods, both ac t ive  and passive, have been proposed t o  reduce s t r a t i -  
f ica t ion  and one of these, a passive method, i s  the use of an t i - s t r a t i f i ca t ion  
baf f les .  
ba f f l e s  on na tura l  convection flow and on s t r a t i f i c a t i o n .  These s tudies  include 
the use of the Schlieren and shadowgraph techniques t o  visual ize  and a s s i s t  i n  
interpret ing the  natural  convection flow, and a l so  ac tua l  temperature measure- 
ment using thermocouples t o  determine the magnitude of s t r a t i f i c a t i o n .  
s tudies  were performed i n  a smal1,twpdimensional laboratory scale apparatus 
using water a s  the  t e s t  f l u i d .  It w a s  not the in ten t  nor was it possible t o  
scale the f l u i d  dynamics of these tests t o  the t-DicallJf large space vessels 
containing' cryogenic f l u i d s  but  ra ther  t o  'gain a greater  understanding of the 
e f f ec t s  of b a f f l e s  w i t h  the intent ion that they m y  l a t e r  be applied t o  .a large 
space vessel i f  proved a t t r ac t ive .  
f l u i d ,  I n  the small two-dimensional vessel  permitted numerous geometry and tes t  
conditions t o  be investigated eas i ly .  

An experimental study has been conducted t o  determine the e f f ec t  of 

These 

The use of water, although not a cryogenic 

11. MPERlMENTAL APPARATUS 

The experimental t e s t s  were performed i n  a glass  tank 1.5 inches high, 12 inches 
wide and 6 inches deep (depth of f i e l d ) .  Within t h i s  vessel ,  6 inch wide elec- 
t r i c a l  res is tance heater plates= (uniform heat f lux)  were positioned t o  obtain 
the desired geometry. 
ve r t i ca l  103 high p l a t e s  were positioned 6 inches apar t  t o  form the two-dimensional 
vessel  shown i n  Figure 1(a). 
placed horizontally against  each of the heater plates .  
(Inclined Plate  Tests) one 8 inch high p l a t e  w a s  placed ve r t i ca l ly  above the top 
end of a 6 inch long incl ined plate, the bottom end of which was against  one end 

I n  the  f i r s t  s e r i e s  of t e s t s  (Vertical  Plate  T e s t s )  two 

Baffles 6 inches long and of various widths were 
I n  the second ser ies  

*Actually an optimum weight penalty may be obtained by a combination of venting 

m e  m i l  s t a in l e s s  steel shim stock was used a s  the resis tance heating element. 

plus  increasing tank weight t o  withstand the  addi t ional  pressure rise. 
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of the  tank. This configuration formed one-half of a two- 
dimensional vessel  with a wedge shaped heated bottom. In the  inclined p la te  
t e s t s ,  b a f f l e s  were placed on the heated incl ined p la te .  
tests the  tank was f i l l e d  with water t o  the  top(s )  of the heated v e r t i c a l  
p la te (s )  and d.c. power supplies were used t o  r e s i s t i v e l y  heat the plates .  

See Figure l ( b ) .  

In each series of 

Temperature measurements w e r e  maie with a probe of I2 copper-constantan themo- 
couples and a precision 6 channel microvolt recorder. 
t e s t s  the  thermocouple probe was positioned ve r t i ca l ly  i n  the center of the 
vessel. In  the incl ined p l a t e - t e s t s  the  thermocouple probe w a s  positioned 
ve r t i ca l ly  midway between the glass  walls and approximately 1/3 the distance 
(2 inches) up the incl ined p la te  as shown i n  Figure l ( b ) .  
t ions were made using both the Schlieren and shadowgraph techniques using a 
mercury lamp as a l i g h t  source. 

In the  v e r t i c a l  p la te  

The visual  observa- 

111. EXPERIMENTAL IIESULTS & DISCUSSION 

The i n i t i a t i o n  of s t r a t i f i c a t i o n  i n  these laboratory tests i s  somewhat differez 
than most cases encountered w i t h  a cryogenic propellant. Ordinarily the 
vessel  containing the cryogenic l i qu id  i s  vented pr ior  t o  s t r a t i f i c a t i o n  and a 
natural  convection boundary layer  flow i s  established a t  the time the vent i s  
closed and s t r a t i f i c a t i o n  begins. I n  these laboratory tests the l iqu id  i s  
i n i t i a l l y  stagnant and s t r a t i f i c a t l o n  begins w i t h  the  heating of the wall whicl. 
has an inherent t r ans i en t  associated with it. It i s  f e l t ,  however, that the 
e f fec t  of t h i s  i n i t i a l  t rans ien t  i s  quickly erased a s  s t r a t i f i c a t i o n  progressez 

* * A .  Vertica.1 PLate'Tests . 

1. -Temperature Prof i le  Measurements : 

Vert ical  temperature p ro f i l e s  were measured i n  the absence of 
ba f f l e s  and f o r  the several  ba f f l e  configurations l i s t e d  below: 

(1) 

(2) 

One ba f f l e  a t  mid-height on each wall  (6, -$, 1 and 2" wide baf f le :  

Two b a f f l e s  on each wall dividing p l a t e  i n  th i rds  ($, t, 1 and 
2" wide ba f f l e s )  

5 Staggered 1" baf f l e s  (2 on one wal l  and 3 on the other) .  

Combination of one 1" and one 2" b a f f l e  on each w a l l .  

Two curved baf f les  on each w a l l  (1" radius) .  

( 3 )  

(4) 

(5) 

These t e s t s  w e r e  performed w i t h  water and f o r  wall heat f luxes i n  I 

the range 0.5 t o  1.0 Btu/ft2 hr which corresponds t o  a modified ' 

Rayleigh number of-1012. 

The v e r t i c a l  temperature d is t r ibu t ion  f o r  the  t e s t  without baf f les  
i s  presented i n  Figure 2 with time the parameter. It i s  seen t h a t  
before the s t r a t i f i e d  region reaches the bottom, the second derivative 
of temperature i s  posi t ive whereas l a t e r  it becomes negative. 
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The v e r t i c a l  temperature d is t r ibu t ions  f o r  four specif ic  
ba f f l e  configurations a re  compared t o  the case without 
b a f f l e s  i n  Figures 2 and 3 with time the parameter. Figure 2 
f o r  one ba f f l e  a t  the mid-point of each w a l l ,  and F i  ure 3 
f o r  two ba f f l e s  on each w a l l  show only the cases of T; inch 
and 2 inch baf f les .  
cases measured a re  not presented because they are  similar 
t o  and f a l l  within the range of  these four cases presented 
here in .  

? 
The p ro f i l e s  of a l l  the remaining 

I n  comparing the temperature p ro f i l e s  i n  the presence of 
ba f f l e s  t o  the p ro f i l e s  i n  the absence of ba f f l e s  i n  Y'Lgure 2 
and 3 it i s  seen that the temperature ;r3,I"iles are  rLo2 ser iously 
a l t e r e d  by the presence of baf f les .  The ba f f l e s  have t n e i r  
greatest  e f f ec t  i n  causing energy t o  be mixed into the lcwer 
regions of l i qu id  i n i t i a l l y .  Later the e f f ec t  i s  l e s s  pro- 
nounced.. Even a t  ear ly  stages of s t r a t i f i c a t i o n  the surface 
temperature i s  l i t t l e  affected by ba f f l e s  because the tempera- 
t w e  gradient near the smface  generally steepens with baf f les  
present, apparently due $0 the shorter boundary: layer run w i t h  
the ba f f l e  present.  

2. Baff le  Effectiveness: 

Considering that it, i s  desirable t o  mLntain a s  nearly a uni- 
form l iqu id  temperature a s  possible, a measure of the severi ty  of 
s t r a t i f i c a t i o n  is  the temperature moment' about the bottom of the 
ve sse 1 : 

.. 
MT 4 lH- (T-Ti)xdx 

A A Where T = l i qu id  temperature; T i  = i n i t i a l  uniform l iqu id  
temperature; x 4 a x i a l  height and H i s  the tank height. 
t o  compare the effectiveness of a ba f f l e  t h i s  temperature moment 
w i l l  be f i r s t  made dimensionless w i t h  respect t o  the uniformly 
mixed case: 

However, 

where the average l iqu id  temperature. The ba f f l e  effect ive-  
ness parameter w i l l  be based on a comparison of  the dimensionless 
temperature moment with a ba f f l e  t o  the dimensionless temperature 
moment without a baf f le  : 

which on rearrangement becomes: 
M T ~  - % (Tn/T) 

E =  
Myn - 3 Tn€l? 

where the subscript  "n" r e f e r s  t o  the "no" ba f f l e  case. 
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T h i s  parameter has the following significance: 

(1) when zero, the ba f f l e  is completely ineffective.  

(2) 

(3)  

when 1.0, the baffle r e s u l t s  i n  a uniform temperature 
. (i .e.  comphtely e f fec t ive)  

if  asymptotic temperature shapes are  approached w i t h  
and without a baf f le ,  then the parameter a l so  approaches 
an asymptotic value. 

if negative the  ba f f l e  i s  deleterious ( t h i s  i s  unlikely).  (4) 

The ba f f l e  effectiveness i s  plot ted i n  Figure 4 only f o r  the case 
of two baf f les  of various s izes  on each wall. This  f igure shows 
t h a t  wall b a f f l e s  are  only moderately e f fec t ive  i n  reducing s t r a t i -  
f i ca t ion .  
effectiveness decreases w i t h  time, appearing t o  approach an asymptote. 
For t he  case of one ba f f l e  on each wall the asymptote was approached 
much quicker and was smaller i n  magnitude. Even the best  configurations 
indicate  an effect iveness  of only 20 percent a t  l a t e r  stages.  
general the effectiveness increases w i t h  nuuiber and s ize  of baf f les ,  
the bes t  configuration t e s t ed  being t w o  2" ba f f l e s  on each wall. 

I n  the ear ly  stages they a re  most e f fec t ive  but the 

I n  

An empirical correlat ion of the ba f f l e  effectiveness f o r  the cases 
of one or t w o  ba f f l e s  of various s izes  on each wall i s  shown i n  
Figure 5: This correlat ion suggests : 

where N = no. of baf f les ,  B/W i s  the r a t i o  of baf f le  width t o  tank 
width and 8 i s  measured i n  minutes 

3. Visual Studies:. 

A se r i e s  of Schl ier in  movies were taker, showing the nature of the 
na tu ra l  convection f low i n  the absence of b a f f l e s  andin the presence 
of several  s izes  of wall baff les .  
is  8 inches diameter showing the top 7 inches.of the vessel .  The 
l i qu id  surface i s  near the top, a heated v z r t i c a l w a l l  i s  seen on 
e i t h e r  side and thebaff les  used i n  Figures 7 and 8 a re  against  the 
w a l l  near the bottom of the f i e l d .  
of posi t ive temperature gradient i n  the v e r t i c a l  direct ion.  

I n  Figures 6 through 8 the f i e l d  

The l i g h t  areas represent regions 

In  the absence of ba f f l e s  (Figure 6) the s t r a t i f i c a t i o n  process i s  
seen t o  i n i t i a t e  w i t h  a ra ther  large surface flow from each p la te  
which meets a t  the vessel  center and forms a downward moving warm 
plume. The plume i s  quickly a r res ted  by buoyant e f fec ts  and then 
spreads out t o  form a thermally s t r a t i f i e d  layer .  Following t h i s  
i n i t i a l  t ransient ,  s t ra t . i f ica t ion  progresses i n  a smoother manner 
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as the s t r a t i f i e d  layer grows with the supply a t  i t s  base of warm boundary 
layer  l iquid.  
ing the s t r a t i f i e d  region i s  observed t o  t h i n  considerably a s  it gives 
up pass t o  the s t r a t i f i e d  region. The s t r a t i f i e d  layer  cmt inues  t o  
grow in  thickness u n t i l  it reaches the bottom of the vessel. A more 
detai led description of the mec'mnism of s t r a t i f i c a t i c n  appears i n  
Reference (3) .  

The ra ther  thick boundary layer on entering and travers- 

The reason f o r  the r e l a t i v e l y  low effectiveness of w a l l  baf f les  i s  
b e t t e r  understood from the Schl ier in  movies f o r  3 inch baf f les  shown 
i n  Figure 7 and 2 inch ba f f l e s  i n  Figure 8. The interpretat ions 02 
the flew phenomena i n  the presence of baf f les  as observed i n  the Schl ier in  
studies a re  i l l u s t r a t e d  ,in the sketches of Figure 3. 
stages of s t r a t i f i c a t i o n  the boundazy layer  below the ba f f l e  on en- 
countering the baf f le  i s  e f fec t ive ly  diverted, causing it t o  flow out 
i n to  the bulk l iqu id  where it mixes a s  it flows upward, as shown i n  
Figures g(a) .  
t h i s  warm boundary layer  l iqu id  is  mixed into the cooler bclk l iqu id .  
However, a s  the s t r a t i f i e d  layer near the surface grows due t o  the 
boundary layer  flow above the uppermost ba f f l e ,  the height t o  which 
the ejected boundary layer  l iqu id  w i l l  r i s e  decreases a s  i l l u s t r a t e d .  
i n  Figure 9(b),  since it i s  a r res ted  by the warmer s t r a t i f i e d  1a:jer. 
A s  the s t r a t i f i e d  layer nears the baffle, the na tura l  convection f lov  
from tine ba f f l e  i s  *awn i n  toward the v e r t i c a l  w a l l  above the ba f f l e  
due t o  entrainrent  by the boundary layer forming on the  wall above 
the baf f le .  A t  this point, the natural convection flow i s  soon no 
longer e jected by the ba f f l e  bu t  ra ther  flows around the baf f le ,  reattaches 
t o  the' Tall .  and flows upward as  showri i n  Figure S(c) .  
s t r a t i f  i ca t ion  progresses' tqward the bottom. of the vessel  making successive 
baf f les  ineffect ive a s  each ba f f l e  i s  approached, and tne temperature pro- 
f i l e  created i n  the vessel  r e s u l t s  i n  a thin,  slowly moving boundary layer.  
There i s  progressively l e s s  e f f ec t  of the ba f f l e  on the flow, a s  the 
degree of turbulence observed immediately above the baffle '  decreases 
with t i m e .  
t o  the wall w i t h  l i t t l e  apparent mass or energy exchange with the bulk 
l iquid.  

I n  the i n i t i a l  

The r e s u l t  i s  that i n i t i a l l y  a s ign i f icant  portion af 

I n  general, the 

The boundary layer  flows around the ba f f l e  and at taches 

I n  general the larger  the baf f le  the longer it takes f o r  the flow t o  re- 
attach t o  tne wall. 
immediately while f o r  t h e  3 and 1 inch ba f f l e s  reattachment took approxi- 
mately 3 and 6 minutes respectively and fo r  the 2 inch baf f les  the flow 
d idn ' t  reat tach over the 10 t o  S5 minutes duration of the t e s t .  However, 
even i n  t h i s  l a t t e r  case there w a s  only a small e f f e c t  of the ba f f l e  on 
the ultimate tedperature p ro f i l e s  as i s  seen i n  Figure 3. 

Curved ba f f l e s  were a l so  found t o  be qui te  ineffect ive i n  reducing s t r a t i -  
f i c a o n .  
under portion of the b a f f l e  merely f i l l s  w i t h  w a r m  l i qu id  which thereaf te r  
a c t s  l i k e  a flat baf f le  and the boundary layer  moves horizontally outward. 
A t  l a t e r  t i m e s  the boundary layer  reattaches t o  the -11 above the ba f f l e  as 
i n  the case of a f l a t  baf f le .  
turning the boundary layer  flow downward since much of the k ine t ic  energy i n  
the boundary layer i s  l o s t  i n  viscous shear. 

For the $ inch baf f les  the reattachment occurred almost 

Instead of turning the boundary layer and e jec t ing  it downward the 

*A cUrved baf f le  i s  apparently ineffect ive i n  
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S i x i l a r  r e s u l t s  a r e  ant ic ipated i n  larger  vessels  i f  the ba f f l e s  a r e  
scaled t o  vessel  dimensions. The time scale w i l l  necessarily change 
since s t r a t i f i c a t i o n  r a t e  i s  a function of vessel  dimensions, Ref-  
erence (4). 

B. Inclined Plate  Tests 

1. Effect of P l a t e  Incl inat ion:  

The major portion of the inclined p la te  t e s t s  were performed f o r  an 
inc l ina t ion  of 45 degrees w i t h  the  horizontal, however a f e w  t e s t s  
were made a t  varying p l a t e  inc l ina t ion  t o  determine t h i s  e f f e c t  on 
s t r a t i f i c a t i o n .  
incl inat ions of 45, 22, 11, and 0 degrees w i t h  the  horizontal  are 
‘plotted i n  Figure 10 i n  non-dimensional form since the heights of the 
vessels varied among tAe tests. 
s ionless  w i t h  the  l iqu id  heigh-r; and the temperature difference i s  
made dimensionless with the difference between the surface and i n i t i a l  
temperature. The p ro f i l e s  shown i n  Figure lo are  a l l  for the case 
where the bottom and wall heat f luxes a re  the same and equaL t o  0.9 
Etu/f t2  sec and a t  20 minutes a f t e r  s t a r t  of heating. Note that i n  
the case of the zero incl inat ion,  two heated ve r t i ca l  1-03 inch walls, 
separated by an 8 inch heated bottom, were used a s  compared t o  the 
othes three cases. It i s  seen t h a t  a s  the p l a t e  angle decreases the 
temperature measurements show an increasing tendency toward p ro f i l e s  
which a re  composed of a uniform temperature region below and a s t r a t i -  
f i e d  layer  abbve . 
incl inat ions a re  essent ia l ly  the  same a s  the case of horizontal  bottom. 
The case of 45 8egree incl inat ion is  seen t o  deviate from t h i s  shape 
sometrhat . 

The measured temperature p ro f i l e s  for bottom pla te  

The v e r t i c a l  height i s  made dimen- 

The non-dimensional. p ro f i l e s  ‘for the 22’ and 11 degree 

2 .  

Visual studies using both the Schlieren and shadowgraph show tha t  there 
i s  i iefinite na tura l  convection flow llalongll the inclined heated p la te  
but  that the thickness of the flow lncreases w i t h  decreasing angle u n t i l  
when horizontal  the e n e r a  f lux through the bottom simply mixes in to  
t h e  lower portion of the l i q u i d  causing it t o  have an essent ia i ly  uni- 
form temperature. The r a t i o  of the depth of t h i s  uniform tempeyature 
region t o  the l iqu id  height i s  approximately equal t o  %he r a t i o  of 
energy entering the bottom t 3  the t o t a l ‘ e n e r m  entering the vessel. 

Effect  of Heat Flux Ratio: 

For the case of a L5O i.n,cL”_r.ec? %gthx t h e  ratio q* of bottom heat flux 
t o  wzll k e - k  5 x x  was varieii Zron;. 0 .5  7;o 5 t o  determine i t s  e f fec t  on 
s t r a t i f i c a t i o n .  Figure 11 compares the measured temperature prof i les  
for the three heat f lux r a t io s ,  q*= 0.5; 1.0 and 2.0. There i s  esserr- 
t i a l l y  no s t r a t i f i c a t i o n  fo r  q* L 2.0. (and greater)  and the degree of 
s t r a t i f i c a t i q n  becoxes increasingly important a s  the r a t i o  decreases. 
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The lack of s t r a t i f i c a t i o n  f o r  q* equal t o  2.0 and greater  is  apparently 
due t o  the large entrainment of l iqu id  from the bottom into the boundary 
layer on the inclined bottom resu l t ing  i n  a low average tem$eratuTe 
of the boundary layer when it reaches the surface. 
resents a rapid rec i rcu la t ion  r a t e  of the l iqu id  resu l t ing  i n  a small 
temperature difference Trom top t o  bottom. 
ture  p ro f i l e s  fo r  a simLlar geometry but with radiant  heating of the 
l iquid i n  the  lower region of the vessel .  The p ro f i l e s  exhibit  
a uniform temperature i n  the lower portion and a s t r a t i f i e d  layer 
above. For these tests the  r a t i o  of the t o t a l  energy absorbed due t o  
radiant heating t o  t o t a l  wall  heating was varied from approximately 
0.4 t o  1.7. 
l e s s  pronoucced a s  the r a t i o  increased. 

This e f fec t ivk ty  rep- 

Anderson (5)  shows tempera- 

A s t r a t i f i e d  layer  was observed i n  a l l  cases but became 

3. Effect of Heat Flux Level: 

Tests were conducted f o r  s imilar  heat f l ux  r a t i o s  but fo r  heat f luxes 
one order of magnitude l e s s ,  and it was found t h a t  the  same conclusions 
on the e f f ec t  of heat f lux r a t i o  could be drawn. This suggests t h a t  
the r e l a t ive  absence of s t r a t i f i c a t i o n  for q* 3 2.0 i s  zlot due t o  the 
heat f lux mgnitude, a t  l e a s t  i n  t h i s  range. 

4. Effect of Baffles Placed on InclLned Plate:  

Since there was observed t o  be l i t t l e  s t r a t i f i c a t i o n  f o r  heat f l u x  
r a t io s  of 2.0 or greater there i s  l i t t l e  t o  be gained by using ba f f l e s  
under such conditions. The experimental measurements presented i n  
t h i s  section on $he e f f ec t  of ba f f l e s  a re  f o r  the  case-of a 45 ‘degree 
bottom and f o r  the case where s t r a t i l i c a t i o n  w a s .  s ign i f icant  withaut 
baff les ,  namely, fo r  q* 2 1.0. 

Several tests were performed fo r  q*Sr 1.0 using ba f f l e s  i n  an attempt 
t o  reduce s t r a t i f i c a t i o n .  Two of these cases: 

two 1 inch baf f les  perpendicular t o  the Inclined bottom, [ii) two -$ inch baf f les  perpendicular t o  the inclined bottom, 

a re  compared t o  the case of no ba f f l e s  i n  Figure 12 a t  three t i m e s  
(10, 20 and 30 minutes) a f t e r  s t a r t  of heating. 
t o  be approximately the same but not ident ica l  i n  +he three cases a s  i s  
evident by the areas under the prof i les .  

The heat r a t e s  a r e  seen 

The ba f f l e s  a r e  seen t o  have very l i t t l e  e f f ec t  on the ultimate s t r a t i -  
f ica t ion  a s  i s  evident from Figure 12. The small e f f e c t  they do have 
i s  t o  create  a more uniform temperature region near the bottom of the 
vessel  than f o r  the case without baf f les .  This is  s i m i l a r  t o  the case 
of a heated horizontal  bottom and heated ve r t i ca l  wall a s  i n  Figure 10 
where the two very d i s t i n c t  regions a re  evident. A s imilar  conclusion 
resul ted f o r  the various tests performed with other baf f le  configurations 
on the bottom. 
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5. V i s u a l  Studies : 

The e f f e c t  of ba f f l e s  on the natural convection flow along thq heated. 
incl ined bottom was studied with both the Schlieren and shadowgraph 
methods. 

It was f e l t  that t o  be e f fec t ive  i n  reducing S t r a t i f i ca t ion  the ba f f l e  
should d iver t  the  natural convection flow along the incl ined surface out 
i n t o  the bulk l iquid.  
show how w e l l  t h i s  i s  accornp1ishe.d by various baff le  sizes and or&ehta- 
t ions .  A l l  cases are f o r  
incl ined bottom. Figure 13 7 a )  shows the flow i n  the absence of ba f f l e s  
while Figures 13(b), 13(c), and 13(d) f o r  3 and 1 inch ba f f l e s  re- 
spectively show the  influence of ba f f l e  s ize  on the flow f o r  the case 
of two b a f f l e s  perpendicular t o  the inclined wall. It i s  seen that the 
b a f f l e  must be greater  than 4 inch t o  e f fec t ive ly  d iver t  the flow. Since 
the  boundary layer  thickness appears t o  be between 3 a?d 1 inch these 
p ic tures  ifidicate that the  baf f le  must be a t  l e a s t  a s  high a s  the 
boundary layer  thickness t o  e f fec t ive ly  d iver t  the flow. 
perpendicular baf f les  shown i n  Figure l3 (e )  appear t o  be l e s s  e f fec t ive .  
It was found t h a t  bhf f les  placed perpendicular t o  the flow were more 
e f fec t ive  than v e r t i c a l  b a f f l e s  a s  seen by comparing Figures 13(c) and. 
13(f)  

Sixadowgraph p ic tures  presented in Figure 13 

0 4 q: = 2.4 Btu/ft2 see.* and a 45O 

Three 1 inch 

. It should be noted that although the v isua l  s tudies  indicate  cer ta in  
b a f f l e  s izes  and orientations t o  be qui te  e f fec t ive  i n  d iver t ing ' the  
f l Q w  outward i n t o . t h e  bulk l iquid,  the t e m p e r a t F  measurements indi- . 
cate  khat t h i s  i s  not efsect ive i n  red'ucing s t r a t i f i ca t ion .  . T h a t  simi- I 

l a r  p ro f i l e s  r e s u l t  w i t h  and without b a f f l e s  i n  the bot toa i s  interpreted 
i n  the following manner: with ba f f l e s  i n  the'bottom a boundary layer  
forms on the v e r t i c a l  walls creat ing the usual s t r a t i f i e d  region and 
the energy enter ing the bottom i s  mixed by turbulent ac t ion  in to  the 
uns t r a t i f i ed  f lu id ,  s imilar  t o  the case of a heated f l a t  bottomed -Jessel. 
i n  t he  absence of ba f f l e s  there  i s  a gross f l u i d  c i rcu la t ion  i n ' t h e  
vessel 'due t o  the na tura l  convection flow along the heated inclined 
bottom of the vessel.  However, the average temperature increase of this 
f l u i d  i s  mall (due t o  the large circulat ion r a t e )  and the  circulat ion 
i s  therefore confined t o  the region below the s t r a t i f i e d  f l u i d  which i s  
formed by f l u i d  of higher average temperatures i n  the boundary layer 
near the v e r t i c a l  wall. A s imilar  temperature prof i le  therefore r e su l t s  
with the minor difference t h a t  i n  the l a t t e r  case there i s  a very 
shallow temperature gradient i n  the "unstrat i f ied" region. 

Similar r e s u l t s  a r e  expected i n  la rger  vessels  b u t  addi t ional  t e s t s  
on la rger  scale vessels a re  advised. Furthermore, baf f les  i n  the 
bottom of a draining vessel may have m e r i t  and should be investigated. 

*A similar flow f i e l d  wasabserved f o r  the case where q* = 1.0. 
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. coNcmsIoNs 

Baffles on heated v e r t i c a l  surfaces are found t o  be only moderately e f fec t ive  
i n  reducing s t r a t i f i c a t i o q a n d  mainly ea r ly  i n  time. 
decreases w i t h  time and increases both w i t h  number and size of baf f les .  The 
degree of s t r a t i f i c a t i o n  i n  vessels with heated bottoms i s  a function of the 
r a t i o  of bottom t o  w a l l  heat fluxes,  decreasing as t h i s  r a t i o  increases. 
Baffles on inclined bottom surfaces of heated vessels  e f fec t ive ly  a l t e r  the 
f lu id  dynamics b u t  a r e  found to be irieffective i n  reducing s t r a t i f i c a t i o n .  
*en ba f f l e s  a re  scaled t o  vessel  dimensions s imi la r  r e s u l t s  a r e  expected 
i n  larger  vessels,  however the t i m e  scale  w i l l  be differen& since s t r a t i f i -  
cation rate i s  r, TLznction of vessel  s ize .  Similar s t r a t i f i c a t i o n  reduction 

- zests  i n  larger vessels  f o r  confirmation of these conclusions a s  well a s  an 
investigatior, of the influence of Sa f f l e s  i n  the bottom of draining vessels 
are  recommended. 

Their effectiveness 
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FIGURE 6 
SC- pRoTOGRApHs FOR STRATIFICATIO. 
WITHOUT WAIL BAFFLES. q; Y 1.0 BTU/FT?SEC. 

FIG. 6(a) - 20 SEC. 

FIG. 6(b) - 27 SEC. 

FIG. 6 ( c )  - 40 SEC. 

FIG. 6(d) - 1 MIN. 

FIG. 6 ( e )  - I* MIN. 
7 8  



F I G .  7(b) - 40 SEC. 

F I G .  7 ( c )  - 1 MIXT. 

F I G ,  7(d) - 2 MIN. 

FIG. 7 ( e )  - ~ ~ M I N .  



FICXlB 8 
SCHJXEZBN PHOTOGRAPHS FOR STRATIFICA!PTON 
WITH 2 INCH WALL BAFFLE q; 2 1.0 BTU/FT~SEC’. 

FIG. 8(a) - 1 MIN. 

F I G .  8(b)’- 2 MIN. 

FIG. 8 ( ~ )  - 3 M I N .  - 

FIG.  8(d) - 4 ICliX. 

F I G .  8(e )  - 10 MLN. 
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container. The shape of the velocity profiles obtained agrees w i t h  

that obtained experiaDgntplly by Wilkfs and Fisher, ( 7 ) .  Howevero i t  

is not in agremnent w i t h  the shape of the velocity profAle poatulatx 

by tighthill and used by lIkmmitt ,  in which it is assumed that a core 
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NOMENCLATURE 

a 

b 

cP 

Gr 

65 

k 

P 

P r  

R a  

half the width of the  container 

the i n i t i a l  height of the  l iqu id  

constant pressure spec i f ic  heat, Btu/lbm"F 

Grashof number = gS(Ts-To)a / v  

the accelerat ion of gravity,  f t /sec"  

l a t e n t  heat  of evaporation o r  condensation Btu/lbm 

3 2  

thermal conductivity, Btu/hr f t  "F 

pressure 

Prandtl number = y / a  

Rayleigh number (GrPr) 

' ( q / A ) ,  heat f l u x  a t  the w a l l s  o f  the  tank per  un i t  area, Btu/hr/ft2 
. . .  . .  e .  

T tem-p R 

t t i m e ,  sec 

u x-component of the  velocity,  f t / s ec  

v y-component of the velocity,  f t / s ec  

U dimensionless x-component of the veloci ty  

V dimerisioriless y-component of the  veloci ty  

x ax ia l  distance,  f t  

X dimensionless x 

y transverse,  o r  normal distance measured f r o m  center  l i n e ,  f t  

Y dimenaionless y 
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a thermal diff'usivity, ft2/sec 

l3 coefficient of thermal expansion 

p density, lbm/f t3  

p viscosity, Ibm/ft/sec 

v kinematic viscosity, ft2/sec 

dissipation function for two-dimensional incompressible f l o w  is 
given by 

7 dimensioniess time 

8 dimensionless temperature 

'* stream function 

A an eigenvalue 

Subscripts 

c cold w a l l  

g vapor 

h hot wall 

s saturation or liquid surface 

i,j denotes positior. in the space grid 

o denotes initial conditions 

w w a l l ,  

Superscript 

n denotes the time level 
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ABSTRACT 

I3OzS 
The two-dimensional, laminar, t r a n s i e n t ,  natural. convection heat and 

m a s s  t ransfer  i n  a closed rectangular container with a f r ee  surface i s  

gtudied, The x-momentum, the y-momentum, and the continuity equations are 

coupled t o  obtain the v o r t i c i t y  t ransport  equation, which is integrated 

numerically using t.he f in i te -d i f fe rence  approximation. The problem of 

s t a b i l i t y ,  which i s  associated with the difference equations, i s  studied. 

The convergence of the  solut ion or' the  difference equations so tha t  of the 

d i f f e r e n t i a l  equation i s  examined. Results of the calculations for di f fe ren t  

boundary conditions a re  given Comparison of the  theore t ica l  r e s u l t s  w i t h  

two experimental measurements from the l i t e r a t u r e  indicate  qua l i ta t ive  

agreement. 





I. INTRODUCTION 

This report  presents the  i n i t - i a l  r e su l t s  of a program of research deal-  

ing with t r ans i en t ,  f r e e  convection inside closed containers, The problem 

reported i s  t h e  first phase of a program directed a t  a n  understanding and 

prediction of f l u i d  behavior i n  closed containers subject t o  various dis- 

turbances, including those of ambient heat flux, change i n  wall  temperature, 

pressurization, change i n  grav i ta t iona l  f i e l d ,  and l iqu id  discharge. The 

objectives of the  general program a r e  the p red icuon  of t rans ien t  velocity 

prof i ies ,  temperature s t r a t i f i c a t i o n ,  and pressure h i s to r i e s  i n  such con- 

ta iners  - 
The present report  treats laminar  t rans ien t  free convection i n  a two- 

dimensional container having a liquid-vapor ,-interface - 
a r e  introduced by a sudden increase i n  the  temperature o f ’ the  container w a l l  . 

Transient processes 

and by a sudden application of hea t  flux t o  the  external  surfaces of the con- 

ta iner .  

ing t ransient  flow pat terns  and temperature s t r a t i f i c a t i o n  a r e  computed, 

For a systen: a t  constant pressure and a t  n o m 1  gravi ty  the result-  

The problem i s  formulated from t h e  complete Navier-Stokes equations 

coupled w i t h  those from the F i r s t  Law of Thermodynamics and the  Conservation 

of Mass. Boundary-layer approximations are not made since the  geometry and 

boundary conditions inval idate  complete boundary-layer flow and require addi- 

t i o n a l  momentum considerations not usually found i n  boundary-layer calculations.  

Reduction of t h e  governing equations i s  done by numerical procedures using 

Preteding page blank 
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a n  IBM 7090 d i g i t a l  computer. 

convergence and s t a b i l i t y  of the numerical solution. 

Special a t t en t ion  i s  given t o  the  problem of 

Combined with the  experimental program present ly  under way, these re- 

sults w i l l  a id  i n  the  establishment of c r i t e r i a  for t he  onset of t r ans i t i on  

flow i n  the  container,  t he  start of surface boi l ing,  and w i l l  be useful  i n  

formulating the  solut ion f o r  the case of turbulent convection. 

128 



11. REVTZW O F  THE LITERATURE 

I n  t h e  pas t ,  considerable e f f o r t  has been given t o  the  study of natural  

convection heat and mass t ransfer .  Many problems have been solved under d i f -  

fe ren t  conditions of geometry and arrangements. 

an ana ly t ica l  a s  well as a n  experimental nature. An extensive survey of lit- 

erature  showed t h a t  the problem of nztural  convection i n  closed-end tubes 

with a f ree  surface has  not been considered ana ly t ica l ly ,  however, some prob- 

lems with re la ted  geometries have been considered,' The extrapolation of the  

r e su l t s  of these s tudies  t o  other  geometry can give misleading r e su l t s  owing 

t o  the complicated nature of t r a n s i e n t  free-convection pheRomena. 

These s tudies  have been of 

A ,  ANALYTICAL STUDIES 

The case 00 a v e r t i c a l  element immersed i n  an i n f i n i t e  f l u i d  i n i t i a l l y  ' 

a t  rest has received the most a t ten t ion  of many invest igators .  The time- 

steady laminar flow equations were first solved by P ~ h l h a u s e n ~ ~  for air. 

The experimental r e su l t s  of Schmidt and Beckman* a re  i n  good agreement w i t h  

Pohlhausen's so1uti.cn.. Later, Ostrach solved the  same problem using num- 20 

e r i c a l  methods with high-speed d i g i t a l  computer f o r  d i f f e ren t  values of 

Prandtl  number ranging from 0,OL t o  1G00. 

The t rans ien t  f r ee  convection from ver t i ca l  flat pla tes ,  with and without 

appreciable thermal capacity and variable f lu id  propert ies ,  has been studied 

by d i f fe ren t  invest igators  f o r  d i f fe ren t  boundary conditions 8,29,30,33 134 

k i t z k e 1 6  considered the  steady-state natural  convection between two 



p a r a l l e l ,  i n f i n i t e  f la t  p l a t e s  or iented i n  the d i rec t ion  of body force i n  

which one p l a t e  i s  heated and the  o ther  i s  coolei! unifol-nily. The measure$. 

temperature d i s t r ibu t ion  across t h e  f l u i d  i s  i n  good agreement with the the- 

20,21 in m y .  A general izat ion of the  same problem was car r ied  on by Ostrach, 

which the  p l a t e s  are maintained at constant temperatures not necessarily 

equal, and the  e f f ec t  of' heat sources and f r i c t i o n a l  heating w a s  included. 

A s  ant ic ipated,  t he  e f f ec t  of heat  sources and viscous heating increases 

the  temperatures and t h e  ve loc i t i e s  between the p l a t e s .  The t r ans i en t  f r e e  

convection i n  a duct formed by two i n f i n i t e  p a r a l l e l  p l a t e s  with a rb i t r a ry  

time var ia t ions  i n  t h e  w a l l  temperature and the  heat generation was studied 

by Zeiberg and Mueller. 37 

The two-dimensional steady-state convection i n  a long rectangle,  of which 
e '  . .  . 

. the  two lopg sides  are ve r t i ca l .  boundaries held at  d i f f e ren t  temperature 

and the two horizontal  boundaries e i t h e r  insulated o r  have l inear  temperature 

d i s t r ibu t ion ,  was considered by Batchelor.' 

i t y  or temperature d i s t r ibu t ion ,  but he considered the  determination of the  

He d id  not solve f o r  the  veloc- 

r a t e  of heat transfer between the  two 

d i f f e ren t  flow regimes t h a t  omur  for 

aspect r a t i o  For Fbyleigh' s numbers 

v e r t i c a l  boundaries and the  type of 

a given value of Rayleigh's number and 

less t h a n  10 , Batchelor uses a power 3 

series expansion i n  terms of Rayleigh's number R a  f o r  the dimensionless t e m -  

perature 0 and the  stream funct ionc On subs t i tu t ion  of t h e  power s e r i e s  i n  

the governing d i f f e r e n t i a l  equations and equating coef f ic ien ts  of the l i ke  

powers of Fk, the problem i s  reduced t o  the solut ion of a s e r i e s  of l i nea r  

p a r t i a l  d i f f e r e n t i a l  equations.  The Nusselt number, defined as 
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is  estimated t o  be of t h e  order 

-B 2 
NU =. R/d + 10 Ra , 

where d i s  the  distance between the p la tes  and I the height of the duct% 

For the case of L/d 7 03, he argues that  for  the regions not near the ends 

the temperature and the stream function .take t h e i r  asymptotic values ,  which 

a re  given by the solution of two i n f i n i t e  pa ra l l e l  plates ,  one heated and 

the other cooled, For i n f i n i t e  values of Ra, ne postuiates tha t  there  i s  

an isothermal core having constant vc r t i c i ty -  He found shat the governing 

ecpations for the general case could not be represented by a polynomial of 

small degree nor could they be handled by the Oseen type of l inear iza t ion ,  ’ 

26 Poots solved’the same @robi.em handle‘d by Ehtchelor’, He obtained a 

numerical solution based on the u s e  of orthogonal polynomials f o r  the solu- 

t i on  of the  governing d i f f e r e n t i a l  eq1Jations m FGllowing SaT;chelor, the 

stream firnction and the nondimensional ten;perature were assumed t o  be  r ep r f  - 

sented by tne complete double series of OrthogonaI fucctions 

and 



where the A and B a re  constants which were evaluated numerically. The goverxi 

ing d i f f e r e n t i a l  equations were reduced t o  two coupled algebraic equations to .  

be solved simultaneously. 

fourth order Sturm-Liouville system and the  orthogonality property. 

The functions Xn(x) were chosen t o  s a t i s f y  the 

The method 

of solution i s  tedious, and the calculat ions a re  p rac t i ca l ly  impossible for 

Rayleigh's numbers grea te r  than lo4 and aspect r a t io s  grea te r  than 4. The re- 

sults f o r  Rayleigh's number LO4 and aspect r a t i o  uni ty  a re  shown i n  Fig. 14. 

There i s  an isothermal core having uniform temperature; there i s  a l so  a con- 

s tan t  vg r t i c i ty  i n  the wre-  I n  the region between the core and the cavity 

walls, the  temperature and the  stream function o s c i l l a t e  once near the core 

and then tend smoothly t o  t h e i r  appropriate -values a t  the cavity w a l l .  

boundary'layer i s  continuous between the w a l l  and the  core. 

The 

18 
I i ighthi l l  eqmined natural  convection flows generated by large centr i f  - 

ugal forces i n  a tube closed a t  one end and open a t  the  other end t o ' a n  

i n f i n i t e  reservoir ,  where the tube w a l l s  are maintained a t  a constant tem- 

perature, Such a s i t ua t ion  ex i s t s  i n  cooling gas-turbine bladeso He pre- 

dicted t h a t  one of the  following three regimes may e x i s t ,  depending upon the  

product of Grashof number and the radius-to-length r a t i o  of the tube. The 

assumed flow regimes a re :  

i, Similar i ty  flow, For small values of t h i s  product, i . e . ,  f o r  large 

values of length-to-radius r a t i o  f o r  a given Grashof number, the boundary 

layer f i l l s  the  tube. 

veloped* He predicted t n a t  f o r  t h i s  type of flow, the  velocity and temperature 

The veloci ty  and temperature p ro f i l e s  a re  f u l l y  de- 

d i s t r ibu t ion  a re  s imilar  a t  each section of the  tube, only t h e i r  scale  i s  
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ncreasing as the o r i f i c e  i s  approached. Assuming t h a t  the  veloci ty  and 

temperature vary l i nea r ly  along t h e  tube, he concluded t h a t  there  i s  an 

aspect r a t i o  f o r  which the temperature changes from i t s  value a t  the  o r i f i c e  

-b the  value a t  the bottom. Extending t h e  tube beyond the length determined 

by the above r a t i o ,  the addi t ional  l e r a th  i s  f i l l e d  with f iu id  a t  r e s t  a t  

the w a l l ' s  temperature. 

2. Boundary-layer type of flow. For high values of the product ~f 

Grashof number and rsdius-to-length r a t i o ,  i . e . ,  f o r  short  tubes, the  flow 

i s  3f boundary-layer type. I n  the extrerne case, when zhe boundary layer  

f i l l s  a negligible portion of the t u b e  area,  the flow approxinates the  f ree-  

convection flow up a f l a t  p l a t e .  

3 .  Non-similarity regime, T h i s  i s  the  type of f l o w  predicted t o  e x i s t  

f o r  values of length-to-radius r a t i o  which l i e  betweep the  values correspond-. 

ing t o  the f i r s t  and the  th i rd  case. The boundary layer  f i l l s  a large portion 

of the tube sect ion.  He used the Squire technique t o  solve the  f i r s t  and the  

t h i r d  cases. 

9 H a m m i t t  considered the case of a closed ve r t i ca l  cylinder w i t h  intern21 

heat generation. He used the Lighthi l l  technique, modified t o  account f o r  

t he  heat sources. The agreement between the calculated and measured values 

32 Nusselt 's  number i s  not good. This i s  probably due to some of the  inev- 

i t a b l e  assumptions which a re  made: 

buoyancy and shear, (2) r ad ia l  extend of the temperzture and veioci ty  boundary 

layers  i s  the  same, ( 3 )  the  boundary-layer approximations apply. 

assumption is valid f o r  large Prandtl  numbers; the second i s  val id  for 

(1) s m a l l  i n e r t i a  forces compared t o  

The first 



Prandtl  numbers near u n i t y .  

t h a t  it I s  i n  capable of de ta i led  examination of t he  end conditions. 

The disadvantage of t h i s  method of solut ion i s  

22 
Following Lighthi l l ,  Ostrach and Tnornton considered a geometrically 

similar case with a l i n e a r  w a l l  temperature, 

i n  L igh th i l l ' s  paper, a t t en t ion  w a s  given t o  the  stagnation of na tura l  con- 

I n  Ostrach's paper, as w e l l  as 

vection flows a t  the  closed end. The same problem considered by Lighthi11 

w a s  solved by Levy,17 using in t eg ra l  methods. He assume t h a t  the  upward 

flow consis ts  of a layer  of thickness E near  t h e  w a l l ,  the  remainder of the  

tube being f i l l e d  w i t n  cold f l u i d  flowing downward He assumes three  regimes 

of flow similar t o  those postulated by Lighth i l l .  If t he  tube length i s  less 

than or equal t o  a length 1 ,  the  stagnation region does not exis t  and the 

upflow convective layer  increases w i t h  x. For axial distance x > 1 1 ,  E 
. .  . .  . .  . . .  

reaches a constant Gahe d; and such a flow occurs f o r  11 < x < 12. 

x > e,, there  i s  a stagnation region a t  the  closed sect ion of the  txbe,  

For 

28 Ramonov, a l so  using in t eg ra l  techniques solved the  same problem con- 

sidereu by Lighthi.11 and Levy' H i s  calculat ions agree with those of Lighthi11 

for i n f i n i t e  Prandtl  number b~t they d i f f e r  considerably f o r  Prandtl  numbers 

near unity 

ment fo r  d i f  Perenx w a l l  temperatures 

"he measured and t h e  calculated temperatures are  i n  a good agree- 

B, EXPERIMENTAL S3?KDLES 

A large number of experimental s tudies  hgve involved f l a t  p l a t e s  immersed 

i n  an i n f i n i t e  f l u i d  at  rest and e i t h e r  heated or cooled, I n  general, there  

has been good agreement between theory and experiment Considerable exper- 
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imental work has been done i n  the f i e l d  of natural  convection i n  tubes and 

.enclosures. This work has concerned specialized appl icat ions and pa r t i cu la r  

configurations. 

turbine blades and nuclear reactor  apTlications. Although most, i f  not a l l ,  

Mast of the experirnents were i n  connection with cooling gas- 

of these iEf9erirnents a r e  not applicable t o  t h i s  study, they w i l l  be helpful  

i n  indicating the  general  trend and the tyye of experimental equipment re- 

qui red. 

Probably the  most comprehensive experimental s tudies  of natural  con- 

1-9 
vectian i n  thermosyphons a r e  those condQcted b y  h r t i n  i n  an attempt t o  

check the theore t ica l  work of Lighthi l l .  H i s  r e s u l t s  agree qua l i ta t ive ly ,  

although the measured heat- t ransfer  coeff iz ients  a r e  nearly twice as large 

a s  those predicted by L ign th i l l n  The three regimes predicted by Lighth i l l  

were ident i f ied  from measurements of heat t r ans fe r  ra tes .  The heat t r ans fe r  

r a t e  was grea tes t  f o r  large values of theproduet of Grashof number and the  ' 

radius-to-length r a t i o -  The rate w a s  highest  a t  the bottom of the  tube, 

which indicates  t ha t  there i s  boundary-Layer type of flow, A t  small values 

of the product, theheat t r ans fe r  varied l inear ly  from the  c r i f i c e  t o  zero a t  

the  bottom of the tube, from which M a r t i n  concluded t h a t  there i s  a s i n i l a r i t y  

regime, A region of i n s t sb i l . i t i e s ,  characterized by nonsinusoidal osc i l la tory  

flow, occurred between the above two steady regines- 

Siege1 and Norris3l shed some l igh t  on the osc i l l a to ry  flow mentioned 

by Martin by exploring the  a i r  flow pat terns  in the space between t w o  heated 

wide p la tes ,  closed a t  t h e  bottom, open a t  the top, and insulated a t  the s ides-  

For spacing of 0.28 of the  p l a t e  height, the  flow pa t te rn  w a s  symmetric, with 
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upward flowing boundary layers  near each p l a t e  surface and downflow i n  be- 

tween.. When the  spacing was reduced t o  0.21 of the height, the flow pat te rn  

became asymmetric, with half  the  cross sect ion occupied by upward (near one 

p l a t e )  and the  half  near t he  other  p l a t e  occupied by downward flow. 

smaller spacings, the  asymmetric pa t te rn  presis ted with periodic non-sinu- 

soidal  reversa l  i n  flow d i rec t ion  and temperature f luctuat ions.  

For 

4 Curren and Zalabak conducied a n  experimental investigation t o  determine 

the  e f fec t  of length-to-diameter r a t i o  of  closed end coolant passages on 

natural-convection water cooling of gas turbines.  They reported no s igni f -  

i can t  difference i n  the heat t r ans fe r  f o r  the  d i f f e ren t  length-to-diameter 

r a t i o s  investigated ranging from 5 : l t o  25.5:l. For the  la rges t  length-to- 

diameter r a t i o ,  B.5: l ,  the boundary layer  f i l l s  87% of the tube cross 

section 
. .  . . .  

The v isua l  s tudies  of Sparrow and Kauffmad6 of f r e e  convection o f  

water i n  a narrow ver t ica l  enclosure, cooled a t  the top  through a copper 

surface and open a t  the bottom t o  a heated reservoir,  revealed t h a t  the 

flow pat te rn  i s  not steady. No region of  the enclosure i s  permanently a 

region of upflow or of downflow, 

regions varied along the length of t h e  ellclosure a t  a given time. 

The s i ze  of the various upflow and downflow 

The num- 

ber and s ize  of upflow and downflow regions a l so  varied with time. 

end e f f ec t s  were observed, and a continuous downflow took place i n  a 3/4- 

However, 

inch  band adjacent t o  both wails. 

flow was i n s t a b i l i t y .  

Generally, the dominating character of the 

10 3 11,15 Hartnett ,  e t  a l ? ,  studied the  free-convection heat t ransfer  f o r  -- 
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t h e  geometry postulated by Lighthil l ,  but w i t h  a constant heat f lux a t  the 

tube wall and water and mercury a s  working f lu ids .  

the tube w a s  a l so  investigated. Temperature osc i l la t ions  of the same nature 

as  those reported by M a r t i n  and Siege1 and Morris were observed. 

the resu l t s  reported by Curren and Zalabak, the heat t ransfer  vas eonsidera- 

The e f f ec t  of' incl ining 

Contrary t o  

b ly  influenced by length-to-radius r a t io .  A decrease i n  length-to-radius 

r a t i o  from 22.5 t o  15 r e s u l t s  i n  approximately 100 percent increase in the 

Nusselts numbers. 

Skipper, e t  al. ,'2 studies  the natural-convection flow pat tern i n  viscous -- 
o i l  i n  rectangular tanks heated a t  the center by ve r t i ca l  c o i l  heater.  The 

flow pattern consisted of a narrow chimney of hot o i l  r i s ing  ve r t i ca l ly  around 

and above the heater surface, and a horizontal  layer of hot o i l  a t  the f ree  

surface separated by a.'sharp ve r t i ca l  gradient from the remaining cold o i l  

below. 
* .  

The hot o i l  layer  had a small ve r t i ca l  temperature gradient, with 

maximum temperature a t  the top.  The hot o i l  layer a t  the surface became 

increasingly thick with continued heating. The hot o i l  was found t o  flow 

downward a t  t h e  walls of the tank, while there  were suggestions of c i rcu la t -  

ing currents a t  the s ide of the  r i s ing  chimney. The f l o w  pat tern shown 

suggests t ha t  a vortex w a s  formed a t  the f r ee  surface near  the center l ine  

where the hot r i s ing  chimney i s  bifurcated and spread horizontally along the 

6 surface. Eichhorn observed similar vortices.  These vor t ic ies  were formed 

at the f ree  surface of water near the w a l l s  of a cyl indrical  tube 2 inches 

diameter and 5-inches Long, uniformly heated a t  t h e  walls and open a t  the 

top. 



Some of the l i t e r a t u r e  per ta ining t o  the  problem a t  hand w i l l  be men- 

tioned l a t e r  i n  t h i s  study where i t s  application i s  more important. 
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I11 e THEORE3'ICAL ANALYSIS 

A ,  FORMULATION 

1, Statement and Physics of the Problem 

A closed container i s  p a r t i a l l y  f i l l e d  with a cryogenic l iquid,  I n i -  

t i a l l y  the l iqu id  and the  vapor which f i l l s  the ullage volume a r e  assumed 

t o  be i n  equilibrium a t  the temperature To, the s taurat ion temperature cor- 

responding t o  the i n i t i a l  pressure Po. Previous t e s t s  indicate tha t  boi l -  

ing due t o  heat leaks f roa  the ambient i s  a surface phenomenon only; vapor 

bubble formation i s  confined t o  very near the surface; the r e s t  of the  l iquid 

does not contain vapor bubbles, and a smallchange i n  the  ullage pressure i s  

suf f ic ien t  t o  cause boi l ing 'to cease.13 

w a l l  of the vessel  i s  assumed t o  undergo a s tep change i n  temperature o r  i s  

From t h i s  i n i t i a l  cofidition, the 
. =  . . .  

assumed t o  be subjected t o  a uniform heat f lux.  Simultaneously, the pressure 

i n  the ullage volume i s  changed t o  Ps, which may be equal t o  o r  grea te r  than 

Po, The measurements reported i n  Refs, 3 and 7 indicate  that  the interface 

temperature rises very rapidly to  Ts, the saturat ion temperature correspond- 

ing t o  the  pressure Ps i n  the  ullage space f o r  these conditions, 

forces, caused by densi ty  var ia t ions i n  the l iquid,  set up natural  convection 

currents+ The ltquid-vapor system tends t o  adjust  t o  the  new non-equilibrium ' 

condition by t ransfer r ing  mass and energy across the interface,  The control l -  

ing factor  is  the  interface temperature, and each region transfers heat i n -  

Buoyant 

dependently of the bulk temperature of the other  region, An imbalance of the  
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heat transfer at. the  liquid-vapor in te r face  i s  counterbalanced by a phase 

change, i . e . ,  ei%her t r ans i en t  evaporation o r  condensation occurs at  t h e '  

in terface.  

taking i n t o  consideration the in te rac t ion  between the  l iquid and the  vapor 

phase. 

without ser iously impairing i t s  u t i l i t y .  

I n  t h i s  analysis ,  t he  problem i s  formulated i n  i t s  general form, 

Later the problem is simplified,  making it t rac tab le  f o r  analysis  

2. General Model 

Consider a rectangular two-dimensional tar!  of width 2a and height h. 

The i n i t i a l  height of the l iquid i s  b, 

t -P 

v 
X 

I 4.. 

Vapor I 

I 
: Liquid 
I 

g: I '  A X  

and the depth of the vapor i s  c .  

or ig in  of the  coordinate system is 

t aken .a t  the middie of the  tank bottom 

w i t h  x posi t ive i n  the direct ion of the 

The I I 

c l iquid.  The g-level i s  su f f i c i en t ly  

high so t h a t  the efPect of surface ten- 

sion can be neglected. The location of 

i 
I 

the  liqxid-vapor interface a t  any one 
- 1- 

I time is  given by x = X ( t ) ,  

dimensional t rans ien t  conditions w i l l  

The two- 
! i I-- 2a . 

be considered. 

The d i f f e r e n t i a l  equations governing the veloci ty  and temperature d i s -  

t r ibu t ion  i n  the l iqu id  and vapor regions are: 
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The momentum equations : - 
The x-momentum equation: 

The y-momentum equation: 

The energy equation: - 

where, 6 = dissipation f’unction (see Nomenclature) 

- The continuity equation: 
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I n i t i a l  conditions : 

. .  

Boundary conditions : 

(a) Velocity boundary conditions. 

Assuming the  no-slip condition t o  prevai l  a t  the tank w a l l s ,  the  follow- 

ing boundary conditions a re  obtained: 

Assuming zero shear stress at the liquid-vapor interface,  the in te r fac ia l  

boundary conditions could be s ta ted as: 

From the  geometric symmetry of the configuration with respect t o  the y- 



axis, it i s  assumed tha t  the y-component of the velocity vector i s  zero a t  

the axis  of the tank and tha t  the x-component of the velocity is an even f'unc- 

tion of y, i . e . ,  

v(x,o,t) = 0 

au - (x,o,t) = 0 
a Y  

(b) Thermal boundary conditions, 

The bottom and the upper surface of the tank a re  either insulated, sub- 

jected t o  a uniform heat flux, o r  kept a t  a constant temperature. The w a l l s  

are e i the r  subjected t o  a uniform heat flux o r  kept st a constant temperature. 

Cwing t o  symmetry, the temperature w i l l  be a n  even function of Y. 

aT ' aT - (x,O,t) = (x,o,t) .  = 0 
aY aY 

& aT 
aY aY 

( 3 )  - an k - (x, e apt)  = k 3 (x, .C a,t) = ( q / A ) ,  
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( 4) - a. T(X,y,t) = Tg(X,y,t) = Ts 

Any case considered i n  t h i s  work i s  a combination of the thermal boundary 

Tondition, given by Eq. (l5), and one of each of the other  three boundary con- 

dit ions given by Eqe. (g), (l?), and (18). 

Applying the conservation of energy across the interface 

I n  addition t o  the  boundary conditions stated above, we have the equation 

of s t a t e  Also, a n  overal l  energy and mass 

balance, considering the system composed of the k s o r  and l iquid regions,- is  

P = f (p ,T)  for the  vapor region. 

automatically sa t i s f ied  by any exact solution; it provides a means of checking 

assumptions or simplifications introduced l a t e r  i n  t h i s  analysis. A s  another 

check on the solution, the ne t  ra te  of f l u i 6  flow across any section of the 

liquid tank i s  equal t o  zem, i .e. I 1 u dy = 0 
a 

-a 

3. Simplified Model 

Due t o  the complexity of the problem, only the l iquid region i s  considered, 

for  which a simplified model i s  adapted. I n  rea l i ty ,  the amount of evaporation 

o r  condensation i s  small; therefore, the in t e r f ac i a l  displacement i s  neglected, 

and the interface i s  assumed,to be always a t  x = b. 

i s  considered t o  be constant; consequently the interface temperature i s  con- 

s tant .  

The pressure of  the vapor 

Constant f l u id  properties p, Cp, k and p are  assumed. Density varia- 

144 



t ions are allowed i n  t he  x-momentum equation only. The pressure terms and 

* the  dissiDation function i n  the energy equation are neglected. 

I n i t i a l l y  the pressure throughout the tank i s  the .hydrostatic pressure. 

The variations i n  pressure and density caused by the f l u i d  motion and tem- 

perature gradients from i n i t i a l  values a re  expected t o  be small. Therefore 

the following assumptions are introduced: 

P = Po f P' 

and 

where Po i s  the  i n i t i a l  hydrostatic pressure, P' the change i n  pressure from 

the i n i t i a l  value, po i n i t i a l d e n s i t y ,  and p e  the change i r ?  density. 

Since the pressure variations are small, the density changes due . t o  

pressure are negligible, and density variations are caused mainly by temper- 

ature changes, Then p' can be closely approximated by 

where B is  the coefficient 02 thermal expansion. 

Similarly, 
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Substituting the above expressions i n  the momentum equations : 

The x-momentum: - 

- The y-momentum: 

The continuity equation: 

The energy equation:. 

The substi tutions necessary to  reduce the above d i f f e ren t i a l  equations 

t o  nondimensionalized forms are  : 

ab  
a2 

u = - u  

x = bX , y = a Y  



S . Substituting Eqo (29 )  i n  the different ia l .  equations, different ia t ing 

the x-momentum eqwtion W i t h  r ~ spx% t o  y and the  y-mornentun eq-iation w i t h  

respect t o  x, combining the t w o  equations, arid introd1Jcing t h e  stream func- 

t ion,  the following equations a re  obtained: 

arid 

where t h e  stream Ainction i e  defined by 

The i n i t i a l  conditions 

*(x,y,o) = 0 

and the boundary conditions are: 



where : 

(40 a 
8, = -(Ts-To)Pr b gBa3/v2 = (a/b).Pr.Gr 

From the  above system of equations and boundary conditions, c lear ly  U, 

V, and 8 are functions of x , y , ~ ,  a/b, P r ,  Gr, and.Grrs 

B. THE SOLUTION 

The nonlinear, fourth order system oi Eq, (,29a) and (30)  is not amenable 

24 t o  mathematical treatment using c lass ica l  methods Furthermore, Ostromov 

and Batchelor' founa tha t  neither the successive approximation method nor the 

ser ies  expansion i s  sui table  for handling such a system of equations f o r  any 
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arbi t rary Pr  and G r .  Therefore it w a s  decided t o  employ a numerical method 

f o r  the soliltion; the  f in i  te-differeate approximation w a s  chosen f o r  the work 

i n  t h i s  report .  The advactage of t h i s  method o:rw other  numericzl methods is  

tha t  the buuodary-layer assumption i s  no longer  necessary. Instead, the  full 

Navi?r-Stokes eqliatiors can be solved _1 TLP resllita obtained by t h i s  method 

can be used to  check th? va l ia i ty  of the sirqlifying assumptions made by 

others 

C , FINITE-DTFFEREVCE APPROXIMATTONS 

The f G x t L  order, n o n l i n e a r  system of’ Eg. (29a) and ( 5 0 )  is zransforned 

to a second order, nonlinear system as follows. 

L e t  

Upon s;ibstitution i n  Eq. (29a),  the following. equation i s  obtained: 

(42) 

By def ini t ion,  w i s  twice the negative of th? vorticity, and Eq, (43) is 

known as the vor t ic i ty  transport  equateion. For convenience U and V are sub- 

s t i tu ted  for h$/dY and - a$/aX. 

and (31)  i s  reduced t o  three second-order, aonliriear equations which a re  

By t h i s  transfomaticjri, t h e  system of Eq.. (30) 
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easier  t o  handle by difference methods compared t o  the two nonlinear, fourth 

order Eqs. (29a) and ( 3 0 ) .  

The d i f f e ren t i a l  Eqs. (42) (43), and (44) are approximated by a system 

Each first order term i n  Eqs. (43) and (44). can be of difference equations. 

expressed i n  forward, backward, o r  central  differences. The choice of the 

type of difference approximation i s  determined by whether implicit o r  ex- 

p l i c i t  difference method i s  desired and by the s t a b i l i t y  requh-ements, t o  be 

discussed later. From'the begincing of t h i s  analysis, explicit  methods were 

f e l t  t o  be more suitable f o r  handling Eqs, (43) and (441, because the principal 

in te res t  i s  i n  t r a n s i e n t  phenomena fo r  small physical time. This implies t h a t ,  

f o r  bet ter  accuracy, small time steps should be used from the beginning of 

computation 

methods. as f a r  as accuracy i s  concerned; he also found tha t  the accuracy 're- 

Desinberre5 showed t h a t  e p l i c i t  methods a re  superior t o  implicit 

quirement res t r icks  the s ize  of the time' increment, i n  the case of imp1:cit 

nethoas, t o  -ralues smaller t h a n  required by s t a b i l i t y  considerations When 

explicit  methods are used, the nonlinear terms U(&w/aX), V(&/&), U(aQ/aX), 

and V(aQ/aY) have t o  be approximated by forward difference when the sign af 

the velocity i s  negative, and by backward difference when the velocity i s  

positive 035 

Since the velocity components change sign i n  the domain ofinterest ,  four d i f -  

Central differences a r e  used i f  implicit schemes are desired. 

ferent s e t s  of finite-difference equations are required, and the appropriate 

s e t  cf equations a t  each location o r  nodal point i s  determined accordingly, 

me four s e t s  of difference equations corresponding t o  different ia l  Eqs, (43) 

and (44) are: 
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I Q i I C j - Q i - l , j  $. vi Qi, j-Qi, j-1 
Q ' i  j - Q i  j 

AT AX J hY 
' -!" U i ' j  
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(iii) u 5 0, v 2 0 

w'i,j-wi,j + ui i- vi wi,j-wi,j-l 
,j AX ,j BY AT 

9 i, j-1 Q'i j-Q' 
= Pr  

BY 

(iv) U I 0 ,  V <  0 

AT 

, J  i, j-1 
@ t i  .-c: 

= Pr 
AY 

t 
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The prime refers t o  the value of the variables at  the present time s tep,  

and the unprimed variables correspond to  chose a t  the previous time s tep ,  

The two-dimensional space domain of interest  i s  bounded by 0 2 X 5 1, - -  
-1 5 Y 2 1, 

of geometrical syrmrretry with respect t o  t h i s  axis. The integers i and j de- 

note the x and y position respectively, with i = 2, j = 2 as the origin,  

X = ( i - z ) ,  Ax and Y = ( j - 2 ) ,  

Only the region t o  the right of the .x-axis i s  considered because - -  

D. STABILITY AND CONVERGENCE 

The method .xed i n  t h i s  section follows t h a t  of R e f s .  27 and 12, The 

theoretical  background for the method my be found i n  R e f .  27, which presents 

an excellent discussion of t h e  subject. 

Stabi l i ty  i s  a necessary condition For the solution of the difference 

equations -& converge t o  the solution of the d i f f e ren t i a l  equations as the 

- 

size of the increments Ax, Ay, and A t  tend to zero, I n  other words, it is  

important t o  identify t h e  behavior o f  the approximation e r ro r  as the size of 

the increments goes t o  zero and t o  establish the restr ic t ions t o  be ixposed 

on the difference equations i n  order t h a t  the error  will tend t o  zero as the 

increments Ax, By, and A t  go t o  zero, This requires t.hat there be no un- 

limited amplification of the error  as the computing cycles become in f in i t e  

i n  the l i m i t .  

The Von Neumann method of s t a b i l i t y  analysis is used i n  t h i s  problem, 

This method is  s t r i c t l y  valid f o r  constant-coefficient difference equations 

while the equations involved have variable coefficients U and V; however, 
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very good approximation f o r  the  s t a b i l i t y  cr i ter ion i s  obtained by t reat ing 

the variable coefficients as constants throughout the analysis and then let-  

t i ng  the variable coefficients take on t h e i r  most adverse values i n  determin- 

ing the res t r ic t ion  on the *time increment size. 

plication of t h i s  method of s t a b i l i t y  analysis are best  i l lus t ra ted  by the 

The fundamentals of the ap- 

problem i n  hand. The method w i l l  be applied f o r  the case U > 0, V - > 0. The - 
s t a b i l i t y  c r i te r ion  holds irrespective of the sign of U o r  V. The absolute 

value of U and V must be u.sed i n  the equations o r  inequalit ies describing 

the s t ab i l i t y  cr i ter ion,  and the appropriate difference equations must be 

used according t o  the sign of U and V, as described ea r l i e r ,  

The solution of the difference equations can be w r i t t e n  as a Fourier 

series,  the form of which is ,  0 27 

where K1 and K;! are integers, n i s  a superscript denoting the nth time period, 

and 5 and p are  functions of K1 and Kae 

and (48) into Eqs. (45a) and (46a), the following equations are obtained a f t e r  

some algebraic manipulations : 

Substituting the system of Eqs, (47) 
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,--- - 

From t he  above equations, it i s  concluded tha t  the difference equations are 

sa t i s f ied  i f  

and 

- iKIAX.  -iK2AY + c4 e i K l A X  + c 5  e P (n+1)  - - p ( n c 1 + c 2  e + c3 e 

where : 

Pr - +  a2 Pr 
a1 = 1 -  @gm+2 (XY ) 2 AX AY 

82 = ($-&+%)AT 

a3 = 6%~ + u) AY AT 
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No def ini t ion has been given t o  a6 since it has no effect  on t h i s  analysis. 

The system of Eqs. (49) and ( 5 0 )  are of the form: 

I n  the  matrix notation, the above equal i t ies  can be w r i t t e n  as 
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The quantity between the first parentheses on the  right-hand side of Eq. (53) 

i s  called the amplification matrix. The Von Neumann condition necessary for 

s t ab i l i t y  is: IX maxi - < 1, where X m u  i s  the largest  eigenvalue of' the a m -  

p l i f ica t ion  matrix. The eigenvalues are given by 

Substituting the values of a l l ,  ale, ... e tc .  i n  the above determinant 

and solving for  h, we get 

The coefficients al ,  a2 ,..., c1,c2...etc . a11 are  posit ive except a1 and c1, 

which may be positive or negative. The largest  absolute values of hl and h2 

occur when a l l  the terms i n  Eqs. (54) and (55) are  real, i .e. ,  when K1AX 

K1AX = K2AY = 25r then, 

hl max = a1 f a2 + a3 + a4 + a5 

= c 1  + c2 + c3 4- c4 + cg max 

Substituting the values of al, 82, , ci, ,e5 i n  h max 

- X i m a x  = 1  h1 max 

(57) 



Therefore, we can conclude tha t  h - will not exceed unity and will not im- 

pose any s t a b i l i t y  res t r ic t ions.  

prevent the m i n i m  value of X from becoming less than -1. 

If there be any rest r ic t ions,  they are t o  

The minimum of the eigenvalues occurs when KlAX = KaAY = 1 and ' i s  given 

by 

= a1 - a2 - a3 - a4 - a5 
min '2 

= c 1  - c 2  - c3 - e4 - c5 '2 min 

o r  

. '  . .  

Therefore, for  1A.l - < 1, the following inequalit ies should be sat isf ied:  

Equations (61a,b) are requisite fo r  s t ab i l i t y .  For values of Prandtl 

number less  than unity, inequality Eq. (&a) i s  more res t r ic t ive  and, there- 

fore, should be used. 

must be used. 

For higher values of Prandtl number, inequality Eq.(61b) 
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The numerical solution i s  carried as follows: 

1. The temperature distribution i s  f irst  calculated using Eg. (45); 

2. The advanced values of temperature 8' are  used i n  Eq. (46) t o  cal- 

culate w ; 

3 .  The stream function i s  calculated a t  each time step, using Eq. (42). 

The solution of Eq. (42) i s  done numerically, using successive row relaxation 

followed by successive column relaxation. 56 
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IV. FESULTS 

Calculations have been carried out for the case of a container with an  

insulated bottom whose w a l l s  are subjected t o  a uniform heat flux, and the 

liquid surface i s  maintained ei ther  a t  the i n i t i a l  temperature To, a t  a t e m -  

perature, T,, higher than To, or i s  adiabatic. The last case is expected t o  

approximate the transient convection i n  the liquid when exposed t o  a non- 

pressurized gas. Different levels of heat f lux were considered, including 

10 and 1000 Btu/hr/ft2. 

For 

nitrogen 

ture w a s  

these calculations, the f lu id  properties chosen were those of liquid 

i n i t i a l l y  at atmospheric pressure, the i n i t i a l  saturation tempera- 

140"R. The f lu id  properties were evaluated a t  a temperature &qual 

t o  the average of the i n i t i a l  temperature and the l iquid surface temperakure. 

The values of the liquid properties were taken from Ref. 38 and a re  summarized 

i n  Table I. Tne height of the liquid b,  i s  1 f t ,  and the width of the con- 

TABm I 

FLUID PROPERTIES 

Thermal diffusivi ty  a, ft2/sec 8.62 

Thermal conductlvity K,  Btu/hr/ft2-"R 0 * 0775 

1.68 x ioe6 Kinematic viscosity v ,  ft2/sec 

Coefficient of therm1 expansion, B, 1.33 

Prandtl number 1.91 



t a ine r  i s  1/2 f t .  

The flow pattern f o r  the case of a constant w a l l  heat f lux of 10 

Btu/hr/ft2 and liquid surface mintained a t  i n i t i a l  temperature To i s  shown 

i n  Figs. 1, 2 and 3,  using a 21 x 21 grid corresponding t o  AX = AY = 0.05. 

These results show the streamline pattern a t  different time levels-50 sec, 

2 min,  ana 3.6 m i n  respectively. An interesting streamline pattern i s  ob- 

served a t  the f ree  surface. For a short time a f t e r  the beginning of heat-  

ing, the boundary layer r is ing along the container w a l l s  turns smoothly 

changing i t s  direction from upward t o  downward ?low (Fig. 1). The downward- 

moving par t ic les  near the r i s ing  boundary layer reverse’ direction and join 

the upward flow, thus giving r i s e  t o  the vortex near the f ree  surface. The 

f lu id  away from the edge of the boundary layer flows nearly t o  the bottom 

of the container, where it joins the upward-moving f lu id .  

following the introduction of the t r a n s i e n t ,  the streamlines near the f ree  

surface show the presence of f lu id  osci l la t ions (FLgs. 2 and 3 ) .  

For greater t i m e s -  
. . .  . .  a .  

These os- 

c i l l a t ions  f i r s t  form near the w a l l ,  t h e i r  amplitude grows with time, and 

they xove towards the centerline of the container. ‘The calculations show 

tha t  t h i s  osci l la tory phenomenon i s  repeated with time i n  the sequence de- 

scribed (Figs. 2,3,4,’and 5 ) .  

The effect of increasing the level  of heat f lux on the  flow pattern i s  

clearly shown i n  Fig. 4, which shows the flow pattern obtained a f t e r  heating. 

for 5 1  sec with a w a l l  flux of LOOOBtu/hr/ft2 and the surface temperature 

maintained a t  the i n i t i a l  temperature To. 

4, which correspond essent ia l ly  t o  the same t i m e ,  shows that the osci l la tory 

The comparison between Figs. 1 and 



streamline pat tern develops e a r l i e r  f o r  high heating rates than the l o w  

heating rates. Except f o r  the l a t t e r  effect ,  the  flow pattern at  the higher 

heating rates has the same character is t ics  as that for  the  low heating rate. 

The magnitude of the  veloci t ies ,  of course, i s  higher fo? the  higher heat 

f l u i ,  

The streamlines f o r  the case of a constant wall heat f lux of 1000 

Btu/hr/ft2 and adiabatic interface are shown i n  Fig. 7. 

Figures 8 and 9 show the streamlines and the isothermals, respectively, 

obtained a t  1000 Btu/hr/ft2 w a l l  heat f lux and the interface temperature 

maintained at 160O~, which corresponds t o  the saturation temperature f o r  a 

pressure of 45 psia. The axial temperature gradient i n  the bounbry layer 

i s  negligible f o r  about 70 percent of the container height at a time of 48 . 
sec.' A t  the upper portion of the container, neai the f ree  surface, the  axial 

. .  . .  . .  . 

temperature gradignts a re  considerably greater.  

transversal temperature gradient i s  greater at the lower portion of  the tank 

On the other hand, the 

and becomes smalier near the free  surface. The temperature dis t r ibut ion ex- 

h ib i t s  the same character i n  a l l  the cases analyzed, These phenomena can be 

explained as follows: f o r  small times, the f lu id  near the container walls 

flows upward i n  a th in  boundary layer. 

entrains some of the cold f lu id  a t  the edge of the boundary layer, -This 

I n  i t s  upward movement, the hot f lu id  

heated boundary layer i s  discharged a t  and jus t  below the f ree  surface, where 

i t s  transverse velocity i s  highest. To sa t i s fy  continuity, the heated f luid 

which i s  discharged a t  the f ree  surface causes the colder f lu id  t o  move down- 

ward, thus producing a ser ies  of horizontal isotherms. With time these 
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isotherms penetrate fur ther  below the f ree  surface. 

the  container, the transversal  temperature gradient i s  very high near the 

w a l l  and negligible i n  che remainder of the container. It is  smaller near 

the free  surface, where the boundary-layer flow i s  discharged. The thermal 

boundary layer f i l l s  the en t i re  cross section i n  t h i s  region. 

A t  the lower portion of 

A. THE EFFECT OF GRID SIZE 

Calculations were made for the case of constant wall heat f lux of 10 

Etu/hr/ft2 with the f lu id  surface a t  i t s  i n i t i a l  temperature, using 21 x 21, 

16 x 16 and il x li grids.  The streamiine patterns are  shown i n  Figs. 1-4, 

6. 

scale for the 11 x 11 grid. The ax ia l  velocity dis t r ibut ion obtained a t  a 

given.time i s  plotted fo r  various axial  positions i n  Fig. 10. The values pb- 

tained using 16 x 16 and 2 1  x 21 a re  i n  ciose agreement. 

The osci l la tory pattern i s  obtainec? i n  each case, but it i s  G n  a smaller 

Figure 10 shows tha t  

the difference between the values obtained using different  grids i s  greater 

near the w a l l  and a t  the center l ine;  otherwise they a re  i n  substantial  agree- 

ment. 

Figure 11 shows the dimensionless w a l l  temperature a t  a Location x = .6 

plotted against dimensionless time. 

The difference decreases with t i m e  and i s  pract ical ly  negligible f o r  dimen- 

sionless t i m e  of 0.005, which corresponds t o  about 3.6 min.  

The deviation is  greatest  f o r  small times, 

Figure 12 presents the velocity a t  different  locations as a function 

Examination of t h i s  f igure reveals t ha t  the veloci t ies  of the gr id  s ize .  

change monotonously with the gr id  s ize .  Their values are expected t o  converge 
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t o  the t rue  solution fo r  a number of d i v i s i m s  of the wder  of 30 x 30. 

i s  seen f r o m  the extrapolation Shawn as dotted l ines  i n  the figures.  

rate of convergence i s  slower near the boundary and a t  the center than a t  i n -  

termediate positions. 

This 

The 

The computations were done on t h e  IBM 7 0 9  d i g i t a l  computer a t  the Com- 

puting C e n t e r  of The University Df Michigan. 

complete the calculations and t o  pr in t  the resul ts  for  U,V,T,w, and JI every 

20 steps I s  1.7 sec per time s tep for the 11 x 11 grid.  The corresponding 

times f o r  the 16 x 16 and the 21 x 21 gr ids  are  8 and 11 sec, respectively, 

The machine time required t o  

- f o r  pr int ing the resu l t s  every .five steps 

B. COMPARISON WITK EXPERIMFNT 

. An inve'stigation. of the  l i t e ra ture  on natural convection showed that  
I .  

few present resul ts  a re  applicable t o  'those reported here. These include 

6 
the work of Eichhorn and 3. K .  Fenster, -- e t  a1.,7 there i s  other l i t e r a tu re  

concerning flow phencniena i n  f ree  convection, but, except those cited,  none 

included systems with a f r ee  surface. 

Eichhorn conducted visual studies of the n a t u r a l  convection l a m i n a r  f lou 

of water using a n  e lec t r ica l ly  heated cylinder 2-inches diameter and 5-inches 

long. H i s  resul ts  a re  shown i n  FigL 13. The rnagnituce of the heat flux was  

not given. From the discussion it is  concluded t h a t  the results represent 

the unsteady s ta te .  Figures l3a anc? L;ib show th'e flow pattern observed a t  

high heating rate;  Fig. l3c shows t h a t  obtained a t  low heating rates .  A t  low 

heating rates ,  the streamlines assume a damped-wave shape. A t  high heating 
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ra tes ,  annular  vortices repeatedly form near the free  surface, r o l l  up u n t i l  

a certain s ize  i s  reached, whereupon they move away from the cylinder, and 

another vortex vegins t o  form. The comparison of Figs. 1-8 with the results 

of Fig. 13 shows that the shape of streamlines observed agrees with tha t  ob- 

tained from the theoret ical  solutions presented here. 

Fenster, -- e t  a l . ,  studied experimentally the t r a n s i e n t  phenomena associ- 

ated with the pressurization of l iquid nitrogen i n i t i a l l y  boiling a t  constant 

heat flux. Although the i n i t i a l  temperature dis t r ibut ion agrees with tha t  

assumed i n  t h i s  analysis, the i n i t i a l  velocity distribQtion does n o t .  A t  any 

instant a f t e r  pressurization, there w a s  no difference between the temperature 

a t  the tank centerline and midway between the centerline and the w a l l  a t  a n  

axial  location below 0.6 of the l iquid height. These results indicate that  

the isotherms are  horizontal i n  the  core of the tank, which'agrees with the 

calculated isotherms shown i n  Fig. 9. 

. .  

. -  . . .  

Temperature osci l la t ions of the tyye shown i n  Fig. 9 were also obtained 

by Poots26 f o r  the steady s t a t e  solution of the temperature dis t r ibut ion i n  

a two-dimensional closed cavity. I n  t h i s  case, the w a l l s  are kept a t  9 con- 

s t a n t  temperature, one w a l l  hotter than the other, and the upper and lower 

surfaces assume a l inear  temperature distribution. These resul ts  a re  shown 

i n  Fig. 14. 
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V. CONCLUSIONS 

The equations describing the transient,  two-dimensional, ldnar, natural 

convection i n  a rectangular closed container having a vapor-liquid interface 

have been solved using expl ic i t  f inite-difference approximations. 

and temperature dis t r ibut ions indicate tha t ,  for  small time periods, the flow 

i s  of a boundary-layer type, except near the  bottom and the liquid-vapor in te r -  

face. No indications of numerical i n s t ab i l i t y  were encountered. The s ize  of 

the time increment was res t r ic ted  t o  small values by s t a b i l i t y  considerations 

The velocity 

based on the method of Von Neuaann. However, a small t i m e  increment i s  de- 

s i rable  i n  order t o  obtain accurate t r a n s i e n t  resul ts  a t  small time. On the 

o t h k  hand, i f  steady s t a t e  resu l t s  are  desired, the number of computations 
' 

using the expl ic i t  

a high heat f l u .  

-In 

method will be large f o r  f ine gr ids  and f o r  systems having 

The machine time may be of the order of 2 hours i n  t h i s  

LC case, and the use of implicit  methods would be s q e r i o r .  However, the ap- 

plication of implicit-difference methods t o  t h i s  problem and t o  problems w i t h  

other geometry i s  being continued. 

The resu l t s  obtained using the present method agree quali tatively with 

related cases reported i n  the l i t e ra ture .  
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APPENDIX 

COMPUTER PROGRAM 

The computer program used f o r  the cases of constant w a l l  flux or constant 

step change i n  wall temperature and the in t e r f ac i a l  temperature specified i s  

given on the folloving pages. "he program is  written i n  MAD language. The 

symbols U,V,T,W,To,Ts,k,A, and B a re  the same as i n  the tex t .  

of the principal symbols which are not defined i n  the program are  given below: 

The meaning 

Dx 

DY 

DT 

M 

N 

GA 

SF 

ST 

w 

kL 

TL 

N!r 

NE 

T J I  

= Ax 

= Ay 

= AT 

= No. of divisions i n  the x-direction 

= No. of divisions i n  the ysdirectian 

= Acceleration due t o  gravity 

= Stream function 

= The value of the stream function a t  the previous time step 

= The value of W a t  the previous time step 

= The value of W a t  the advanced time step 

= The value of temperature a t  the previous time step 

= Total number of time steps 

= Number of interations 

= Dimensionless w a l l  temperature !& f o r  the case of step change i n  
wall temperature 

T I  = Dimensionless i n t e r f ac i a l  temperature. 
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Helium solubility in l i q a d  hydrogen at subcoolcd temperatures and at 

normal pressures is extremely low, being proportional to liquid tenrper- 

ature. 

hand, can be expected to be appreciable, 

able on.the adsorption of helium by gas-soLid interfaces of the solids 

in slusn hydrogen. 

it. 

Helium dilution in slush (liquid-solid) hydrogen, on the other 

There is no infomation avail- 

This paper introduces an initial hypothesis concerning 

Also introiluced is the hypothesis of helium desorption cooling of 

slush hydrogen. 

hydrogen stratification phenomena, Accordingly, slush germination via 

The latter, if observed, would be the antithesis tc the 

desorption cooling under supercooled conditions of storage ia here 

postulated to anticipate triple-point anomalies in future exploratory 

investigations with slush hydrogen. 

show variances with the normally slnguhr triGle-point of hydlrogen. 

That is, such data may very well 

The concern over the solubility of helium in liquid hydrogen has been 

not unlike that of nitrogen solubility in liqdd oxygen. Both of these 

gaseous absorbates are commonly used as purgants and pressurants. Any 

solubility carryover and evolution would somewhat handicap prcpellant 

utilization (because of early onset of cavitation). Accordingly, 

propellant dilution with these inert gases does precipitate apprehen- 

sions over nozzle f l o w  control and metering systems sensitivity. 

Helium solubility in saturated and in subcooled liquid hydrogen is 

considered to be low for the normal range of pressures concerned. 

Refer to Table I. 
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When considering mixtures of l iquid-sol id  ( slush) hydrogen, however, a 

new concern a r i s e s  over the slush di lu t ion  counterpart of l iquid solu- 

b i l i t y ,  namely slush adsorption. Appreciable adsorpt ivi ty  conceivably 

exists a t  the surface of the hydrogen solids.  

slush the necessary high partial prwsure r a t i o  cf helium t o  s lush hydro- 

gen could create  a pronounced d i lu t ion  af hyclrogen. From Figure 1, It 

m y  be noted that slush exists only a t  the t r i p l e  point temperature of 

24.9'R and pressure of 1,0209 psia. 

whatsoever ex is ta  i n  th i s  regime. !This adsorption hypothesis is  intended 

as a reseairch approach leading t o  acquis i t ion of such data. 

I n  s tor ing  and t ransfer r ing  

No  solubili ty/adsorption data 

The adsorption of gases by so l ids  is a surface property, 

basical ly  an exothermic process because the molecules of the helium must 

Adsorption is 

"aave l e s s  freedom i n  the adsorbed state than they do i n  the gaseous s t a t e .  ~ 

I n  ordinary pract ice  the phenomenon would seem t o  be the spec la l  property 

of a few porous solids, such as charcml,  s i l i c a  gel, or act ivated alumina; 

but more careful  invest igat ion shows that the surface of every solid can 

@sorb a t h i n  layer  of gas, often no more than one molecule i n  thickness. 

Hydrogen aoUda appear t o  be c rys t a l l i ne  and they a r e  conaidcmd t o  have 

a sharp melting point ra ther  than a softening range. 

solids have msny interfaces ,  and physical adsorption is t o  be expected. 

Therefore, such 

The baais for auch postulation ia derived f r o m  Figure 2, where a singular 

anomaly of t ia ta 'plot ted appesra t o  be signif icant .  

t o  be Mted that i n  the subcooled l i qy id  range of 24.9 t o  36,5"R, only 

the l o w  pressure (15 psia) parameter deviates with an opposite slope. 

Specifically, it is 
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This indicates an increase in the solubility rate with decreasing temper- 

atures until the slush hydrogen (triple point) temperature of 24.g0R is 

reached. 

a rad.ica1 increase in adsorptivity. 

At this point the pseudo curve in Figure 2 is sham to expresa 

Its terminal mgrtitude w i l l  depend 

on the quality (aolida content) of slush, the dispersion of the solids, 

and their crystalline characteristica, Upon solidification, the acti- 

vity of the helium molecules decreases with temperature and adsorption 

accordingly w i l l  diminish. 

with increasing temperatures in the subcooled state for the anomalous 

1 5  psia parameter occurs possibly because of an exothermic mechanism. 

In FigLlre 2 the decreasing helium solubility 

!The relationship between the solubility and adsorption capabilities for 

the various states of hydrogen are presented qualitatively in Figure 3; 

The slush quality (solide content) effect on the variation of adsorption 

-bs prticulrtrly *%able; Again one must be reminded that this Ts a 

pseudo mechanism that here is being introduced in lieu of data that 

might even prove otherwise. 

DESORPTION KYPOTKESIS 

Desorption or helium evolution ia the converse to the solubility and 

adsorption processes. In an isentropic expansion, such as may occur 

during depressurization of hydrogen storage in Epace, the adsorbed 

_helium is presumed to desorb as shown in Figure 4. 

tion conditions in hydrogen venting, the evolved helium gas is likely 

to induce Joule-Thornson cooling of the hydrogen involved. 

presents this mechanism, which can occur in a temperature regime w e l l  

below the helium inversion temperature. 

During such desorp- 

, 
,/’ 

Figure 5 
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It is here postulated that when Joule-Thomaon cooling of helium does 

develop during a desorption process, a supercooled s lush hydrogen 

condition would occur wherever subcooled hydrogen conditions exist. 

Accordingly, s lush hydrogen would germinate a t  these supercooled 

points, t o  be detected a t  variance with the cha rac t e r i s t i c  themo- 

dynamic conditions of the  t r i p l e  point s ta te .  

the a n t i t h e s i s  t o  the hydrogen s t r a t i f i c a t i o n  phenomenon. 

Such could be considered 

Any such hydrogen slush anomalies and thermodynamic var ia t ions from 

helium aasorption could handicap slush production and propellant 

u t i l i z a t i o n  control. 

With these adsorp%ion/desoqtion hypotheses it is  implied that explor- 

' atory work w i l l  reveal anomalies and phenomena somewhat'detrimental t o  * . 
the space use of slush hydrogen. However, this may be construed, it is 

apparent that research e f f o r t  and implemental instrumentation development 

is overdue i n  work a t  and around the t r i p l e  point of hydrogen. Because 

helium is a prominent adjunct t o  the handling and storage of slush hydro- 

gen, it also appears that such concerted research and development be 

directed t o  f l ight- type sensing instnunentation and controls. 

I n  formulating the hy-gotheses of this paper, various thermodynamic 

processes were probed with pseudo data and quasi conditions, 

principal ly  f o r  the  purpose of presenting a realistic approach i n  apply- 

ing research logic i n  what can be used i n  a plan to define exploratory 

This *as 

t e a t s  and instrumentation requirement%. 
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TABLE I 

LIQUID NITASOGEN (SATURA!lED) 

SUBCOOLEI) N I T R E E N  
(65% SUBCQoLE3) 

SLUSH NITWJU 

(SATURATED) 

SOLUBILITY ADSORPTIVITY 

(Belarr 100 pia) 

NJL (0.9% MAX.) 

NIL (0.35% UX.) 
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SELECTING LIQUID LEVEL TRANSDUCERS 
FOR CRYOGENIC SERVICE 

ABSTRACT 

Poin t  level  t r a n s d u c e r s  locate the vapor/l iquid in t e r f ace  by 

detecting-a difference in  magnitude of the property between the vapor 

and liquid phases.  

of vapor o r  liquid into a n  output s ignal  which is b ina ry  (i. e. e i ther  on 

o r  off). 

(vapor or  liquid) can p e r m i t  accu ra t e  location of the  cryogenic fluid 

int e rfac e. 

The t r ansduce r  respec t ive ly  conver t s  the  p r e s e n c e  

Knowledge of the t r ansduce r  position and i t s  mode of indication 

Seve ra l  commerc ia l  t r ansduce r s  opera te  by  using different  

p rope r t i e s  of the vapor  and liquid phase of a cryogen. 

shown a resolution of the  liquid in te r face  of 0. 020 inch o r  l e s s  i n  

liquids nitrogen and hydrogen. 

Severa l  have 

Selecting the m o s t  sui table  t r ansduce r  for  a n  application f r o m  

those avai lable  r equ i r e s  knowledge of the u s e  environment.  The ’ 

accuracy  des i red ,  the mechanical  and e lec t r ica l  needs  of t r ansduce r  

system and sys tem measured ,  all r equ i r e  p rope r  matching. The u s e r  

of a liquid level  t r ansduce r  should know i f  the t r ansduce r  i s  p r e s s u r e  or 

vapor velocity ( t empera tu re )  sensit ive.  

the u s e r  select a sui table  checkl is t  for  t r ansduce r  evaluation. 

We p r e s e n t  guidelines t o  help 

This  work is continuing, and fu r the r  unpublished detai ls  m a y  

be obtained f rom the author . 
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ANALYTICAL AND EXPERIMENTAL STUDY OF STRATIFICATION 
IN STANDARD AND REDUCED GRAVITY FIELDS 

E.Y.  Harper, S.E. Hurd, A.M. Levy, D.M. Tellep 

ABSTRACT 

/3=3 
Temperature stratification of a subcooled fluid in a cylindrical tank subjected to a uniform 

sidewall flux is studied both analytically and experimentally. Using an integral technfque, 

a closed form solution for the stratified layer growth and liquid temperature rise is 

obtained for both the laminar and turbulent boundary layer flow regimes. The solution 

is based on the assumption of time-invariant dimensionless temperature profiles in the 

stratified layer before the layer reaches the tank bottom. The solution identifies the 

significant dimensionless parameters which govern stratification. 

Stratification experiments w e r e  carried out in three different vessels with s ix  different 
.. . .  . .  . 

fluids. The experiments demonstrated the utility of noncryogenic experiments in the 

study of propellant stratification. The tests covered a modified Grashof number range of 

10 to 10 l4 and thereby simulated conditions in large cryogenic tanks over a wide range 

of gravity levels and heat flux conditions. The experiments demonstrated that the 

dimensionless temperature profiles in the stratified layers were  time-invariant over the 

complete range of Grashof numbers tested. The shape of the dimensionless temperature 

profile determines a parameter defined as the energy integral which is an empirical 

term in the analysis. The energy integral w a s  determined over a wide range of modified 

8 14 Grashof numbers covering six orders of magnitude (10 to 10 

8 

) and was found to be inde- 

pendent of the Prandtl Number. 
Y 
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.A correlation has also been developed which extends the stratification predictions to 

times after the stratified layer reaches the tank bottom. 
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NOMENCLATURE 

C 
P 

GrG 

Gr; 

GrX 

0' b 

g0 

H 

h 

I 

k 

NU 

P 1- 

X 

q 

R 

Ra 

Ra* 

T 

t 

U 

V 

X 

Y 

specific heat, Btu/lbm O F 

g p  qH /k v2 , modified Grashof number based on H 

g p qx /k v2 , modified Grashof number based on x 

g 0 ( Tb - Tw)  x3/v2 , Grashof number based on x 

4 

4 

local acceleration, ft/sec 2 -  

2 standard acceleration, ft/sec 

height of liquid surface, ft 

q/( Tb - Tw ) , heat transfer coefficient, Btu/ft - sec - O F 

J Q d77, energy integral 

thermal conductivity, Btu/ft - sec - " F  

2 

1 

0 

hx/k , Nusselt number . .  

, e  . . .  pcp/k , Prandtl number 

wall heat flux, Btu/ft - sec 

tank radius. f t  

Grx Pr , Rayleigh number 

Gr; Pr , modified Rayleigh number 

temperature, O F ,  OR 

time, sec 

2 

x-component of the boundary layer velocity, ft/sec 

fluid velocity, ft/sec 

coordinate parallel to tank wall, measured from tank bottom, f t  

coordinate perpendicular to tank wall, measured from tank wall, f t  
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NOMENCLATURE .(Cont'd. ) 

Z 

P 
A stratified layer thickness, f t  

6 boundary layer thickness, ft 

77 z/A , dimensionless distance from liquid surface 

e 

c1 

coordinate parallel to tank wall, measured from liquid surface, f t  

coefficient of volumetr$ expansion, l/OR 

( T - Tb)/(  Ts - Tb) 

dynamic viscosity, lb /ft-sec 

kinematic vis cos it  y , ft '/set 

dimensionless temperature rise 

m 

11 

P density, lbm/ft 3 

vt/H2 , dimensionless time 

vto/H2 

@H 

.&H dimensionless time at which A/T  = 1 
0 

SUBSCRIPTS 

b liquid bulk 

0 time when A/H = 1 

S liquid surface 

w heated wall 
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INTRODUCTION 

Stratification is defined as the development of temperature gradients in a contained fluid 

as  a result of external heating. Stratification is assumed to occur because a free- 

convection boundary layer carries the heated fluid at the wall to the top of the tank, 

forming a growing layer of stratified liquid which is a t  a higher temperature ihan Lhe 

bulk. 

This phenonienon is of particular importance in cryogenic propellant tanks, and it ma:. 

have a significant effect on vehicle design and operation. In particular, the design of 

venting devices, pressurization systems, insulation systems, propellant feed pumps. 

and tank Structures may be substantially influenced by propellant stratification. In order 

.to ensure reliable designs, and t o  avoid excessive penalties due to conservatism in 

prediction methods, a sound analytical model and experimental data applicable to the 

conditions of interest are required. 

. . .  ~. 0 .  

In the present study, stratification of a subcooled fluid in a cylindrical tank subjected 

to a uniform sidewall heat flux is considered. Since the wall boundary layer is assumed 

to be the primary mechanism for propellant stratification, a review of the flow regimes 

for free-convection boundary layers wil l  be given, and results will be presented to 

indicate the range of boundary layer parameters characteristic of cryogenic propellants 

in standard and reduced gravity fields. An analysis will then be outlined which utilizes 

an integral technique to obtain a. solution for the development of the stratified layer and 
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for the associated liquid temperature rise. Finally, the results of stratification experi- 

ments conducted in noncryogenic fluids will be presented and compared to the analytical 

model developed. 

FLOW REGIMES FOR FREE-CONVECTION 
BOUNDARY LAYERS 

ONSET OF CONVECTIVE MOTION 

The pi-ohlem of the onset of convective motion for horizontal layers of fluid has been 

. These studies indicated that the 1 2 , 3 , 4  studied extensively by Rayleigh and others 

significant dimensionless parameter is the Rayleigh number given by 

and that convective motion is established for values of the Rayleigh number greater than 

1100 to 1700. The x appearing in the  Rayleigh number is here the layer thickness. 

For situztions in which the fluid is bounded by vertical surfaces: there has been no 

detailed analytic o r  experimental work to determine the onset of convective motion. 

Grober .  et  al. . suggest that a critic31 value of the Rayleigh number of 1700 may be 

assumed to mark the beginning of convective motion in a fluid bounded by vertical s u r -  

5 

faces. In this case, the >; appearing in the Rayleigh number is again the layer thick- 

ness.  
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6 For a vertical flat plate, it is possible to use the data obtained by Schmidt and Beckmann 

to compute an approximate value of Rayleigh number when a laminar boundary-layer 

structure can be discerned. The Rayleigh number is between 430 and 16,000. The x 

appearing in the Rayleigh number is the distance from the leading edge of the plate. 

BOUNDARY LAYER TRANSITION 

A laminar free-convection boundary layer is established on vertical surfaces at a 

relatively low Rayleigh number. 

number increases. until at  some critical value the flow becomes unstable and the 

boundary layer becomes turbulent. 

to turbulent flows does not occur at a discrete condition but probably takes place over 

a range of Rayleigh numbers. The literature on free convection ’ 9 suggests 

This laminar boundary layer persists as the Rayleigh 

A s  with forced convection. transition from laminar 

Rayleigh numbers at transition €or free -convection boundary layers with a uniform wall 

iernperature ranging from 0 . 7  x lo9 to as high as 2 x lo9 : A transition Rayleigh 

number of 10 is most often quoted. 

* 

9 

The Rayleigh number as given above incorporates the conventional Grashof number that 

is defined on the basis of the temperature difference between the wall and the bulk fluid 

In most applications of interest, the heat flux to the propellant is the known quantity 

rather than the temperature difference. When the heat flux is known, the analyses of 

Refs. 9 ,  10,  and 11 indicate that the modified Grashof number Gr* is the proper 

dimensionless parameter. The modified Grashof number is given by 

4 
Gr* = 

X k v2 
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The two Grashof numbers are related in the following 

Gr* = G r x N u x  
X 

manner: 

(31 

9 Sparrow and Gregg have pointed out that the modified Grashof number plays the same 

role for the case of a uniform wall heat flux as the conventional Grashof number does 

for the case of a uniform wall temperature. 

For laminar free-convection boundary layers on vertical surfaces. the local Nusselt 

number as obtained from Saunders12 is 

Nux = 0.43 ( Grx Pr)  1 /4 

Combining Eqs.  (3) and (4) and using a transition Rayleigh number of lo9, a modified 

Rayleigh number at  transition of 10l1 is obtained. + 

9 * 
The fact that transition occurs at Ra FZ 10 

the data of Dotson13. 

9 and Gregg at values of Ra* up to 0 . 7  x lo1’. 

9 11 
and Gregg’s paper bj7 D. P, Tim0 confirms the transition value of 10 , 

and Ra = 10l1 is in part confirmed by 

Dotson’s data for air follow the laminar prediction by Sparrow 

In addition. the discussion of Sparrow 

MODIFIED RAYLEIGH NUMBERS FOR CRYOGENIC PROPELLANTS 

The magnitude of the modified Rayleigh number was  evaluated for liquid hydrogen and 

oxygen for a wide range of accelerations, for characteristic lenghts of 1 and 10 f t ,  and 

for heat fluxes of 1 The results of the calculations are shown 

in Fig. 1. 

2 10, and 100 Btu/ft -hr. 



k 
0 
'4 

'H 
0 
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Since the values of Ra* for liquid hydrogen and oxygen are comparable, the discussion 

applies to both liquids. For boost-phase conditions, g/go is of the order  of one and 

the modified Rafleigh number ranges from 1013 to lo1* for the conditions examined; 

therefore, the wall boundary layers will be entirely turbulent. 

conditions the modified Rayleigh number is decreased but is still sufficiently large for 

free-convection boundary layers to persist; the boundary layer may be laminar, rather 

than turbulent. particularly at the bottom of the tank. For example, at  an acceleration 

of g/go  ~ the bottom foot o r  two of the tank will be well into the laminar boundary 

layer regime. while at the top of the tank Ra* is large enough to ensure turbulent €low. 

Under reduced gravity 

In order to develop a model for predicting stratification under a wide range of accelera- 

tions, it is necessary then to consider a range of modified Rayleigh numbers extending 

into both laminar and turbulent flow regimes for the free-convection wall  boundary 

faye rs . 

INTEGRAL ANALYSIS 

The model used for the'analysis of stratification is shown in Fig. 2. A cylindrical tank 

is assumed to accelerate along its longitudinal axis, with a uniform and time-independent 

sidewall heat flux to the liquid. 

surface is negligible. In the stratified layer, the temperatures a re  independent of radial 

and azimuthal location. Below the stratified layer and outside the boundary layer,  the 

temperature is constant and equal to the initial bulk temperature of the liquid. 

For  a subcooled liquid, the energy transfer a t  the free 

The tank 

radius is considered to be large compared with the boundary layer thickness. 

significant assumption made in the analysis is that the stratified layer is characterized 

by a dimensionless temperature profile which is invariant with time 

The most 

The analysis is 
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restricted to times when the thickness of the stratified layer is less than the height of 

the liquid. 

With these assumptions as energy balance yields 

t 2 A(t) 

0 P O  
2 n R H I q d t  = K R  P C  ( T  - T b ) d z  5) 

An energy integral which represents the average temperature rise in the stratified layer, 

normalized with respect to the surface temperature rise, is now introduced: 

1 
I =  f e d q  

0 

mhere. 0 is a dimensionless temperature rise and. q is a dimensionless distance from 

the liquid surfgce given b.y 
. .  

Since it is assumed that the energy integral is invariant with time and the sidewall heat 

flux is constant, an expression in diniensionless form for the surface temperature rise 

is obtained from Eqs. (5) and (61, 

where 6 

is time invariant must be justified experimentally and the value of the energy integral 

must be empirically determined. 

= v t / H 2  is a dimensionless time. The assumption that the energy integral H 
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Since the surface temperature rise depends on the fraction o f  the liquid stratified. 

A (  t ) j E  . the next step in the integral analysis is to obtain an expression for t h e  str:iti- 

fied layer growth from a mass halance. 

equation may be written as 

For a liquid o f  constant densit). the cnntinuitv 

-9 

where is the fluid velocity measured with respect to a fixed reference frame. and t i  

is the outward normal  to the control volume enclosed by A( t )  . A ( t )  represents the 

area cvhich encloses the stratified layer as shown in Fig. 2 hy n dashed line IVhen 

expanded. Ey. (9) becomes 

where u is the x-component of the boundary layer velocity. 

If. as before? it is assumed that 6 is much less than R . 

- dA(i)  - 
dt 

X =  H - A(t) 

The problem of evaluating A (  t )  is then reduced to that of obtaining an expression for 

the volumetric flow in the boundary layer. Solutions to the boundary layer equations 

€or both laminar and turbulent free-convection were used to obtain expressions for the 

volumetric flow For the case of a uniform wall heat flux. 



9 For laminar flow, Sparrow and Gregg have obtained an exact similarity solution to the 

boundary layer equations. The following equation expresses the volumetric flow in a 

boundary layer of unit width: 

00 

u d y  = 3.62 ~(Gr*)l’~ X ~ ( m )  ( 12) 
0 

The value of F ( 00) may be obtained as a function of Prandtl number from Sparrow and 

Gregg’s numerical solution. For  Prandtl numbers between 1 and 30, the following 

approximation of their results is used: 

F(m) = 0.436 

( ~r 388 

e From Eqs. (11) , (12) ,  and (13) ; an expression for the growth of the stratified layer is 

obtained corresponding to the exact laminar boundary layer solution: 

A solution for n turbulent free convection boundary 1ayer.with a uniform wall heat flux 

w a s  obtained by hlorsel0 using the velocity and temperature profiles employed by 

Eckert and Jackson14 in their solution for a uniform wall temperature. Morse’s 

solution is not strictly applicable for Prandtl numbers different from one. 

tion of his solution has been made to extend it to higher Prandtl 

,4 modifica- 

The modi- 

fied analysis, which employes the extended Reynolds analogy used by Eckert and 

Jackson’’, yields 
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0 

Then. the expression for the stratified layer growth becomes 

(16) (') (1 + 0.443 Pr 2/3 
-lo = 1 - 1 + 0.0924 - - H 

The l iquid surface temperature rjse may now be  computed using Eq. (8) ar,d the appropri- 

ate expressiun for the stratified layer growth. Eq. (14) o r  (16) .  

It should be noted that the turbulent prediction requires infinite time for the stratified 

'layer to reach the tank bottom, while the laminar expression predicts this.odcurrence 

in finite time, 3s one would expect. The turbulknt prediction, however. becomes less 

valid as the stratified layer approaches the tank bottom, since as A/H - 1 , the boun- 

dary layer becomes laminar. 

EXPERIMENTAL STUDIES 

A series of stratification experiments were conducted with severnl fluids in cylindrical 

containers to obtain basic data and evaluate the analytical prediction method. Although 

interest in the problem of stratification arises mainly in connection with cryogenic 

propellant tanks, the phenomenon'of stratification is not unique to cryogenic liquids and 

its study can profitably be pursued with other liquids once theoretical considerations are 

available to establish the simulation laws. 

2 2 3  



The use of noncryogenic liquids for stratification experiments greatly reduces test costs,  

makes possible greater flexibility in control of test conditions, and considerably simpli- 

fies instrumentation. It also makes possible the achievement of laminar free -convection 

boundary layers,  thus simulating stratification under reduced gravity conditions. 

OBJECTIVES AND PLAN OF EXPERIMENTS 

A primary objective of the present experiments was to determine the validity of the 

assumption of time- invariant dimensionless temperature profiles in the stratified layer, 

and to establish the magnitude and functional dependence of the energy integral on the 

modified Grashof and Prandtl numbers. 

In order to obtain stratification data corresponding to low gravity conditions in cryogenic 

8 10 tanks, tests were conducted with modified Grashof numbers in the range from 10 to 10 

Since the modified Grashof number is proportional to the tank he.ight to the fourth power, 

these relatively small Grashof numbers were most easily obtained by using a sm'all 

tank. For this purpose, a tank was constructed from a block of wood with a 3-inch 

diameter hole in the center. A st r ip  of 0.001-inch thick stainless steel shim stock was 

fastened to the inside wall  of the tank and w a s  used as a resistance heater to supply a 

uniform heat flux to the stratifying liquid. 

14 An intermediate range of modified Grashof numbers, from 2 . 3  x 10" to 1. 5 x 10 , as 

well as-a Prandtl number range from 4 . 5  to 32, were covered using six different fluids 

in 3 9.  75-inch diameter tank. 

cylinder and was placed in a radiant heating facility and uniformly heated with a con- 

centric array of tungsten filament quartz lamps. 

This tank was made from a thin-walled (0.025 in ) 
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A third facility used to obtain stratification data w a s  a 10.75-inch inside diameter 

pressure tank which utilized a resistance heater like that in the 3 -inch diameter tank. 

In this tank, data have been obtained for modified Grashof numbers ranging in excess of- 

10 l4 hy actively pressurizing the liquid, thereby subcooling it. Large heat fluxes, with 

correspondingly high wall temperatures, were then imposed wi thout  the occurrence of 

nucleate boiling. 

number close to one (that of liquid hydrogen). 

nt temperatures ranging to 370°F in the pressure tank. 

possihle to run stmtification tests ivhich were immediately preceded bv  a period where- 

in the fluid was simultaneously heated and vented near its saturation state. 

venting procedure allowed the boundary layer and bulk flow fields to develop prior to 

active pressurization and the initiation of strxtificntion. 

Another objective wxs to conduct tests wi th  a fluid which has a Prandtl 

This was xccomplished by subcooling water 

Also, in the pressure tank it was 

Th i s  initial 

Data  olkiincd from ihese tests 

were used to evaluate the effect of transient flow field development upon the results 

obtained from the. 3-inch and 9.7.5:inc.h diameter fanks. 

’ 

, 

The three test tanks described above had flat insulated bottoms. Thermocouples, 

mounted on nonconducting probes, were used to measure fluid tempera tures along the 

cylindrical axis of each tank. The 9.75-inch diameter tank was  also instrumented with 

wall thermocouples in order to determine whether o r  not boiling occurred and to check 

the method used for calculating the wall temperature. More details on the facilities 

are given in Ref. 16. 

All tests were conducted with aspect ratios (H/R) of 2.3. 
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E XPERKMENTA L RESULTS 

All  fluid properties used in the graphical presentation of results were evaluated using 

the m a n  mixed temperature of the fluid in the stratified layer. To be consistent with 

the model used for analysis, time w a s  measured from the instant the surface thermo- 

couple first sensed a temperature rise. Heat fluxes were determined by graphically 

integrating the temperature profiles. Figure 3 shows some temperature profiles which 

are t-ypical of the data obtained in all three tanks. In parts (a) and (b) of the figure, two 

sets of profiles obtained in the pressure tank with water are shown. These two runs 

indicate the significant change in temperature profile shape apparently caused by a 

change in the modified Grashof and Prandtl numbers. Two sets of temperature profiles 

obtained with trichloroethylene in the 3-inch and 9.75-inch tanks are given in parts (c) 

and (d)'of the figure. A significant dependence of profile shape on Grashof number alone . . 

is evident. The Prandtl number was the same in both tests. 

ships appear to be independent of the fluid or  tank used. 

These general relation- 

Before a comparison of the data with one of the predictions can be made, a suitable 

boundary layer transition criterion must be indicated. 

boundary layer transition established a value of 10" as characteristic for the modified 

Rayleigh number at transition. When transition occurs halfway up the tank wall, at 

x = H/2 then G r *  Pr = 1. 6 x 1OI2 . Data for which Gr& Pr is greater than 1. 6 

x have been compared with predictions for turbulent boundarykyers , and data for 

which Gr* Pr is less than 1. 6 x 1OI2 have been compared with laminar boundary layer' H 

predictions. 

The previous discussion of 

H 
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It was necessary to calculate wall temperatures for the 3-inch diameter tank and the 

pressure vessel in order to determine whether or  not boiling occurred. The boundary 

layer analyses of Refs. 9 and 10 were used to calculate the temperature difference across 

the boundary layer at vertical locations corresponding to the axial thermocouples. The 

wall temperature profile was then determined by adding the boundary layer temperature 

difference to the corresponding measured bulk temperature. The accuracy of this method 

was confirmed by wall temperature measurements obtained in the 9.75-inch diameter 

tank. All the results presented in this paper correspond to times before any point on the 

tank wal l  reached the liquid saturation temperature. 

The stratified layer depth, A ( t )  , as a function of time can be obtained from the temp- 

erature profile plots by noting the intersection of the curves with the z-axis. In Fig. 4 

the dimensionless form of .the stratifiedlayer depth, A ( t )/H , is compared with the pre- 

diction based on the exact laminar boundary layer solution (Eq. 14). In some of the 

3-inch tank tests’ the bottom of the tank was at a higher temperature than the initial liquid 

. .  . .  . .  

temperature because of heat stored in the tank bottom from a previous test. As a result, 

some of the profiles obtained f rom tests in the 3-inch tank w e r e  greatly distorted by 

heat conducted from the tank bottom into the bulk fluid. This distortion made a determina- 

tion of the experimental value for A ( t ) / H  almost impossible. Although all of the data 

obtained in the laminar region are shown in Ref. 16, only data which were considered 

to be well defined are shown in Fig. 4. In order to extend the Prandtl number range of 

stratification data, tests 1veX-e run using a calcium chloride-water solution (Pr = 10) 

and a glycerol-water solution (Pr = 30). The measured stratified layer growth for  

these runs w a s  much less than that predicted by the exact laminar boundary layer solu- 

tion’‘. Furthermore I the divergence from the prediction appeared to become greater 
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as the Prandtl number was increased. Since the reason for this deviation is not entirely 

understood at this time, it must be concluded that the exact laminar stratified layer growth 

analysis is valid only for fluids with Prandtl numbers between 1 and 8. 

In Fig. 5 ,  experimental values for the stratified layer d6pth for which Gr* Pr is H 
greater than 1. 6 x 1OI2 are compared with the modified turbulent prediction (Eq. 16). 

The prediction curve bounds the lower side of the data. An attempt w a s  made to corre- 
\ 

late the data on the basis of a transitional analysis17, since transition 

turbulent flow in the boundary layer occurs in most of the tests. This 

succeed in reducing the scatter exhibited by the data. 

from laminar to 

attempt did not 

Figure 6 gives the dimensionless form of the stratification temperature profiles which 

were presented in 'Fig. 3 .  This figure shows that the temperature profiles are, in fact. 

similar (time-invariant in dimensionless form) as assumed in .the analysis 

words, it has been confirmed that the energy integral is a function only of Gr* 

and H/R 

In other 

H '  Pr , 

The value of the energy integral, which is indicative of the temperature 

profile shape or of the energy distribution within the stratified layer, was obtained for 

each run by graphical integration of the dimensionless profile. Examination of these 

data revealed no apparent dependence of J upon Prandtl number, leaving the modified 

Grashof number and aspect ratio as the correlation variables. 

The energy integral i s  plotted as a function of modified Grashof number in Fig. 7 .  Data 

have been obtained for a range of modified Grashof numbers which covers more than six 

orders of magnitude, extending from 10 to over The filled symbols in Fig. 7 8 

represent runs in  which the venting procedure, described previously, allowed the 

boundary layer and bulk flow fields to develop prior to the initiation of stratification 
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The data obtained from these runs indicated that the initial boundar layer and surface 

spreading transients did not have a significant effect upon the results obtained in the 

pressure tank. It has been assumed that this evaluation of transient effects is valid for 

zesults obtained from the 3-inch and 9.75-inch diameter tanks. 

Experimental values for the liquid surface temperature rise are compared with the 

predictions in Figs. 8 and 9. Almost all of the deviation between data and prediction in 

these figures can be attributed to the difficulty encountered in accurately predicting the 

stratified layer growth. 

CORRELATION OF STRATIFICATION DATA FOR TIMES 
AFTER STRATIFIED LAYER REACHES TANK BOTTOM 

The integral analysis cannot be used to predict the results of stratification for times 

after the stratified layer has reached the' tank bottom. Since this represents an-impor-' 

tant time of interest, an attempt to correlate the available data has been made. .To 

obtain such a correlation, two assumptions, suggested by the data, were made. 

It was assumed that the dimensionless form of the surface temperature rise, ( T  - Tb)/  

( q H/k ) 

S 

is a linear function of the dimensionless time divided by the Prandtl number, 

eH/Pr . 
r i se  can be approximated by the mean mixed temperature rise for very large values of 

The second assumption suggested by the data was that the surface temperature 

o,/Pr . These assumptions result in the following expression for the surface tempera- 
II 

ture rise after the stratified layer reaches the tank bottom: 

'Ho (1 - I) 
I 
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where GH 

bottom. The value of C ~ H  

both the laminar and turbulent flow regimes. From the exact laminar boundary layer 

solution, 

is the dimensionless time at which the stratified layer reaches the tank 
0 

may be obtained from available boundary layer analyses for 
0 

0 
9, 

( P r )  0 . 3 8 8  

( H/R.) ( GrG ) 1'5 
= 1.59 

Laminar 

Since the stratified layer never reaches the tank bottom in the modified turbulent analy- 

sis, an arbitrary value for A ( t  )/H of 0 . 9 5  is taken for the evaluation of Thus #IH . 
0 

In the above expressions for $ H ~  , all fluid propertie& should be' evaluated at the 

reference temperature corresponding to the time C#Q . The data available for times 

after A( t ) /H  = 1 are presented in Figs. 10 and 11. Most of the deviation between 
0 

the data and correlation can be traced to an inaccurate prediction of dH . As time 

becomes large, the terms containing (PH 

these terms become less significant. 

0 

become relatively small, and e r ro r s  in 
0 

CONCLUSIONS 

The closed-form solution, based on an integral analysis for predicting stratification of 

subcooled fluids in cylindrical containers with uniform sidewall heating identified the 

basic dimensionless parameters as: the modified Grashof number, the Prandtl number, 

the tank aspect ratio, and a dimensionless time. It thus was extremely useful in 

planning the experiments. 
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The experimental results verified a principal assumption made in the analysis that the 

nondimensional temperature profiles in the growing stratified layer are time-invariant. 

The nondimensional profile shape appears to be a weak function of Prandtl number and 

a strong function of Grashof number for a given tank aspect ratio. Correlation of this 

functional dependence allows explicit prediction of the liquid temperature rise. The 

8 14 correlation has been made over a range of modified Grashof numbers from 10 to 10 

for an aspect ratio H/R = 2.3. 

The experimental results generally confirmed the stratification analysis in terms of 

the stratified layer growth and the liquid surface temperature rise. 

The initial conditions that exist in a vented cryogenic tank were simulated by conducting 

stratification tests in a pressure vessel with initially saturated water at Prandtl num- 

bers near one. . The results indicate that boundary layer and surface spreading transients . . 

do not affect the shape of the temperature profiles. 

For times after the stratified layer reaches the tank bottom, when the integral analysis 

is no longer valid, the experimental data has been successfully correlated by an empirical 

extens ion of the analysis 

The fact that theoretical and experimental results are given in terms of dimensionless 

parameters permits application to a wide variety of conditions. It is significant to note 

the difference between stratification of subcooled fluids under s tandard-gravity and 

reduced-gravity conditions. It was  pointed out that, for cryogenic propellants, the 

tank wall free-convection boundary layer will persist  under reduced gravity conditions 

but that it may be laminar rather than turbulent. For  the same heat flux to the propel- 

lant, the surface temperature r i se  will be faster under reduced gravity conditions than 

240 



under standard gravity conditions. The reason is that the mass  flux in the wall boundary 

layer is reduced with a reduction in acceleration; hence, the incoming energy is contained 

in a thinner, and therefore hotter, stratified layer. This result indicates that stratifica- 

tion data obtained at standard gravity do not in general apply to reduced gravity conditions 

unless attention has been devoted to proper scaling of the test. 

The present study of subcooled stratification in a cylindrical tank with sidewall heating 

is being continued to determine the effect of tank aspect ratio and to consider combined 

sidewall and bottom heating. 
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by Jwrn C. Elicalde 

1303) ASPERACT 

This document grceenb the results of a atudy  of arbitail tesls to 

inveetigate preeeme rfse, boil-off loeeee nnb relate3 thefillel problems 

of cryogenic propuleion syetema near welghtlcesnees. 

solution is eought arc defined, which lards to a concrete l i a t  of t e n t  

!!?he problem who88 

container s i t e  and ehapc, t e e t  duration, thcn!&l environnent, eta., a8 

w e l l  ae d e t s i l a  of a possible t e e t  psckags, 3x1 an e f f o r t  to alrarify tho 

nature, scope, feaeibi l i ty  aLnd implementstion of thle  typo of tee t .  

FinalLly, guldelfnee f o r  t h e  preparation of a meaningful. program of or- 

bita l  teats are given. 

&of 
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1. INTRODUCTION 

A large nuniber of space missions of immediate i n t e r e s t  require storage 

High-energy upper etagee, of c m g e n l r :  propel lants  f o r  fairly long periods. 

l u r  arid plaaetary 1 n i 8 6 i O n i 3  require  that cryogena be conserved fo r  p@ri&B 

of hours  to months prior t o  engine firings. However, the thermal proceeets 

In a two-phase f l u i d  syetem i n  zero o r  low gravi ty  are not w e l l  understood, 

and pose problems which ser iously affect the f e s s i b i l l t y  of those mls8~on6. 

The rad ica l  changes Fn gravity-dependent heat transfer mechanisme 

( co3vec tion, boiling and condensstim) under weightlessnese couple3 w i t h  

the r'zero-g'r configuration of the  l iqu id  and vapor phases, give origin to 

tenperature gradients i n  the  f l u i d  which cannot be predicted with nornasl- 

gravity analytical and experlmental data. The'se gradient8 affect In turn 
' 

the pressure in tsnirs and, therefore,  the design and operation of  open and 

. . .  . .  . .  - closed.systems. 

Every study of cryogenic storage in apace that the author hse had 

the opportunity t o  read 88sumes i s o t h e r m 1  f luids .  Ihe  "optimized" reeults 

thus obAt4ined, Including comparisons of ac t ive  versus passive ap tems  and 

calculations of Insulation and ta.ribge w e i g h t ,  are likely t o  be grossly In 

error. It is  hoped that th;? following discussion w i l l  su f f i c i en t ly  empb- 

s ize  the inadequacy of "equilibriun thermodynamics" t o  deeign cryogenic 

systems. 

As In moet engineering gmbleme, both a n a l y t l c a l s n d  experimental 

work l a  needed to underetand the them1 procesees in 8 cryogenic tanlc 

during coast. A r e a l i s t i c  ana ly t i ca l  model of fluid thermal behavior, una 

available a t  present, must be developed. In eddltlon, the elmpllilcatlonrr 

Inherent t o  such model require  experimental evidence t o  achieve reliable 
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design of cryogenic systems. 

ture changes are very elow, w i t h  the consequence tbt the  usual zero-g 

t e a t  methods (dropa, a l r c q f t  paraboha,  sounding rocket t r a Jec to r i e s )  

provide period8 of weightlessness that are too short  t o  invest igate  thoee 

phenomena. 

the only means of obtaining the required information. This document pre- 

sent8 the r e s u l t s  of a study on the nature, scope, f e s s i b i l l t y  and imple- 

mentation of such tests .  

In  well Insulated cryogenic tanks, tempem- 

Long-duration o r b i t a l  tests are probsbly the best, poeelbly 

A. Forms of Storage 

The problem that concerns us here l e  the storage of cryogenic 

propellants i n  a space vehicle. We want t o  coneerne propellants 

s a fe ly  and w i t h  small losses during.$he coast  periods preceding en- ~ ' 

gine firings, and do it w i t h  acceptable w e i g h t  penal t ies  in insulation 

and tank structure.  .To help see the problem i n  Its pmper perspective, 

l e t  us b r i e f l y  review the possible fonns of propellant storage. 

Single-phase storage ( subc r i t i ca l  l iqu id  or supercr i t ica l  f h i d )  

would avoid the uncertaint ies  of lhquid/vapor configurations in zero- 

g and provide ease of operation. 

high; with subc r i t i ca l  l iquid,  8 small lncrmee i n  temperatuse result8 

i n  BI very large Increase in pressure, requlrlng thick-valled tanks? 

However, weight peraaltlee are vergr 

with supe rc r i t i ca l  f l u id ,  the storage pressure if! very high (about 

200 p8ia  for LE2, 800 pa- for IQ2), and the unuable Sseoua reslduslr 

are very large.  Supercr i t ica l  storage is aavantageoue where fblrly 

amll amount8 of f l u i d  are involved, but for large p r o p e l b n t  tanka 

s t ruc tu ra l  w e i g h t  may be prohibitive. 
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Tbree-phase stozage ("slush") is, l i k e  i n i t i s l l y  subcooled two- 

phase storage,  a mean6 of increasing the thermal capacity of the  

system by displacing its reference point t o  lower temperature levels .  

Aside from the  reduction In tank and/or insulat ion weight that can 

be thus obhined ,  it does not appear that the thermal problems f o r  

these systems are d i f f e ren t  from those found in saturated two-pbaee 

~ystems, a condition that, given su f f i c i en t  t i m e ,  l a  reached by 

three-phase systems anyway. 

Two-phase storage has the advantage of r e l a t i v e l y  small and 

light tankage, w h i l e  it presents the ~812~11 "zero-g" problem6 found 

in liquid/vapor systems. J u s t i f l s b l y  o r  not, two-phase storage of 

cryogenic propellants frns been the choice throughout the industry 

'for every space mission, present and planned. Therefore, %he ther- 

m a l  problems involved merit a cfo6er'look. 

sys tem are considered, depending on anount of fluid and mlseion 

durstion. %e thermal problem sssociated with both schemes are 

discussed in the following section.. 

B. Closed (Unvented) System 

Vented or w e n t &  

The m i n  uncertainty in the non-venting scheme irr the xate of 

Usually It is aasumed th8t the liquid pressure rise i n  the  tam. 
is a t  unfform temperature, w i t h  all the mas8 ac t ing  as a heat sink, 

snd w i t h  the tank presware being simply the vapor pressure corre6- 

ponding t o  t h a t  average temperature, 

rise I s  then determined by heat input and thermal mea, aad the In- 

su3stion l a  sized 60 that the aqullibrlum vapor pressure does not 

exceed a prescribed value, compatible with tank strength. 

Temperature (ad pressure) 

Results 
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obtained i n  t h i s  fashion Rre probtlbly unduly optimlstic,  since t h e  

real conditlons in t he  -kink are lCKely t o  be qu i t e  different .  We 

know from annly t lca l  e.nd experiment31 s tudies th t R cryogen i n  a 

closed tank tinder rionilal ,n,ravity may be heavily "s t ra t i f ied ,"  par- 

t l c u k r l y  i f  heating through the laterdl wxlls I s  Greater than 

through t h e  b o t t m  ( R e f s .  I, 2, 3). 

of a -mm boundary l ayer  which deposits strata of w a r i n  l iqu id  next 

t o  t he  u l h g e  s p c e ,  Under low gravity,  RS w e  will see l a t e r ,  it 

appears that this bch3vior s t i l l  ex i s t s  and the f l u i d  would be 

" s t r a t i f i ed . "  

no buoyancy forces  t o  sus ta in  convection, I t  would present the  tern- 

perature p r o f i l e  of a solid hei ted a t  one of its bounbriec. Large 

temperature dfffkrences with3.n the  f l u i d  could be. expect& i n  t h i s  

case ('Ref. 4). Temperature gradients w i l l  then be found in t he  - . 

This  I s  due to the fOritB.tion 

Even i f  the  f l u i d  were perfect ly  weightless, with 

' 

. .  

l iqu id  during coast, with some reZions warmer and some colder than 

i n  the uniform temperature cRseD Since the pressure in the tank 

corresponds t o  the temperatiire of the liquid/vapor interface ( R e f .  

5 > ,  Yne pressure could be lower o r  higher than f o r  uniform conditione, 

depending on whether the ul lage i s  located i n  "coldt1 or  "warm" re- 

g ions  of the l iquid.  

A ser ious si t imtion, however, a r i se8  if the ullage I s  In contact 

with the wa.llo 

s u l t s  i n  R rapid increase of pressure i n  the k n k .  

condensation would tend t o  decrease the  pressure, a w a r m  layer  of 

liquid forms adjacent t o  the liquid/vapor interface,  s o  t ha t  f o r  a l l  

prac t ica l  purposes the ullage behaves as an i so la ted  systrm. 

I n  this  case, the l o w  heat  capacity of the vapor re- 

Although 

The 
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w a r m  l i qu id  interf'ace and low conductivity of the l iqu id  result i n  

an e f f ec t ive  "insulation" between the warm vapor an8 the bulk of the 

l iquid.  

Figure 1 is an example of the  importance of these problems. 

It shows the Increase in tankage weight as s Function of maximum 

Interface tempemture in 8 cryogenic tank, taking saturated condi- 

t ions a t  14.7 p s i 8  8 s  a reference, It can be seen t h a t  very small. 

gradients i n  the  l i qu id  r e s u l t  in very Large weight penalt ies.  

It should be mentioned that low-g t e a t s  w i t h  l i qu id  hydrogen 

i n  Aerobee sounding rockets Indicate  that B pressure r i s e  quite 

d i f f e ren t  from that predicted f o r  uniform conditione does indeed 

take place. 

ca Ope'n (Vented) System 
. .  

A &&ber of CeGices have been designed o r  proposed f o r  venting 

Some of them are intended of cryogenic tanks under weightlessness. 

to position the u l lage i n  8 pr2dietable loca t ion  BO that the vent 

can be located there. To t̂his category belong screens, cylinders 

or similar surfaces m a k a  use of " c a p i U r y "  (sur%ce tension) 

effecter, and dielectrophoret ic  devices. 

expansion valve-heat exchanger combinations, on the other hand, could 

operate without ul lage control. Although moat of these device8 

Centrifugal eeparators and 

appear to  work well when the ullage l a  large (30$ or more of tank 

volume), it is not clear that they w i l l  do BO vlth the smaller 

ullage8 which are desirable to  reduce tank eize am3 weight. 

then be necessary to settle the propeUant by thruet spplicatPoa to 

permit venting w i t h a u t  liquid losses. 

T t  would 

The queetion then arises of 
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how much p r o p e l h n t  i s  required f o r  this thrusting. 

venting t o  maintain a constant 'pressure i n  the tank requires, of 

course, continuous thrusting. This m y  be provided by an aiuciliary 

rocket o r  p r o p e l h a t  holl-off ,  but i n  either ca6e the propellant 

requirements are excessive except f o r  missions with a few hours' 

Contimious 

Coast. 

Intermit tent  venting appears lees cost ly ,  and is  frequently 

proposed f o r  longer missions. 

and " C l 0 8 e "  settings, separated by a few pala .  

l eve l  is reached, the valve opens and v e n t h g  of t he  vapor Q C C U ~ F J  

until the pressure decreases t o  Lie "close" l e v e l ,  

rise taking place between venting periods w i l l  be essent ia l ly  the 

s a m e  process as t h a t  described for the non-ventlG case, w i t h  the 

result that the  frequency of the vent- cycles w i l l  be af fec ted  

by the f l u i d  temperature p ro f i l e s  and ullage location. In addi- 

tion, upon opening the venting mlve, the pressure i n  the tank 

decreases and the  l i q u i d  becomes l oca l ly  superheated. 

absmbed between venting period8 and etored ae sensible heat  will 

probably be llbereted i n  a mas8 boi l ing  process, which, unlese 

properly regulsted, my result in flaehing o r  boil-over. 

tensity of boiling will depend on the preeeurc drop rate elloxed 

by the valve and the tempe!rature gradients In the liquid. 

The vent valve would have "open" 

men the "opea" 

The pressure 

The heat 

The in- 

An eweptlan t0 the above coneidenrbion may be 8 vent vslvs 

consletin& of an expamion valve an8 heat enchanger, which relies 

on cgoliag of the propellant lpam by the expaaded venting fluid, 

either liquid or @ S o  !5e suceeeefbl operation of this device 



depend8 on liquid s t i r r i n g  o r  6ome form of energy t ransfer  BO that 

heat extract ion cnn be f e l t  In the  whole tank and not only local ly .  

The preceding dlscussion, although j u s t  a bare out l ine of t h e  

uncertainties faced-by the designer, should make it evident that 

many important problems must be solved before cryogen-propelled 

vehiclee for  l u m r  and pbne ta ry  missions can be launched. Long 

duration o r b i t a l  tests should provide many of  the answers. 

A ,  General Considerations 

The scope of a program of o r b i t a l  tests w i t h  cryogen8 strongly 

depends on the ava i lab le  experiment car r ie r .  To be ~ u r e ,  t he  test  

pscimge imposes some requirements on the  ca r r i e r ,  nainly on o r b i t  

s lEi tude to' assurl! l o w  .aerodynamic drag.,' .and on tumhling o r  spinniw 

m t k e  t o  maintain low accezeration levels.  If the c a k i e r  is tiBle 

to meet the I s t t e z ,  the pacirage m y  remio w i t h  i t j  otherwise, it 

w i l l  have t o  be ejected and provide Its own a t t i t u d e  control during 

t he  t e s t  period. 

a f f e c t  %he s ize  and weight of' the package, variables to  be inves t i -  

gated, and possibly euch aspects ss telemetry and t e a t  f luid.  

$oklowing sections a r e  intended to supply the c r i t e r i a  fo r  select ion 

3f B carrier EAPA of t e s t  obJectivee tuward.a a rstioml program. 

Conversely, the capacity and number of ca r r i e r s  

The 

The complexity of t h e m 1  phenomena in very low gravity coupled 

with the difficulty of obtaining experiments1 data 

ment results in very limit&€ knowledge in the f ie ld.  

gatiolre are c e r t s l n l y  i n  order to gain inaight  into theec problem. 

such environ- 

Baelc lnveeti-  

However, the urgent need for dee8gn criteria e t r o n g l y  suggests the 
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conduct of engineering experiment6 t o  provide it. 

discussed in t h i s  document I s  conceived t o  supply d a t a  useful  t o  

the deelgner, even though it m y  not alnaye give UB a f u l l  under- 

standing of the thermal processes involved. 

8. Missions of I n t e r e s t  

The type of tes t  

The t e s t s  should attempt t o  reproduce, w i t h  due conaideration 

t o  scal ing effects ,  the conditions of cryogenic vehicles to  be de- 

sitpled i n  the near future.  They include: 

1. 

2. 

3. 

40 

5. 

High-energy chemical upper stages 

7-lO,OOO IbS. 

30-40,OOO lbs  class 

Lunar vehicles 

b g i s t i c  vehicles (one-way t r a n s l t  ) 

IIigh-eneray Aporlo (lunar rendezvous) 

Direct manned vehicle (landin6 and re turn  stages) 

S a t e l l i t e  inspectors 

Planetary vehicles 

&in deboost atages 

Descent and landing stagee 

Return s tages  

Radioisotope powered vehiolee 

a 

These miseioaa are repreeentative of most appl lcat ionr~ of 

cryogenic propellant storage, anB should help to  deolde on teet  

eonrfitlonB e 

Ce Test Obdectives 

Detailed consideration of the problem 4iscuseed in Part I1 
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l a d e  t o  a c lea r  i den t i f i ca t ion  of program objectives. 

tests 6hoUld be aimed at  providing data for reliable two-phase 

etorage of cryogenic propellante. Primpry objectives of the t e s t e  

shnuld be to determine: 

Basically, 

1. Pressure h i s t o r y  in a closed cryogenic tank near weight- 

lessness. Actual pressure r i s e  ra ther  than isothermel 

f l u i d  values muet be known t o  deeign tankage and insulation. 

Boil-off Posses and frequency of venting cycles in a vented 

tank.. This information i e  needed to  establish total pro- 

pe l l an t  needed for  a mission, accounting f o r  boil-off,  ae 

well as addi t iona l  lmpulee if settling of the l iqu id  were 

required p r io r  t o  venting, 

2. 

Depenaing on c a r r i e r  capacity, schedule and number of 

f l igh ts ,  secosdsry objectives woulcl be selected from the 

f ollowin& 11 e t  0 

Effect  of accelerat ion on pressure and boll-off.  

H f e c t  of ullage size on pressure and boil-off.  

3. 

4. 

5 .  Effectiveness of ullage-positioning tlevicee, pljirticulsrly 

for emall ullage. 

and dielectrophoret ic  devices may be included. 

Screens, conical or  cy l indr ice l  etructuree 

6. Prac t ica l  meane of eliminating or  reduc- tempersture gra- 

d ien t s  In the fluid, euch a6 s t l r r l n g  or  epimlng 6 task 

equipped wlth m i x i n g  baffles. 

If propellant s e t t l i n g  l e  required t o  as~ure venting with- 

out  l iqu id  loasee, required thrusting level and duration 

7. 
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should be established, ae determined by size anb 8ie t r ibu-  

t l o a  of bubble populstion. 

Al lomble  venting rate t o  avoid boil-over. 

Effec t  of sloahlng such as may be caused by re-orientation 

mneuvers o r  residual o m i l l a t i o n s  due t o  engine ehut-off 

perturbations. 

Checking of scaling lawe to  permit extrapolartion of test 

result13 t o  larger tanks. 

Performance of expansion valve-heat exchanger vent eystem. 

Evslmtion of cryogenic insulat ion techniques. 

I). Acceleration 

To decide on the accelerat ion l e v e l  for a teet, we must first 

review. the .accelerat ion8 exper iendd by the fluid i n  a e p e e  vehicle. 

%ble I i e  Ci summary of' . typical e x t e k l  forcee ac t ing  on B s&e 

vehicle during coast and the  r e su l t i ng  accelerations.  Actual vahee 

WiU vary for each vehicle, o'f course. 

nitude, we have taken as an example B typ ica l  vehicle for a manned 

o r  l o g i s t i c  lunar mieslon, of the 100,000 lbs.  class and about 20 ft.  

In diameter. 

fmm the etsndpoint of accelerat ion during coast, ;be f'ollowe: 

To compare orders of mag- 

On the basis of the table ,  we can cstegorlee des&oM 

-4 
Continuaus law thruet, "/go 10 (mmplter etagee in  

which boil-off l e  used for attituae or ullage control, and 

radioisotope powered stsgea ) . 
bw-altltude orbit, "/go 16 . Probably l imi ted  to tahort -6 

park- orbit 

H I & - a l t  itude 

phaee of missions. 

o r b i t  snd transfer orbit with oriented vehicle, 
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d) Interplanetary missions w i t h  advlznccd oric:i';ztion RYS teins, 

a/&' - 10"-' anti lower. 
-0 - 

To these w e  could SM. the  case of tiunbUn5 vehlcles,  which is, 

however, unl ikely due t o  thema1 control  i n 3  Guidance  considerations 

It * n u s t  be noted tbt thrustint7;, drag and radiFttLon pressure 

generate uni-form a c c e l e r a t b n  f i e l d s ,  wkrile r o h t i o n  due t o  a t t i t u d e  

control r e s u l t s  i n  variable,  divergent fields. 

We should now see w h a t  is  the e f f e c t  of these acmlera t lon  l e v e l 8  

on gra,vity-depeiident processes. 

F i r s t ,  l e t  us  examine the e f f e c t  of accelerat ion on the d i s t r i -  

butlon of l i qu id  and vapor i n  R t w i ~ c .  NornlaUy, hydrostatieregirnes 

a r e  defined i n  tenns of the Boad number, which is  the non-dimens.lom1 

ratio of g r a v i t a t i o m l  to  surface forces : 

If Bo i s  greater  t'mn imity, the g rav i t7 t iom1  forces ( l i qu id  

" w e i g h t "  f o r  a given g l eve l )  dominate and t h e  liquid is se t t l ed ,  w i t h  

an interface more o r  l e s s  curved depending on the acceleration, This 

is what we m y  terra " l o w  gravity" behavior. 

surface t e n s i m  dominates and we have the typ ica l  "zero g" behavior, 

If Bo is  lesa than  imlty, 

w i t h  the ullage possibly no longer "above" the liquld. Experimental 

work by Massica e t .  9.1. shows that t h i s  c r i t e r i o n  works qui te  w e l l  

{Ref. 6), Die change of regime a t  Bo = 1 is only approximate, of 
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course. 

either gravity-dominated or surface tension-dominated type of 

behavior. 

Only for Bo >> 1 or Eo << 1 we can be sure that we have 

A somewhat different criterion of hyrlfrostatic behavior wan be 

adopted, If, instead of Bo, we take the ratio of actual forces, 
* 

p V &/a m, which can be Called Bo , we avoid the u6e of the rather 

arbitrary characteristic length L. 

liquid height i s  very different from the tank diameter, 88, for in- 

L L LV 
!this is advantageous if the 

stsnce, i n  a tank where l i t t l e  liquid i s  left. 

bounbry between gravity- and surface tension-dominsted regime6 

(Bc: = 1) for LR2 and LN2 in cylindrical tanks for two different 

percentages of liquid volume. The figure helpe to visualize the 

fsct that "zero-g" hydrostatic behavior i s  reached et widely &if- 

ferent accelerations for different tank. sizes.- 

Figure 2 show8 the 

. 

Reganling mtural convection, the character of the pmceaa l e  

described by the Rayleigh number 

U 
Vliet et, ale (Refs, 7 an8 8) uae a modified Rayleigh number Rs, 

when it I s  more convenient to correlate similar eases In term8 of the 

heat flux through the wall rather than wall temperaturet 

The regimes are given as: 

~ a *  < 1 : 

1 < ~a < 105 : viscous f low woughout vessel 

conduction-iominatd tmnsfer 
* 
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FIGURF: 2 BOUNDARY BEZWZEN GFWIT!l-DOMINATED AND SURFAGE 
DOMIIU!L!ED HYDROS'IIAIIIIC REGIMES (Bo* =l) 
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5 10 < Rau < 10" a fAmiTIRr boundary Layer 

RE&* > 10" : turbulent boundary layer. 

These Umite apply to the case of heatbg through lateral walls anb 

Uniform accelerat ion field. Where bottom heating and/or non-uniform, 

divergent aceeleretion exiet, the regimes may be bifferent. 

event, we should t r y  t o  achieve convection s imi l a r i t y  between actual 

vehicle and test by having spproximtely the same order of mcrgnitude 

In any 

* for h b 

Finally, let us coneider boillng. There is no evidence that 

boiling will occur Tor the  very lov heat flux found h well insulated 

cryogenic tanka. 

Sltlerley (Ref. 9) 

( a b u t  10 sec.), 

obeerved WBB 250 

Aircraft t e s t a  w i t h  liquid hydrogen reported by 

showed a t ,  for the duration of the "zero-g" maneuver 

$he lowest heat  flux a t  which nucleate bo i l ing  was 

BTU/hr-f$', while 8 typical value far a foil-in&l&%tcb 
e 

tank is 1 BTU/hr-f'tc, 

fluxes but, due to  res idua l  conyection, require for I t a  Inception 

longer perfdo than were available In those t e s t e .  

Of course, boiling may occur for lower heat 

When there is nucleate boiling, data from Reference 9 ladicstea 

that there is prac t i ca l ly  no difference i n  the boiling curves for 

in very low and norms1 gravity. It bss been suggested that this 

l e  BO becsuee the dynamic forcee aeeochted Kith bubble formation 

ere lsrger than gravity-induced bwyancy forces. More rigorously, 

one ehould consider all the forces re levant  t0 the pool boi l ing 

proceea: bubble dymmia, surf$ce tension, end buoyancy forcee. If 

either the buoyancy or the dynamic force is greater than the surface 

tension force as the bubble grows, o m  may conclude that the bubble 
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w i l l  detach from the wall. Further, If the dynamic force I s  much 

greater t b n  the buoyancy force, the proceee should be relatively 

ineensitlve to gravity. Adelberg (Ref. 10) preaente a bubble Froude 

number, r a t i o  of 

mate expresalon 

dynamic to Woyancy forces, and givee the approxi- 

Rmax 
2 Frg - 

where R : maximum bubble radiua (break-away 61Ze) 
IIlaX 

: time required f o r  t h e  bubble t o  grow to the stze Rmx* 

In this expreseion, R and tmx should be known from experimental 
REiX 

dats (probably inexistent) or computed with sone of the theoretics1 

relations proposed by varioua authors 
* 

(Ref. 11) 

Unlike hydrostaflc behavior and.convectlon, boiling phenomenb 
* ’  

are n99, directly affected by container size Soj in. 6 toa t ,  we 

should t r y  to have the aame acceleration a d  heating levels a8 ln. 

the actual vehicle. If this is  not possible, we should evsluste the 

bubble koude number; if Frg >> 1 for both vehicle and test ,  accel- 

eration is probably not  crit ical  and ??e can use the mme heat fluxJ 

U 
For inatsnce, for bubble gnmtha 

D -  4km t a 
By P , f i  

L 

wt 
A mall container may result in greater curvature of the heating euribce, 
more rapid pressure rire or restrictions in convective currentre, which 
might. affect boiling. 
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If h >> 1 is not m e t ,  and the fume accelerat ion cannot be provided, 

boiling correlation does not appear possible. 

conelderertione assume #at boiling does occur, but It m y  w e l l  be 

that, for the low heat flux found in moat applicatione, this xihl 

B 
Of coUTae, the above 

not be the case. 

In sum, we have ~ e e n  that, in select ing the accelerat ion f o r  a 

scaled test, we have to consider the Eond number, Rayloigh number, 

and possibly bubble Froude number. 

show6 that it is not possible t o  aatiaf'y the equal i ty  of the  two (or 

three) numbers eimul.taneously. 

fluid), for a 1/10 scale  t e e t  container, we could match the Bond 

An inspection of their expreeeione 

For inntance (if we sasurne the same 

2 number with an accelerat ion i n  the t e s t  10 time6 greater than i n  the 

ac tua l  vehicle. But.then, t o  match the Rayleigh number, we would re- 

quire an accelerat ion 10 time's greater.  .The eituation would be even 

more complicated if we were to t e s t  Kith a d i f f e ren t  fluid. However, 

4 

it may be su f f i c i en t  to  s e l e c t  the t e s t  conditione 80 that we have 

the same reKlmes as those of the ac tua l  vehicle. The following pro- 

cedure IE proposed; 

a )  Use 6 8  a t e e t  fluid the  propellant of intereet. Then we 

can write 

(Bo*) vehicle I aL2) vehicle 

Lk:) vehicle IL it%L:) vehicle 
(Ra ) test aL ) ' teat  

2 (Bo+) teBt (EL ) test 

b) Selec t  a an8 L BO that we bave the eanie conveotive and 

hydrostatic regime. 
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c )  

d) 

U s e  the same heat flux 8 8  in the actual vehicle. 

Zn case there i s  boiling, and if  f o r  the vehicle Frg >> 1, 

t r y  t o  select 80 that t h i s  is also  the case in the t e s t .  

E. Test F l u i d ,  

We have seen in the preceding eection that e imi la r i ty  coneider- 

atione favor the use of the  propellants of i n t e r e s t  fo r  testing. 

Ilydrogen, oxygen and fluorine, proposed. f o r  many cryogenic vehicles, 

should be preferred. O f  these, hydrogen is  of the  grea tes t  i n t e r e s t  

because : 

a) For un-rented tanics, s t ruc tu ra l  v e i a t  penal t ies  due t o  

higher-than-predicted pressure increase would be severe 

f o r  la rge  hydrogen tAnlZa. 

For vented lanks, each pound of unpredicted hydrogen boil- b) 

off would-render useless several p o y h  of oxygen or f luorhe- .  

'Safety considerations m i g h t  prevent use of thkse fluids for  

tes te  on cer ta in  ca r r i e r s .  

though less desirable, m y  st i l l  yield useful information, msim 

If EO, t e s t e  w i t h  l i qu id  nitrogen, al- 

for  two purposes: 

B )  to show if  pressure r i s e  and/or Mil-off a r e  substantially 

d i f f e ren t  from those predicted for Isotherm1 f luids .  

to check reeul te  obtained w i t h  analytical models, so that b) 

theee can be refined and used w i t h  more confideace to pre- 

d i c t  behaeor of other propellants. 

Use of a non-cryogenic fluid is s l e o  Jue t i f i ab le  on the aame 

grounda, with the r e s t r i c t i o n  that the liquid be at aaturetion 

temperature. However, testing with the real propellants remains 86 

the moat a t t r a c t i v e  possibility. 
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Fo Container Size 

In Bection D we have diecussed already the s imi l a r i t y  coneid- 

emtiona that a f f e c t  the size of the container. 

is the hard fact of carrier capacity, which will place an upper 

limit on package size, Aside f r o m  these factors ,  a r e l a t i v e l y  la rge  

In addition, there 

container has several  advantages: 

a) It avoids the d ie to r t ion  of thermal processes due to " c r d e d '  

conditione in the tank, For example, bubbles gruwing and not 

ye t  detached from the walls may touch the main u U g e  anb be 

"absarbecl" by it due to a proximity not found in a r e a l  tankj 

and the convective currents or boundary layer  may not bave 

enough apace to develop as they would in l a rge r  veseele, 

for a given temperature gradlent, temperature dlfferencee 

in the f l u i d  will be lsrger,and-rnore e a s i l y  detected by in- 

strumentation. 

b )  

c )  l a rge r  amounts of l i qu id  permit a test of longer bumtion. 

Cryogenic propellant tanke m y  range from 2 to 20 ft. in 

diameter, b u t  the 5 to 10 it. sizes are more frequently propoed. 

Models of 1 t o  3 ft. diameter would be of reasorsble size and w e i g h t ,  

provide fairly long t e s t e ,  and possibly avoid aerioue d i s to r t ion  of 

thermal proceesee. Models much srnaller than 1 f t .  are, we feel, of 

questionable value for the type of test discussed here, although 

protsbry qu i t e  adequate for bsela research. 

If the carrier capacity or number of irllgpt8 permit it, two or 

more containers of d i f f e r e n t  size should be tested under the same 

conditione, to es tab l ieh  the validity of the eimilarrity raaeonlng 



of Section I] ana permit more confident extrapolation of r e s u l t s  to 

fu i i - s i ze  tanks 

(I. Container Shape 

Contsiner shape should a f f e c t  the t h e m l  processes i n  very fov 

gravi tyo For one thing, the ul lage location and shape, a s  determine3 

by minimum energy conaiqera%lsns,  is dif2'erent for containers of 

d i f f e ren t  shape, 

the f lu id ,  6s well as i n  a d i f f e ren t  apportionment of heating between 

the l iqu id  and vapor phases. Also, boundary layer developnent, if 

we hrtve such a regime, will be af fec ted  by the curvature of the walfs. 

Ideally, then, we would l i k e  t o  inveetigate the  shapes usually pro- 

This r e s u l t s  i n  d i f f e r e n t  temperature pscf i lea  In 

posed f o r  cryogenic tadcage: 

spheroidal cap ,  sphere, spheroid and perhaps toroid.  In pract ice ,  

cylirrder with hemispherical o r  

and f o r  the 8ake. of economy,' it. m y  be preferable  t o  invest igate  . .  
thoroughly one shape, probably a cylinder, and k n  one t e a t  under 

the same conditions of accelerat ion,  heating and propellent 

f o r  other ahapea of interest, t o  aaseaa the  magnitude of the  dif- 

ference in pressure r i se  and boil-off, 

E. "henml  Environneot 

In Section C w e  have Been t h a t  It it3 des i rab le  to have for the 

t e s t  the same heat  f l ux  a8 i n  t;he vehicle. Most missions of interecst 

require storage of cryogens fo r  several  daya and have propellant 

tanks w e l l  i e o h t e d  f r o m  the environment w i t h  f o i l  insulation. ElBch 

mission has a d i f fe ren t  heat flux p r o f i l e  depending on orienhtion, 

v ic in i ty  to the earth o r  planet, maneuver8 for mid-course corrections 

or  navigation, e td .  However, the thermal lag of the inau&tion and 
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aurroun~lng s t ruc ture  r e s u l t s  i n  r e l a t i v e l y  small and slow variation, 

of heat Input t o  the fluid. A possible specis1 cane is a vehicle 

80 oriented tbat the 8m ehinee almost permanently on one side, 80 

that there is a pronounced difference In heat flux between the "hot" 

and tlcoldt' sides of the tanks. 

For a meaningful sijrrmlation of a c t w l  conditions, the following 

methode are proposed for the t e s t e :  

a) If the  t e s t  c a r r i e r  or  ejected t e e t  pscbge have an atti- 

tude control  system w i t h  sun-seeking capabili ty,  the t e s t  

container may be exposed t o  the same environment aa  the 

a c t u a l  vehicles. 

wlth the package aligned w i t h  the  sun vector. Then a pro- 

grammed change of attitude m y  or ien t  the p s c k g e  w i t h  one 

aide facing the sun, 

heating. This approach: has the disadv6ntage of requiring - 

Conditione In the tank may be measured 

ee tab l i sh  the  idfluence of uneven 

a rather complex attitude control  system and logic, aa w e l l  

a8 r e s t r i c t l u g  the  possible test car r ie rs .  

b) A more a t t r a c t i v e  method is to have a very w e l l  insulated 

pckage, BO that external  heating I s  lower than i n  the 

a c t u a l  vehicle, and provide the deeired heat flux w i t h  

heater8 applied to the tank or t o  an Intermediate radiating 

wall, !Chi13 method ha8 aevenal Bavanbgee: it imposes no 

r e s t r i c t i o n s  on package or  c a r r i e r  a t t i t u d e j  it penaits 

varying the h a t  flux to Invest igate  i t 6  effeot on f l u i d  

conditionsj and, by proper wiring, it penmitr.5 eheaklng the 

e f f e c t  of uneven heat- w i t h  no change In package a t t i t ude .  
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Although an external  power source would be necessary, the  

very low heat  flux values and small container size would 

require  reasonably low power, 

I, Ullage Space , 

We have Been that the  location of the ulhge space m y  have IL 

major infhrence in tank pressure, depending on its location w i t h  

respect t o  the walle. 

other fac tors ,  by the  ratio of ullage volume t o  tsnk volume. 

very small accelerat ions,  the equilibrium configuration of  the 

ullage is a sphere eubmerged in the liquid. 

volume grows, its diameter may become U r g e r  than the tank's smalleet 

dimension ( the  diameter i n  an elongated cy l indr ica l  tsnk, for in- 

Thie locat ion is In turn determined, among 

For 

* 
Bowever, a8 the ullage 

stance) and the sphere becomes two hemisphere6 bounding a central 

section in contact with the  walls. The k p o r  can then be'heated . 

d i r e c t l y  and tank pressure should increase rapidly. On t he  other .  

hand, if the  accelerat ion confines the ullage agains t  the wall, a 

smsU ullage is l i k e l y  t o  r e s u l t  in higher pressure, due In its law 

heat capacity and, more important, to the small liquid/vapor Inter- 

face area on which condensation bkes  place, 

an appreciable reduction In  the rate of pressure rise could be ob- 

tained w i t h  a moderate increase in uljlirge volume, 

It m y  w e l l  be that 

It is  of in t e re s t ,  therefore,  t o  InveetigSte the effect of 

ullage size on the conditions i n  the tank. In 8 test,  this CSI). 'be 

accomplished by f i l l i n g  the vessel so that we start, for Instance, 

.It 
R C p l d 8  ( R e f .  X?) predicts that a wall-bound ullsga Wil l  be found even 
for very small accelerations.  
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with 5$ ullrtge. As t h e  test progreseee, succesalve venting cyelee 

increase the ulbge  s ize ,  80 that we cover the range from an almoet 

fuJ3 t u  en almost empty tank. Etetween venting cycles, we reproduce 

the case of pressure r i se  in a closed system for the various values 

of ullage volume, and we can also gee its Influence on venting fre- 

quency an& boil-off losses 

J. Test Duration 

WsuaUy, "zero-g" t e e t s  end with the "eero-g" period,. whsther 

offe B i g m e  3 show8 t e s t  duration for spherical veeeels of vsrious 

&lametere, or ig ina l ly  95% rull id.th lia_uia hydrogen or liquid oxygen, 

%iG for typfcal heat fluxes. 
. 

. ,  . . .  . '  
It ha6 been assumed that all the heat 

e .  

fsp.~-L 53 &de f h i d  r e s u l t s  eventually in boiling iosses, 

d Long d i m t i o n  test P e r n i t s  changing the t e a t  conditions ?n 

amestigate the e f fec t  of Borne mriablea an thermal Frmeases3 mch 

5 s  'neet flux: a c e e l e x t i o n  an& venting = t e a  

pertctds is a convenient time to change %he varlabfeti. 

The ea5 32' venting 

The m x i m  

boi l -of f  losses in each venting period (if no liquid ie l o s t  d u r q  

venting), are apDroximstely given by 

Y. cy CT2 - Tl) 
% -  ft 

where T and T are the saturation tcmperaturce corresponding to t h e  2 1 

'open" and " c L o E ~ "  pressure settines of the vent valve. 

ie only a f e w  degrees for low pressures, the f ract lon of fluid lost 

Bince T2-T1 
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i n  each venting period i e  eraall, so we would have a fairly l a rge  

number of "test periode" with the same initial pressure. 

K. Analytical  Correb t ion  

Obviously, the usefulness of the tests will be much greater  If 

test data could be c o r r e h t e d  w i t h  analytical r e su l t s  obtained with 

a mathematical m o d e l .  

behavior in very l o w  gravity is unavailable a t  present. 

To the writer's knowledge, a model of cryogen 

The compli- 

cations of ullage location in very low gravity and the variable, 

ciivergent acceleration field found i n  rotat ing o r  oscillating ve- 

hicles makes questionable the application of available mdel s  t o  the 

nZero-g'' case. 

by Clark ( R e f .  7)  does not mention any such model. 

The very thorough review of s t r e t i f i c a t i o n  phenomene 

This writer is 

engaged a t  present w i t h  some aeaociates in a study of a sui table  

analytical model which, w i t h  some f or.t;line, wcjuld enable correlation 

of future  t e s t  dsta. 

N, TEST PACKAGE 

I n  t h i s  section we describe in some de ta i l  a possible test package 

t o  implement the type of orbital t es t  under consideration. 

The container is 8 t r iple-wal l  vacuum veaael of cylindrical  o r  

spherical  shape. The inner wall is stsinless steel, compatible with M2, 

and B r e l a t ive ly  poor conductor, t o  decrease the influence of conduction 

along the walls on fluid temperature gradients. 

t o  provide f a i r l y  uniform radiation heating of the inner veesel, but  mde 

The middle wall is copper, 

In two halves w i t h  a thermal barrier interposed between t h e m  to enable 

uneven heating of the fluid. 

eulation i e  pGced, about 1.5 inches thick. 

Between the middle and outer w a l l 8  foil in-  

The vacuum vessel ie required 



for coritrol i n  the atmosphere, where the insulat ion would be otherwise 

ineffect ive,  and t o  permit Ins taUBt ion  of the experiment on the carrier 

well before launch w i t h  l i t t l e  o r  no f l u i d  lose. 
2 Heaters capable of d i ss ipa t ing  up t o  5 watts/ft are applied t o  the 

copper w a l l  and permit accurate *knowledge of heat input -to the vessel. 

fnaccuracy i n  the predict ion of heat leaks *om the environnient ie of no 

consequence because they are small compared t o  heater  power. The heater6 

a r e  wired BO that  it is  possible during the test t o  heat only half of the 

container. 

A vent valve w i t h  "open" and "close" settings of 40 and 30 psia,  re- 

spectively, i s  used. 

beheen  venting cycles. 

to  avoid boil-over. 

may be i n s t a l l e d  i n  other  paclragee. 

avoid imparting spuri'ous accelerat ions to the package. 

This range should permit f a i r l y  long " t e s t  periods" 

The valve allows a very slow decrease i n  pressure 

Valves w i t h  d i f f e r e n t  pressure se t t ings  and vent r a t e s  

The vapor i s  vented through a T to  
O .  

For one-of the 

tests, the heat exchanger type of valve may be installed to  evaluate its 

performance. 

The vesse l  is mounted on a spin table driven by pressurized gas 

which is ac t iva ted  on command t o  a sce r t a in  the e f f e c t  of s p i d n g  the 

vessel  and resulting fluid mixing on vesse l  pres8ureo 

placed by a s t i r r i n g  mechanism i n  the f luid for the samecpurpoee. 

!Phis m y  be re- 

The instrumentation consis ts  of: 

a) Three accelerometers t o  meaeure accelerat ions along w e e  perpendim- 

lar axes 
* 

* 
Units of the pendular type are available which can measure loo3 to lo"' 
g'e With + Zj4 accuracy. Another type, using an e1ectroetaticaU.y floated 
=SEI i s  b k g  developed which a n  measure down to the 10-7 g'e l e v e l  and 
possibly lower. 
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b) 

c ) 

Pressure transducers (two, f o r  redundancy). 

?latinurn resistclnce temperature transducers (number dependent on 

container s i ze ) ,  mounted on the outer  surface of the inner container. 

Open/closed sigmls f o r  valve operation. 

Current meter f o r  heater power diss ipat ion.  

Calibrated. o r i f i c e  o r  turbine flowmeter. 

d) 

e) 

f) 

VI TEST GUIDEIJiNES 

Tne preceding discussion suggests guidelines which should be of help 

i n  planning 8 p r o p n !  of o r b i t a l  t e s t s .  Clearly, a number of reasons 

ranging from new technical  f indings t o  ava i lab le  funds m y  dictate changee 

t o  *these guidelines. Y e t ,  they may prove useful, if nothing else, as 8 

starting point  f o r  further discussion. 

.1* 

2. 

3. 

4. 

&~sic .obJec t ives  of the tests ark: 

a) 

b) 

. .  
Pressure h i s to ry  in a closed c o n h i n e r  

Boil-off 10Sf3eS and frequency of venting i n  an  intermtt-  

t e n t l y  vented container. 

Iden t i fy  t h e  missions f o r  whose support the t e s t s  are intended, 

and determine the expected range of important mr iab lee ,  euch 

as accelerat ion and heat flux. "Cryogens i n  zero g" f8 much too 

vague an obcjective f o r  the tests. 

Determine test accelerat ion l eve l s  ( i n  conJuaction w i t h  c o n h i n e r  

as ?ossibPe, the same regime of heat t r ans fe r  mechanisms 8 8  in 

the ac tua l  vehicle. 

O r b i t  a l t i t u d e  must be chosen so that accelerat ion due to air 
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h g  l e  compatible w i t h  t e e t  obJectlvee. 

no lower thnn 300 N m i .  w i l l  be necesaary. 

In  moat c a ~ e e ,  orbitrr 

5.  

6. 

Uoe the propellants of i n t e r e s t  a8 t e e t  f l u i d s  whenever possibla. 

Within the l imi t8  imposed by s imi la r i ty ,  use teet containers be 

large as c a r r i e r  b y l o a d  capacity permit, If possible not much 

smaUer than 1 ft .  diameter. 

Select  t e e t  c a r r i e r  on the baaia of requirements 3 through 6 7. 

above. An a l t e r n a t i v e  I s  t o  have a t e s t  bed, ejected or  booate3 

l n t a  the desired o rb i t ,  w i t h  its own a t t i t u d e  control, te1eaetiL-j 

and power supply systems. 

If w e i g h t  allowance p e m i t e  it, test  simultaneously two OP more 8. 

containers of d i f f e r e n t  size. 

9. Reproduce In the t e e t  a8 closely 8 8  poaalble the heat f lux  ht0 

the a c t u a l  tmb. 

accomplished w i t h  i n t e rna l  heatere in a heavi ly  insulated containerr 

Start the  t e s t  with a s m l l  ullage space, so that i n  the successive 

This can probably be more conveniently 

10. 

periods between venting cycles the range from almoet Full to 

almost empty tanks can be investigated. 

P h n  the number of t e s t a  and t e s t  procedures to  Ilnveetigata the 

e f fec t  on pressure and boil-off of a6 many a8 poseible of the 

following var iables  t 

a) Acceleration 

b) Heat flux 

e) U g e  space 

a) Contsiner s i z e  

e) Contsiner ahape 

U. 
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f )  Fluid 

g )  Venting rate 

In addition to the basic test objectives under 1, consider 

invest i s t ion  oft 

a )  

b)  

c ) U g e  control devices. 

d)  Slashing 

e)  Thruet for p r o p e l h n t  settling. 

f) ~ n s u ~ a t i o n  technique8 

Generate a suitable analytical model for correlation of t e s t  

data. 

Stirring or spinning to "homogenize" fluid. 

Expansion valve-heat exchanger vent system., 

12. 

13 

M e  . CONCLUSIONS 

Orbital tests &re the best and perhaps the only method of obtaining 

urgently needed experimentEd data for the deeign of cryogenic prOpuli3iOn 

system8 In very low gmvity. 

meaningful engineering data. 

reasomble s i ze  and weight would cover L) wide spectrum of missions and 

variables. 

Guch tests appear feasible and should provide 

A smsll number of teste Kith a package of 

I t  is  hoped that thie paper w i l l  stirmrlste the pLannhg and 

COaduct of such teste. 
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a = accelerat ion 

Bo = Bond number 

= drag: coef f ic ien t  

* spec i f ic  heat a t  constsnt pressure 

cD 
C 

P 
Cv = spec i f ic  heat a t  constant volume 

D = diameter 

FrB = bubble Froude number 

= accelerat ion of gravity on earth go 

G r  = Grashof number 

H = o r b i t  a l t i t u d e  

H,, = heat of vaporization 

k = t h e m 1  conductivity 

L - cha rac t e r i s t i c  length 

M - mass 
p - pressure 

. 

Pr = Prandtl number 

q" = heat flux 

r = radius of curvature in circular laotiop 

R = bubble mdius 

R& - Rayleigh number 
U 

Ra 4 modified Rayleigh number 

t 0 t i m e  

I! = absolute temperature 



W - weight 

Cy = thermal diffueivity 

B = coefficient of t h e m 1  expmalon 

AT - temperature difference between heater and bulk fluid 

p = aynamic vlecoelty 

V = kinemtic viscosity 

p - density 
Q = surface free energy (surface tension) 

SUBSCRIPTS 

k = of the liquid 

21 = total  

v = of the vapor . 

x = a t  the wan 
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STATIC AND DYNAMIC BEHAVIOR OF THE LIQUID-VAPOR 

INTERFACE DURING WEIGHTLESSNESS 

by E. W. Otto 

Lewis Research Center 

ABSTRACT r W 3 %  
The problems encountered in attempting to operate systems contain- 

ing a free liquid-vapor interface in a weightless environment are sum- 

marized. The literature reporting the research applicable to or directed 

toward solutions for these problems is reviewed. Results of the research 

deflriing the configuration of the interface as a function of liquid prop- 

ertes and' system geometry are discussed. The results of experimental 

studies of the dynamlc behavior of the interface in response to changes 

in gravity level, to outflow disturbances, and to acceleration disturb- 

ances &e presented. This. study places iarticular emphasis on determina- 

tion of the scaling laxs.that permit predsetion of the interface.behavior 

as a function of model size. 
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STATIC AND D33AMIC BERAVIOR OF THE LIQUID-VAPOR 

INTERFACE DURING WEIGHTLESSNESS 

by E. W. Otto 

Lewis Research Center 

1, INTRODUCTIOK 

The increasing sophistication of space vehicles and t h e i r  missions 

has subjected an increasing var ie ty  of liquid-vapor systems containing a 

free interface t o  a new environment--that of zero gravity. On the h r t h  

these systems re ly  almost invariably on the  body force created by the 

Earth’s gravitational f i e l d  t o  separate and locate the l iquid and vapor 

i n  a consistent predictable manner, Thus, l iquids s e t t l e  t o  the bottom 

of tanks, vapors separate from liquids and can be vented off i f  necessary 

a t  the high points i n  systems, and f ree  conyection and buoyancy effects .  

a s s i s t ’ i n  the transfer of heat. I n  a zero-gravity or weightless environ- 

ment, however, the gravitational or acceleration body forces are absent, 

vhich introduces a number of questions concerning the behavior of the  

liquid, both s t a t i c  and dynamic, and the effect  on heat-transfer phenom- 

ena, This paper presents a survey of the various problem areas in  the  

liquid-vapor systems t o  be used aboard spacecraft and a review o f  the 

l i t e ra ture  reporting the research applicable t o  or  directed toward the  

solutions fo r  these problems. The resu l t s  of experimental studies of the 

behavior of the  interface i n  response t o  changes i n  gravity level, t o  out- 

fl’ow disturbances, and t o  acceleration disturbances with particular em- 

phasis on the  s c a l t w  l a w s  governing the  phenomena are also presented, 

X-52016 
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2, PROBIZ24 AREAS 

2.1 Propellant Tank System 

A schematic diagram of a typical  space vehicle propellant tank sys-' 

tern is sham i n  Fig, l ( a ) .  

liquid-vapor interface t h a t  i s  subject t o  a nmber of disturbances, such 

as heat gain and acceleration perturbations, as shown, 

Main propellant tanks contain a large, free 

The primary function of a propellant tarik system i s  t o  store the  

liquid i n  readiness for use by the engine. 

interface and the propellant i n  response t o  tne various disturbances will 

be important t o  the  engine restart operation. If these perturbations are 

suff ic ient ly  severe, they may move l iquid completely away from the area 

of the  pump in le t ,  thus making it necessary t o  col lect  the  l iquid by ac- 

Thus the behavior of the 

- celeration of the 

start the  engine. 

blem of a l imited 

vehicle along the thrust axis befor'e attemp'ting t o  re- 

Even if the l iquid i s  over the in le t ' there  is  the pko- 

quantity of l iquid being available t o  the pmp due t o  

the possible pull-through of tne l iquid immediately above the tank out le t  

and the consequent ingestion of excessive vapor. 

The heat gained by the tank may necessitate venting ciuring long 

szorage conditions. 

effect  of the zero-gravity environment on the heat-transfer mechanism. 

The success of the venting operation w i l l  depend on the  behavior of the 

l iquid i n  response t o  t.he disturbances, It may be necessary t o  collect  

the l iquid and vapor before each vent cycle in  the same manner as fo r  the 

engine s ta r t ing  operation. 

The required frequency of venting trill depend on the 

m e  perturbations of the a t t i tude  control system, i f  suff ic ient ly  



severe or if in resonance with the natural frequency of the surface, may 

cause liquid to move over the top of the tank and down the other side. 

Aside from causing trouble with venting procedures and possibly' pumping 

operations, this liquid circulation constitutes a shifting center of 

gravity of the vehicle and may cause severe stability problems in the 

attitude control system. 

2.2 Space Power Systems 

A schematic diagram of a typical space power system is shown in 

Fig. l ( b ) .  

tems, one in the evaporator and one in the condenser. The behavior of 

these interfaces is complicated by the addition of heat in the evaporator, 

the removal of heat in the condenser, and the probable impact of droplets 

Two free liquid-vapor interfaces normally occur in these sys- 

at high velocity on the interface in the-condenser. 

The principal fluid dynamic problems in these systems are the avoid- 

ance of liquid carryover from the evaporator to the turbine and of vapor 

carryover from the condenser to the pump inlet. In a normal gravity or 

equivalent acceleration environment these problems are avoided by proper 

elevation and orientation of the various components, In a weightless en- 

vironment where the stabilizing effects of buoyancy are absent, however, 

liquid and vapor carryover may become difficult to avoid. The situation 

may be aggrevated by random acceleration from attitude tbrustors, drag, 

crew movements, etc, Further complications will come from the loss  of ob- 

vious positional stability between tubes of evaporators and condensers em- 

ploying multiple tubes and from possible changes in heat-transfer mechanisms 

in the tubes. 
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2.3 L i f e  Support Systems 

A schematic diagram of a typic&l configurstion of a l i f e  support sys- 

t e m  employing a subcr i t ica l  or  l iqu i f ied  storage system for  the oxygen is 

shown i n  Eig. l ( c ) ,  Two large, f ree  liquid-vapor interfaces occur i n  

these. systems, one i n  the owgen supply tank and one i n  the water receiver 

tank. A third liquid-vapor interface is found i n  the water separator. 

The problems i n  the tank systems are s i m i l a r  t o  those encountered i n  

the main propellant tank except t ha t  here the principal problern is  t o  pro- 

duce or  vent vapor from the tank without l3ss of liquid. I n  the case of 

the oxygen supply tank t h i s  vapor is generated by the addition of heat, 

and any changes i n  heat-transfer mechanisms w i l l  become important as i n  

the propellant tank system and i n  the evaporator o f  the space power system. 

In  addition, ljecause the  heat must be added t o  the l iquid in  order t o  

generate vapor, the configuration, locatlon, and dynamic behavlor o f  the 

. 

l iquid will be important i n  desig@ng the heating system. 

t ion perturbations imposed by at t i t tde thrusteys, drag, crew movements, 

etc, w i l l  muse movements of the l iquid i n  each tank similar t o  t ha t  i n  

the main propellant tank. 

The accelera- 

The separation of water or water vapor from a moving gas stream is 

nsua1l.y accomplished by impingement of the air stream against a cooled 

surface, whfch condenses the water vapor. 

t o  the  receiver, 

an3 other means must be found t o  remove the water from the condensing sur- 

The water then drains by gravity 

In  a weightless environment the drainfng action is  l o s t  

face. 
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2-4  Fuel C e l l  Systems 

Figure l ( d )  shows a typical  P?el c e l l  system using oxygen and hydro- 

gen, both stored in  a i iquid state, 

ten! are the same as those of l i f e  support systems, 

The problems encountered i n  t h i s  sys- 

2.5 Miscellaneous Systems 

The principal f l u id  dynamic problems in  weightlessness have been il- 

lastrated i n  the previous discvlssions of the various systems, These prob- 

lems O C C ; ~  tc, a greater or lesser  extent Ln a i l  space vehicie systems con- 

taining l iqc id  and vapor, There a re  cer";ain zero-gravity problems, how- 

ever, tha t  are rmt fully covered by t h e  previous examples and tha t  have 

been receiving end w i l l  conthue t o  recefve a great deal of attention- 

namely the biomedical problems, Those aspects of the biomedical problem 

that  involve a liqxYcl-vapor h t e r f a c e  are sxbjecf t o  t h e  same f lu id  be- 

'havior description as  for  mechanical systems, althmgh they are probabiy 

not subject t o  the same soiutiocs, 

. .  .. 

Many of the biomedical problems appear, 

however, t o  be rela+,ed t o  the e f fec t  on individual c e l l  behavior of the 

l o s s  oI" molecTiLar body fzrces, vhlch is  beyaid the scope of t h k  paper. 

2,6 Summary of Frcbiems 

Despite the great var te ty  of systems, the fluid behavior problems 

can be resolved in to  a few'basic categories as follaws: 

1. Interface ':onfiguration 

a. Shape a d  location of the interface 

b, Separation of l iquid and vapor 

2, Interface Gynamics 

3. Pool Boiling Heat-Transfer Mechanisms 

4. Evaporation and Condensation Phenomena 
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It w i l l  be found convenient t o  discuss the f luid behavior phenomena.in 

terms of these broad categories. 

the analytical  and exgerimental research studying these phenomena w i l l  be 

made. This is not intended t o  be an exhaustive review but a broad treat- 

ment t o  aquaint the reader with the general state of the art .  

references cited contain extensive bibliographies w i t h  which the subject 

may be pursued i n  more detail ,  

In  the  following section a review of 

Many of the 



3. RESEARCH EFFORTS 

3.1 Discussion of Analytical Concepts 

In  studying the change i n  f lu id  behavior or  basic mechanisms be- 

tween l-g and 0-g, one is  led t o  examine the  change i n  forces or force 

levels i n  going from one gravity f i e l d  t o  the  other. In  general, the 

forces acting on a l iquid are the i n e r t i a l  forces and the intermolecular 

forces, which are exhibited in  the form of the  surface-tension forces. 

Under 1-g o r  earthbound conditions a l iquid in  a container is restrained 

from ac'celerating f ree ly  in  the gravity f ie ld .  

the i n e r t i a l  Forces predominate, and only small effects  of the surface- 

tension forces are noticeable. Typically, the effects  of dominant i n e r t i a l  

forces are  the  shaping of l iquids i n  ta-nks, the weight of the liquid, the 

hyQostatic pressure of' l iquid columns, the rise of vapor bubbles i n  l iquids 

due t o  buoyancy, and the convection currents i n  l iquids as a resul t  of 

heat inputs. Although the surface-tension forces are s m a l l  i n  comparison 

with iner t ia  forces at  1-g, the i r  effects  are s t i l l  observable in  the  

meniscus o f  liquids i n  contact with sol id  bodies and i n  the capillary r i s e  

or  depression i n  small diameter tubes, 

TTnder these condPtions 

- 

When a l iquid or a system containing l iquid and vapor is  allowed t o  

accelerate f ree ly  i n  the loca l  gravity f ie ld ,  the ine r t i a  forces disappear 

and the surface-tension forces remain. These forces are dominant i n  deter- 

mining the equilibrium configuration and the l iquid configuration dynamics, 

and they play a larger role  i n  the heat-transfer mechanics. 

cerning the behavior of f luids i n  a weightless environment has there- 

fore involved study of surface-tension or surface-energy phenomena and of 

Research con- 
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t he i r  e f fec t  on f lu id  behavior. 

3.1.1 Early History of Surface-Ehergy Studies 

The history of t h e  study of surface-tension phenomena can be traced 

as far back as Leonard0 da Vinci and S i r  Isaac Newton. It was Young, 

however, who first established the theory by demonstrating how the princi- 

ples of surface tension and contact angle can be used t o  explain a great 

many capi l lary phenomena. 

foundation by Laplace and later Poisson. 

by Gauss, who applied the principle of conservation of e n e r a  t o  the  sys- 

The theory was put on a firm mathematical 

Further developments were made 

tem and obtained not only the  equation of the free surface but a l so  the 

conditions of t he  contact an@e, Other earlier investigators include 

Eupre, Rayleigh, Gibbs, and Plateau, who x t i l i zed  soap bubbles and other de- . '  
' vices.  t o  deteimine the  equilibrium configuration of liquids, Later in- 

vestigations were carried out by Langmuir and Harkins i n  the United States 

and by Adam md Burdon i n  England 

3-1.2 Liquid Contact Angle 

Consider a l iquid i n  contact with a soiid surface as shown i n  Fig. 2, . 

The free surface energies at the sol id  liquid-vapor interfaces may be 

represented by the surface-tension forces acting i n  the direction of the 

surfaces. The angle a t  which the l iquid meets the sol id  supface, measured 

in  the liquid, i s  the contact angle. 

For the  l iquid t o  be i n  equilibrium with the solid. surface, the 

surface-tension forces at  the sol id  liquid-vapor interfaces must be i n  

balance para l le l  t o  the sol id  surface. Therefore, 
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and 

%s - 52s 
Ov 2 

9 = cos-1 

where uvs, o I s ,  and bvz are the surface tensions, o r  surface energies, 

of the vapor-solid, liquid-solid, and vapor-liquid interfaces, respec- 

t ively,  mAd 9 is the contact angle. (Equation (I) i s  'mown as the 

Young-Ihpre equaticn,) 

the magnitudes of t h e  three surface-tension forces. 

i s  between 0 and 1, the contact angle l ies  between 0' and 90°, and the 

It i s  observed tha t  the contact angle depencis ori 

h%en (FvS - Czs)/5v2 

common convention i s  t o  c a r i  the l iquid a wetting liquid. 

( civs - uzs)/bv2 

-tween 90° and 180°, and t h e  liqit-Id is said t o  be nonwetting liquid, 

contact angle should remain constant i n  m y  gravity f ie ld ,  including a 

I f ,  however, 

l i e s  between 0 and -l;, the  contact angle will l i e  be- 

The 

weightless environment, because the intermolecular forces tha t  are ex- 

hibited i n  the  surface-tension forces are independent of the leve l  of the 

gravity f ie ld ,  

3.1,3 Presswre Ijif f erence Across the 

Liquid-Vapor Interface 

Although t h e  property commonly referred t o  as s-xface tension is an 

energy, it behaves i n  every way l i k e  a tensicn and tries t o  make the SUT- 

face 

c d ,  

side 

t h i s  

as small as possible. 

and the tendency af the surface t o  contrack increases the pressure in- 

the drop. 

pressure difference between the  inside and outside of the drop is  the 

Thus a drop of l iquid tends t o  become spheri- 

Because the  pressure everywhere inside t h e  drop i s  the  same, 
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pressure drop across the interface and i s  given by the  following expres- 

sion: 

2a 
D p = -  R 

where R i s  the radius of the drop or more generally the radius of curva- 

ture of the interface for  a spherical interface, This expression is  found 

everywhere i n  the l i t e ra ture  and is simply derived by equating the surface- 

tension force acting along a meridian circumference t o  a pressure dif-  

ference times the circular area enclosed by t h i s  meridian circumference. 

I f  the interface i s  not sphericai, the pressure drop i s  given by the more 

general equation 

3.1.4 Dimensionless. Parameters 

Dimensionless parameters have been employed i n  the f ie id  of f lu id  ’ 

mechanics t o  describe behavior s imilar i t ies  between systems 3f different 

size and t o  define different behavior regiom. For instanre, Reynolds 

number and Raykigh number define the conditions required t@ obtain s i m i -  

lar flow and convection current characteristics, respectively, i n  dif-  

ferent sized systems, and they also define regimes of different behzvior, 

Other dimensionless parameters t h a t  have been found usefal i n  the f i e ld  

of f luid mechanics are Grashof riiLmber, Prandti nuan’er, Fro?J.de nunber, 

Nusselt number, &ch number, etc, These parameters are useful t o  the  

theorist  i n  providing an insight into the basic behav’ior mechanism and 

useful t o  the engineer when studying the behavior of full-sized systems 

through the use of models. 
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Two dimensionless parameters tha t  are useful i n  the f i e ld  of cap- 

i l l a r i t y  are Bond number, t he  r a t i o  of gravitational or- acceleration 

forces t o  capillary or  surface-tension forces, and Weber number, the 

ra t io  of pressure or  i ne r t i a  forces t o  surface-tension forces. 

parmer,ers are defined iii te-ms of the physical constants of the system 

These 

as follows: 

where p is the  l iquid density, L i s  a dimension characterist ic of the 

system, a 

res t  on Earth), and V is the local  flow velocity. 

i s  the acceleration imposed on the system (equals 1-g when at  

Bond' n F b e r  (Eq.- ( 5) ) defines the acceleration or .gravftp regimes in  
. . -  . . ,  

which either acceleration or dapillary forces dominate. 

when the Bond number i s  larger (greater than one) acceleration forces 

dominate, whereas when the Bond number is small ( l e s s  than one) the 

surface-tension forces w i l l  be dominant i n  determining the f lu id  mechanisms. 

Bond number should also be iuseful i n  gredicting the c r r t i c a l  acceleration 

of the l iquid gas interface, 

For instance, 

Weber number (Eq. ( 6 ) )  defines the behavior of the interface i n  the 

presence of flow forces. When the Weber number is  large the flow forces 

predominate and the capillary forces are insignificant, whereas when the  

Weber number is small the capillary forces w i l l  shape the interface. By 

rearranging the  expression fo r  Weber number an indication of the transi- 

t ion t i m e  for  zero-gravity phenomena, such as interface formation or wave 
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period, may be obtained: 

The -value of Weber 

configuration. 

P 2  L3 We = ; j V L =  

T =  

number will be empirical depending on the specific 

(7 )  

Reynolds [l] nas portrayed the various hydrodynamic regimes BS a 

function of Bond and Weber numbers as shom In Pig. 3, which is taltren 

from his work. 

diagram--namely, the Froude number, which is the square root of the ratio 

of Weber number to Bond number. 

inex-tca 'dominated regime apd the acceleration domiiated regime.. 

A new dimensionless parameter is introduced in this 

It defines the boundary between the 

This 

diagram provides a useful .means of visualfzhg the several hydrodynamic 

regimes as defined by the several dimensionless. parameters, 

3.1-5 Effect on Facility Eieqdrements 

Several t3-s of zero-gravity facilities have been proposed such as 

drop towers, airplanes, ballfstic rockets, orbiting vehlcles, and drops 

from balloons, helicopters, and canyon bridges, Each of these involves 

the technique of free fall, or equilib.brim with the local gravity field, 

to obtain a zero-gravity environment, Of 'these, the drop tower employing 

a drag shield around a freely-floating experiment, the airplane flown m 

a ballistic trajectory, and the ballistic rocket have been the most used. 

The study of the various aspects of fluid mechanics in zero'gravity 

requires zero-gravity facilities with different characteristics, For 



instance, the  bubble behavior produced by heat t ransfer  is a high speed 

phenomenon, and only a short-time f a c i l i t y  such as a drop tower is re- 

quired. 

system are  being studied, as in  a closed propellant tank, a f a c i l i t y  of- 

fering several minutes of zero-gravity time is  required, such as a bal- 

l i s t i c  rocket. The study of forced convection mechanics, or the behavior 

of evaporators or  condensers, requires re la t ively short times such as are 

available in  drop f a c i l i t i e s  or airplanes. I n  these studies, the in te r -  

face i s  generally so small that  small perturbations of %he order of a 

On the  other hand, if the heat-transfer characterist ics i n  a 

feF: mil l i -g 's  are not important as indicated by t'ne Bond number criterion. 

In  studying the behavior of large l iquid vapor interfaces as i n  models of 

propellant tanks, however, the  acceleration level  provided by the f a c i l i t y  

becomes impor ta t  as does the  i n i t i a l  disturbance. If the zero-gravity 

t i m e  i s  long enough for  t he  i n i t i a l  disturbance t o  damp out or be negated 

by a collection and release maneuver, however, it becomes less  of a con- 

sideration. 

The expressions for Bond an3 Weber numbers (Eqs. (5) and ( 6 ) )  can 

be used t o  provide an estimate of the zero-gravity t i m e  and maximum 

gravity leve l  allowable i n  a f a c i l i t y  t o  perform interface studies. A 

plot of the  predicted interface formation time and allowable acceleration 

or g l eve l  as a function of model size is shown i n  Fig. 4. The allowable 

acceleration level  resu l t s  from the  expression for  Bond number using an 

experimentally determined Bond number near one with L corresponding t o  

the radius. The interface formation t i m e  is obtained from the expression 

f o r  t i m e  developed from the Weber number relat ion using a Weber number of 
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one and an experimentally determined characterist ic length (5). 

significant aspect of Fig, 4 is the l o w  acceleration or g level required 

for  interface experiments in the 2- t o  20-inch range (the most desirable 

model range). 

sha l l  be low. 

has prevented the successful use of airplane f a c i l i t i e s  for interface ex- 

periments even though their  15-second time has been very attractive,  

The most 

This requirement also implies that the initial disturbance 

It is th i s  acceleration and disturbance requirement tha t  
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3.2 Interface Configuration 

3 . 2 . 1  Shage and Location of the Interface 

The configuration of the  liquid-vapor interface under weightless 

conditions has been studied analyt ical ly  by several investigators. 

Benedikt [Z] and Reynolds ill" have calculated exact solutions fo r  the  

configuration of the interface between para l le l  plates as a function of 

the gravity leve l  or Bond number and, from these calculations and the  

grinciples involved, have inferred the  configuration of the interface in 

other geometries.' Li [ 3 ]  has used che principle of the ;rini!r,LzaTi-on of 

the f r ee  surI'ace energies t o  predict the  interface configin-ation i n  many 

geometries. A l l  these analyses indicate that the interface configura- 

t ion  is primarily dependent on t h e  contact angle and that during weigh+,- 

lessness .the liqui'd vapor interrace tends t o  assume a constant curvatme 

surface that '  in tersects  the tank w a l l  at the- contact angle. 
P 

The r e su l t s  of the  calculations for  the  configuration of the i n t e r :  

face between two pa ra l l e l  plates as obtained by Reynolds are presented 

in  Fig. 5. The calculations present the interface configurations for a 

relat ively wetting l iquid (contact acgle, loo) and a re la t ive ly  non- 

wetting l iquid (contact angle, 140') each a t  a series of Bond nunbers 

from zero ( t rue  weightlessness) t o  inf in i ty  (essent ia i ly  representative 

of 1 g) .  A t  a Bond number of zero the interface i s  a surface of con- 

stant curvature intersecting the w a l l  at the contact angle. The contact 

angle determines whether t he  surface is concave or convex. .The increased 

* 
Reynolds indicated that he also found the  calculations i n  the works 

of Rayleigh. 
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dis tor t ion  of the surface from its constant curvature configuration as 

Bond number increases is apparent. 

The results of tFe calculations for the  two-dimensional case may be 

used t o  infer the  configuration i n  three-dimensional geometries. Fig- 

ure 6 shows the  predicted configuration f o r  cylinders and f o r  spheres as 

a function of t he  contact angle and f o r  the volume fract ion of l iquid i n  

spheres. These predicted configurations are for  a Bond number of zero. 

Five general configurations are shorn for  spheres ranging from an inl- 

bedded vapor bubble f o r  a l l  f i l l i n g s  at zero-degree contact angle to a n  

imbedded l iquid mass for all f i l l i n g s  at the hypothe+,ical contact angle 

o f  180'. The curved l i n e  indicates t h e  combination of contiict angles 

and fq l l ings  a t  which the interface i s  flat as depicted by the  center 

diagram.' The diagr&s an ei ther  side of center are generally represen- . 

t a t i ve  of the configurations obtained for  the combination of contact 

angles and f i l l i n g s  i n  the surrounding area. The configurations pre- 

dicted f o r  cylinders do not show t.he ecd effects  tha t  would be encoun- 

tered i n  tanks with normal ends. 

corEigurations may be inferred frorr, the  configuration for  spheres. 

For tanks with hemispheTical ends, the 

Experimer;tal verificatior,  of t h e  predicted inte-face configurations 

has depended heavily on a suitable zero-gravity f ac i l i t y .  ?he author 

and h is  colleagues conducted a ser ies  of experiment-; i 4  and 51 i n  the 

NASA Lewis Research Center 2.3-second iir-op-t.ower f a c i l i t y  chat verified 

the predicted configurations. These experiments were conducted using 

l iquids with three different contact angles i n  spheres, cylinders, and 

cones at several different  f i l l i ngs .  L%e resu l t s  f o r  t%he range of con- 

di t ions can be represented by Fig.. 6; however, photographs of several 
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interface configurations are shown i n  Fig. 7 .  Clodfelter [SI has re-  

cently used the 1.85-second drop f a c i l i t y  at W r i g h t  Elgeld t o  confirm 

sgme of these r e su l t s  and has extended the work t o  show some interesting 

end ef fec ts  i n  flat-bottomed cylinders. 

3.2.2 Separation of Liquid and Vapor 

Although the analyt ical  and experimental resu l t s  indicate tha t  the 

interface configuration can be predicted for  simple containers given the 

contact angle and ullage volume, the location of the l iquid and vapor i s  

often undesirable from the standpoint of re l iable  pumping and ventlrlg;. 

This is especially t rue  f o r  a wetting l iquid ( typical  of most propellants 

culxrently being considered) i n  spherical or nearly spherical tarks, be- 

cause the location of the  vapor bubble is  random. Under Chese conditions 

re l iab le  pumping and venting cannot be asswed, and a substantial  portion 

of the zero-gravity research e f for t  is concentrated on methods of obtain- 

ing re l iab le  separation of the l iquid ahd vapor. 

3.2.2.1 Acceleration Fields 

The method tha t  is i n  use at the present time i s  the creation of an 

acceleration f i e l d  by the use of ullage rockets. Although t h i s  method 

appears t o  work well, it becomes heavy if more than a few engine starts 

o r  Yeriting cycles are required. Spinning tile propellant tank has been 

proposed as a means of separating l iquid and vapor but has not received 

much serious consideration. The use of an acceleration f i e l d  t o  separate 

l iquid and vapor, however, appears pract ical  i n  the case of l iquid sepa- 

ra tors ,  i n  evaporator tubes, and possibly i n  condenser tubes. In the 

case of l iquid separators, energy from the gas and l iquid stream would 

be used t o  create a centrifuge action t o  separate the  liquid. I n  the 
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evaporator and the  condenser tubes, a sp i r a l  tape inserted i n  the tube 

has been proposed. E'vans [ 7 ]  studied such a geometry by using bubbles 

i n  water and found the  sepmation good. 

3-2.2.2 Capillary Baffles 

The analyses fo r  defining the  configuration of the  interface indi- 

cated a reduction of system energy as the  interface changed from its 

normal gravity configuration t o  the  zero-gravity configuration. It 

therefore appeared proxising t.0 study the ab i l i t y  of ta,nJs geometries 

providing 8ppreciable changes i r r  surface energy to position the l iquid 

and vapor ir ,  acceptable configurations. 

probably has occurred t o  Eost investigators i n  fhe f i e l d  and has been 

suggested and analyzed by Reynolds [l] I s  a tube niouted over the pump 

inlet  concentric with the ver t ica l  centerline with holes around the 

bottom t o  allow f lu id  kransfer between'the ta&x ana the  tube as shown'in 

Fig. 8 (a) .  - A n  analysis using ei ther  surface eneygy or' capillary pressure 

A sinLp'ile zonfiguratio6 that  

. .  

drop can be made, which shows that a vet t ing l iquid should r i s e  i n  the 

tube when the  tube dianeter i s  less than one-haif of the tank diameter 

and f a l l  i f  it Ls grea%er than one-h&lf of the tank d imeter .  This be- 

navior i s  a positive dmionstrzzion of Lhe tendency of the  surface energy 

t G  miLimize [e]. Secause of t h i s  micimization or" the swface energy, the 

liquid then takes the configuration ir. weightlejsness shown i n  Pig. 8(bi. 

vapor i s  maintained i n  tne area of the vent. 

The author and h is  colleagues hme studied the performance of t h i s  

geometry i n  a ser ies  of experiments i n  the Lrop tower f8 ana 9: and in  

the VA-7 spacecraft [loin A desir-abie chamcter is t ic  of t h i s  geometry 

300 



i n  spheres and t o  some extent i n  cylinders i s  i t s  a b i l i t y  t o  recapture 

the l iquid following an excessive accelwation disturbance. 

which i s  shown i n  Fig. 9, shows the r e sa l t s  of drop-tower tests i n  which 

the standpipe baff le  w a s  at various i n i t i a l  angles t o  the gravity vector. 

For the 90° t e s t  t h e  time available was insufficient t o  allow complete 

f i l l i n g  of the baffle.  The tendency of the baff le  t o  f i l l  with l iquid 

This effect ,  

was also noted at i80°, but again 

p le t e  f i l l i n g  of the  baffle.  The 

configul-ation is i t s  inabi l i ty  t o  

vapor bubble over the vent i f  the 

the 

the 

' the 

height of the sphere. I f  the 

the time was insufficiect  t o  allow com- 

most serious shortcoming of t h i s  baffle 

provide rel iable  posLtioning of the 

standpipe is more than 50 percent of 

tank i s  f i i l e d  t o  more than 83 percent 

I 

resul t ing ullage bubble w i l l  f l oa t  f ree  [ 9 j ,  

In an e f for t  t o  overcome %he shortcomings of the standpipe design, 

This design u t i l i ze s  a geometry shown i n  Fig. 10 was proposed [9]. 

sphere within the spherical tan& somewhat offset  i n  the direction of the 

pump in le t .  The actton i s  such that the  vapor bubble tends t o  re turn t o  

the location (over the vent) where it can become most nearly spherical 

(which represents the  condition of minimum energy) a f t e r  an excessive ac- 

celeration. For a geometry i n  which the inner sphere i s  50 percent of the 

tank diameter and the offset  i s  10 percent of khe tank diameter, the t a r -  

can be f i l l e d  t o  95 percent without the ulLage bub5le floating feee. >The 

tapering sections provide a s table  interface posit ion around the  tarik as 

it empties, and the  geometry provides an excellent resistance t o  vapor 

pull-through during pumping i n  addition t o  the capabili ty of complete 

volume pump-out. By mounting the inner sphere on webs between it and the 

lower half of' the tank, an even stronger pumping geometry is  created. 
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3.2.2.3 Screens 

The use of screens has been proposed as a means of trapping a suff i -  

cient quantity of propellant over the  pump in l e t  t o  start the engine. 

staff o f  t he  Bell Aerosystems Company [ll] has made an extensive study of 

The 

the  a b i l i t y  of screens t o  re ta in  propellants over t he  pump inlet. 

cases, small mesh screens were employed tha t  were capable of retaining 

liquids i n  model tanks i n  a normal-gravity f ie ld .  A screen configuration 

I n  a l l  

that  was studLed iritensively i s  shown i n  Ffg. 11 (%&en from [11]>. When 

the acceleration i s  directed normal +,o t h e  5 c ~ o e x  %s ir Pig. l l ( a ) ,  the 

screen lies i n  an equipotential surface of the  acceleration f ie ld ,  and 
I 

the volume trapped behind the  screer. is equivzlent to a closed tube with 

a screen across the  open end. The small mesh screens s tab i l ize  the SWT- 

face while the actual  holding force is  provided by the  ullage gas pres- 

sure as shown i n  the enlarged’section. In  th i s  corlfiguration a screen with. 

a mesh of approximately 0.1 inch shocld be capable of retaining l i q u i d ,  

against an acceleration equivalent t o  nomai gravity. The a b i l i t y  of 

screens t o  re ta in  propellant agcinst transverse yrehicle accelerations as 

shown i n  Fig. ll(b) is  much les.5 than for norma; sc-elerations. This 

configuration is ~n0i-e analogous 50 an  open :,ube with a stabil izing s c ~ e e r  

across one end. In  t h i s  case, there is  a head. difference mbject ‘TO the 

acceleration tha t ,  ih  turn, sets  up E pres=we differtnce xhat theri &Lust 

be retained by the pressure difference dewe7_0ped acI-ose the interface ir ,  

the screen openings as shown i n  the  er_hrged section. The mesh of screens 

to r e s i s t  transverse accelerations must be much f iner  thap for normal ac- 

celerations because of t h i s  d i f fe ren t ia l  head.> 
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Two configurations using screens tha t  appear promising are shown i n  

Fig. 1 2  (taken from the B e l l  study [ll]). 

sign appears more promising because of i t s  a b i l i t y  t o  achieve complete 

bubble-free expulsion fo r  any f i l l i n g  of the tank. It i s  interesting t o  

note tha t  i n  t h i s  configuration the  a b i l i t y  t o  re ta in  propellant against 

adverse vehicle accelerations i s  equal for t he  transverse and axial ai-  

O f  these the  'spiral hose de- 

rections. 

Screens do not provide positioning of the vapor bubble over the  vent 

except Tor very complicated geometries involving multiple screens, vhich 

appear t o  have shortcomings i n  obtaining complete expulsion. 'Their main 

advantage appears t o  be the a b i l i t y t o  resist a higher acceleration dis- 

turbance than baff le  systems for  a given weight. 

3.2.2.4 Dielectrophoresis 

The principle of dieledtrophoresis.has been proposed as a means of 

orienting 'or  positioning the l iquid and vapor i n  the propellant tank.  

When a d ie lec t r ic  l iquid and vapor are placed i n  a nonuniform e lec t r ic  

f i e ld  the  liquid w i l l  tend t o  move into the region of highest f i e l d  

strength. This 2rincipl.e has been well known for  some time and can be 

found i n  texts ori c lass ica l  electmmagneti.cs. 

the application of the principle t o  the positioning of' l iquid i n  a pro- 

pellant tank both analytically and experimentally and has demonstrated 

collection into predicted configurations. 

Aerosystems Company Ell] has also made a study of systems employing di-  

electrophoresis t o  position l iquid i n  the  tank. Their experiments in- 

c ludedthe measurement of the pressure induced by the  e lec t r ic  f i e ld ,  

which they found t o  be variable and not completely predictable. 

Blac-hon [ l2]  has studied 

The staff of the B e l l  

Thus, 
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while they agreed tha t  l iquid could be collected i n  an electrode system 

i n  zero gravity, they could not predict t he  ab i l i t y  of the system t o  re- 

t a i n  the l iqu id  against a random acceleration. It appeared %hat the in- 

duced pressure inconsistencies may 'haye been due t o  pract ical  geometry 

problems causing unwanted f i e l d  concentrations and t o  time and tempera- 

tu re  variation of the e l ec t r i ca l  properties of liquids. The conclusions 

from both investigations w e r e  that  dielectrophoresis may be a useful ef-  

fec t ,  but t ha t  more knowledge conceyning the  electr ical  properties of the 

liquids and more development i s  necessary. 

3.2.2.5 Temperature Gradient 

A physical effect  that may be useful i n  the separation of l iquid and 

va:.or during weightlessness makes use of the  dependence of surface ten- 

sion on temperature. The surface tension decreases with temperature un- 

til it reache's zero 'at. the  c r i t i ca l .  temperature- wheke the  f lu id  phases 

and,, therefore, the interface are not sepayately definable. If a vapor 

bubble i s  located i n  a l iquid i n  which the,-e is  a temperature gradient, 

the temperature of the l iquid vapor interface Ki1.l be higher a t  one pole 

of the bubble than at the other. Under t h i s  si tuation the  l iquid i n  the 

warmer interface where the surface Tension I s  lower w i l l  flow t o  the re- 

gion of colder temperatwe and higher surface tension. This effect con- 

s t i t u t e s  a movement of the vapor bu5ble from cold t o  warm regions. 

The phenomenon has been studied in  experiments by Young, Goldstein, 

and Block [13] i n  which bub5les were ?estrair,e$ fzoni r ising i n  a n o m l -  

gravity f i e l d  by a suff ic ient ly  high tenperature gradient 

indicate tha t  although the  effect  is  not normally noticeable at noma! 

gravity because of strong buoyancy effects ,  it, may be useful in  or neap 

Yhei- resu l t s  
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zero-gravity conditions. Because the bubbles tend t o  s tay at a warm sur- 

face, it may be an unwanted effect  i n  heat-transfer systems. 

3 . 3  Interface Dynamics 

The previous discussion has been concerned mainly with the comfi&- 

ration of the ir,terface, the  location of t h e  l iquid and Trapor, and t k e  

means of i-dluencing the cocfiguration or location under the condition of 

no external disturbances t o  the system. When disturbances such as a t t i -  

tude control accelerations or oJtf?ow ciis+.ubanees are hposed, however, 

t h e  estabilshed ir?terr'ace or  f l s i d  conf igura t loE :.r<l i be distorted or 

disturbed. i: +-he diat-ubance i s  suYficiently large, t'ne es tabl iskei  in- 

serr'aze nay break, and the  ltqcici, therefore, will move io a new pos l t ion .  

The uyxanic behavior or' t he  interface in  response T.Q these disturbances 

is  of importance because of i t s  affect  or, various propellant management, 

problems, such as pumping and veilking operations, and 02 the s t a b i l i t y  of 

the a t t i tude  control aysten, It i s  expected tha t  Bond and Weber numbers 

w i l l  be of significance i n  describing riy-riamic behavior because they in-  

corporate t h e  effects  of acceleration, iner t ia ,  and surface energy. 

3.3.1 Tnkerface Formation T 5 n e  Following a Zhange 

i n  Accelerat io?. level  

O G e  phase of interface dynamic SehhvLor chst ,  has been inder ;cudy i s  

the time required for the interface t o  form its zero-gravity configwation 

after release fTom a normd-gravity o r  high-ac?eie4?ation f ie ld .  aenedikt 

[14] deriveci an expression f o r  the oscills,:ion time of an i n i t i a l l y  de- 

formed f r ee ly  f a l l i ng  mass of l iquid.  Functionally h i s  exp-esaion is 

equivalent t o  the  expression f o r  Weber nuxber, and it ixl icates  that  the 

t rans i t ion  t i m e  i s  a function of the r a t i o  of density to surface tension 
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t o  the one-half power and of a character is t ic  dimension of the interface 

t o  the three-halves power.. It i s  skilar t o  an expression for  the osci l -  

la t ion frequency of a l iquid jet issuing from a noncircular hole derived 

by Rayleigh [ 151. 

The author and his colleagues have conducted drop-tower experhents  [16] 

i n  which the time required for t he  interface t o  form i n  spheres aEd cyl i r -  

ders a f t e r  entering zero gravity w a s  measured, vhich confirmed the func- 

tior,al relationship suggested by Benedik:. TZle resu l t s  of these experi- 

ments a re  presented i n  Figs. 13 and 14,  ‘ 3 e  fornation time given in  these 

experiments I s  tha t  required for  a p o k t  OR :he interface and o’n the ver- 

t i c a l  axis of the container t o  move fron the 1-g t o  the 0-g position as 

depicted by the small diagrams. 

The general expression for  formatior, t i m e  as a function of f lu id  

’properties ana dimensions of the systerh deriired from :he Weber .nun.ber by 

substi tuting a length divided by t ine  is rearranged as follows: 

19: 

where D i s  the diameter of the container, C i s  an r?ll;pirical ~ o n s t z r j t ~  

and the other syzbols &re as defined p-eviousiy. Eqaatlon (9} indicates 

that  fornation time should vary with D3/2 acd with ( p , / c ~ ) ~ / ~ .  fhe soii6 

l ines  on Figs. 13(a) and I4(a)  aFe dyam a+ a three-halves-power slope. 
, 

The sol id  l i nes  on Figs, ?3(b) and 1 4 j b )  a?€ clrawn SC- a one-half-pover 

slope. In  each case the da-tz. fi?, the l i n e s  closely, which indicates a 

good correlation with t.heory. If a Weber rriilker of one i s  asswed,  then 

the term CD may be considered the  characterist ic fiimension of +he sys -  

tem. For spheres, the value of C was deternine3 a+. 0-  292 azi for z y - -  
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inders a t  0.277. Although the  s i ze  range is small as Limited by the  drop- 

tower t i m e ,  good correlation with theory inspires confidence i n  the  use 

of the Weber number expression t o  predict the t i m e  response i n  large ve- 

hicle tanks. 

A s  par t  of t h i s  program studying the interface formation time, exper- 

Lments were conducted [8] i n  which the velocity i n  capi l lary tubes w a s  

measured. Such information is useful for  determining the  interface forma- 

t ion time i n  tanks employing capi l lary tube baffles such as i n  Fig. 8. 

?art of the resul ts  of t h i s  study is presented i n  FLg. 15(a) where she 

A 

variation of height of the lLquid i n  the  capillary tube with ti&e i n  zero 

gravity i s  given for several tube diameters. The tank diaxeter for :hese 

experiments was 7 centimeters. The so l id  l ices  are analog computer solu- 

t ions of the equation 

f o r  l iquid rise as a function of time. A schematic drawing showing +,he 

system geometry from which Eq. (10) w a s  derived i s  sho-m in  "Fig. 15iS). 

This equation was derived from Newton's fundamental force-mass relat ion 

and accounts fo r  forces due t o  surface tension, entrance losses, and 

f r ic t ion  drag. This equation involves no empirical constants and can be 

evaluated from the  physical constants of the  system with the exception 

.of the constant K applied t o  the  entrance loss term, which is calcu- 

I n  the  solutions shown ir, Fig. 15(a) t h i s  lated by approximate means. 
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constant was taken as 2.28, as calculated by Langhaar [17] for  the en- 

trance loss t o  viscosimeter tubes. 

The correlation of the data with the analysis was found t o  be satis- 

factory f o r  variations i n  tube diameter and i n i t i a l  height of l iquid i n  

the tube. 

the principal physical phenomena and i s  useful fo r  calculating the ve- 

l oc i t i e s  and displacements i n  capillary systems i n  zero gravity. 

!Fhe degree of correlation indicates that Eq, (10) imcorporates 

3.3.2 Interface Behavior During Outflow Disturbance 

A large portion of the zero-gravity research work has been given t o  

the determination of means of assuring tha t  l iquid i s  located dver the 

pump i n l e t  prior t o  engine starting. Comparatively l i t t l e  work has been 

devoted, however, t o  a study of the e f fec t  of the outflow disturbance on 

the interface nearest t o  the outlet. 

of l i t e r a tu re  reporting ei ther  ana ly t i cd  or experimental studies of the 

phenomena. A recent paper by Povitskii and Lyubin [18] has analyzed the 

velocity along the f ree  surface of the interface as affected by outflow 

velocity, The resu l t s  of t he i r  analysis indicates tha t  for liquid depths 

greater than the diameter of the outlet  tube, the f ree  surface is not ap- 

greciably disturbed beyond a diameter corresponding t o  four times the depth. 

There i s  an almost complete absence 

. 

Because the outflow velocity creates a velocity gradient i n  the liquid 

above the outlet  t ha t  appears t o  carry through t o  the interface, it is  

expected tha t  the Weber number may be the scaling relation useful i n  

relating the distortion of  the interface between various system s i z e s .  

For more severe velocity gradients and greater distor-i;Lons, however, the 

3 08 



viscosity may have an e f fec t  so t h a t  the Reynolds number may also be re- 

quired t o  properly scale the phenomena. 

Nussle [19] has .conducted outflow experiments under zero-gravity 

conditions i n  the drop tower t o  study the behavior of the interface un3er 

th i s  disturbance and t o  attempt t o  determine a scaling parameter. A t  

the present time experiments have been conducted only with flat-bottom 

cylinders and with i n i t i a l  l iquid depths greater than one tank diameter. 

However, three rat ios  of outlet  diameter t o  tank diameter, a size range 

from two centimeters t o  15 centimeters diameter, and the  effect  of 

baffles a t  the l iquid outlet  and gas i n l e t  have been studied. 

Photographs of the behavior of the interface during outflow under 

zero-gravity are presented i n  Pig. 16(a) fo r  the condition of a high 

outiet velocity and no baffles. 

outlet velocity i s  re la t ive ly  high, the interface does not d i s t o r t  'suf- 

f ic ient ly  t o  permit Trapor blow-through w-til' it i s  relat ively close [one 

It w i l l  be noted t h a t  although the 

or two diameters of the out le t  tube) t o  the bottom. The interface does 

dis tor t  considerably from the hemispherical equilibrium zero-gravity 

configuration v i th  the resul t  t h a t  considerable l iquid i s  l e f t  3n the 

w a i l s  a t  blowthrough. Also the interface shows considerable wave distor- 

tion apparently from the impingement of the i n l e t  gas. 

Schematic diagrams of the configuration of the interface a t  the 

moment of vapor blow-through are presented i n  Fig. 16(b) for  a range of 

outflow velocit ies and f o r  several i n l e t  and outlet  baff le  combinations. 

These diagrams show tha t  as the outflow velocity is increased, more 

liquid is  l e f t  on the walls of the tank. The addition of the out le t  

baffle to direct  the f l o w  streamlines along the tank w a l l  provides some 
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improvement but not as much as m i g h t  be expected. The use of a crude 

baff le  over the gas i n l e t  provides more improvement than might be ex- 

pected indicating t h a t  the impingement of the i n l e t  gas is  a primary 

cause of interface distortion. The combbation of i n l e t  and outlet  

baffles resu l t s  i n  reducing the amount of liquid remaining on the w a l l  

almost t o  the. amount l e f t  a t  low outflow velocities. 

One of the objectives of these studies w a s  t o  determine the effect  

of such parameters as outlet  velocity, r a t i o  of outlet  diameter t o  tank 

diameter, an6 absolute tank size on tne interface distortion t c  enable 

px-ec?ictiiir?_ of allowable outlet  velocit ies for  a nominal interface dis-  

tort ion i n  f u l l  size vehicles. The results of these effor ts  are pre- 

sented i n  Fig. 1 7  where interface velocity on the tank centerline 

(which when compared with the average interface velocity i s  a measure 

of tkie distortion) i s  plotted as a function of' outflow velocity for  

several ra t ios  of out le t  t o  tank diameter and a range of tank sizes 

from 2 t o  1 6  ceztlmeters diameter. !Phese experiments were run with a 

gas in l e t  baff le  but no oat le t  baffle.  

interface does increase with average interface velocity, it i s  not 

severe even a t  very high average interface velocities. The average 

interface velocit ies in  f u l l  size vehicles are i n  general l ess  than 

10 cm/sec. 

t o  tank diameter appears only i n  i t s  effect  on average interface 

velocity. 

varied over an 9:l range no effect  of s ize  can be discerned. The resul ts  

Although the distortion of the 

The effect  on interface distortion of the r a t i o  of outlet  

The most surprising r e su l t  i s  that  although the tank size WEB 

of these studies indicate therefore tha t  no particular diff icul t ies  with 
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interface distortion should be encountered i n  f i l l -s ized tanks fo r  

liquid depths equal t o  a tank diameter or greater. D a t a  a t  low liquid 

depths are not yet available although it appears from Fig. 16(b) t ha t  

simple baffles will sa t i s f ac to r i ly  solve any problems of vapor blow- 

tkrough. 

3.3.3 Interface Behavior Durlng Acceleration Disturbance 

There are a number of acceleration disturbances t'nat w i l l  occur 

i n  comection with the operation of space vehicles such as those re-  

sulting from a t t i tude  control system operation, me-d movements, docking 

Jo l t s ,  and atmospheric drag. The acceleration perturbation may be 

intermittent as i n  the case of a t t i tude control operation o r  steady 

I 

as i n  the case of drag o r  of liquid collection by thrust  preparatory 

t o  engine starting. These disturbances w i l l  occur a t  a l l  angles t o  the 

vehicle thrust .ax'is and w i l l  tend t o  move khe l iquid opposite ( re la t ive  

t o  the tank) t o  the direction cf the acceleration. The surface-tension 

forces give the interface the a b i l i t y  t o  r e s i s t  or  be stable to a certain 

amount of acceleration, which is expected to be defined by the Bond 

nuAmber cri terion (the ratio of acceleration to surface-tension forces).  

The study of interface behavior in response to acceleration disturbances 

may be divided for  convenience into two phases, one for  acceleration dis- 

turbances less  than, and one for  disturbances greater .  than a crit ical  value 

at  which the stability limit of the interface is exceeded. 

31 1 





There Ls a great deal of l i terature starking w i t h  Name11 i n  1890 

and contilnuing w i t h  the con%ributions t o  hytkodynamics by Laab and the 

contributions t o  surface s t a b i l i t y  by Taylor tha t  can be ayplied t o  the 

definit ion of the behavior i n  response t o  acceleration perturbations. 

! 

A great amount 3f it deals with the  s i tuat ion i n  which the accelerat im 

i s  directed perpendicular t o  the interface from the less-dense t o  the  

more-dense' f luid.  

s t a t i c  s t a b i l i t y  has consisted i n  examining the character of the 

solution of the  equations of disturbances applied t o  the  interface. 

The c lass ica l  approach t o  the- problem of hydro- 

If 

the exponents o f  the series solution are pure imginaxy, the disturbed 

interface w i l l  osc i l la te  i n  t i m e ,  and the  undisturbed state of the  -hter- 

face i s  considered stable. If t h e  exponents are real, the disturbance is  

unbounded i n  time, and the  undisturbed s t a t e  is  considered unstable. The , 

required boundary condition is a fixed contact angle a% the w a l l .  In  the 

case of disturbed equilibrium, t h i s  leads algebraically t o  the  usual c r i -  

terion of minimum potent ia l  energy as a necessary condition f o r  stability. 

Variational te'dhniques have been used i n  minimizing the  sum of the gravi- 

t a t iona l  and free-surface potentials subject t o  the  constraint of constant 

. l iquid volume. The resul tant  Euler d i f fe ren t ia l  equation is solved con- 
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sistent with t h e  required boundary conditions. The solutions are neces- 

s a r i l y  approximate, largely because of the nonlineari;ty of the differen- 

t i a l  equations and the  d i f f i cu l ty  encountered with a rigorous mathematical 

formulation f o r  a Oo contact-angle boundary condi"i on. 

These analyses have been primarily interested i n  studying the dyaam- 

i c s  of the interface and have, i n  the course of these studies, determined 

the s t a b i l i t y  l i m i t  of the interface--that, is, the value of the accelera- 

t ion at which the interface w i l l  break. As not&, t h i s  point i s  expected 

t o  be defined by Bond number, and the vzlue obtained is  called t h e  cx i t i -  

ca l  Bond number. 

c r i t i c a l  Bond numbers fron: 0.25 t o  the v d d e  of 14.68 obtained by Maxwell. 

The srarious analyses i n  the 1i:eratwe quot'e vslues of 

. Recently, Masica [20] measured the cy i t i ca i  3ond number i n  cylindrical 

subes using the n o m 1  gravitational f i e l d  as the accelerat ion disturbance. 

Part .of h i s  resu l t s  are shown i n  Figs, 18 t o  20 for '  different orientations 

of the acceleration f i e l d  and position of the interface relat ive t o  the 

edge of t he  tube. 

specific surface tension alp.  The l e f t  axLs intercept of the so253 l ine  

approximating the data i s  proportional t o  :he criticel 3ond nmber and is  

computed as follows using Pig. 18 as a~ EtxsmJLe. 

solid l i n e  that  is drawn at a s l o p  of on€-.half Is ,  af ter  cofiverti3g the 

c r i t i c a l  diameter t o  centimeters, 

The c r i t i c a l  dianlctel- i s  shown as a function o f  the 

DE equation of the 

When arranged i n  the form of the B o ~ d  ri;mbe- expression (Eq. ( 5 ) )  and 

substituting the radius f o r  the 3imeter ,  Eq. (1%) becones 

314 



7 [ ~ ~ '  =,$ aR' = 0.84 = ' O m i t  i c a l  

The Bond number (based on a radius) of 0.84 agrees with the value obtained 

analytically by Bretherton [21 ]  and that obtained experimentally by 

Hattori [z2] for t h i s  configuration and acceleration direction. A varia- 

t ion  i n  Bond number depending on the specific surface tension was  observed 

for the situa%ion i n  which the accelerat.ion was dir-ected normal t o  the 

axis of the  cylinder as shown i n  FLg. 19. The value m a  1.12 for  specific 

surface tensions less than 43 crr3/sec2 and 2.53 for specific surface ten- 

sions greater than 43 c ~ r ; ~ / a e c ~ .  For the  conr'iguration in  whLcY1 the l iquid 

was a t  the edge of the tube as shown Ln Fig. 20, a styong edge effect  was 

noted i n  tha t  the Bond number was 3.37. 

In  these experiments the specific surface tension was varied over a 

6 : l  range,. thus estahlis,hing i ts  functional reiationship in  the Bond num- 

ber expression. 

acceleration disturbance--t.hat of the normal gravitational f ie ld .  

has recently extended these studies i n  the drop tower t o  in- 

clude acceleration f ie ids  equivalent t o  one-*,enth and one one-hundxedth 

%hat of normal gravity for the configuration of Fig.  18. 

forces on the container and gravita+ional body forces on the l iquid were 

treated as equivalent. The results of these experiment s are presented i n  

Fig. 21. These da5a fit,  an extension at, ihe same slope o f  the sol id  l ine  

i n  Fig. 18 and establish the functional -rela%ionship o f  acceleration i n  

the Bond number expression. 

The experiments here porforrrtcd, however, 'with only one 
' 

Masica [ 231 

Acceleration 

The results of these experiments can be used +,o predict the c r l t i c a l  

Fig- acceleration for the interface i n  large vehicle propellant tanks. 
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ure 22 presents the c r i t i c a l  acceleration i n  g ' s  as a function of tank 

diameter in. inches for  a specific surface tension of 28.28 cm3/sec2, 

which i s  representative of many propellants. --. The data obtained at  one, 

one-tenth, and one one-hundredth g are shown. The c r i t i c a l  acceleration 

fo r  vehicles of 100 t o  400 inches i n  diameter is indicated as IOm6 t o  
-7 

10 g's. 

Accelerations l e s s  than the c r i t i c a l  value may be encountered i n  

situations of low residual atmospheric drag or' solar pressure or  from 

a t t i tude  control 6isturbances or  crew movements. Residual dreg or  solar 

pressure will resu l t  i n  a continuous acceleration .,hick: will dis tor t  the 

interface i n  a generally predictable manner. The operation of a t t i tude 

I 

controls or crew movements however cause intermittent acceleration 

perturbations which may se$ up en oscil lation of the interface. 

high grav?itational 0; acceleration f i e lds  (high Bond numbers) the fre- 

quency of oscilla%ion i s  determined by the gravitational or  acceleration' 

forces. I n  a zero-gravity environment (zero Bond number) the surface 

%eer,sion forces are the only remaining restoring forces and determine 

the frequency. The damping of these oscil lations i s  dependent on the 

uLscosLty  Tor both kigh and l ~ w  Bond number situations. it will be i m -  

portant t o  avoid these frequencies i n  a t t i tude  control systems. 

In 

There i s  an extensive l i t e r a tu re  concerning the dynamics of f ree  

surfaces but only for  the condition of an mboix-ded szxf'en,e or  :.?ere 

contact angle effects can be ignored. 

have calculated the nstural  frequency of the surface a t  low Bond numbers 

S.atterlee and Reynolds [24] 

for  sever21 contact angles and have obtained some experimental verifica- 

t ion (best  a t  low contact angles) of t h e i r  analysis. Their resu l t s  a re  
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presented i n  terms of a dimensiqnless frequency parameter which is a 

l inear  function of the Bond number and has a f i n i t e  value a t  zero Bond 

number. 

For the s i tuat ion in  which an acceleration greater than the c r i t i c a l  

value is applied along the axis of the tank from the vapor t o  the liquid, 

as when the drag exceeds the c r i t i c a l  value of the interface, or curing 

collection maneuvers, the wo$k of Taylor [ 251, Bretherton [ 211, 

Hattori [ 221, and Goldsmith and Mason [ 261, which are  studies of the 

notion of a bubble which f i l l s  the tube, can be applied. 

of some of these studies defining the velocity of the interface as a 

function of Bond number are given in  Fig. 2 3  together with some data by 

The resul ts  
/ 

Masica f o r  high Bond numbers a t  1-g and for  low gravitational values. 

The data shown tend t o  es tabl ish the functional relationship of the 

acceleration, the specific surface tension, and the s ize  in  the relat ion 

of the interface velocity parameter and Bond number. 

experiments can be used t o  predict the velocity, on the  tank axis, of the 

. .  
. . .  

The resul ts  of -t;hese 

penetration of the ullage vapor in to  the l iquid during a collection thrust  

and thus allow a rough prediction of the time for vapor t o  reach the "top" 

of the tank f o r  a s i tua t ion  in  which the tank i s  p r t l y  ful l .  No  work 

is  apparent as yet on the behavior of the  l iquid as  it gathers i n  the 

"bottom" of the tank. 

3.4 Heat Transfer 

There has been a great deal of in te res t  i n  the change i n  the heat- 

transfer mechanism i n  a weightless environment, The mechanism of heat 

input t o  a tank under space conditions corresponds t o  tha t  of a classical  

pool-boiling situation, the various regions of which are shown in  Fig. 24 

for a 1-g field.  

temperature difference. 

The coordinates are heat flux plotted as a f'unction of 
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.The heat-transfer regions start with conduction at very low flux, and, 

as flux i s  increased, progress through convection and-nucleation, and fi- 

nally, st very high flux, progress t o  the nechanism of fi lm boiling. The 

regions of convection and nucleiitios m y  be substantially affected by the 

loss  of gravity. Convection currents should cer ta inly be absent i n  a zero- 

gravfty ecvironmenc, although residual cur?Ents ~ a y -  persis t  for some t i m e .  

The nucleation regime mi iy  be rrzrkrdly a f f s c t 4  by ;.hanges i n  the.gravity 

f i e l d  oecauiie of the zepenlence of bubble ve-locity on buoyaccy. If the  

veioci.:,y Seconts zero  hecause 0.P Loss of bucytincyt +he ruc1eaL-io? regioc 

may be reFl6ce.d by  Y f i h  rnecind~im, of boiiing. Th i s  si'uhtion'woulii be 

predicZe3 by the Fol?;tnov [27 ]  cuclear ion concept,, dhich i s  gravity 3epen- 

dent. A nuclee4-ion rrodei has b t L L  proposed cy FOT.S+ET znl Zab?r [ 2 8 ]  that  

may be independent, of g x ~ l t y  i n  chat bubsies itre rerr:o.ed ??om the surface 

by a fiow f i e l d  up around <he bubble beeruse of its rate of expansion. 

If this rcoael is coc.:ect, +-he nuclea'iot region should be relat ively un- 

affected by a aero-gravity er,virome.nt an3 ~ o u l d  Fro3abI.y extend do-dn t o  

cover the convectLon region. 

ex-perimenss studying the pool bo ilLng nechanl -tn un&r several gravity 

f ie lds  from essent ia l ly  z e m o  t o  ore. 8s~. +'&5 prirrzt.7 Liy interested i n  

atxdying phot ographi-a 1 y +-he ch3 nge ir eSi*Lii5irJn and vapcr removal. 

During a disziilssion of hid pqer  [so] p ~ 5 - 3 ~ ~ ~ 3  t o  the  A S F ,  he s ta ted 

that i n  the nucleation regkii  h= poteii ro change ir: +.hq t.errlgerature d i f -  

ference obtained a5 a given heat f l u ,  dhich tends to support the nuclea- 

qiegel [ 291 p-fo-rried t n e  f i r s t  low-gravity 

t ion  concegt that i s  independent of grevity. 

A serfs of ehTertnents using liquid hydrogen has been perfomeft by 

General Dyr)mies/Aatroria,utics [31] ii? which the h e a t  trt insfer i n  the 
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nucleate range as a function of temperature difference was measured at, 1-g 

and 0-g conditions. Results of t h i s  study are shown i n  Fig. 25. These 

resu l t s  indicate tha t  zero gravity has l i t t l e  effect on heat t ransfer  i n  

the  nucleate region, which supports the nucleation model that is indepen- 

dent of gravity. 

nitrogen and by Clodfelter [ 3 3 ]  have a l so  tended t o  support the nucleation 

The eqerlments by Merte and Clark (321 using l iquid 

concept t h a t  i s  independent of gravity. 

The prinary effect  of the  heat-transfer mechmisrn tha t  i s  of interest  

i n  space vehicle propellant tank systems i s  the pressure rise within the  

container. This press&-e rise is  d i f f i cu l t  t o  calculate because ’of the 

uncertainty i n  the l iquid configuration, the  variation i n  the direction 

of the radiant heat source, and the  uncirtainty about t h e  heat-transfer 

mechanisms t h a t  may apply t o  the l iquid and vapor portions of -the tank 

even though the  mechanism i n  the- l iqu id  Beenis reasonably yell established. 

Iri compa2ing pressure rise data at 1-g and 0-g, it has been found coriven-’ 

i e n t  t o  compare the actual  pressure rise with +,hat which can be calculated 

by making several different  assumptions about the heat dis t r ibut ion witnin 

the  tank. The position t h a t  experimental data assums i n  relat ion t o  the 

theoretical  models on a presswe against heat aidEd ~ - ~ o f  i s  then a E  i n d i -  

cation of how the energy i s  being distributed dithin t h e  tank. 

is a plot o f  pressure against heat added for rhree theoret ical  models. 

Figure 26 

The first model assumes homogeneous coc4itior.s thoughout the tank and i s  

a common calculation that i s  performed t o  compare Aata of t h i s  type. The 

second model assumes that  a l l  of the energy absorbed by the dewar goes 

into the evaporation of l iquid w i t h  the vapor phase temperature alw&ys 

being equal t o  the  saturation tempera5ur-e correspondifig t o  sphere pressure 



and the l iquid phase temperature remaining constant a t  the saturation tem- 

perature corresponding t o  seal-off pressure. %ne th i rd  model is a prac- 

t i c a l  upper l i m i t  on the pressure against heat added plot  much as the 

homogeceous model is the  lower l imit .  The t.hird model assumes tha t  a l l  

the energy is  delivered t o  the vapor phase with no energy transfer at the 

liquid-vapor interface so tha t  the vapor becozes superheated. 

There are t w o  important factors that muid be expectedto cause a 

different r a t e  of pressure rise i n  a storage tank Then normal gravity 

quiescent and zero-gravity t e s t s  a r e  zompared. The f i r s t  factor is tke 

change i n  configuration, or  posiiiol?. of the Liquid and vapor within the  

storage tank. A s  shown i n  Fig. 6 ,  fop a half-f i l led spherical tank the 

normal-gravity configuration has the interface bisecting the tank, while 

the zero-gravity configuration has a spherical interface with the tank 

walls t o t a l l y  wetted and the vapor bubbie randomly located i n  the inter ior  

of the tank. The second f a i t o r  affect ing the f a t e  of pressure r i s e  i n  a 

storage tank is t h e  reduction i n  buoyancy and convection due t o  the reduc- 

t ion  i n  the  gravity f ie ld .  

For a normal-gravity t e s t  only part of the storage tank i s  covered 

TLth l iquid so that a large amount of the heat th6t i s  added goes d i rec t ly  

into the vapor phase. This heating of the vapop causes i t  t o  become su- 

perheated. Some of the hot vapor w i l l  come in  contact with the l iquid- 

vapor interface causing evaporation fro& the surface. The energy that 

enters the storage tank through the l iquid qeetted w a l l s  goes into forming 

bubbles and superheating the  l iquid i n  a th in  layer d i rec t ly  adjacent t o  

the wall. 

where evaporation takes place, and buoyancy will cause the bubbles t o  

Convection currents will c a e y  the hot l iquid t o  the  surface 



rise rapidly t o  the  liquid-vapor interface and jo in  the  vapor space. Be- 

cause the  bubbles rise rapidly through the  l iquid there  is  l i t t l e  conden- 

sation and consequently l i t t l e  heating of the l iquid.  Tbe surface evapo- 

ra t ion model is based on the  assumption tha t  a l l  of t he  added heat goes 

into evaporating l iquid with no heating of the  remaining liquid. Conse- 

quently, .depending on the  heat-transfer rate and distribution, it would 

be eqec ted  tha t  experimental normal-gravity quiescent pressure rise data 

would be clustered around the surface evaporation model theoret ical  l ine.  

It would a l so  be expected tha t  high heat-transfer r a t e s  o r  heating only 

from the top  of the  tank would cause fas te r  pressure r i s e s  than the model 

pre&cts, and tha t  low heat-transfer r a t e s  or heating only from the bottom 

of the tank would cause lower pressure rises than the  model predicts. 

/ 

I n i t i a l l y  during a zero-gravity t e s t  the w a l l s  of a spherical storage 

tank would be l iquid wetted. Consequently, i n  contrast t o  the normal- 

gravity quiescent t e s t ,  there w i l l  be no direct  heating of the vapor 

phase, and the bubbles tha t  form on the w a l l  of the tank w i l l  be faced 

with some depth of l iquid t o  penetrate i n  order t o  reach the vapor space. 

m e  bubbles w i l l  pinch off the w a l l  due t o  dynmic forces tha t ,  fo r  most 

cryogenic l iquids,  a re  much greater than buoyant forces even under normal- 

gravity conditions. Because of the absence of gravi3ational forces, it 

is  expected tha t  the bubbles w i l l  tend t o  drift; ra ther  slowly i n  the sub- 

cooled l iquid and condense, thus giving the i r  energy- t o  the liquid. A 

nearly homogeneous condition should be the  result .  

There a re  many zero-gravity configurations t h a t  w i l l  not have to t a l ly  

wetted tank walls due.to tank geometry, internal  baff les ,  and the use of 

ullage control rockets. Also, i n  spheres and other normally t o t a l l y  



wetted configurations, the possibi l i ty  ex is t s  tha t  the vapor bubble m y  

d r i f t  t o  one side of the tank. If the evaporation rate is higher than 

the rate at which the surface can be rewetted, a dry spot w i l l  appeiir and 

grow u n t i l  the  evaporation balances the inflow of liquid. Under these 

conditions there w i l l  again be direct  heating of the vapor and higher 

rates of pressure rise must be expected. 

The majority of the experimeDta1 work, being performed a t  Lewis Research 

Center i n  support of the prediction of the thermodynmic history cf stor- 

age tanks containing l iquid propellants, i s  being carried out using 3-inch- 

diameter dewars containing liquid hydrogen. The affect  on the $ate of 

pressure rise of several experimertal variables, including the use of in-  

ternal  baffles,  the heat f lux  rate and distribution, and the i n i t i a l  per- 

cent f i l l i ng ,  i s  being explored. Rocket vehicles are being used t o  ob- 

t a i n .  several minutes of low-gravity environment. 

of the ground t e s t s  and f l i gh t s  &e classified' confidential and are re- 

The experimental resu l t s  

ported i n  references 34 t o  40. 

3.5 kraporation and Condensation 

The f r ee  liquid-vapor interfaces i n  evaporators and condensers have 

not contributed t o  operational and performance problems as they 'nave i n  

the tanks of other systems. This is due t o  the s m a l l  diameter of t.ubes 

used i n  eva-pot-ators and condensers (usually less  than 1/2 in.) ,  which 

according to  the Bond number cr i ter ion rnakes them st.able t o  accelerations 

of 0.03 g o r  more for the smaller tubes (0.1 g for  5/16-in. tube). 

eration perturbations of f h i s  magnitude wiLl not ordinarily be i n  the 

operating spectrum of the vehicle except when under boost thrus+,, which 

will permit normal operation of the system. 

Accel- 
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Because forced convection will exist i n  evaporators and condensers 

designed fo r  minimum weight , it is unlikely t h a t  there- will be any appre- 

ciable change i n  the  heat-transfer mechanism. The possibi l i ty  of genera- 

t ion of bubbles within the l iquid i n  the evaporator o r  t he  inclusion of 

vapor i n  t he  l iquid i n  the  condenser was originally of some concern; how- 

ever, the  reasonably large s t a b i l i t y  of the interface and the use of 

counterflow heat exchangers t o  provide subcooling below the  interface and 

a temperature gradient t o  rove bubbles towal-d the interface has vir tual ly  

eliminated these problems. 

wire or a twisted tape i n  a tube w i l l  cefitrifuge l iquid t o  the’outside 

Also Evans i7.1 has shown ihat ei ther  a spiTal 

and increase the separation s t ab i l i t y  margin. !These configurations are  

permissible i n  evaporator tubes where ,the pressure drop they impose has 

only a s m a l l  e f fect  on cycle efficiency. 

Although .it appears t h a t  the interface i n  an individual tube will, 

have, or can be provided with, a Teasonable d e v e e  of s tab i l i ty ,  there ” 

is s t i l l  the  problem of s t ab i l i t y  of the interface level  between individ- 

ual tubes i n  the face of acceleratLon per taba t ions  from directions other 

t h a n  on the  tube axis  and directed from the l iquid t o  the vapor. The 

forces available t o  counteract t h i s  change i n  level  a re  the changes i n  

pi-essure drop within the ?,ube with change i n  level (condensing length) 

and the change in  surface-teriaion’ force if the tubes aTe tapered and if 

the l iquid wets the w a l l .  However, t h e  magxitude of the surface-tension 

forces are  very s m a l l  for  pract ical  tube sizes and tapers, which leaves 

the pressure drop as the r a i n  stabilizir-g phrameter, Tn the evaporator 

where the  .mrking pressure is high, it i s  prackical t o  design with a 

reasonable pressure drop thus providing a satisfactory ab i l i t y  t o  resis’ 
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adverse accelerations. Even so, the dimensions of t he  evaporator normal 

t o  the tube bundle axis should be kept as s m a l l  as possible t o  rninimize 

the head tha t  must be resis ted by change i n  pressure drop for  accelera- 

tions normal t o  the tube axis. The s i tuat ion is  similar t o  that described 

for screens i n  propellant tanks. 

The position of the eandenser i n  the cycle does not allow as much 

generosity with design pressure drop as i n  the evaporator without serious 

effect  on the efficiency. Thus, a substantial  portion of the zero-gravity 

research concerned with condepsers has been concentrated on the  pressure- 

drop characterist ics.  The correlation that has been used for two-phase 
, 

pressure drop at  normal gravity i s  the Lockhart-Wrtinelli correlation 

[41], which involves the Reynolds number and thus the viscosity. 

Reynolds 111 has proposed tha t  the effects  of suxface-tension be intro- 

duced into two-phase pressure-drop correlations fo r  use at zero gravity. 

In  his  analysis, surface tension effects  a re  intrdduced by assuming t h a t  

the f r i c t ion  drag is proportional t o  the s ize  of condensed droplets ad- 

hering t o  the wall, which increases the tube roughness. The assumption 

of w a l l  bound droDlets i s  i n  keeping with the tendency for the surface 

energy t o  minimize. 

Most of the actual  zero-gravity data obtained t o  date has been con- 

cerned with observation of droplet and interface behavior and only qual i -  

t a t ive  measurement of the pressure drop. No e f for t  is  apparent i n  the 

l i t e ra ture  as yet t o  systematically study the pressure drop i n  zero 

gravity as a function of the various parameters and t o  attempt a correla- 

t ion  with theory. The Lewis Research Center is conducting an experimenta; 



study (using an airplane as a zero-gravity f a c i l i t y )  of the pressure drop 

i n  condensers with mercury as the  working f lu id  i n  which several pctram- 

eters  are varied. 

cate tha t  the pressure drop i n  zero gravity is s l igh t ly  but consistently 

higher than the pressure drop under normal gravity. 

these experiments is somewhat higher than predicted by the Lockhart- 

Martinelli correlation at  low velocit ies but  corresponds well at high ve- 

iocit5es. 

This study is  incomplete, but preliminary resu l t s  indi- 

The pressure drop i n  
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4. CONCLUDING REMARXS 

This paper has reviewed the analytical  and experimental research 

directed toward the solution of the pro-blems encountered with liquid- 

vapor systems i n  weightlessness and has presented the results of some re- 

cent experimental work studying the correlation of certain aspects of the 

dynamic behavior of the interface with the applicable dimensionless scal- 

ing parameters, The various problems encountered i n  the liquid-vapor sys- 

tems were grouped into the categories of interface configuration, inter-  

face dynamics, pool t o i l h g  heat-transfer mechanisms, and evaporation and 

cmdensat ion phenomena. 
/ 

The greatest portion of weightlessness research up t o  th i s  t i m e  has 

been devoted t o  studies of the parameters defining the codiguration and 

position of the liquid-vapor interface under the conditions of no external 

disturbances, 

verified by experiments, 

The theoretical  background i s  now extensive and has been ' 

A t  the present t i m e  most of the work i n  t h i s  

category is more of a development nature devoted t o  the applfcation of the  

principles t o  systems t o  provide arid maintain proper separation and 

orientation of l iquid and vapor. 

With the bet ter  understanding of the configuration and position of the 

interface, more atteatiox has recently been given t o  the dynamic behavior 

of the interface. It has been found t h a t  a great deal of theoretical  work 

dealing with f lu id  dynamics is applicable t o  zero-gravity interface be- 

havior. A sizeable amount of experimental work verifying the theory has 

been performed, but a great deal (both analytical. and experimental) remains 

t o  be done--especialiy t h a t  applicable t o  interface dynamics i n  response t g  
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acceleration perturbations (at t i tude controls, docking jo l t s ,  etc. 

outflow disturbances. 

and 

A great deal of in te res t  has been shown i n  the  change in  the heat- 

transfer lnechanism with reduction in gravity or acceleration level. 

result ing studies have approached the problem i n  several ways by studylng 

the fundamental bubble mechanics, by measuring the heat flux as a f'unc- 

t ion of d i f fe ren t ia l  temperature input, and by measuring the pressure 

rise i n  a closed system., Attempts have been made t o  correlate the  re- 

sul ts  with existing heat-transfer theory. 

The 

Although some understanding 

has been gained, a 

f'undamental bubble 

Solutions for  

face problems have 

'dynamics studies . 

I 

great deal of work remains i n  the area o f  understanding 

mechanics. 

some of the evaporator and condenser liquid-vapor inter-  

become evident from the interface configuration 'and 

The most work a t  the' present t i m e  i s  concentrated on 

studies of the pressure drop in  condensers because it i s  important t o  the 

efficiency of the system and t o  the tube-to-tube s tabi l i ty .  Very l i t t l e  

experimental resul ts  are available at  the present t i m e .  



APPENDIX 

SYMBOLS 

A 

'a 

4t 
a 

Bo 

2 ,K 

D 

F 

Fa 

Fc 

i 
F 

Fr 

T U 

'a 

IC 

1% 

M 

P 

q 

R 

Rc 

Rt 

T 

area 

annulus area 

capi l lary tube area 

acceleration 

Bond number 

constants 

diame t c3r 

force 

ac ceierzt  ion force 

capillary force 

iner%ia f o n e  

Froude number 

characterist ic 

i n i t i a l  height 

length 

of l iquid i n  azlr;ulus 

length o f  connecting passage between capillary tube and annulus 

i n i t f a l  height of liqufd i n  capillary tube 

mass 

pr essme 

heat flux 

radius 

radius o f  capi l lary tube 

radius of tank 

time 
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V 

We 

2 

0 

V 

P 

O l s  

OV 2 

OVS 

velocity 

Weber number 

l iquid r i s e  in  capillary tube 

contact angle 

viscosity 

l iquid density 

surface energy of liquid-solid interface 

surface energy of vapor-liquid interface 

surface energy of vapor-solid interface 
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(a) 1;s configurat'ion. (b) Zero-g coiifigu ratior;.. 

Figure 8. - Capillary-type ullage control surface. 
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1-G CONFIGURATION ZERO-G CONFIGURATION 
(a) Initial mounting angle, o0. 

I-G CONFIGURATION ZERO-G CONFIGURATION 
(b) Initial mounting angle, 45O. . 

I-G CONFIGURATION ZERO-G CONFIGURATION 
(c) Initial mountinq anqle. 75'. . 

I-G CONFlGURATlON APPROACHING STEADY - S T A T E  
ZERO-G CONFIGURATION 

(a Initial mounting angle, 90~. 
Figure 9. - Photographs from preliminary drop-tower tests for range on initial mounting angles. 

34 3 



(a) 1- g configuration. (b) zero-g confi&ration. 

Figure 10. - Application of tapered section principle to-spherical tank. 
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Figure II. - Effect of acceleration on liquid retention power of screens. 

(b) Transverse acceleration. 
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(b) Cylindrical-hose configuration. 
Figure 12. -Application of screens to retention of liquid 

over pump inlet. 
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(b) Configuration at vapor blow-throug?. 
Figure 16. - Interface configurations during outflow from cylindrical tanks i n  weigbtlessness. 
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ZERO GRAvrrY LIQUID PROPELLANT CONTROL 

BY DIELECTROPRORESIS 

J. B. BlackmoM 
Douglas Aircraf t  Company, Inc., Santa Monica, California 

A method of col lect ing l iqu id  propellants i n  zero gravi ty  by use of e l ec t r i c  fields 

i s  presented. 

fined as the  induced motion of e l ec t r i ca l ly  neutral  bodies i n  a non-uniform electr i l  

f i e l d .  A b r i e f  analysis of the  f i e l d  forces is presented, and l iquid collection 

experiments i n  simulated and actual zero gravity environments a re  described, in-  

cluciing zero-g t e s t s  iri a i r c r a f t  flying b a l l i s t i c  t ra jec tor ies  ., 

The method uti l izes  t h e  concept of dielectrophoresis, which is  de- 

A representative dielectrophoretic propeliant collection system is described for a 

250,000 l b  l iqu id  hydrogen-liquid oxygen space vehicle. The system is designed t o  

col lect  propellant with average forces on the  order of lO-'g. The system wei.ghs 

app.roxim?tely 400 lbs  and can be operated continuously i n  zero gravity by use of 

solar ce l l s  as t h e  primary power source. I n  addition, it is shown tha t  propellants 

such 8s l i qu ia  hydrogen, can be collected off of the t a n k  walls and into the center 

of the tar& t o  provide a n  insulating gas layer which.decreases the w a l l  t o  propel- 

larit heat tmns fe r  and nence boil-oi'f of the  pro2ellant. 

crease the boil-off of the l iquid hydrogen from 3300 lbs  t o  approximately 800 fbs. 

Including the  systen: weight, the t o t a l  weight savings would be epproximately 2100 1 

Such e. system could de- 

The use of high voltages wlth space vehicles is discussed, including descriptions 

of the most Promising high voltage generator, e l ec t r i ca l  breakdown control, znd. 

electrode designs which minimize t.he danger of arcs  i n  the cxidizer tanks. 

. * Engineer/Scientist -- Special is t ,  Advance Psopulsion and Power Department, 
Research and Development, Missile and Space Systems Division. 
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TKEORY AND ANALYSIS 

The effects  of e l ec t r i c  fields on d i e l ec t r i c  l iquids  are described below, and the 

equations required for  designing a dielectrophoretic collection system are presented. 

A continuous, d i e l ec t r i c  l iqu id  i n  a non-uniform e l ec t r i c  f ie ld  experience.s forces 

r'esulting from f r ee  charges and from gradients i n  the f i e l d  intensi ty  and l iquid 

d i e l ec t r i c  constant. The t o t a l  volume force on a d i e l ec t r i c  l iqu id 'wi th  no dis- 

con t imi t i e s  i n  an e l ec t r i c  f ie ld  is 1 

The f i rs t  term I s  the force exerted on free charges, the  second term is the force 

exerted due t o  inhomogenity of the  l iquid,  and the last term denotes %he dielectro- 

phoretic effect  of force on a body i n  a non-uniform e l e c t r i c  field. The last term 

- 

' i s  a l s o  known as the e lec t ros t r ic t ion  force. 

A relationship between the  d i e l ec t r i c  constant,K, and the density, p, which holds 

well for  most d i e l ec t r i c  l iquids ,  is the  Clausius-Masotti equation, 

K- 1 cp = - K+2 ' 

where C i s  a constant f o r  the l iquid.  

volume force becomes 

On subst i tut lng Eq. ( 2 )  into Ea_. (l), t h e  

I n  our analysis we w i l l  be primarily concerned w i t h  the  ideal case f o r  which the  

free charge i s  negligible, pe = 0, and the l iqu id  is homogeneax% This condition 

is m e t  by l i qu id  propellants with high specif ic  restivity, such as l iqu id  oxygen, 

l iqu id  hydrogen, JP-4, etc. Thenathe only e l ec t r i c  f i e l d  force on t h e  l iqu id  is 



the  dielectraphoretic force, 

- Fv = -v*j  

which depends upon the gradient of the square o the electr ic  f ie ld  intensity, 

and is i n  the direction of increasing f ie ld  strength. Because of the VE. term, 

t h i s  force is independent of the f ie ld  polarity and ideally the force vector w i l l  

be i n  the same direction for an ac or dc field. 

effects i n  studies of dielectrophoretic separation of liquids and suspensions. 

2 

H. A. Pohl 23  37 ' discussed these 

There i s  a pressure difference between a field-free region and the region of s 

5 high field, which i s  given by 

2 
A P  = 0lK-l) 2 (ICE: + E t  ) 

- 
( 5 )  

In  two concentric, cylindrical electrodes of radii .r l  and r2., the pet pressure 

difference between the liquid outside the electrodes and inside the electrodes 

w i l l  be given by 

Eo(K-1) 3 A P  = * 

2r (In - 2 

1 r 

If the average of the square of the electric f ie ld  intensity is  used, 

This pressure difference w i l l  cause the liquid to r i s e  i n  the electrodes unt i l  the 

f i e ld  induced hydrostatic pressure rise is  balanced by gravity. 

t o  which the liquid will rise because of the electric f i e ld  is then, 

The a+erage height 

358 



Surface tension would also cause the liquid t o  rise between the cylinders t o  an 
6 .approximate average height of 

Compared t o  surface tension effects i n  the s-e geometry, the rat io  of forces is 

Field Force 
Capillary Force (10) 

For two concentric cylindrical collecting electrodes i n  liquid hydrogen with the 

6 inner radius, rl = .1 meter, the outer radius, r2 = .5 meter,.the voltage, V = 10 

-3  nastons the dielectrophoretic force. vol ts ,  and the surface tension a'= 2.5 x 10 

acting on the liquid hydrogen i n  the collector is approximately 460 times greater 

thar the average capillary force. 

- 

. .  . .  meter , . .  .. 

Although capillary forces w i l l  aid collection 

in  nearly a l l  electrode designs, the effect is usually small compared t o  the dielec- 

3rophoretic forces. I n  addition, capillary effects result from surface forces, 

and, because they are essentially passive, are determined only by the design of 

baffles, screens, standpipes, etc. A capillary system has the disadvantage that 

vapor bubbles generated within the collected liquid w i l l  not be forced out. Also, 

surface tension decreases as temperature increases and thus collection forces w i l l  

be decreased i n  areas of high heat transfer such as are l ikely st the bottom of 

propellant tanks close t o  the rocket engines. 
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Dielectrcsphoretic forces, huwever, are body forces and can be controlled by varying. 

t h e  magnitude of the applied voltage or by varying the e l ec t r i c  field configuratXon 

used for  collection or  venting, i.e., by charging or discharging selected electrodes 

Furthermore, t he  dielectrophoretic force increases as t he  temperature of the l iquid 

decreases because of the  temperature dependence of t he  d ie lec t r ic  constant. Thus, 

free convection currents w i l l  be set up within a l iquid with variable temperature 

i n  zero gravity which w i l l  a t t r a c t  the  colder l iquid i n t o  areas of higher f i e l d  

intensity.’ Any vapor bubbles formed w i l l  be displaced by the a t t rac ted  l iquid.  

The presence of f ree  charges i n  the liqGid induces disruptive effects  such as 

expulsion of charged globules from the  l iquid surface and s t i r r ing  effects  or  

electro-convection at  the surface and within the l iquid.  Discussions of these 

effects  can be found i n  References 9 & 3.0. To minimize the free charge effect 

. .  and. provide fo r  s@ble collectioz of propellant it h@s been found t h a t  ac voltages 

above a cer ta in  frequency m u s t  be used. If the f ie ld  frequency is large compared 

t o  the reciprocal of the relaxation t i m e  (cr/g ) of the l iquid,  the interface can 

be stable.  With a propellant such as liquid hydrogen and l iquid oxygen, the re- 

laxation time i s  of t he  order of 10’ seconds and a f i e l d  frequency as low as 10 

cycles/second shozld be sufficient.  However, experiments on a large scale have 

yet t o  be performed t o  ver i fy  t h i s  hypothesis. 

-2 3 

EXCTRODE .CONFIGURATIONS 

The collecting forces for  particular electrode configurations a re  d i f f i c u l t  t o  

determine, except i n  the ideal case of perfectly insulating, homogeneous, 

isotropic l iquids with no surface discontinuities and with simple electrode geom- 

e t r ies ,  such as cylinders, spheres, wedges, etc.  In  the ideal case, the dielectro- 

phoretic force per un i t  volume acting throughout the  l iquid,  expressed i n  terms of 
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the equivalent g level for convenience, is given by 

- =  a eo(K-l)(R+2) P E2 
g 6Pt3 

Ignoring end effects, t w o  coaxial cylindrical electrodes **ave EL voltage diatribu- 

t ion of 

From Equation (12) the force or  "g" level becomes 

which i s  the force acting-throughout the liquid between the electrodes and rad ia l ly  

directed towards the inner electrode. 

an applied yoltage of 10 

1.35 g ' s  a t  the inner cylinder t o  approximately .01 g at the outer cylinder. 

For radii of rl = .1 and r2 = .5 meter, and 

volts, the force acting on liquid iiydrogen varies from . 6 

The average integrated collecting force throughout the cylinder i s  

For two concentric spheres of radii rl and r2, the voltage distribution is 

Vr, r, 

The dielectrophoretic force a t  any point of the liquid is 



and is directed tuwards the  inner sphere. 

and r2 = 0.5 m e t e r  and V = 10 volts, the dielectrophoretic force acting on 

l iquid hydrogen varies from 10.4 g's at the inner electrode to .0033 g ' s  at the 

outer electrode. 

Again, for radii of rl = 0.1 meter, 
6 

The maximum dielectrophoretic force f o r  t he  sphere is much greater than f o r  the 

cylinder because the e l ec t r i c  f ie ld  intensi ty  is more non-uniform. However, break 

down w i l l  occw fo r  t he  sphere at a lower voltage than fo r  the cylinder, and there 

fore, the voltage safety factor  ( r a t io  of corona discharge voltage t o  applied 

voltage) is less for  the sphere than fo r  t he  cylinder. 

Our first experiments with dielectrophoresis were performed with cylindrical  elec- 

trodes and .demonstrated collection of water drops suspended i n  an equi-density . _  

mixture of carbon tetrachloride and benzene 

. .  .. 
The experiqental collection forces 

and collection times were compared with theoretical  values and were i n  good agree-. 

men%. k t e r  experiments with equi-density mixtures of FS-1265* i n  carbon te t ra -  

chioride and benzene demonstrated stable configurations of the collected liquid I n  

complex electrode shzpes. 

provided approximately 1 second of l o w  g. 

T e s t s  were then performed i n  a ca tap i l t  tower which 

These t e s t s  w e r e  performed with 250 m l .  

flasks having a transparent, metallic coating as the outer electrode, and an 

aluminum rod for the inner electrode, with voltages varied between 35 - 50 kv BC. 

During the  1 second of low 8, the  l iquid (csriJon tetrac'hloride) flowed up the rod 

and in to  the neck of the flask under the  influence of the applied field. Figure1 

shows the l iquid position at  the end of a typical tes t  sequence. Capillary a t t r ac  

t ion was negligible i n  these t e s t s  compared t o  the dielectrophoretic forces, 

- * Dow-Corning Fluorpropyl Silicone Fluid 
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although the  tes t ing  periods were too short  t o  study equilibrium configurations; 

These experiments are described i n  References XI, 12 and 13. 

W e  have performed t e s t s  i n  an extended period of low g by using an Aerocommander 

a i r c r a f t  f lying b a l l i s t i c  t r a j ec to r i e s ,  The t e s t  periods were of 8-10 seconds 

duration, and the g l eve l  varied between - + 0.05 g f o r  tests i n  calm air. 

T e s t s  were first performed with a cyl indrical  electrode. 2-1/2 inches i n  diameter 
8 

inside a one-gallon jar 6 inches i n  diameter which formed the  outer electrode. 

The J a r  w a s  one-quarter f 'ull of a d i e l ec t r i c  l iqu id  (E-20W, 5 centistoke). 

E-200 was obsel-red t o  climb up the inner electrode i n  lw-gravi ty  when the voitage 

The 

was applied. The t e s t s  were designed for  an operating voltage of 90,000 vol ts  dc, 

but because of d i f f i cu l t i e s  with the power supply, only  30,000 volts  were obtained. 

Since the dielectrophoretic force is proportional t o  the square of the  voltage, 

only one-ninth the force desired was achieved, and hence the  inner electrode was 

covered'by a . thin 'sheath of l iqu id  only 3/8 inch -thick. 

- 

. .  

. . .  
Also, s t i r r i n g  effects  

were not observed because of t he  low f ie ld  ifitensity and also because the  test 

period was shorter  than the relaxation time (approximately 100 seconds) necessary 

for  an equi l ibr lm f ree  charge dis t r ibut ion t o  b u i l d  up i n  the DC-200. 

I n  one ser ies  of Aerocommander tests, a electrode was used t o  cmpare 
a 

collection with ac and dc fields. The electrode assembly and typical  test  results 

a re  shown i n  Figures 2 and 3, which are taken from a film of the  test. 

electrode is a 1/2 inch diameter aluminum rod, the outer electrode is a 2-1/2 inch 

diameter glass tube with a transparent, e l ec t r i ca l ly  conducting vacuum deposited 

The inner 

coating of nichrome. The assembly is i n  a 1-gallon jar, 6 inches i n  diameter, one- 

quarter -1 of DC-200. 

* Daw-Corning Silicone O i l  
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The ac voltage t e s t s  were limited t o  10-12 kv. Figure a sham the l iquid rising 

between the electrodes. The f i e l d  force was approximately twice the capillary 

force, as obtained -om Equation (lo), but no collection was achieved when the 

voltage was not applied. The col2ection wxs stable, With no s t i r r ing  motion, even 

at *the liquia-gas interface. 

More liquid was  collected i n  the dc tests because the voltage was higher by a 

factor of 2 or more (20 kv-25 kv), thus quadrupling the collection force. 

charges i n  the liquid resulted i n  a s t i r r ing motion, especially at the liquid sur- 

face, but the collected liquid was retained between the electrodes fo r  the entire 

t e s t  period, and in  fact ,  liquid was continually coliected into the electrode 

Free 

during the tes t .  

because of the combined swface tension and f i e ld  forces. 

f ie ld  forces a t  20 kv t o  25 kv are  5.6 t o  9 times greater than the capillary forces. 

I n  Figure 3 ,  tHe liquid between the electrodes rose 3-5 inches 

Frm Equz=tion (lo), the 

Liquid collection in  the "standpipe" electrode wLth dc voltages indicated that 

even w i t h  electrode designs in  which the lines of e lectr ic  Tield intensity are  

substantially parallel  t o  the l iquid surface ini t ia l ly ,  an3 in  which the liquid 

is bounded by electrode surfaces a t  a l l  other points, there is  appreciable s t i r r ing 

03 the lLquid. Tkierefore, ac fields must be used for stable collection of iiquids 

and ac fields w i l l  be assumed as a primary desigfi requirement. 

In the l a s t  series of tes ts  a scale model of a high energy u?pr  stage vehicle 

with spherical tanks was tested for collection with two electrode configurations, 

(see Figures 4 t o  9 ) .  

electrodes each of which has a 1/2 inch diameter hole in  the center t b  allow for 

The fo-sard tank i s  8 inches i n  diameter and contains 7 disc 

passage of gas or  liquid +ring the collection of liquid between the discs. 

discs are insulated with cellulose acetate at  the edges t o  res i s t  corona discharge. 

The 



The separation distance between the discs is 7/8 inch and the applied voltage was 

a maximum of l7,OOO volts. The a f t  tank is  a sphere 10 inches in  diameter with 

7 parallel  aluminum electrodes 1/2 inch in  diameter arranged hexagonally a distance 

of 2.5inches from each other, and supported at the bo t tm of the tank. The voltage 

on the aft  tank w a s  the same as that  on the forward tank since they were connected 

,in parallel  t o  the high vQltage transformer. 

connected t o  a s t a t i c  inverter (28 volt de t o  60 cycle - 120 volt ac). 

outpu% for this  t e s t  was an improperly f i l t e red  ac voltage which, when fed into the 

ignition transformer,resulted i n  high voltage peaks. "he high .Joltage geaks caused 

breakdown between the discs of the forward tank at RMS vdtages m the order of 

17,000 volts, although laboratory tes t s  wi th  60 eyele - 120 volt ac and the same 

The high voltage transfomer was  

The inverter 

ignition transformer had indicated no breakdown problem, and breakdown tes t s  had . -  
been performed at  3$,000 volts dc. 

However, th8'schedked t e s t  was run and the f l igh t  t e s t  engineer was instructed to 

start a t  a l o w  voltage and steadily increase it t o  the m a x i m u m  value as the liquid 

collected between the discs. Two tes t s  were completed without breakdam and eight 

tes t s  were performed with some breakdown. The results of a l l  tes t s  indicated vary- 

ing degrees of collection depending on voltage levels and the length of time of the 

applied voltage. 9 results from the f i r s t  t e s t  in  which the maxi- 

mum applied voltage was achieved a t  the end of the test are compared with a t e s t  in 

which no voltage w a s  applied. 

I n  Figures 4 t o  

Figures 4 t o  8 illustrate collection on the two tanks with approximately 17,000 

volts applied; the arrm indicate the liquid interface. 

liquid i s  clearly shown sloshing taward the back of the spheres because of the 

pitching of the a i rc raf t  as it began the zero-g trajectory. In  Figure the liquid 

is beginning t o  collect bebween the top three discs i n  the top sphere. 

In  Figure 4 the applied 

The motion of 
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t he  l iquid during t h i s  collection sequence is primarily towards the  camera since 

the  liquid was i n i t i a l l y  sloshed towards the  back of the  sphere, away from the  

camera,. 

fbur 

lectedbetween four discs can c l e e l y b e  seen. 

I n  Figure 6 the l iquid i n  the top sphere has collected between the top 

I n  Figure '7' an ovtline of l iquid col- 

The aircraft was completing i ts  

zero g t ra jec tory  a t  t h i s  point andjtherefore, the arnomt of l iqu id  i n  the top 

discs and pa r t i a l ly  i n  the f i f t h  . 

disc  has decreased. 

the  sphere as the  a i r c ra f t  completes the zero g maneuver. 

I n  Figure 8 the l iquid is  s h m  f lar ing towards the bottom of 

Cdlect ion wi th  the rod electrodes i n  Figures 4 t o  8 m s  not as dramatic as w i t h  

the discs. The l iquid was retained at  the bottom of the tank during the test. 

Collection was  expected t o  occur along the f'ull length of the rods, but instead, a 

sheath of l iqu id  rose only 1-2 inches along each rod i n  a truncated cone shape 

vhich can par t i a l ly  be seen i n  Figures 6, and 7. 

g level  induced on the l iquid,  .the l iquid collection configbation is  the resultant 

Since there was  a s l i gh t  positive 

of the small gravit&ional force and the  dielectrophoretfc force. 

Figure 9 shows liquid collected on the tank w a l l  w i t h  no voltage apFlied, as i s  

ewected i n  zero gravity; there was no tendency for  the l iauid to collect  on the 

electrodes w i t n  no vol-tage applied. 

of the e f fec t  of non-uniform e lec t r ic  fields on l iquid orientation i n  zero gravity. 

A comparison of Figures 6 and 9 i s  evidence 

The average dielectrophoretic force achieved w i t h  17,000 volts was on the order of 

5 x g i n  born tanks i n  the radial and longitudinal direction. However, this  

force w a s  applied for  only a fraction of the f l i gh t  time because of t he  breakdown 

problem. 
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SPACE lFXICLE APPLICATIONS 

Engine Restart and Ullage Gas Venting 

A dielectrophoretic propellant col lect ion system can be used t o  co l lec t  propellant 

in  zero gravi ty  t o  the aft end of the  propellant tanks t o  guarantee engine r e s t a r t  

without entraFped vapor and ullage gas venting without entrapped l iquid.  Several 

different  electrode designs are feasible, but only the  simplest w i l l  be  discussed 

here. The stystem discussed below is  designed for a 250,OOO lb l iquid hydrogen- 

l iqu id  oxygen space vehicle approximately half 1fd.1 of proyellant. 

shown i n  Zigure 10 consists of seven cylindrical  electrodes wit'n a dh:ie.t;er or" 

agproximately 4 inches, positioned i n  each tank i n  a hexagonal pattern.  

The system.. 

Seven cylindrical  electroCtes of radius r = 0.05 meter are positioned i n  each tank 1 

i n  a hexagonal pattern.  

the' respective tank lengths or' 13 feet for  the LH2 electrodds; and 6.5. feet fo r  the 

LO2 electrodes. 

electrodes is approximately 6.5 feet. 

trodes,  the maximum radial force of a t t rac t ion  on the  l iqu id  hydrogen will. be 3 g ' s .  

The minimum radial force vi11 be 3.75 x 10 g. The integrated average radial force 

w i l l  be 1.3 x lO-*g.  For the  tank half f i l l ed  w i t h  LH2, the average longitudinal 

force a t t rac t ing  the  l iquid t o  the bottom of the tank w i l l  be 2.8 x 10 

The lengths of t he  electrodes a r e  approxeately one.hakf 

I n  the l i qu id  hydrogen tank the separation distance between the 
6 Assuming 10 vol ts  a r e  applied t o  the elec-- 

-4 

-4 
g.  

In  t h e  l iqu id  oxygen tank, the separation distance between electrodes is 4.5 feet .  

Assuming 10 volts are applied t o  the electrodes, t he  maximum radial force w i l l  be 

.55 g, the minj.trrun radial force w i l l  be 1.9 x 10 g, arid the average radial force 

w i l l  be 0.5 x lO-*g. For the tank half  f i l led with Lo2, the  average longitudinal 

force of attraction w i l l  be 1.6 x 10 

6 

-4 

-4 
g. 

3 67 



The t o t a l  weight of t h e  dielectrophoretic system is composed primarily of the 

electrodes, insulating supports, high voltage generators and batteries o r  so la r  

c e l l s  t o  power the generators. The "2 tank electrodes would be made of a highly 

polished m e t a l  t o  minimize corona discharge from surface asperities. 

electrodes of .02 inch w a l l  thickness are assumed t o  calculate the electrode weights 

f o r  t h e  LH2 tank. 

approximately 50 lbs . 
ness are assumed f o r  the LO2 tank electrodes. 

face i s  sanrjwiched inside the  te f lon  w a l l s  which w i l l  not ign i te  i n  case of break- 

d o n  between electrodes. 

Aluminum 

The seven I;H2 electrodes, approximately 13 feet long,would weigh 

In te rna l ly  pressurized, tef lon electrodes of 1/8 inch thick- 

A t h i n  f i l m  conducting metall ic sur- 

The weight of the 7 tef lon electrodes would be approxi. 

mately 120 lbs .  The insulating supports i n  t h e  LR2 tank are assumed t o  be uade of . 

polypropylene o r  mylar, both of which have high d i e l ec t r i c  strength and re la t ive ly  

low density. 

LIT2 tank electrodes. Teflon i n s k a t i n g  suppo+s are used i n  the  l i qu id  oxygen tank, 

- 

The weight of the seven supports i s  approximately 40-60 lbs  f o r . t h e  
. .  . *  

and the seven s u p ~ o r t s  for the one million vol t  electrodes would weigh approximately 

70 lbs. The high voltage generator weight is  assumed t o  be 20 lbs ,  and two genera- 

t o r s  are  required fo r  each tank. The ba t te ry  weight and tType of primary power source 

capnot be determined without specifying the number of r e s t a r t s  and vent cycles, the 

collection time required, and t h e  overall  vehicle mission. iiowever, t he  d ie lec t ro-  

phoretic systems should bring about collection i n  less than one miaute and thus for  

a typical  lunar mission requiring 1 5  vent cycles and om restart, a one.hour t o t a l  

usage iirie is suTficient. On t h i s  basis, and assuming the  four Van de G r a a f f  

generators w i l l  require 0.5irW, a t o t a l  of 0.5 kw hr w i l l  be required, which can be 

obtained from the  vehicle power supply. 

cf space ba t te r ies ,  which typ ica l ly  have power-to-weight ra t los  of 0.05 kw hr/lb, 

the  bat tery weight required f o r  the  dielectrophoretic systems is  only10lbs .  The 

t o t a l  system weight would be made up of 170 lbs f o r  electrodes, 13 lbs  f o r  

Assuming the vehicle power supply consists 
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. insulating supports, 80 lbs for  high voltage generatorsflo lbs for  monofllament 

The system weight would be approxi~ately400 supports and 1olbs f o r  batteries. 

lbs. 

ce l l s  would be required. 

If the system were t o  be operated continu.ously, approximately 40 l b s  of solar  

Cryogenic Propellant Boil-off Reduction 

A dielectrophoretic systen m y  be used t o  decrease boil-off losses of cryogenic 

l iquid proyellants in zero gravity by collecting the l iqu id  off of the tank walls. 

The result ing gas layer between the l iquid and the tank w a l l s  would increase the 

themal resistarice and decrease the heat flov fr& t'ne walls t o  the liquid. A 

s i q l e  electrode configuration, consisting of seven cylindrlcal  rods in  the l iquid 

hyclrogen tank, is shown i n  Figure U; t h i s  configuration would collect  propellant 

off of the tank walls and re ta in  the  propellant, as shown, against ax ia l  disturbances 

of approximately 10 - 10-3 g. , 

-4 

, e  

For t he  tank shown i n  Figure 11 ,half f 'ull of l iquid hydrogen, the fue l  l o s t  by 

boil-off i s  given i n  Figure 12. 

Company computer program applicable t o  tanks of the same configuration as tha t  

These curves were obtained from a Douglas Aircrart 

shown i n  Figure E.. To simplify the analTysis, only the heat from solar radiatlon 

and the ear th 's  albedo was considered. Heat stored i n  the  space vehicle and con- 

ducted t o  the tank w a l l s  was not considered; such heat sources as the l iquid oxygen 

tank, forward and af% section of the  vehicle, heat from t he  rocket motors immediately 

after cutoff, etc. ,  would increase the to ta l  heat input by approximately one half or  

more. 

zero g with no field applied) is sham i n  the  top curve of Figure 12. 

The boil-off rate with f l u i d  collected on the  w a l l  (as would be expected i n  

The boil-off 

rate is found by assuming that a l l  of the  heat transferred t o  the tank vaporizes 

the l iquid and that the amount of l iqu id  vaporized is vented and cannot be recovered. 
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This approximation is conservative, but  the results are approximately the  same as 

results from more generalized analyses used fo r  space vehicle design. 

~ 

The second curve shows the boil-off rarte for fluid collected off of t h e  tank w a l l s  

and into the  center of the tank. Again, all of the  heat transferred t o  the l iquid 

causes boil-*off, but because of the increased thermal resistance, only one- fourth 

as much propellant is l o s t  as i n  the  first case. 

I n  the  th i rd  curve, the fluid 5s assumed t o  be collected on the w a l l ,  but completely 

mixed. Therefore, the heat input t o  the l iquid increases the bulk temperature of 

the l iquid which increases the vapor pressure. The tank pressure increases u n t i l  

it equals the vapor pressure of the hydrogen corresponding t o  the bulk temperature. 

The amount of propellant vaporized i s  less than t h a t  f o r  l iquid collected off of 

the tank w a l l s ;  however, some means of providing complete mixing would be necessary. 

The goss ib i l i t y  exists that'mixing could be achieved by using dc fields t o  produce 

electro-convection effects  which would reduce s t r a t i f i ca t ion .  

- 

The degreg of mixing 

or  reduction of s t r a t i f i c a t i o n  which can be achieved by dc f ie lds  has not yet been 

s tud2 ed . 

T'ne f m r t h  curve i s  found by assuming tha t  l iquid is  collected off of the tank w a i l  

by dielectrophoretic forces and then mixed. It may be possible t o  adjust  ac f r e  . 

quencies low enough t o  b r i n g  about electro-convection effects  t o  reduce s t r a t i f i c a  

t ion ,  but high enough t o  r e t a in  the propellant on the electrodes. 

could be increased t o  provide a completely s table  state ju s t  pr ior  t o  restart or  

venting t o  ensure completely stable orientation. Collection i n  th i s  manner would 

The ac frequency 

decrease boi l -  off  by a factor  of approximately 20. 
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Either of the  two boi l -off  reduction methods shown w i l l  br ing about s ign i f i can t  

weight savings. 

boil-off is decreased by a f ac to r  of four. 

s tored i n  the  vehicle,  t he  t o t a l  bo i l -of f  in.  4.5 hours would be 3300 lbs  without 

For example, when l iqu id  is col lected of f  of t h e  tank w a l l ,  t he  

Taking i n t o  account t he  e f f ec t  of heat 

col lect ion off of the  w a l l s .  

by off-wall col lect ion.  

weighs on the order of 400 lbs, a t o t a l  weight savings or" 2100 lbs could b e  ma&. 

This loss coirld be decreased t o  800 lbs  i n  4.5 hours 

Assuming a dielectrophoretic system t o  accomplish t h i s  

HIGH VOLTAGE PROBLENS AND CONTROL 

Some of the most serious problems associated with a dielectrophoretic systen irl- 

volve the generation and control  of t he  high voltages reqcired for l a rge  s-,ace 

5 5  vehicle tanks. Voltages on the order of 10 -10 vol ts  are required with large 

tanks to minimize the system weight. In  pr inciple ,  the  e l e c t r i c  f i e l d  in t ens i t i e s  
- 

. required fo r  col lect ion forces on th" order of g eould be obtained with l o w  

voltages and small separation distances between electrodes.  However, the .number 

of electrodes required and the  electrode weight would then be prohibit ive.  

The major problems which arise because of t h e  high voltage requirement are (I) 

t he  generation of high ac  voltages, and { 2 )  %he control  of e lenkrical  breakdom, 

especially i n  oxidizer tanks. 

Various high voltage e l ec t ros t a t i c  generators have been discussed i n  Reference 8 

which appear su i tab le  fo r  a dielectrophoretic system. A t  t h i s  point,  the  most 

promising type is a Van de Graaff generator, b u i l t  by Ion Physics Corp., which 

supplies 200 L* amperes a t  600,000 vol t s .  14, ' 5 ,  me generator is approximately 

8 inches i n  diameter and 12 inches i n  length and can be operated a t  an ac frequency 

of 1 cycle/sec with large tanks. 

J 

Since t h i s  frequency is much g rea t e r  than the  
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reciprocal of the  relaxation time of such propellants as LH2, LO2, etc., the 

device is sui table  f o r  advanced space vehicle applications. 

is orders of magnitude above the resistive power loss i n  the propellants and 

the  generator weight for a f l i g h t  application would be on the order of 15-20 

The power output 

l b s .  Similar devices can be developed for par t icular  applications. The 

Van de Graaff generator operated i n  an ac mode i s  a l so  sui table  from the  

standpoints of lifetime, s t ruc tura l  strength, and r e l i ab i l i t y .  

The e lec t r ica l  breakdown problem i s  s ignif icant  for  two reasons. F i r s t ,  arc- 

ing or e l ec t r i ca l  breakdown in  the tank destroys the e lec t r ic  f i e l d  and hence 

the  collecting force. 

surface could cause igni t ion an6 destroy the vehicle. 

trophoretic system must .be designed t o  minimize the occurrence of arcing, 

Second, arcs  i n  an oxidizer tank s t r ik ing  a metallic 

Therefore, a dielec- 

. and to-guarantee that arcs  i n  an Qxidizer tank wi l l 'no t  i n i t i a t e  combusklon 

of the electrodes or  tank walls. 

and insulation design, monitoring of the current and the  use of sui+,able vol- 

Arcing can be eliminated by.proper electrode 

tage safety factors. 

I n  general, the electrodes should be designed such tha t  there &re no regions 

where the e l ec t r i c  f i e l d  in tens i ty  is  much greater than on the major portion 

of the electrodes. 

hemispherical cap, the  f i e l d  intensi ty  of the cap i s  much greater than along 

the length of the cylinder. 

(and joined smoothly t o  the  cylinder) such that the  e l ec t r i c  f i e l d  intensi ty  

is  approximatelythe same for  the  en t i re  electrode surface. 

the  t o t a l  e l ec t r i c  f i e l d  energy and collecting force. 

applications higher f i e ld  in tens i t ies  and hence collecting forces may be 

For instance, with a cylindrical  electrode having 8 

Therefore, the  cap radius should be increased 

This maximizes 

However, i n  some 



required i n  cer ta in  areas t o  cause preferen t ia l  location, as a t  the  bottom 

of the tank near the  pump out le t .  I n  a l l  cases, electrode surfaces should be 

polished t o  remove a spe r i t i e s  which cause loca l  corona discharge. 

Since the d i e l ec t r i c  s t rength of the  propellant vapor and pressurizing gas is 

. less than that of the  liquid,. the  electrodes must be designed fo r  voltages 

The voltage safe ty  factor ( r a t i o  of w e l l  below t h e  gas  breakdown voltage. 

corona discharge voltage t o  applied voltage) fo r  breakdown i n  the  gas phase 

is  approximately 3 and 10 f o r  dielectrophoretic systems designed t o  co l lec t  

l iqu id  oxygen and l i qu id  hydrogen, respectively, w i t h  average forces on the 

order of 10-3g. 

nitude higher. Also, i n  zero gravity, the  l iqu id  i s  collected t o  the electrode 

surfaces, where the f i e l d  in tens i ty  is greatest ,  with forces on the  order.of 

1 g. 

The voltage safety factor  i n  t h e  liquid is  an order of mag- 

Therefore, there  is  an additional sa fe ty  factor  i n  h v i n g  the high 

d ie lec t r ic  strength l iqu id  coqtinuously collected on the  electrode s,urfaces 

even with very violent disturbing forces caused by a t t i t ude  control, docking 

of the vehicle, etc. 

The poss ib i l i ty  of arcing is  also minimized by monitoring the  current between 

electrodes. 

e l ec t r i c  fields, corona discharge w i l l  occur a t  electrode sur faces-a t  voltages 

Because most electrode designs have very highly non-uniform 

w e l l  below the  arcing voltages. 

by measuring the  typ ica l  exponential current increase, and the voltage can 

then be automatically lowered below the corona onset voltage. 

t i m e  t o  lower the  voltage would be less than the  time f o r  a voltage cycle. 

Onset of corona discharge can be monitored 

The response 

Corona discharge or arcing i n  the  fue l  tank (such as 9) presents no danger 

s ince there is  no oxidizer present t o  support combustion. However, i n  an 
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oxidizer tank (such as LO2) the  danger of arc-initiaked combustion of metallic 

electrodes is par t icu lar ly  acute. The problem of electrode igni t ion can be 

solved by constructing the electrodes of a re la t ive ly  i n e r t  non-combustible 

d ie lec t r ic  material such as t e f lon  o r  mylar with a t h i n  film metallic coating 

sandwiched between the d ie lec t r ics .  

surface fo r  the  high voltage. 

would be absorbed by the d i e l ec t r i c  material. 

t r i c  and ignited the  t h i n  f i l m  coating, combustion would be prevented because 

The metallic coating is the  conducting 

The energy of any arcs  s t r ik ing  the  electrode 

If an a r c  penetrated the dielec- 

the metallic deposit would be insulated from the oxidizer. Even i f  the corn- 

p l e t e  metallic coating were t o  ign i te  the t o t a l  energy produced would be 

negligible because of the small amounts of metal involved. 

The poss ib i l i t y  of arcs s t r ik ing  the  oxidizer tank w a l l  can be minimized by 

designikg the electrodes .such tha t  t h e  *regions of maximum f i e l d  in tens i t?  

a r e  between the  electrodes and not between the electrodes and the tank wall. 

Any arcs which might occur would then pass from one electrode t o  another, 

rather than from an  electrode t o  the  tank w a l l .  In  addition, l iqu id  oxygen 

tank walls often are in te rna l ly  ins&ated with materials which are sui table  

d ie lec t r ics  and compatible w i t h  the l iquid oxygen. Arcs yhich might occur 

between the electrodes and tank w a l l  would then diss ipate  energy i n  penetrat- 

ing the insulation. 

The arcing problem is serious but appears solvable because of the combined 

solutions of high voltage safe ty  factors,  voltage control by corona onset 

monitoring, and proper electrode design. 
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The dielectrophoretic propellant collection system can col lect  l iquid propel- 

l an t  i n  zero gravi ty  with average forces on the order of - 10 .- g. The 
-3  

system weight and power requirements are low. In  addition, the system can 

be used t o  decrease propellant boil-off,  especially with l iquid hydrogen. 

The system appears most promising for  space vehicles requiring five-ten or 

more engine restarts o r  ullage gas venting cycles, o r  for  long term storage 

of cryogenic l iquid with minimm boil-off. The generation of the high -Joltages 

required for large vehicles is  re la t ive ly  easy to achieve with currei?tly avail- 

able, l i gh t  weight Van de Graaff gecerators. The problem of voltage control 

and arcing appears solvable. 

I n  view of the advantages offered by a dielectrophoretic system, it is de- 

. s i r ab le  t o  consider use of t h i s  approaeh i n  space veh'icles an$ to'bear i n  

mind the possible application of the concept i n  other areas. 
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1 SECOND ZERO .G 
CATAPULT'TEST SEQUENCE' 

FIGURE 1 

A C COLLECTION V = 20,000 VOLTS 

FIGURE 2 

D.C. COLLECTION V = 25,000 VOLTS D.C. 
FIGURE 3 
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NOMENCLATURE 

E =  

K =  

P =  

rl = 

r2 = 

- 
r3 - 

P =  

c T =  

Volts Electr ic  Field Intensi ty  Meter 

Newton 
Meter Force per Unit Volume 

Dielectric Constant 

>Jewtong Pressure Meter 

Inner Electrode Radius 

Outer Electrode Radius 

Farads Capacity of Space Meter 

Kilograms 
.M&SS Density Meterj , 

Coulombs 
Meter3 Electric Charge Density 

-1 -1 Conductivity ohm m 

Newton Surface Tension Dynes/cm or  Meter 

. .  
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