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Section 1 
INTRODUCTION 

The design and development of a system for collecting and delivering 
superfluid helium (He 11 )  to a pump inlet in low gravity presents unique 
problems in hydrodynamics and thermodynamics. Solution o f  these problems 
requires perceptive interpretation of available technology and realistic 
appraisal of any need for new supporting technology. 
the art is sufficiently advanced at this time to design a device to control 

In general, the State Of 

He I 1  in a low-gravity environment. 
demonstrated successfully in flight. They are: 

(1) Settling accelerations 
( 2 )  Passive expulsion (surfacetension devices) 
(3) Positive expulsion 

Three types o f  fluid control 

Each of these offers unique advantages and disadvanta- when ap 
of requirements. A preliminary review was discussed in Ref. 1-1. 
evaluates in detail three passive expulsion devices with emphasis 
enclosed capi 1 lary gallery channel device. An open capi 1 lary dev 
reviewed but did not satisfy the requirement of controlling the f 
the required adverse acceleration. An integrated fountain-effect 

have been 

i d t  a s t  
This report 

on an 
ce was 
uid against 
pump (FEP) 

and gallery device was evaluated and it was determined that it could meet all 
the requirements. This type of device would require development and 
verification tests that can be performed on the ground. The performance of 
the enclosed capillary device can be characterized with ground tests. 
only aspect that needs orbital verification is the behavior of Ittrappedlt vapor 
in the device. This is discussed further in Section 2.3. 
enclosed capillary device is baselined for the means of collecting He I 1  in 
the orbital NASA/Goddard SHOOT experiment. 
valuable data will be obtained. 

The 

Presently an 

If this experiment is SUCCeSSfU1, 
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1.1 'REQUIREMENTS 

The He-I1 transfer requirements used in this study are based primarily on the 
needs for orbital refilling of the Space Infrared Telescope Facility (SIRTF). 
Because the on-orbit vent of the tank is performed by the porous plug, there 
is no need to control the vapor ullage, which simplifies the design. 

Preliminary requirements were established and were used in the study. 
requirements are summarized in Table 1-1. 

These 

The actual tank geometry has not been established. 
have been suggested are shown in Fig. 1-1. 
an inner diameter of 292 cm. Configuration b is similar but utilizes 
elipsoidal ends with a cylindrical section. Configuration c has spherical 
segments as ends and utilizes a cylindrical section between them. 
configuration of the tanker has not been selected. A number of parameters 
should be used to evaluate each candidate. Some of these parameters are 
weight, volume-to-length ratio, thermal protection system, modularity, and 
liquid management. 

The three candidates that 
Configuration a is spherical with 

The final 

Configurations a and b would be structurally more sound 

Table 1-1 FLUID MANAGEMENT REQUIREMENTS 

Tank Volume: 13,000 L 

Flow Rate: nominal 500 Llh, goal 1,000 L / h  

Temperature: 1.8 0.05 K 

Maximum Orbital Accelerations: 

Minimum Expulsion Efficiency: 95 percent 

Structural Loads: 

steady 10-4 go (any direction) 

cool-down from 300 K, 12 go static load, random 
vibration at TBD, multiple flights 

Maximum Thermal Load: 0.5 W parasitic, 50 W pump dissipation 

Submerged Pump Envelope: 5 in. diameter, 6 in. high 
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115  in. diam. -114 in. 
107 in. diam 

t 

a. SPHERICAL b. CYLINDRICAL WITH c. CYLINDRICAL WITH 
ELIPTICAL ENDS SPHERICAL ENDS 

F ig .  1-1 Tank Geometry Candidates (13,000 L )  

and would l ead  t o  a lower weight. 

volume-to-length r a t i o .  Con f igu ra t i ons  b and c would p rov ide  m o d u l a r i t y  by 
a l l o w i n g  t h e  tank volume t o  be changed by changing the c y l i n d r i c a l  sect ion.  
Con f igu ra t i on  c has a l o t  of sharp cu rva tu re  sec t i ons  which would t r a p  some 

l i q u i d  under low g r a v i t y  and would probably  lead t o  h ighe r  r e s i d u a l s  a t  
dep le t i on .  Tne f i n a l  s e l e c t i o n  o f  t h e  tank should be based on a l l  these 

cons ide ra t i ons  and on a d e t a i l e d  m iss ion  analys is ,  t o  determine if a low 
volume-to- length r a t i o  i s  a d r i v i n g  parameter. 
f u r t h e r  addressed i n  t h e  NASA/JSC S u p e r f l u i d  Helium Tanker (SFHT) Study. 

Conf igurat ion c has t h e  smal lest  

The tank s e l e c t i o n  w i l l  be 

Fo r  t h i s  study, c o n f i g u r a t i o n  b was selected; however, t h e  general  a n a l y s i s  
and conclus ions regard ing t h e  f l u i d  management devices would apply t o  a l l  
c o n f i g u r a t i o n s .  
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The design margins t h a t  w i l l  be used i n  t h i s  s tudy rep resen t  a t r a d e o f f  

between maximizing excess c a p a b i l i t y  f o r  system r e l i a b i l i t y  versus o b t a i n i n g  a 
system design which can be manufactured by  convent ional  methods a t  reasonable 

cost .  Based on LMSC's prev ious  exper ience w i th  c a p i l l a r y  devices, a f a c t o r  Of 

3 Conservatism i n  c a p i l l a r y  c a p a b i l i t y  performance w i l l  be used. T h i s  w i l l  
a1 low r e l a t i v e l y  wide to le rances  on manufactur ing accuracy and/or raw m a t e r i a l  
c o n s t r u c t i o n  ( i .e. screen h o l e  s i z e s )  as w e l l  as p e r m i t t i n g  v a r i a t i o n s  i n  t h e  

requirements themselves. 
c a p a b i l i t y  of screens t o  He 11, i t  w i l l  be assumed t h a t  t h e  l i q u i d  o n l y  

reaches one h a l f  i t s  t h e o r e t i c a l  va lue when app l i ed  t o  screens. 

Since t h e r e  i s  no da ta  on t h e  c a p i l l a r y  r e t e n t i o n  

I n  any t e s t s  t h a t  are i d e n t i f i e d ,  a t e s t  f a c t o r  o f  conservat ism o f  2 should be 

adopted t o  a l l ow  f o r  t h e  v a r i a b i l i t y  imposed by t e s t  c o n d i t i o n s  w h i l e  s t i l l  
o v e r t e s t i n g  r e l a t i v e  t o  the  requirement values. 

1.2 BULK-LIQUID BEHAVIOR 

The governing parameters used f o r  determin ing t h e  b u l k  l i q u i d  c o n f i g u r a t i o n  i n  

low g r a v i t y  are t h e  dimensionless Bond number (Bo), which i s  t h e  r a t i o  of body 

forces t o  surface f o r c e  (pg r  l a ) ,  and t h e  con tac t  angle. 2 

The c o n f i g u r a t i o n  o f  t h e  l i qu id -vapor  i n t e r f a c e  has been s tud ied  a n a l y t i c a l l y  
by many investigators. All these analyses indicate that the interface 
c o n f i g u r a t i o n  i s  p r i m a r i l y  dependent on t h e  con tac t  angle and t h a t  d u r i n g  ze ro  
g r a v i t y  t h e  i n t e r f a c e  tends t o  assume a constant-curvature surface t h a t  

i n t e r s e c t s  the  tank w a l l  a t  t h e  con tac t  angle. 
shown t h a t  He I 1  has a zero con tac t  angle. Therefore, i n  spheres, t h e  
i n t e r f a c e  takes t h e  form o f  a spher i ca l  vapor bubble i n  t h e  i n t e r i o r  of t h e  

l i q u i d  f o r  a l l  percentages o f  f i l l i n g .  The i n t e r f a c e  i n  o t h e r  geometric 

con ta ine rs  takes t h e  form where i t  i n t e r c e p t s  t h e  tank w a l l  a t  a con tac t  angle 
of 0' f o r  a l l  percentages o f  f i l l i n g  u n t i l  t h e  vapor u l l a g e  i s  smal l  enough t o  

take a s p h e r i c a l  c o n f i g u r a t i o n .  Th is  i s  shown i n  F i g .  1-2, where sketches Of 

t h e  i n t e r f a c e  f o r  va r ious  con ta ine rs  are shown f o r  l i q u i d  f i l l i n g s  of 10, 50, 
and 90 percent.  

I n  Sec t ion  2.2, i t  w i l l  be 

These are based on r e s u l t s  o f  d r o p t o w e r  t e s t s  (Ref. 1-2) 
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a. SPHERICAL CONTAINERS 

b. OTHER GEOMETRIC CONTAINERS 

Fig. 1-2 Configuration of Liquid-Vapor Interface During Weightlessness 

with ethyl alcohol (contact angle, 0'). 
acceleration on the small experimental packages was kept below 10- go, 
leading to an extremely small Bond number and assuring that the surface 
tension forces are dominant. 

During these tests, the drag 
5 

In the large tank that is being analyzed in this study, the Bond number is 
very large even at a low acceleration o f  10-4 go. 

t o  the low kinematic surface tension ( u / p )  of the He I 1  and the large radius 
of the tank. The kinematic surface tension of helium, as shown in Fig. 1-3, 
is an order o f  magnitude lower than that of other cryogens and storable 
propellants. 

This is primarily due 

This low value makes it more difficult to utilize surface tension forces to 
control the liquid behavior against adverse acceleration. 
the He I 1  in tanks is shown in Fig. 1-4. 
average radius of 140 cm at an acceleration of loe4 go, the Bond numDer i s  

The Bond number o f  
For the tank being studied, with an 
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887. This shows that the liquid-vapor in 
acceleration forces and will be essential 
exist at the tank wall to preserve a zero 

erface shape is dominated by the 
y flat. A small curvature will 
contact angle. 

No attempts were made to model the forces due to sloshing of the fluid. 

acceleration field, it is worth noting that the natural frequencies of the 
fluid are readily available. Since the tank being studied is nearly 
spherical, data on spherical tanks can be used to predict natural 
frequencies. In modeling, the frequency parameter An is used. This 
parameter is a function of the liquid-depth ratio (h/ZR) for settled liquids, 
where h is the maximum depth of the liquid and R is the tank radius. 
natural frequency can then be found by the following expression 

However, since the liquid will be settled in a 1-go and a 10- 4 go 

The 

where g is the settling acceleration. 
for Various deptn ratios are shown in Table 1-2 for the first three natural 
frequencies (Ref. 1-3). 

The values of the frequency parameter 

For the tank in question (R = 140 cm), when it i s  90 percent full (h/2R = 0.8) 
the first natural frequency i s  0.65 Hz at 1 go .and 0.0069 Hz at the orbital 
acceleration of go. These frequencies will decrease as the tank is 
drained. 
problem for the orbital attitude-control system of the tanker and to determine 
if any slosh control in the tank is required. 
in Sections 4 and 5 will not damp the fluid sloshing in the tank. 

This information can be used to determine if sloshing will be a 

The gallery devices described 
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Liquid-Depth 
Rat io ,  

hl2R 
~~~ ~ 

0.1 
0.2 
0.3 
0.4 

0.5 
0.6 
0.7 
0.8 

0.9 

Natu ra l  Frequency 
Parameter 

1.0573 
1.0938 
1.1370 
1.1893 
1.2540 
1.3376 
1.4528 
1.6300 
1.9770 
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J A2 

2.7758 
2.4947 
2.3731 
2.3232 
2.3218 
2.3655 
2.4655 
2.6608 
3.1019 

3.6775 
3.2430 
3.0592 
2.9785 
2.9639 
3.0080 
3.123b 
3.3580 
3.8969 



Sect ion 2 

H e - I  I PROPERTIES 

I n  t h e  des ign o f  l ow-g rav i t y  1iquicLmanagement devices, t h e  p r o p e r t i e s  o f  t h e  

l i q u i d  must be w e l l  es tab l i shed  i n  o rde r  t o  p r o p e r l y  model t h e  performance Of 

t h e  device. 

must be known. 
tnroughout and are summarized i n  Table 2-1. 

I n  p a r t i c u l a r  t h e  su r face  t e n s i o n  and t h e  w e t t i n g  c h a r a c t e r i s t i c s  
I n  t h i s  study, t h e  p r o p e r t i e s  o f  He- I1 a t  1.8 K were used 

Table 2-1 H e - I 1  PROPERTIES AT 1.8 K 

Dens i t y  ( p )  0.1453 g/m3 

Vapor Pressure (Pv) 12.26 t o r r  
Sur face Tension (u) 0.3377 x N/cm 

Bulk V i s c o s i t y  (nn) 12.799 x g1Cri-S 

The exper imental  measurements of He I 1  were reviewed i n  o rde r  t o  have 

confidence i n  t n e  va lue used f o r  t h e  study. The w e t t i n g  c h a r a c t e r i s t i c s  of 

t h e  f l u i d  were a l s o  s t u d i e d  and reviewed. 

2.1 SURFACE TENSION 

The surface t e n s i o n  o f  a l i q u i d  i s  a measure o f  t h e  f r e e  energy associated 

w i th  u n i t  area o f  i t s  surface. Surface tens ion  i s  most o f t e n  measured by t h e  
convent ional  c a p i l l a r y - r i s e  method, i n  which t h e  r i s e  o f  He I 1  i n  con tac t  w i t h  

i t s  sa tu ra ted  vapor i n  c a p i l l a r i e s  i s  measured. A l i t e r a t u r e  search was 

conducted and a summary o f  t h e  r e s u l t s  i s  shown i n  F i g .  2-1. 

by Onnes (Ref. 2-1) were performed i n  c a p i l l a r i e s  o f  180-pm and 400-vm 
diameter. A t k i n s  and Narahara (Ref. 2-2) made more than 300 measurements i n  

the  course o f  t h e i r  i n v e s t i g a t i o n  w i t h  smal l  c a p i l l a r i e s  o f  diameters i n  t h e  
range between 70 vm and 140 pm and w i t h  l a r g e r  c a p i l l a r i e s  between 240 vm and 

460 pm. 

The measurements 

T h e i r  values are c o n s i s t e n t l y  h igher  than t h e  Al len/Misener  and 
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TEMPERATURE .K 

0 Al len 8 Mlsener (1938) 
t Zlnoveva (1955) 
0 , 0, o Atklns and Narahara (1965) 
0 Urk, Keeson, Onncs (14751 

F i g .  2-1 Review o f  He- I1  Surface Tension Data 

Zinoveva da ta  (Refs. 2-3 and 2-4), w i t h  a d i f f e r e n c e  as much as 7 percent  a t  

1 K and much lower a t  1.8 K. A t k i n s  used t h e  method o f  l e a s t  squares t o  
c u r v e - f i t  h i s  da ta  and came up w i t h  t h e  f o l l o w i n g  equat ion f o r  t h e  su r face  

t e n s i o n  (e rg l cm ) o f  He I 1  a t  low temperatures: 2 

u = 0.3729-0.0081 T2*5 

T h i s  e m p i r i c a l  curve, evaluated a t  1.8 K ,  g ives  t h e  va lue  shown i n  Table 2-1. 

2.2 CONTACT ANGLE 

The con tac t  angle i s  de f i ned  as t h e  angle a t  whicn t h e  l i qu id -vapor  i n t e r f a c e  

meets t h e  s o l i d  surface, measured through t h e  l i q u i d ,  as shown i n  t h e  

f o l l o w i n g  i l l u s t r a t i o n .  

considered a good wetter.  

The lower  t h e  con tac t  angle, t h e  more t h e  f l u i d  i s  
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aLV 

%V L U S L  S 

From t h e  Young's equat ion t h e  contac t  angle can be expressed as a f u n c t i o n  o f  

var ious  sur face tens ion  fo rces  I t  
uSV - uSL 

uLV 
cos e = 

where e i s  t he  con tac t  angle and u i s  t he  sur face  tension. Subscr ip ts  S, L 

and V stand f o r  s o l i d ,  l i q u i d ,  and vapor, respec t i ve l y ,  such t h a t  uSV 

represents  t h e  sur face  tens ion  between t n e  s o l i d  and vapor phase. 

Most o f  t h e  s o l i d s  i n  na tu re  can be categor ized as being low- o r  high-surface- 

energy so l i ds .  
G i r i f a l c o  and Good (Ref. 2-5) proposed an analogy between t h e  sur face- tens ion 
fo rces  and t h e  a t t r a c t i v e  energy between l i k e  and u n l i k e  molecules. 

t h a t  t h e  surface tens ion  between the  s o l i d  and l i q u i d  can be w r i t t e n  as 

For  low-surface-energy s o l i d s  (e.g., Te f l on  and g raph i te ) ,  

They show 

J L 
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! where vs and V L  are t h e  molar volume o f  t h e  s o l i d  and t h e  l i q u i d  

r e s p e c t i v e l y .  
can be shown t h a t  if 

Combining t h e  Young's equat ion (Eq. (2.1)) w i th  Eq. ( 2 . 2 )  i t  I 

then t h e  con tac t  angle has t o  be equal t o  zero. 
most Sol i d s  Q - 1, and s i n c e  uSv >> aLV (0.34 erglcm) i t  can be concluded 
t h a t  e = 0. 

A S  f o r  t h e  case o f  h igh -su r faceenergy  s o l i d s  (e.g., most meta ls)  t h e  

i n t e r a c t i o n  between t h e  s o l i d  and f l u i d  (vapor o r  l i q u i d )  i s  by adsorpt ion.  

Fo r  t h e  con tac t  o f  H e 1 1  wi th  

I 

Since He I 1  i s  a saturated vapor, t h e  number o f  adsorpt ion l a y e r s  approaches 

i n f i n i t y .  

sa tu ra ted  vapor f i l m  o r  a su r face  covered by l i q u i d .  Therefore, t h e  contact  
angle must be zero. 

There i s  no d i s t i n c t i o n  between a s o l i d  su r face  covered by a 

Var ious exper imental  observat ions made i n  one go and i n  low go 

environments (Refs. 2-6 and 2-7) show t h a t  He I 1  w i l l  coat  t h e  i n s i d e  of a 
tank w i t h  a sa tu ra ted  f i l m  o f  a few hundred angstroms. 

g r a v i t y ,  t h e  He I 1  w i l l  tend t o  d i s t r i b u t e  i t s e l f  t o  f i l l  areas of sharp 
cu rva tu re  and w i l l  d i s t r i b u t e  i t s e l f  u n i f o r m l y  so t h a t  a l l  sur faces.wi11 be 
covered w i t h  b u l k  l i q u i d .  
very gooa w e t t e r  and t h e r e f o r e  must have a zero con tac t  angle. 

I n  t h e  absence o f  

These observat ions e s s e n t i a l l y  show t h a t  He I 1  i s  a 

2.3 VAPOR ULLAGE 

The therniodynaniic a n a l y s i s  i n  Ref. 2-8 i n a i c a t e d  t h a t  t h e  s t a b l e  e q u i l i b r i u m  

s t a t e  o f  a c a p i l l a r y  system i n  an isothermal  environment i s  t h e  s t a t e  where 
t h e  p o t e n t i a l  energy 

PE = aA, 
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has t h e  l e a s t  value. A, i s  de f i ned  as t h e  c a p i l l a r y  area. There may be 

severa l  s t a t e s  f o r  which smal l  p e r t u r b a t i o n s  i n  c o n f i g u r a t i o n  r e s u l t  i n  an 
increase i n  PE; a l l  o f  these s t a t e s  save t h e  one o f  lowest PE a r e  metastable, 

f o r  w i th  a s u f f i c i e n t l y  l a r g e  disturbance, t h e  system w i l l  pass t o  t h e  s t a b l e  
s ta te .  T n i s  behavior i s  i n d i c a t e d  i n  t h e  sketch below. 

PE 

METASTABLE 
STATES 

THE MOST 
STABLE 
STATE 

~~~ ~ 

CONFIGURATION 

We can use t h i s  i dea  t o  determine where vapor i s  most l i k e l y  t o  be found i n  a 
conta iner .  

cons ide ra t i ons  tha t  t h e  system w i l l  indeed be i n  t h i s  s t a b l e  s ta te ;  i t  may be 

" t rapped" i n  a metastable s t a t e .  Since t h e  sur face t e n s i o n  i s  presumed t o  be 
dependent o n l y  on temperature, i t  i s  constant  i n  an isothermal  system; we need 

o n l y  t o  i n v e s t i g a t e  the  c a p i l l a r y  area A,. Thus, t h e  c a l c u l a t i o n  i s  
e n t i r e l y  geometr ical .  

I t  i s  impor tant  t o  r e a l i z e  t h a t  one cannot be sure f rom these 

Consicier f i r s t  a c o l l e c t i o n  o f  vapor bubbles away f rom i n t e r a c t i o n  w i t h  

wa l l s .  
if t h e r e  w i l l  be any tendency f o r  them t o  merge upon con tac t  w i t h  one 

another. 
d iameter D. I f  V represents  t h e  t o t a l  vapor volume, then  

Suppose t h e  bubbles are f l o a t i n g  a im less l y  about, and we seek t o  l e a r n  

L e t  us t a k e  t h e  s imple case where a l l  N bubbles have t h e  Same 

V = C1 N D  3 

2 The c a p i l l a r y  area o f  eacn w i l l  be p r o p o r t i o n a l  t o  D , and t h e  t o t a  

c a p i l l a r y  area i s  t h e r e f o r e  
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Since V i s  f i x e d ,  we conclude t h a t  t h e  c a p i l l a r y  area i s  o f  t he  form 

The c a p i l l a r y  area w i l l  t h e r e f o r e  be l e a s t  when t h e  bubbles a re  merged i n t o  
one. The general  p r o o f  o f  t h i s  i s  a c l a s s i c  problem i n  t h e  c a l c u l u s  o f  

v a r i a t i o n s ,  where one f i n d s  t h a t  t h e  shape o f  smal lest  su r face  area f o r  g i ven  
volume i s  a s i n g l e  sphere. We conclude t h e r e f o r e  t h a t  t h e  vapor bubbles w i l l  
tend t o  coalesce t o  form a s i n g l e  l a r g e  sphere. 

When a vapor bubble i s  imbedded i n  a l i q u i d ,  t he  pressure d i f f e r e n c e  between 

t n e  i n s i d e  ana t h e  ou ts ide  o f  t h e  bubble i s  g iven by 

w e r e  r l  and r2 are the  p r i n c i p a l  r a d i u  o f  curvature.  F o r  a spher i ca l  
bubble where r l  i s  equal t o  r2, t h i s  reduces t o  

Therefore, f o r  a system which has more than one bubble, t h e  pressure i n s i d e  
the  sma l les t  w i l l  be t h e  l a r g e s t .  

F o r  a sa tu ra ted  l i q u i b v a p o r  system, t h e r e  may be a tt temperature" a t  t h e  
i n t e r f a c e  which corresponds t o  t h e  pressure i n s i d e  t h e  bubble. If t h i s  i s  

somewhat t n e  case, then t h e r e  may be a h ighe r  "temperature" i n  t h e  bubble t h a t  
has t h e  h i g h e s t  pressure and sma l les t  rad ius .  
t o  d r i v e  energy f rom t h e  sma l les t  bubble t o  t h e  l a r g e r  one. 

Th is  would s e t  up a p o t e n t i a l  

I n  t h e  case o f  He 11, where t h e  thermal c o n d u c t i v i t y  o f  t h e  l i q u i d  i s  
enormous, t h e  p o t e n t i a l  t o  d r i v e  energy would be large.  

i n  t h e  smal ler  bubble would condense and, i n  order  t o  conserve mass, t he  Vapor 
I n  t h i s  case, vapor 
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would reappear i n  t h e  l a r g e r  u l l age .  

t h e  Smal ler  bubble t o  t h e  l a r g e r  one and a l l o w  t h e  vapor t o  achieve a minimum 
c a p i l l a r y  area. T h i s  phenomenon i s  p robab ly  what has been observed w i t h  

he l ium b o i l i n g .  Observat ions i n  1-go have shown t h a t  as t h e  temperature o f  

Th is  mechanism would d r i v e  energy f rom 

he l i um i s  reduced t o  below t h e  
takes p lace  a t  t h e  l i q u i d / v a p o r  
smal le r  r a d i i  bubbles are  seen. 

ambda po in t ,  b o i l i n g  ceases, a l l  vapor i za t i on  

i n t e r f a c e  t h a t  has a l a r g e  rad ius ,  and no 

I n  t h e  case o f  He-I1 management devices, i t  would appear t h a t  any vapor 

bubbles t rapped i n  t h e  dev ice would condense and reappear i n  t h e  l a r g e r  vapor 
u l l age .  
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Sect ion 3 

OPEN-CAPILLARY DEVICES 

One of t h e  s imp les t  types o f  dev ices used f o r  l i q u i d  management i n  low g r a v i t y  

i s  an open c a p i l l a r y  dev ice as shown i n  F i g .  3-1 T h i s  dev ice u t i l i z e s .  t h e  

Surface t e n s i o n  o f  t h e  l i q u i d  t o  form f i l l e t s  betwen t h e  b a f f l e s .  The 

extens ion o f  t h e  ends o f  t h e  b a f f l e s  prov ides t h e  means o f  a c q u i r i n g  t h e  
l i q u i d  t h a t  may be s e t t l e d  on t h e  s i d e  o f  t h e  tank and b r i n g i n g  i t  t o  t h e  co re  

o f  t h e  b a f f l e s .  

Surface d i p  o f  t h e  l i q u i d  as i t  en te rs  t h e  o u t l e t  c a v i t y  which would house t h e  

pump 

A t  t h e  o u t l e t  a gas a r r e s t e r  i s  needed t o  suppress t h e  

Because t h e  spacing between t h e  b a f f l e s  i s  large,  and t h e  su r face  t e n s i o n  

f o r c e s  are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  meniscus rad ius ,  t h e  c a p a b i l i t y  Of 

such a dev ice i s  g e n e r a l l y  ve ry  low. A t op - leve l  assessment o f  i t s  

performance was performed t o  determine i t s  c a p a b i l i t y  be fo re  any design Or 
d e t a i l e d  a n a l y s i s  was performed, i f  warranted. 

Under low accelerat ions,  t h e  l i q u i d  i s  assumed t o  be u n i f o r m l y  d i s t r i b u t e d  
among t h e  b a f f l e s .  Wi th  a zero con tac t  angle, t h e  l i q u i d  geometry i n  each 

channel i s  as shown below where tan  s / 2  = r / R .  
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\-TANK OUTLET 
- 

F i g .  3-1 Baffl 

The cross-sectional area of the liquid 

e Capillary Device 

mass in each channel i s  given by 

and assuming that the total flow is evenly distributed in each channel, the 
velocity i s  

where n i s  the 

-1 QT QT 
nAC nr 

umber of baffles, and 6 = 2nln. 
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Neglecting flow losses due to friction, the capillary capability o f  the 
vaporlliquid interface is reduced to: 

*' cap = "'hydro + "'dynamic 

Therefore, the maximum adverse acceleration that the capillary system can 
stand up to is: 

substituting Eq. (3.1) for the velocity in Eq. ( 3 . 2 ) ,  a fourth-order 
polynomial equation for determining the minimum meniscus radius can be written. 

To determine the maximum acceleration that the capillary forces could 
overcome, this equation was solved for various accelerations until only a 
single real root could be found. These results are shown in Fig. 3-2. It can 
be seen that for the nominal flow rate of 500 L/h, an open capillary system 
for He I1 can only manage the liquid against adverse accelerations in the 
range of 9, to 9,. These results are based on a 
factor-of-three conservatism in the capillary forces of the liquid/vapor 
interface and are evaluated at depletion conditions in the tank when the 
hydrostatic head is at its largest. 

For the case where 32 baffles are used in the tank, the maximum capability of 
the device is 2.3 X 9, for a flow rate of 500 L/h. 

At this point the minimum radius of the liquid/vapor interface is 0.88 cm, 
which provides a capillary pressure of 9 x gO-cm. The hydrostatic 
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'" 0 8 16 29 32 
NUMBER OF BAFFLES 

Fig .  3-2 Open-Baffle Device C a p a b i l i t y  

4 l oad  i s  6.7 x 

T h i s  h i g h  dynamic load i s  due t o  t h e  low-f low area caused by t h e  requ i red  
smal l - rad ius l i q u i d / v a p o r  i n t e r f a c e .  The c a p a b i l i t y  o f  t h e  dev ice  v a r i e s  

l i n e a r l y  w i t h  t h e  h y d r o s t a t i c  head and t h e r e f o r e  t h e  s i z e  o f  t h e  tank would 
have t o  be reduced by  two o rde rs  o f  magnitude t o  achieve a smal l  r e s i d u a l  a t  

go-cm and t h e  dynamic l oad  i s  2.1 x 10- gO-cm. 

9,. 

I n  o rde r  t o  f u r t h e r  inc rease t h e  c a p a b i l i t y  w i t h o u t  hav ing  t o  i n s t a l l  an 

impossib le  number of b a f f l e s ,  a r i d g e d  r i b b o n  dev ice was evaluated. 
dev ice i s  shown i n  F ig .  3-3 where t h e  grooves i n  t h e  r i b b o n  p rov ide  a l a r g e  
number o f  smal l  f l o w  passages. The ana lys i s  i s  e s s e n t i a l l y  t h e  same as t h e  

ba f f le  system except i n  e v a l u a t i n g  t h e  v e l o c i t y ,  where n i s  now t h e  number o f  
grooves and 6 i s  t h e  angle o f  t h e  groove. 

Th is  
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TANK 
E PUMP SUMP 

RIDGED RIBBON 

SECTION A-A 

F i g .  3-3 Ribbon Capillary Device 

The maximum number of grooves i s  determined by the minimum required 
liquid/vapor interface radius. 
o f  the groove goes down and therefore more grooves can be made per unit width 
o f  ribbon. 

As the radius gets smaller, the required depth 

The maximum number of grooves i s  thus 

LB 
r cos 612 '  n =  

where L i s  the width o f  the ribbon which has grooves made on both sides and B 
is the number o f  ribbons. 
each ribbon, the velocity of the liquid is: 

Assuming that the flow i s  evenly distributed to 

QT v = -  LBr 
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Substituting Eq. (3.4) into Eq. (3.2), a quadratic equation for the minimum 
meniscus radii of the liquid/vapor interface can be derived aS 

where 

This equation can be solved for the maximum acceleration that the capillary 
forces could overcome. 
can be shown that this occurs when 

This occurs when only one real root can be found. It 

and solving for the acceleration gives 

Tnis acceleration i s  half of the capability of a meniscus that is supporting a 

static column of liquid, thus the dynamic head is half of the load On the 
meniscus . 
It can also be snown that tne maximum acceleration from solving Eq. (3.5) is: 
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The r e s u l t s  a re  shown i n  F i g .  3-4 f o r  r i bbons  10 cm wide. 
t h i s  dev ice would would o n l y  be capable o f  acce le ra t i ons  i n  t h e  

low go range. T h i s  i s  lower than t h e  r e q u i r e d  go. The 
c a p a b i l i t y  v a r i e s  l i n e a r l y  w i t h  t h e  h y d r o s t a t i c  head. Therefore, t h e  s i z e  of 

t he  tank would have t o  be decreased considerably  i n  o rde r  t o  have low r e s i d u a l  
i n  t h e  go range. 

I t  can be seen t h a t  

go t o  

. .  
One can argue t h a t  a very l a r g e  number o f  r i bbons  c o u l d  be i n s t a l l e d  i n  t h e  

tank i n  o r d e r  t o  reach t h e  des i red  a c c e l e r a t i o n  c a p a b i l i t y .  
manufacturing o f  such a system would become p r o h i b i t i v e  s i n c e  a t o t a l  w i d t h  o f  

r i b b o n  o f  over 500 cm would be requi red.  
used, t h e  maximum c a p a b i l i t y  of t h e  dev ice i s  1.98 x go w i t h  a 

f l o w r a t e  o f  500 L/n.  
i n t e r f a c e  i s  0.069 cm and each r i b b o n  has 150 grooves. The to le rances  

r e q u i r e d  f o r  machining these r ibbons t o  accommodate these smal l  meniscus r a d i i  

The assembly and 

For  t h e  case where 24 r ibbons are 

At t h i s  p o i n t  t h e  minimum r a d i u s  o f  t h e  l i q u i d l v a p o r  

NUMBER OF RIBBONS 

F i g .  3-4 Open-Ribbon Device C a p a b i l i t y  
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make t h e  dev ice i m p r a c t i c a l .  A t  t h e  lower accelerat ions,  i n  t h e  low 

0.5 cm, which would be manageable. 
9, range, t h e  minimum meniscus r a d i u s  increases t o  approximately 

I n  sunmary, n e i t h e r  open-capi 1 l a r y  dev ice examined here meets t h e  requirement 

Of managing t h e  l i q u i d  aga ins t  adverse acce le ra t i ons  o f  10- go. T h i s  i s  

u n f o r t u n a t e  s ince  these devices a r e  t h e  s imp les t  c a p i l l a r y  devices a v a i l a b l e  
and should be used whenever poss ib le .  P r i o r  t o  e n t e r i n g  t h e  pump sump;the 

l i q u i d  i s  i n  d i r e c t  con tac t  w i t h  i t s  vapor and i t  would seem t h a t  t h e  chances 
of c a v i t a t i o n  would be small .  However, a gas-arrester screen o r  p e r f o r a t e d  
p l a t e  i s  r e q u i r e d  a t  t h e  entrance o f  t h e  sump t o  prevent  vapor i nges t i on .  
f low of t h e  l i q u i d  through t h i s  gas a r r e s t e r  would f u r t h e r  drop t h e  l i q u i d s '  

pressure and cou ld  induce c a v i t a t i o n .  The quest ion o f  c a v i t a t i o n  i s  examined 

i n  d e t a i l  i n  Sec t i on  4, which evaluates an enc losed-cap i l l a ry  dev ice t h a t  can 

meet t h e  requirements. 

4 

The 

I 
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Sect ion 4 

ENCLOSED CAPILLARY DEVICE 

An enclosed c a p i l l a r y  dev ice w i th  g a l l e r y  channels was se lec ted  as t h e  p r imary  

dev ice t o  p r o v i d e  l i q u i d  communication t o  t h e  pump. 

l i q u i d  r e t e n t i o n  was n o t  selected, p r i m a r i l y  because t h e  a c c e l e r a t i o n  may be  

con t inuous ly  i n  an adverse d i r e c t i o n ,  which would n o t  a l l o w  t h e  b u l k  l i q u i d  to 
r e p l e n i s h  t h e  device. A l s o  n o t  se lec ted  was p e r f o r a t e d  tank l i n e r  nex t  t o  t h e  

tank w a l l ,  which prov ides constant  communication and l i q u i d  feed f rom any b u l k  
l i q u i d  l o c a t i o n  t o  t h e  pump. Al though t h e  performance o f  t h i s  t y p e  o f  a 

dev ice i s  approximately t h a t  of t h e  g a l l e r y  channel device, i t  would weigh a 
l o t  more. 

A dev ice f o r  p a r t i a l  

4.1 D E S I G N  D E S C R I P T I O N  

The liquid-management dev ice i s  a g a l l e r y  dev ice designed t o  a l l o w  most of t h e  

l i q u i d  t o  move about i n  t h e  tank b u l k  space w h i l e  ma in ta in ing  f l u i d  paths t o  
t h e  pump. Only  t h e  l i q u i d  i n  t h e  screen-covered g a l l e r y  channels and t h e  

lower and upper r e c e i v e r s  w i l l  be contained. The dev ice operates by  p r o v i d i n g  

surface-tension-dominated l i q u i d  paths f rom a l l  l o c a t i o n s  w i t h i n  t h e  tank t o  
t h e  lower r e c e i v e r .  
channels connect an upper and lower r e c e i v e r .  
H e 1 1  pump used t o  pump t h e  l i q u i d  o u t  o f  t h e  tank. 

The g a l l e r y  assembly i s  shown i n  F i g .  4-1, where g a l l e r y  
The lower r e c e i v e r  encloses t h e  

The g a l l e r y  assembly i s  composed o f  seven i d e n t i c a l  g a l l e r y  channels, which 

a re  ova l  tubes shaped t o  conform t o  t h e  tank wa l l s .  
channels and t h e  tank w a l l  i s  0.75 i n .  Openings i n  t h e  tubes a re  covered w i t h  

screen on t h e i r  o u t e r  faces t o  a l l o w  a l i q u i d  f l ow  p a t h  i n t o  t h e  channels. 
The screens are at tached by sandwiching t h e  screen between two doublers  which 

a re  electron-welded t o  t h e  g a l l e r y  channel. The screen i s  a 50 x 250 mesh 

P l a i n  dutch weave. A r i b  type o f  opening on t h e  outboard s i d e  o f  t h e  channel 

The spacing between t h e  
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i s  prov ided f o r  r e s i s t a n c e  against  t o r s i o n  loads. 

prov ides over 80 percent  open area t o  t h e  screen. 

m i l l e d  t o  reduce weight w h i l e  s t i l l  p r o v i d i n g  t h e  r e q u i r e d  weld th ickening.  

The c o n f i g u r a t i o n  shown 

These arms are chemica l l y  

The tank g a l l e r y  channels are supported a t  t h e  lower and upper receivers.  

s t r u c t u r a l  support may be needed a t  t h e  tank equator -and i s  shown. T h i s  
support  may n o t  be needed, bu t  i t  cou ld  be r e t a i n e d  t o  p rov ide  support o f  t h e  
l i q u i d  management system d u r i n g  i n t e g r a t i o n  i n t o  t h e  tank. 

A 

The upper r e c e i v e r  i s  l oca ted  a t  t h e  upper i n t e r s e c t i o n  o f  t h e  seven g a l l e r y  

channels. A coarser mesh, 24 x 110 p l a i n  dutch weave, i s  l oca ted  a t  an 
annular opening i n  t h e  rece ive r .  The f u n c t i o n  o f  t h i s  coarser weave i s  

discussed i n  t h e  performance analys is .  The support a t  t h e  upper r e c e i v e r  i s  a 

s l i d i n g  assembly t h a t  prov ides l a t e r a l  support w h i l e  a l l o w i n g  the tank t o  grow 

d u r i n g  pressure t e s t i n g  w i thou t  s t r e s s i n g  t h e  management device. 

The lower r e c e i v e r  c o n s i s t s  o f  a bottom p l a t e  welded t o  a r i n g  w i t h  f i t t i n g s  

t h a t  connect t o  t h e  g a l l e r y  channels by b u t t  welds. 

t h i n  hydroformed s h e l l  welded t o  t h e  r i n g .  This  lower r e c e i v e r  prov ides t h e  

r e g i o n  t o  s t o r e  t h e  pump. 

o f  5-in. diameter, 6 in .  h igh.  

The t o p  c o n s i s t s  o f  a 

The volume was s ized t o  accommodate a pump envelope 

The dev ice i s  designed t o  be f u l l y  assembled p r i o r  t o  i n s e r t i o n  i n t o  t h e  
tank. The device i s  lowered into t h e  tank and secured by a l a r g e  nu t  by use 

of a spanner wrench. 
around t h e  nut. 
shown. 
welds the pump in .  

Once secured, welds are made t o  prevent gas i n g e s t i o n  

One design u t i l i z e s  a b o l t e d  connect ion backed by a seal, t h e  o t h e r  
Two concepts f o r  s e a l i n g  and i n s e r t i o n  o f  t h e  pump p l a t e  are 

4.2 DESCRIPTION OF OPERATION 

F i g u r e  4-2 shows t h e  opera t i on  o f  t h e  management dev ice du r ing  a l l  phases of 

t h e  mission. 

categor ies:  ground operat ions,  boost operat ions,  and o r b i t a l  operat ions.  

I n  t h i s  sequence, the operat ions are separated i n t o  t h r e e  
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GROUND OPERATIONS 
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0 HORIZONTAL 
PUMP TEST FILLjDRAlN PUMP TEST 

BOOST OPERATIONS 

ORBITAL OPERATIONS 

.. 
U d  

0 -ve SETTLING 0 SIDE SETTLING 
ACCELERATION ACCELERATION 

Fig. 4-2 Operational Sequence 

4-7 

w- 
0 DEPLETION 



The a c t u a l  ope ra t i ons  d u r i n g  t h e  m iss ion  have n o t  been establ ished;  t he re fo re  
an es t ima te  w i l l  be made i n  o rde r  t o  evaluate t h e  management device. 

The l i q u i  &management dev ice has been designed t o  f unc t i on  independent ly Of 

any v e h i c l e  events be fo re  i n j e c t i o n  i n t o  o r b i t .  

4.2.1 Ground Operat ions 

The sequence o f  events on t h e  ground i s  t h e  l e a s t  de f i ned  sequence a t  t h i s  

p o i n t .  
p r imary  sequences w i l l  be cool-down, f i l l ,  pump t e s t ,  and dra in .  The 

o r i e n t a t i o n  o f  t h e  tank d u r i n g  these sequences has n o t  been def ined. I n  t h i s  
study, t h e  o n l y  plumbing i d e n t i f i e d  i s  t h e  o u t l e t  l i q u i d  d r a i n  d u r i n g  o r b i t a l  

t r a n s f e r  o f  He 11. 
cool-down and f i l l  operat ions w i l l  be p a r t i a l l y  s e t  by  t h e  plumbing r e q u i r e d  

t o  vent  t h e  vapor u l l a g e .  
bacKflowing througn t n e  pump; the re fo re  some tanker  o r i e n t a t i o n  l i m i t a t i o n s  

may be imposed by t h i s  operat ion.  
t h e  ground, t h e  i n t e r n a l  f i l l  plumbing may o r  may n o t  be used. The tank must 

be d ra ined  w i t h  t h e  lower r e c e i v e r  down. The amount o f  l i q u i d  t rapped i n  t h e  
tank when t h e  l i q u i d  s tops f l o w i n g  ou t  w i l l  va ry  depending on t h e  o r i e n t a t i o n  

o f  t n e  tank. Heat f l o w  i n t o  t h e  tank w i l l  cause r e s i d u a l  l i q u i d  t o  vaporize, 
t he re fo re  t h e  o r i e n t a t i o n  o f  t h e  management dev ice w i l l  have no e f f e c t  on 

l i q u i d  r e s i d u a l  d u r i n g  ground d ra in ing .  

These opera t i ons  w i l l  be addressed by t h e  NASA/JSC SFHT study. The 

Any l i m i t a t i o n s  on t h e  o r i e n t a t i o n  of t h e  tank d u r i n g  

The l i q u i d  fill may n o t  be able t o  be done by 

I f  a l i q u i d  d r a i n  must be accomplished On 

Any requirements f o r  demonstrat ing t n e  performance o f  t h e  pump w i t h  He I 1  
i n s t a l l e d  i n  t h e  tank w i l l  p u t  a l i m i t a t i o n  on t h e  o r i e n t a t i o n .  

management dev ice cannot c o n t r o l  t h e  l i q u i d  aga ins t  a 1-go accelerat ion,  
some r e s t r i c t i o n s  a r e  imposed. 

On i t s  s i d e  t h e  l i q u i d  f i l l  l e v e l  must be kep t  h i g h  enough t o  keep t h e  lower  
r e c e i v e r  submerged. I n  any event, none of t h e  l i m i t a t i o n s  imposed by ground 

operat ions w i l l  have an e f f e c t  on t h e  o r b i t a l  performance of t h e  
l i q u i  +management device. 

Since t h e  

With t h e  tank u p r i g h t  ( l ower  r e c e i v e r  down) O r  
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4.2.2 Boost Operations 

During boost, the liquid body will be settled by the acceleration field and in 
the same position at the end of ground hold. 
acceleration increases to 3 go, the first fundamental frequency of the 
liquid will be between 0.90 and 1.2 Hz for a range of fill levels of 50 to 
90 percent. 
therefore no slosh forces are expected and no liquid damping during this 
operation would be required. 

During launch, when the 

The excitation frequency during launch will be much larger, . .  and 

Once the tank achieves low gravity, the liquid will quickly assume a low-g 
configuration. 
the vapor behavior at orbit injection is further discussed in section 4 . 3 .  

The bulk-liquid configuration was described in section 1.2 and 

4.2.3 Orbital Operations 

The liquid orientation on orbit is also shown in Fig. 4.2. The position of 
the liquid will depend on the direction of the acceleration. 
section 1.2, the liquid/vapor interface is essentially flat, since it is 
dominated by the acceleration. 

Asashown in 

Liquid flows from the bulk tank space through the tank gallery channel 
screens, down the channels, and into the lower receiver where the pump is 
located. 
accelerations in any direction. When any one o f  the channels i s  in contact 
with liquid in the bulk tank space, all liquid withdraw1 from the lower 
receiver is replaced by an equal volume of liquid from the bulk tank space. 
The screens on the gallery channels prevent vapor from passing through into 
the galleries when liquid contact exists. 

The gallery channels ensure l i q u i d  access to the lower receiver for 

4.3 ORBIT INJECTION 

The bulk liquid in the tank will assume the flat surface configuration as 
shown in F i g .  4-2 on the pad and during boost. When the tanker enters a very 
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10W-go environment, capi 1 lary forces wi 11 become dominant. 
device uses these forces to fill the gallery feed channels by capillary action 
and the space between the galleries and the tank wall. 

The management 

The device was not sized so that the capillary fill velocity in the galleries 
would sufficiently exceed the velocity of the liquid rising outside or in the 
screens to enable vapor in the galleries to be displaced out through unwetted 
screen. With a noncondensable gas as the ullage, as with propellant tanks, 
gas can be trapped in the galleries. 
designed with a trap in the lower receiver where the gas will be drawn into 
and remain there until depletion. 

In these cases, gallery devices are 

As discussed in section 2 . 3 ,  it is expected that with He I1 and helium vapor 
this trapped vapor will condense and reappear in the larger radius vapor 
ullage space. Therefore no provisions have been made to design a vapor trap 
in the lower receiver. 

4.4 ON-ORBIT PERFORMANCE ANALYSIS 

The gallery assembly is designed to control the He I1 in the tank while the 
vehicle experiences any of the forces described in section 1.1. Most of the 
liquid in the tank is free to respond to the forces the vehicle experiences. 
The liquid behavior and device performance during the on-orbit phase o f  the 
m i s s i o n  are d i s c u s s e d  below. 

4.4.1 Capillary Retention 

The liquid-management device must supply He I1 to the pump, regardless of bulk 
liquid location. To accomplish this, liquid communication must be maintained 
between the bulk liquid and the outlet receiver which houses the pump. This 
requires that the galleries remain full of liquid from injection until final 
depletion, which in turn requires that the capillary pressure difference at 
the gallery wall perforations exceed all adverse hydrostatic, dynamic, and 
frictional pressures by suitable margins of conservation: 
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"min > *'ma, + AP max + "ma, + "max 
capi 1 lary hydrostatic dynamic friction entrance 

The maximum hydrostatic head was determined by assuming that the tank is near 
depletion and that the adverse acceleration is such as to position the 
remaining liquid at the top of the tank producing the maximum hydrostatic 
head. 
assuming that all the flow is in only one gallery channel, which would produce 
maximum flow velocities. 

Maximum dynamic and frictional pressure depressions were calculated by 

It must also be noted that the heat dissipation by the pump will set up a 
small temperature gradient across the walls of the gallery channels. 
temperature difference may cause the screens to behave slightly as a 
fountain-effect pump and actually raise the pressure in the channels. 
raise in pressure may more then offset the above pressure depressions 
depending on the thermal resistance of the gallery channel walls, the actual 
pump heat dissipation, and the type of screens used. This is further 
discussed in section 4.4.2.5. 
analysis, however would have to be included once a final design of the 
management device is performed. 

This 

This 

This effect is neglected in this performance 

4.4.1.1 Gallery Material Capillary Retention Capability. The theoretical 
capillary pressure difference across a curved meniscus is given by 

1 1  = a - - + -  
"theoretical rl 

or, for the case where the principal radii of curvature are equal 

2a = -  "theoretical r 

This theoretical expression is generally sufficiently accurate for preliminary 
design calculations, but actual capillary capability must be determined before 
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the prototype hardware can be developed. 
establish the capillary retention capability of the gallery material with 
He 11, and also with any test fluids and materials that would be used in 
modeling aspects of the system, to assure correct scaling when substitute 
fluids are used during testing. 

Tests should be conducted to 

The containment capability o f  a capillary tube can be examined by simply 
dipping one end of the tube into a dish o f  liquid. 
and surface-tension forces on the liquid rising into the tube yields the 
expression 

A balance of gravitational 

p g h  = - cose r 

where 

p = liquid density 
g = acceleration 
h = contained height 
u = liquid surface tension 
r = tube radius 
e = contact angle 

The above expression is in good agreement with empirically determined 
liquid-support heights in glass capillary tubes, but when applied to retention 
devices that use screens or perforated grid materials, it does not account for 
some of their geometric factors. Therefore, a dimensionless parameter b equal 
to pghrh is used to evaluate the capillary support limits o f  these materials. 

This empirical constant 4 is an expression of the stability limit for 
capillary-supported systems, much the same as the bond number serves as the 
stability limit for pressure-supported systems. 
is a function of the geometry of the mesh and the wetting character of the 
liquid to the screen and wire contraction effects on cool-down. 
incorporates any uncertainties in the actual value o f  r, the pore radius, for 

In the case o f  screen mesh, 4 

I t  
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compiicated geometries such as the dutch twill mesh. 
provides a convenient organization of the parameters which influence a 
capillary-supported system. By accepting the value of pore size provided by 
the manufacturer or obtaining it by a geometric measurement, one can measure 
the height of a column of liquid that can be supported below a capillary 
surface and derive a value of 6. This derived value then incorporates all the 
uncertainties in the relationship between the capillary bubble radius and pore 
size in the screen. In effect, values of b less than the theoretical upper 
limit of 2 for wetting liquids amount to a derating of the screen mesh pore 
size. 

The definition of b 

A typical test rig is shown in Fig. 4-3. The test sample is clamped at the 
top of a glass tube and the assembly is slowly immersed in the test fluid. 
After assuring the ejection of all trapped gas, the test fluid is slowly 
drained (or the assembly slowly raised), leaving liquid contained in the glass 
tube. Withdrawal is continued until gas is pulled through the test sample and 
at this point the height is recorded. 
several times to assure consistency o f  the results. 

This procedure should be repeated 

/SUPPORT ROD 

C 1 
I I  I -TEST SPECIMEN 

SEALING RINGS n- 

Y 
Fig. 4-3 Bubble-Point Measurement Device 
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T h i s  t e s t  i s  s i m i l a r  t o  t h e  b u b b l e p o i n t  t e s t  comnonly used t o  t e s t  screens. 
I n  t n i s  t e s t  t h e  g lass  tube  i s  submerged i n  t h e  t e s t  f l u i d  and gas i s  i n j e c t e d  

i n t o  it, d i s p l a c i n g  t h e  f l u i d .  T h i s  t e s t  would be d i f f i c u l t  w i th  He I 1  as a 
3 t e s t  f l u i d  s ince  a l l  gasses (except He ) would condense a t  He- I1 temperature. 

Table 4-1 shows t h e  r e s u l t s  of t e s t s  p r e v i o u s l y  performed f o r  woven mesh 
screen. 

p e r f o r a t e d  g r i d s  o r  screens, a va lue o f  6 = 1.0 was used i n  t h i s  study. The 

screens t h a t  a r e  t o  be se lec ted  f o r  t h e  He I 1  management dev ice must meet t h e  

c a p i l l a r y  requirements f o r  t h e  tank s i z e  and a c c e l e r a t i o n  l e v e l s  s p e c i f i e d  i n  
s e c t i o n  1.1. 
The l i n e  marked LHe I 1  represents  a va lue o f  b = 1.0. 
t h e  s t a t i c  head i n  go-cm t h a t  can be supported by a c a p i l l a r y  pressure i n  

screen pores o f  diameter d. 
t h e i r  r e s p e c t i v e  nominal room-temperature pore s i z e s  a re  va r ious  screen mesh 

weaves. The r e l a t i o n s h i p  between t h e  requirements f o r  s t a t i c  support  i n  t h e  
screen and i t s  pore s i z e  i s  r e a d i l y  apparent. 

Since t n e r e  a re  no da ta  on t h e  r e t e n t i o n  c a p a b i l i t y  o f  He I 1  w i t h  

F i g u r e  4-4 i s  a cap i l l a ry -suppor ted  s t a b i l i t y  map f o r  He 11. 
The o r d i n a t e  represents  

A lso  shown on t h e  abscissa a t  t h e  l o c a t i o n  Of 

I t  can be seen t h a t ,  f o r  a steady a c c e l e r a t i o n  o f  
h e i g h t  o f  290 cm, any o f  t h e  screens shown would be s u f f i c i e n t .  

a c c e l e r a t i o n  requirement i s  increased t o  IO-* go, a 200 x 1400 mesh screen 

would be requi red.  

go a t  t h e  maximum 
If t h e  

Table 4-1 kOVEN SCREEN CAPILLARY STABILITY LIMIT 

L i q u i d  I Gas 

I s o p r o p y l  A l coho l  

Benzene 
U DMH 

I RFNA 
Water 

Methyl  A lcohol  

LH2 

O2 

A i r  
A i r  

He1 ium 

He1 ium 

A i r  

A i r  

He1 ium 

He1 i um 

b 

1.1 
1.1 
1.4 
1.3 
1.5 
1 .a 
1.6 
1.2 
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4.4.1.2 Effect of Vaporization at Retention Meniscus. One effect which would 
cause failure to retain liquid in the gallery channels is the vaporization Of 

liquid from part of the capillary retention material. 
gallery must resupply any liquid lost or a large radius bubble could grow at 
the vaporization site and eventually result in a loss of gallery retention. 
Under very low accelerations, capillary action will cause liquid to be 
retained, in the form of a fillet, in the area between the outboard side.of 
the gallery and the tank wall. Since the gallery capillary retention material 
is on the outboard side of gallery, it will be covered by liquid during very 
low accelerations and vaporization is impossible. Due to the high hydrostatic 
head near depletion and during most of the mission under normal expected 
acceleration, the liquid will not be retained in the fillets and the outboard 
side of tne gallery will be exposed to vapor. 

I n  this event, the 

When the capillary retention material is exposed a local meniscus will become 
either a liquid-vapor interface or, if there is a vapor bubble trapped inside 
the gallery in contact with the material, a vapor-liquid-vapor interface. 
Illustration a shows a liquid-vapor interface and illustration b shows a 
vapor-1 iqui d-vapor interface. 

CAPILLARY 
RETENTION VAPOR 
MATERIAL - VAPOR 

VAPOR 
LlQUl D 

If vaporization occurs on the meniscus, it is possible for the meniscus to 
break i f  the rate is greater than the bulk liquid's capability to replenish 
the vaporized liquid. 
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Evaporation tests were performed on several capillary retention materials with 
isopropyl alcohol, which has a near-zero contact angle like He I1 (Ref. 4-1). 
The material specimens used were perforated plates and woven screens. 
plate specimens where tested with various surface finishes to evaluate 
capillary liquid feed effects along the materials. Woven screen was found t o  
be the most desirable material for use as the capillary retention material in 
the galleries and was selected for this study. 

For the case of He 11, it is expected that once vapor is ingested into the 
gallery channel, it will condense and liquid will be drawn into the channel to 
replenish the difference in volume. In this case, a vapor-liquid-vapor 
interface i s  not expected. If this is no t  the case, then it would be more 
desirable to utilize a screen that provides wicking, which would be able to 
replenish the interface as it vaporizes. Experiments have shown that 
square-mesh screens do not wick, therefore a dutch-weave screen would be a 
more desirable retention material (Ref. 4-2). 

I 

The 

Simulating a prototype acceleration of 
0.014. 
down by this ratio for the test model. 
test model should be subjected to is 4.06 cm. 
110 mesh, the corresponding model screen would be approximately a 325 x 2300 
mesh. 
with hydraulic diameter of 971 pm. 
model, therefore a gallery channel model with a larger cross section would 
have to be utilized. This should not effect the results of the test. 

go leads to a scale ratio of 

The maximum hydrostatic head that the 
For a prototype screen of 24 x 

This scaling leads to an extremely small model of the gallery channel, 

Both the gallery dimensions and screen pore diameters should be scaled 

It would be very hard to make such a 
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I n  t h i s  t e s t ,  i t  would be d e s i r a b l e  t o  a l l o w  t h e  g a l l e r y  t o  be l e f t  

undis turbed f o r  a p e r i o d  o f  t ime. 
l o c a t i o n  w i t h  a H e - I 1  supply  i n  o rde r  t o  r e p l e n i s h  any v a p o r i z a t i o n  t a k i n g  

p lace  a t  t h e  screen vapor - l i qu id  meniscus. Th is  t e s t  would demonstrate t h e  

b u l k  l i q u i d ' s  c a p a b i l i t y  t o  r e p l e n i s h  t h e  screen. 

The g a l l e r y  must be i n  c o n t a c t  a t  some 

4.4.2 L i q u i d  Withdrawal 

Dur ing l i q u i d  wi thdrawal,  t h e  c a p i l l a r y  c a p a b i l i t y  o f  t h e  g a l l e r y  channel 

screens must a l s o  overcome t h e  l i q u i d  dynamic head and f r i c t i o n a l  losses. 

t o t a l  f r i c t i o n a l  l o s s  i s  t n e  sum o f  t h e  pressure l o s s  due t o  f l o w  through t h e  
screen and down t h e  g a l l e r y  channel t o  t h e  o u t l e t  rece ive r .  

drops a re  shown i n  F i g .  4-5. The f l o w  losses must be k e p t  smal l  r e l a t i v e  t o  

t h e  c a p i l l a r y  s t r e n g t h  o f  t h e  r e t e n t i o n  m a t e r i a l  t o  assure t h a t  maximum 
expu ls ion  e f f i c i e n c y  can be achieved. 

The 

These pressure 

The f r i c t i o n a l  loss along t n e  g a l l e r y  channel i s  a f u n c t i o n  o f  t h e  l e n g t h  t h e  

l i q u i d  must t r a v e l .  
t h e  h ighe r  t h e  f r i c t i o n a l  loss;  t he re fo re ,  t h e  maximum f r i c t i o n a l  pressure 

l o s s  was c a l c u l a t e d  by assuming t h a t  t h e  He I 1  must t r a v e l  t h e  f u l l  l e n g t h  of 
a g a l l e r y  channel and t h a t  a l l  t h e  f l o w  was i n  a s i n g l e  channel producing a 

maximum v e l o c i t y .  

The f a r t h e r  t h e  b u l k  l i q u i d  i s  f rom t h e  lower rece ive r ,  

The pressure loss through t h e  screen depends on t h e  area t h a t  t h e  l i q u i d  I S  

passing through. 
i t  i s  i n  con tac t  w i t n  a g a l l e r y  channel; t he re fo re ,  t h e  area o f  f l o w  through 

t h e  screen d imin ishes and t h e  pressure drop increases. 

increases u n t i l  i t  overcomes t h e  c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  o f  t h e  
screen. 
communication between t n e  lower r e c e i v e r  and b u l k  l i q u i d  vanishes. 

I t  i s  obvious t h a t  as t h e  b u l k  l i q u i d  i s  dep le t i ng ,  l e s s  of 

The pressure drop 

A t  t h i s  p o i n t ,  vapor i s  ingested i n t o  t h e  g a l l e r y  arms and 

The c ross -sec t i ona l  area and shape o f  t h e  g a l l e r y  channels a r e  governed by t h e  
f o l l o w i n g  parameters: 

1. Bond number (Bo) 
2. Dynamic and f r i c t i o n a l  pressure losses down t h e  channel 
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Fig. 4-5 Liquid-Feed System and Pressure-Drop Representation 
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3. Screen area p e r  u n i t  l e n g t h  

4. G a l l e r y  channel i n t e r n a l  volume 
5. G a l l e r y  channel mass 

The Bond number i s  o f  importance t o  achieve c a p i l l a r y  s t a b i l i t y  i n  t h e  channel 

t o  a l l o w  a t  l e a s t  p a r t i a l  consumption o f  t h e  l i q u i d  i n  t h e  channel a t  
d e p l e t i o n  i n  o r d e r  t o  min imize res idua ls .  To achieve c a p i l l a r y  s t a b i l i t y  o f  

t h e  l i q u i d - v a p o r  i n t e r f a c e  d u r i n g  d r a i n i n g  o f  t h e  channels, t h e  Bond number 

must be l e s s  than 0.842 d u r i n g  t h e  peak accelerat ion.  T h i s  c r i t i c a l  Bo i s  

a p p l i c a b l e  t o  w e t t i n g  l i q u i d s ,  such as He 11, and channels o f  c i r c u l a r  cross 
sect ion.  

v a l i d  means o f  e s t i m a t i n g  t h e  Bo. 

F o r  channels o f  o t h e r  shapes, t h e  h y d r a u l i c  diameter appears t o  be a 

Fo r  t h e  maximum a c c e l e r a t i o n  o f  1 x 10- 

diameter i s  c a l c u l a t e d  t o  be 8.94 cm (3.52 in . ) .  

lo-' go, i t  i s  reduced t o  0.89 cm. A minimum g a l l e r y  c ross  s e c t i o n  i s  

des i red  t o  minimize t h e  mass o f  t h e  management dev ice and i t s  i n t e r n a l  Volume; 

however, as the  f l o w  area decreases, t h e  f r i c t i o n a l  and dynamic pressure drops 
o f  t h e  l i q u i d  down t h e  channel b o t h  increase. I n  a d d i t i o n ,  as t h e  channel 

ge ts  smal ler ,  t h e  q u a n t i t y  o f  exposed screen t o  t h e  b u l k  l i q u i d  decreases, 
which would cause t h e  losses through t h e  screen t o  be h igher .  

go, t h e  maximum channel h y d r a u l i c  
Fo r  an a c c e l e r a t i o n  of 1 x 

The c ross  s e c t i o n  i l l u s t r a t e d  i n  F ig .  4-1 was chosen t o  minimize mass and 
m a i n t a i n  adequate margin on t h e  va r ious  parameters l i s t e d  above. 

h y d r a u l i c  diameter (4A/P) i s  6.93 cm (2.73 i n . )  l ead ing  t o  a Bo o f  0.51 a t  
The channel 

1 10-4 go. 

4.4.2.1 Cnannel Pressure Losses. Once t h e  l i q u i d  i s  i n  t h e  g a l l e r y  channel, 
t h e  pressure w i l l  be reduced f u r t h e r  by t h e  dynamic pressure ( V  /2) ,  t h e  

h y d r o s t a t i c  pressure (pgh), and t h e  f r i c t i o n a l  f l o w  l o s s  due t o  t h e  f l u i d  
v i s c o s i t y .  

loss due t o  f l o w i n g  through t h e  g a l l e r y  screen. 

2 

These f l o w  losses occur once t h e  f l u i d  has experienced a pressure 
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The dynamic pressure depression in a single channel is 0.0069 gO-cm based on , 

I 

The frictional pressure drop of the He 11 as it flows down the gallery channel 
was calculated by assuming that all the flow is in only one channel and must 
travel the whole length. The pressure drop of He 11 in wide ducts was 
reported by Stass et al. (Ref 4-3) to obey a modified Blasius equation 

where 

AP = pressure gradient 
D = diameter of the channel 
nn = bulk liquid viscosity 

For a flow rate of 500 L/h, the pressure drop is computed to be 0.0063 go-cm 
and for the maximum, 1,000 L/ h  it is 0.021 go-cm 

The sum of these pressure losses and that of the flow through the screens must 
remain small compared to the capillary strength. No data on the pressure loss 
of He I 1  across screens h a s  been measured or reported, therefore  an e f f o r t  was 
undertaken to estimate it. 

4.4.2.2 Flow Resistance Across Woven Screens. The pressure drop across 
various candidate screens that can be used is being estimated. 
quantum effect, the transport of He I 1  is quite different from any Newtonian 
fluid. An analysis based on the two-fluid model is used to predict the 
pressure drop of liquid helium across the screens. 
et al. (Ref 4.3) for the flow of He I1  in wide capillaries have been proven 
successful. 

Due to its 

Similar attempts by Staas 

According to this model, the velocity of liquid helium can be 
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d i v i d e d  i n t o  two terms, namely t h e  normal f l u i d  v e l o c i t y  and t h e  mutual 
f r i c t i o n  term 

p S  v = vn + 7 (VS - Vn) 

= vn +?( vp 7 ’ 3  
*GMPPn 

where P i s  t h e  dens i t y ,VP  i s  t h e  pressure g r a d i e n t  across t h e  screen, and 

AGM i s  t h e  Gor ter -Mel l ink c o e f f i c i e n t .  Subsc r ip t s  n and s stand f o r  normal 
and s u p e r f l u i d  component r e s p e c t i v e l y .  The second term o f  Eq. (4.1) a r i s e s  
due t o  tne  i n t e r a c t i o n  between t n e  normal f l u i d  and t h e  v o r t e x  tangles.  

Tne normal f l u i d  v e l o c i t y  V n  o f  Eq. (4 .1)  assumes t h a t  t h e  normal f l u i d  

behaves l i k e  a Newtonian f l u i d  and thus should f o l l o w  t h e  e m p i r i c a l  equat ion 
proposed by Armour and Cannon (Ref 4-4). These authors adopted a packed-bed 

model t o  c o r r e l a t e  t h e  t r a n s p o r t  o f  Newtonian f l u i d s  through a l l  types Of 

woven-metal screens. By s u b s t i t u t i n g  the  normal f l u i d  v e l o c i t y  and v i s c o s i t y  

f o r  t h a t  o f  t h e  Newtonian f l u i d ,  t h e  Armour and Cannon equat ion can be w r i t t e n  
as 

where a and B are constants  ( w i t h  values o f  8.61 and 0.52 r e s p e c t i v e l y ) ,  ‘In 

i s  t h e  v i s c o s i t y  o f  t h e  normal f l u i d ,  Do i s  t h e  screen pore s ize,  a i s  t h e  

surface-area-to-unit-volume r a t i o  of screen wire,  E i s  t h e  screen-volume v o i d  
f r a c t i o n ,  and Q i s  t he  t o r t u o s i t y  f a c t o r .  

By s u b s t i t u t i n g  Eq. (4 .2)  i n t o  ( 4 . 1 ) ,  t h e  pressure drop across va r ious  Screens 
can be obta ined as a f u n c t i o n  o f  He approach v e l o c i t y .  F i g u r e  4-5 shows p l o t s  
o f  AP versus f l u i d  v e l o c i t y  f o r  d i f f e r e n t  types of screens. The Armour and 
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Cannon c o r r e l a t i o n s  f o r  Newtonian f l u i d s  (Eq. 4.2) a r e  presented i n  t h e  same 

graph w i t h  He-I1 r e s u l t s .  The maximum v e l o c i t y  o f  each curve corresponds t o  
t h e  c a p i l l a r y  s t a b i l i t y  l i m i t  (maximum AP) o f  each screen where: 

I f  t h e  pressure drop o f  He I 1  across t h e  screen i s  l a rge r ,  t h e  c a p i l l a r y  
r e t e n t i o n  f o r c e s  w i l l  be ruptured,  r e s u l t i n g  i n  t h e  c o l l a p s e  o f  t h e  

l i q u i d / v a p o r  i n te r face .  

where UN i s  t h e  Newtonian v e l o c i t y ,  U G ~  i s  t h e  Gor ter -Mel l ink v e l o c i t y  due 
t o  mutual f r i c t i o n ,  and UT i s  t h e  sum o f  t h e  two. 

The maximum v e l o c i t i e s  a r e  a l s o  shown i n  Table 4-2 

I t  should be noted from F ig .  4-6 t h a t  t h e  coarsest  screen has the  l a r g e s t  
pressure drop across i t ,  as c o n t r a s t  t o  t h e  Newtonian t r a n s p o r t  where t h e  
t h r e e  curves almost c o i n c i d e  w i t h  each other .  

t h e  f i n e  screens are mucn t h i n n e r  than t h e  coarse ones, which r e s u l t s  i n  a 
much l a r g e r  pressure g r a d i e n t  ( o f  t h e  mutual f r i c t i o n  term) o r  v e l o c i t y  
according t o  Eq. (4.1). 

Th i s  i s  due t o  t h e  f a c t  t h a t  

r( 

4.4.2.3 Dep le t i on  Residuals. The d e p l e t i o n  r e s i d u a l  o f  t h e  tank i s  de f i ned  

as t h e  q u a n t i t y  o f  He I 1  remaining i n  t h e  tank once vapor has been ingested 
i n t o  t n e  lower r e c e i v e r .  When t h e  bulk l i q u i d  volume decreases, the area of 

screen i n  c o n t a c t  w i t h  t h e  bu lk  l i q u i d  decreases and thus, t h e  f low l o s s  
through the  screen increases. A s  p r e v i o u s l y  s ta ted,  once t h e  sum o f  a l l  t h e  

losses and t h e  h y d r o s t a t i c  l oad  increases t o  t h e  bubble p o i n t  o f  t h e  Screen, 
vapor w i l l  be i nges ted  i n t o  t h e  g a l l e r y  channels. 

The maximum a l l owab le  f l o w  loss through t h e  screen p r i o r  t o  vapor i n g e s t i o n  i s :  

- h  max 
cap 

hyd. - 'dyn - h f r i c t i o n  = h  screen 
h 

4-2 3 



A 

-2 - I I r r . 4  I 

.- 0 IO 20 30 

F i g .  4-6 Screen Pressure Drop versus V e l o c i t y  (1 of 2 )  
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F i g .  4-6 Screen Pressure Drop versus Velocity (2 o f  2 )  
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Table 4-2 MAXIMUM SCREEN APPROACH VELOCITIES 

13.28 
18.19 
26.37 

Mesn Type 

31.33 
40.12 
55.20 

Square Weave 

150 x 150 
250 x 250 
400 x 400 

P l a i n  Dutch 

24 x 110 
50 x 250 

Dutch T w i l l  

325 x 2300 

18.05 
21.93 
28.83 

5.39 
8.80 

7.00 
11.71 

12.39 
20.51 

9.40 39.34 48.74 

The hyd ros ta t i c ,  dynamic, and channel pressure drops are  summarized i n  
Table 4-3. The d i f f e r e n c e  between t h e  screen maximum c a p i l l a r y  s t r e n g t h  and 

these losses i s  t h e  maximum a l lowab le  pressure loss o f  t h e  f l o w  through t h e  
screen. Exceeding t h i s  loss cou ld  cause vapor t o  be inges ted  i n t o  t h e  g a l l e r y  

channels. For  t h e  50 x 250 mesh g a l l e r y  channel screen wi th  a c a p i l l a r y  

r e t e n t i o n  c a p a b i l i t y  of 0.2818 g0-cm, t h e  screen maximum a l lowab le  l o s s  
i s  0.2396 go-cm (2.57 x 

0.2039 g,-cm (2.19 x lo-' t o r r )  f o r  1000 L/h.  
screen f l o w  losses, t h e  maximum approach v e l o c i t y  i s  13.4 cm/s and 12.3 cm/S 
r e s p e c t i v e l y  f o r  t n e  two f l owra tes .  

ensure losses  l e s s  than t h e  maximum a l l owab le  i s  10.4 cm and 22.6 cm f o r  

t h e  f l o w  r a t e s  o f  500 and 1000 L / h  respec t i ve l y .  

t o r r )  f o r  a f l o w r a t e  o f  500 L / h  and 

Based on t h e  p r e d i c t e d  

The minimum area o f  screen r e q u i r e d  t o  
2 2 

Given t h e  g a l l e r y  channel w i t h  4.18 cm2 o f  screen pe r  cent imeter  o f  g a l l e r y  

length,  t h e  l e n g t h  o f  one g a l l e r y  which must be covered w i t h  l i q u i d  t o  p revent  
vapor i n g e s t i o n  i s  2.49 cm a t  a f l o w r a t e  o f  500 L / h  and 5.41 cm a t  1000 L/h. 
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Table 4-3 CHANNEL PRESSURE LOSSES 

0.0290 
0.0069 

0.0063 

0.0422 

Pressure 
Losses ( go-cm) 

0.0290 
0.0277 

0.0212 

0.0779 

H ydros t a t  i c 

Dynami c 
Channel f r i c t i o n  

T o t a l  

F lowra te  (L/h)  

500 I 1,000 

F o r  t h e  1.91-cm (0.75-in.) gap between t h e  tank w a l l  and t h e  g a l l e r y  channel, 

t h e  l i q u i d  w i l l  r i s e  approximately 8.3 cm a t  an a c c e l e r a t i o n  Of 

1 X 

1 x lo-' go, t h e  r i s e  w i l l  o n l y  be 0.083 cm. Therefore,  as long as l i q u i d  

touches a g a l l e r y  channel w i t h  an a c c e l e r a t i o n  of 1 x 

f i l l  t h e  gap between t h e  tank w a l l  and t h e  g a l l e r y  arm, and w i l l  p rov ide  more 
than t h e  r e q u i r e d  5.41 cm o f  g a l l e r y  arm i n  l i q u i d .  Thus, vapor w i l l  n o t  

pene t ra te  t h e  g a l l e r y  channel screens u n t i l  l i q u i d  i n  t h e  b u l k  space no longer  
con tac ts  a g a l l e r y .  

9, w i t h  a f a c t o r  o f  t h r e e  conservatism. A t  an a c c e l e r a t i o n  o f  

go, i t  w i l l  

The maximum r e s i d u a l  q u a n t i t y  i n  t h e  b u l k  space occurs when t h e  a c c e l e r a t i o n  

s e t t l e s  t h e  l i q u i d  between two g a l l e r y  channels. 
d u r i n g  a l a t e r a l  a c c e l e r a t i o n  where t h e  gap between g a l l e r y  channels i s  t h e  
l a r g e s t .  Determin ing t h i s  r e s i d u a l  q u a n t i t y  r e q u i r e s  t h e  d e f i n i t i o n  Of t h e  
f l u i d  su r face  i n  t h e  tank. Due t o  sur face- tens ion forces, t h e  su r face  w i l l  

n o t  be t o t a l l y  f l a t  b u t  w i l l  be curved and w i l l  a t tempt t o  c l i m b  t h e  tank 
wal ls .  

i n t e r f a c e  was n o t  solved. 

t n a t  t h e  i n t e r f a c e  was complete ly  f l a t  as shown i n  F ig .  4-7. 

between t h e  number o f  g a l l e r y  channels and r e s i d u a l  i s  shown i n  F ig .  4-8. 
r e s i a u a l  decreases as more channels a re  i n t roduced  because t h e  gap separa t i ng  

them decreases and thus t h e  volume of t h e  pool  of l i q u i d  between two channels 
decreases a t  dep le t i on .  

management dev ice i f  t h e  g a l l e r y  channels do n o t  dep le te  be fo re  vapor i s  

The h ighes t  r e s i d u a l s  occur 

The exac t  s o l u t i o n  t o  determine t h e  shape o f  t h e  l i qu id -vapor  
A more conserva t i ve  approach was taken by assuming 

The t r a d e  
The 

Inc luded  i n  t h e  f i g u r e  i s  t h e  r e s i d u a l  of t h e  
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Fig. 4-7 Bulk Liquid at Depletion 

,BULK + CHANNELS 

0 4 6 8 10 

NUhlBER OF CHANNELS 

Fig. 4-8 Gallery Device Residuals 
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ingested into the lower receiver. The volume of the lower receiver is not 
included in these calculations since no provisions to drain it have been 
considered. 
this point. 
the pump envelope. 

The main reason is that the inlet of the pump is not defined at 
The volume of the lower receiver is-27 L including the volume of 

The gallery channels in the management device have been designed to empty 
completely during normal depletion at an acceleration of 1 x 
This is accomplished with two features. First, as stated previously, the 
channel cross section was designed to be capillary stable. 
a bubble enters the gallery channel, it can only move with the fluid. 
coarser screen windows are located in the upper receiver. These coarser 
screens will admit vapor into the channels sooner than the finer screens used 
over the length of each channel. 
assures that when the bulk fluid has been depleted, vapor will enter each 
gallery channel from the end and will force nearly complete depletion of the 
channels. Under these circumstances, the nominal residual volume is 
approximately 150 L or 1.15 percent o f  the total tank volume. 
not the only volume of liquid left in the tank at depletion. 
fillets forming at various structural junctions may not be accessible. This 
would include liquid under the lower receiver and in the screens, corners of 
the management device, and the galleryltank wall flange. This volume was not 
estimated since most of it would be under the lower receiver and only concepts 
of that section have been designed. 
pump/tank interface have been established, that section can be fully designed 
and the actual trapped liquid fillets can be determined. No provisions have 
been made to deplete the lower receiver, whose volume i s  0.21 percent of the 
total tank volume. 

go. 

This means that if 
Second, 

The combination of these two features 

This volume is 
Isolated liquid 

Once the final requirements of the 

A more conservative residual budget must use worst-case residual volume. 
Under worst-case conditions, the gallery channels may not deplete. 
gallery channels may not have capillary stability as designed due to either 
vibrations during depletion, the capillary fillet created by the screen 
reinforcement ribs, or higher than 1 x 

First, the 

go acceleration during 
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dep le t i on .  

p o i n t  o f  t h e  upper r e c e i v e r  screens may be a t  t h e  same l e v e l  o r  h ighe r  than 
t h e  g a l l e r y  screens. 

g a l l e r y  channels and n o t  n e c e s s a r i l y  r e s t r i c t e d  t o  t h e  upper receiver .  T h i s  

would cause t h e  channels t o  n o t  f u l l y  deplete.  F o r  t h i s  case, i f  none o f  t h e  

Second, due t o  manufactur ing to le rances  on t h e  screens, t h e  bubble 

I f  t h i s  i s  t h e  case, then vapor would be ingested i n  t h e  

arms empty, t h e  b u l k  l i q u i d  r e s i d u a l  would be as h i g h  as 2.32 percent, 

exc lud ing  t h e  lower r e c e i v e r  and t rapped f i l l e t s .  The 24 x 110 screen i n  t h e  
upper r e c e i v e r  has po re  openings t w i c e  as l a r g e  as those o f  t h e  50 x 250 
Screen on t h e  g a l l e r y  channels. Therefore, w i th  proper  b u b b l e p o i n t  t e s t i n g  

o f  t n e  screens, i t  cou ld  be assured t h a t  t h e  upper r e c e i v e r  would i n g e s t  vapor 
before t h e  g a l l e r i e s  do. 

4.4.2.4 C a v i t a t i o n  P o t e n t i a l .  C a v i t a t i o n  o r  bubble fo rma t ion  w i t h i n  He I 1  i s  

discussed i n  t h i s  sect ion.  
channels, pressure drops r e s u l t .  Al though t h e  t y p i c a l  pressure drops a r e  

ext remely smal l ,  c a v i t a t i o n  i s  s t i l l  a concern because He I 1  i s  a sa tu ra ted  
f l u i d .  Any decrease i n  pressure w i l l  drop below t h e  vapor-pressure curve and 

might  r e s u l t  i n  b o i l i n g  o f  t h e  l i q u i d .  However, l i q u i d  He I 1  i s  known t o  
e x i s t  i n  metastable-s tate l i q u i d  phase below i t s  vapor pressure. Therefore, 

t h e  p o s s i b i l i t y  o f  c a v i t a t i o n  w i t h i n  t h e  g a l l e r y  channels r e a l l y  depends On 
whether t h e  He I1  i s  i n  a v a p o r - l i q u i d  e q u i l i b r i u m  ( V L E )  w i t h  t h e  u l l a g e  o r  i n  

a metastable s t a t e .  The behavior o f  bubbles w i t h i n  t h e  g a l l e r y  channel under 
VLE was discussed i n  s e c t i o n  2.3. I t  was concluded t h a t  any bubble t h a t  might  

form i n  t h e  channel w i l l  c o l l a p s e  and reappear i n  t h e  b u l k  vapor phase Of t h e  
u l l a g e  t a m .  Therefore,  t h i s  s e c t i o n  i s  m a i n l y  devoted t o  t h e  s tudy  of 

c a v i t a t i o n  w i t n i n  t h e  metastable s ta te .  

As l i q u i d  he l ium i s  drawn i n t o  t h e  g a l l e r y  

The exper imental  measured t e n s i l e  s t reng ths  o f  most 1 i q u i d s  a re  cons ide rab ly  

lower t h a n  those p r e d i c t e d  by t h e  c l a s s i c a l  n u c l e a t i o n  theory.  

a p p l i e d  c l a s s i c a l  n u c l e a t i o n  theo ry  (CNT) t o  l i q u i d  and has d e r i v e d  t h e  

f o l l o w i n g  express ion f o r  t h e  f r a c t u r e  pressure (Ref 4-51. 

F i s h e r  has 
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3 
U 

(KTlnNKTt/h) - A f o  
Pt = - 

where u i s  t h e  su r face  tension, A f o  i s  t h e  f r e e  energy o f  a c t i v a t i o n  f o r  t h e  

mot ion o f  a molecule o f  t h e  l i q u i d  i n t o  o r  away f rom t h e  bubble surface, and t 
i s  t h e  w a i t i n g  t ime  f o r  bubble format ion,  K i s  t h e  Boltzmann constant,  and h 

i s  t h e  Planck 's  constant. 

T O  e x p l a i n  t h e  wide d iscrepancies between t h e  p r e d i c t e d  and t h e  exper imental  

t e n s i l e  s t ress,  i t  can be concluded t h a t  n u c l e a t i o n  s i t e s  must be present. 
Poss ib le  s i t e s  f o r  c a v i t a t i o n  i n  l i q u i d  i nc lude :  

0 Suspended f o r e i g n  p a r t i c l e s  
0 Trapped gas o r  vapor f i l l e d  bubbles 

0 S o l i d  p a r t i c l e s  unwetted by t h e  l i q u i d  
0 Cosmic r a y s  and r a d i o a c t i v i t y  

F o r  obvious reasons, He I 1  nas rece ived  a l o t  o f  a t t e n t i o n  i n  the  c a v i t a t i o n  
research. 

Cannot c a r r y  any s o l i d  p a r t i c l e s  i n  suspension. The presence o f  t rapped vapor 
o r  unwetted sur faces a re  a l s o  ext remely u n l i k e l y  because o f  i t s  zero con tac t  

angle w i t h  any s o l i d .  He I 1  i s  among t h e  pu res t  l i q u i d s  i n  t h e  nature;  
t he re fo re ,  one w i l l  expect t h e  t e n s i l e  s t r e n g t h  of l i q u i d  he l ium t o  match t h e  
c l a s s i c a l  n u c l e a t i o n  p r e d i c t i o n .  Using Eq. (4.3), t h e  t e n s i l e  s t r e n g t h  of He 
I 1  was est imated t o  be - 5 bar  a t  2.09 K (Ref. 4-6). 

exper imental  t h r e s h o l d  pressure ( n e g a t i v e  pressure) r e q u i r e d  f o r  t h e  f o r m a t i o n  

o f  macroscopic ( o r  v i s i b l e )  c a v i t i e s  i n  He 11 i s  s t i l l  an o rde r  o f  magnitude 

lower than t h a t  o f  t h e  c l a s s i c a l  n u c l e a t i o n  theory.  Beams (Ref. 4-7) measured 
t h e  t e n s i l e  s t r e n g t h  o f  l i q u i d  he l ium by a sp inn ing c a p i l l a r y  method a t  about 

1.9 K (acco rd ing  t o  Beams, t h e  a c t u a l  temperature might  be h ighe r ) .  He found 
t h a t  t h e  nega t i ve  pressure necessary f o r  t h e  r u p t u r e  o f  He I1 by c e n t r i f u g a l  

forces was 0.14 *0.2 atm. Using a bubble chamber, Fairbank e t  a l .  (Ref. 4-8) 
detected n u c l e a t i o n  o f  bubbles a t  a nega t i ve  pressure o f  about 100 mm Hg 
(- 0.13 atm). 
pressure f o r  v i s i b l e  u l t r a s o n i c  c a v i t a t i o n  determined by Chu (Ref. 4-9). 

F i r s t  o f  a l l ,  because o f  i t s  low v i s c o s i t y  and densi ty ,  He 11 

Un fo r tuna te l y ,  t h e  

These values agree rough ly  w i t h  t h e  i n c i p i e n t  t h resho ld  
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Therefore, i t  can be concluded t h a t  t h e  negat ive pressure necessary t o  
nuc lea te  macroscopic c a v i t i e s  i n  He I 1  i s  about a t e n t h  o f  an atmosphere. 

Usual ly,  t h e  i n c i p i e n t  pressures measured f o r  t h e  fo rma t ion  o f  microscopic  

bubbles us ing  acous t i c  techniques a re  much lower than t h a t  (p lease r e f e r  t o  

t h e  rev iew a r t i c l e  by Apfe l ,  Ref. 4-10). As i t  w i l l  be p o i n t e d  ou t  l a t e r ,  t h e  
cause of t h e  lower values may be t h a t  such acous t i c  methods d e t e c t  bubbles 

b e f o r e  they  reach t h e  c r i t i c a l  rad ius .  These bubbles w i l l  c o l l a p s e  unless 

more energy i s  suppl ied.  

Since f o r e i g n  p a r t i c l e s  and t rapped vapor are n o t  l i k e l y  t o  be present  i n  
He 11, t h e  discrepancy between t h e  exper imental  r e s u l t  and t h e  CNT must be due 

t o  some o t h e r  n u c l e a t i o n  s i t e s ,  e.g., He-3, cosmic rays, and v o r t i c e s .  Jarman 
and T a y l o r  (Ref.  4-11) removed i m p u r i t i e s  and He-3 i n  He I 1  by f i l t e r i n g  and 

heat f l ush ing .  
i t s  t h r e s h o l d  cou ld  be detected a f t e r  t h i s  t reatment.  

remaining p o s s i b l e  n u c l e a t i o n  s i t e s  are cosmic r a y s  and v o r t i c e s .  
obvious t h a t  bubbles cou ld  be induced by cosmic rays  and r a d i o a c t i v i t y .  

number o f  phenomena a re  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  these types o f  
c a v i t a t i o n  (Refs. 4-12 through 4-16). 

concluded f rom t n e i r  experiment t h a t  n u c l e a t i o n  occurs on t h e  v o r t i c e s  c rea ted  
by a p a r t i c l e s .  

f o r  t h e  c a v i t a t i o n  i n  He 11. The vor tex-nuc leat ion hypothes is  was f i r s t  

suggested Dy Edwards, Cleary, and Fairbank (Ref. 4-18) who used a bubble 
Chamber t o  produce v i s i b l e  c a v i t i e s  i n  He I 1  and found n u c l e a t i o n  t o  occur 
r e a d i l y  a f t e r  v o r t i c e s  had e v i d e n t l y  been formed w i t h i n  t h e  chamber. F u r t h e r  

Support of t h i s  hypothes is  was r e p o r t e d  by F inch  and Chu (Ref. 4-19). They 
used acous t i c  methods t o  nuc lea te  bubbles i n  a chamber where a r o t a t i n g  paddle 
was used t o  generate v o r t i c e s .  The t h r e s h o l d  v o l t a g e  f o r  c a v i t a t i o n  was found 
t o  be cons tan t  u n t i l  a c r i t i c a l  angular r o t a t i o n  r a t e  was reached, beyond 

which t h e  t h r e s h o l d  reduces sharply.  The exper imental  angular v e l o c i t y  o f  t h e  

paddle i s  found t o  be 

No apprec iab le change i n  t h e  na tu re  o f  t h e  c a v i t a t i o n  o r  i n  
Thus, t h e  Only 

I t  i s  q u i t e  
A 

However, Shadley and F inch  (Ref. 4-17) 

Therefore, i t  i s  conceivable t h a t  v o r t i c e s  a r e  respons ib le  

n)s 1 
wc = m- 7 

rP 
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where m i s  t h e  mass o f  one hel ium atom and n i s  an i n tege r .  The r a d i u s  o f  t h e  

shaf t  i s  designated by rp. These r e s u l t s  are c o n s i s t e n t  w i th  t h e  theo ry  of 
quant ized vo r tex  fo rma t ion  and appear t o  i n d i c a t e  t h a t  v o r t i c e s  p l a y  a 
d e f i n i t e  r o l e  i n  t h e  c a v i t a t i o n  n u c l e a t i o n  process. 

The exact  mechanism f o r  t h e  fo rma t ion  o f  bubbles f r o m  vo r tex  s t r u c t u r e s  
known. McCloud (Ref. 4-20) suggested t h a t  t h e  n u c l e a t i o n  o f  r u p t u r e  was due 
t o  t h e  convo lu t i on  o f  v o r t e x  l i n e s  o r  r i n g s  i n t o  a s p h e r i c a l  volume, t h e  s i z e  
o f  a bubble nucleus. The concen t ra t i on  o f  energy i n  t h i s  case was thought t o  
be s u f f i c i e n t  t o  nuc lea te  a bubble. McDonnell, Chu, and F inch  speculated t h a t  

t h e  break ing up o f  vo r tex  f i l a m e n t s  i s  respons ib le  f o r  t h e  n u c l e a t i o n  process. 

s n o t  

The quest ion a r i s e s  whether vo r tex  l i n e s  o r  vo r tex  r i n g s  are accountable f o r  

t h e  nuc lea t i on  process. Edwards e t  a l .  (Ref. 4-18) i n d i c a t e  t h a t  r e c t i l i n e a r  

vo r tex  l i n e s  do n o t  a c t  as n u c l e i  f o r  v i s i b l e  bubbles; they found t h a t  vo r tex  
r i n g s  have t h i s  proper ty .  Moreover, as po in ted  o u t  by Jarman and Tay lo r  

(Ref. 4-11) i t  i s  p o s s i b l e  t h a t  F inch and Chu's (Ref. 4-19) paddle-wheel 
observat ions can be a t t r i b u t e d  t o  vor tex r i n g s  p e e l i n g  o f f  t h e  t i p s  o f  t h e  

wheel r a t h e r  than t o  t h e i r  " s o l i t a r y  macroscopic quant ized vo r t i ces . "  A l l  

these observat ions p o i n t  towards t h e  f a c t  t h a t  t h e  low th resho ld  pressure f o r  

c a v i t a t i o n  i n  He I 1  i s  due t o  t h e  nuc lea t i on  of bubbles f rom vor tex r i n g s .  

Mechanism f o r  t h e  C a v i t a t i o n  o f  He I 1  f rom Quant ized Vortex Rings 

A mechanism i s  proposed f o r  t h e  n u c l e a t i o n  o f  bubbles f rom vo r tex  r i n g s .  

model assumes t h a t  t h e  bubbles are i n i t i a t e d  f rom t h e  cores of t h e  v o r t e x  

r i n g s .  
prov ides thermal i n s u l a t i o n  f o r  t h e  n u c l e a t i o n  o f  a c a v i t y .  Once t h e  bubble 
i s  formed, two opposi te  f o r c e s  a c t  on it. The growth o f  t h e  bubble r e q u i r e s  
PdV work 

T h i s  

The vo r tex  core, which i s  thought t o  be c o n s t i t u t e d  o f  normal f l u i d s ,  

4 3  
3 

W = P- nr  (4.5) 
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where r i s  t h e  r a d i u s  o f  t h e  bubble and P i s  t h e  pressure o f  t h e  l i q u i d .  When 

t n e  l i q u i d  i s  under nega t i ve  pressure, P i s  nega t i ve  and t h e  bubble w i l l  tend 
t o  grow. On t n e  o t h e r  hand, t h e  growth o f  t h e  bubble w i l l  De cons t ra ined  b y  

the energy associated w i th  t h e  v o r t e x  r i n g ,  because i t  takes energy f o r  t h e  
r i n g  t o  expand. 

1 w = ?  ps (r) (4.6) 

where r i s  t h e  quantum o f  c i r c u l a t i o n  and R and a a r e  t h e  r a d i u s  o f  t h e  r i n g  

and t h e  r a d i u s  o f  t h e  co re  r e s p e c t i v e l y .  By f u r t h e r  assuming t h a t  t h e  s i z e  o f  

t h e  bubble i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h a t  o f  t h e  v o r t e x  r i n g ,  R = $r, one 
can combine Eqs. (4.5) and (4.6) t o  g e t  

1 2 
2 s  W = - P ( ~ )  R (4.7) 

I n  F i g .  4-9, t h e  work needed f o r  t h e  growth o f  t h e  bubble i s  p l o t t e d  as a 

f u n c t i o n  o f  t h e  vo r tex  rad ius .  

nega t i ve  pressure i s  not .1arge enough t o  overcome t h e  v o r t e x  energy which 
t r i e s  t o  prevent  t n e  r i n g  ( o r  t h e  bubble) f rom expanding, and t h e  bubble w i l l  

co l l apse .  F o r  R > Rc, f u r t h e r  increase i n  t h e  bubble r a d i u s  r e q u i r e s  

decreasing f r e e  energy, and t h e  c a v i t y  w i l l  grow. 
Stage w i l l  be reached where t h e  v o r t e x  r i n g  r u p t u r e s  r e l e a s i n g  t h e  f r e e  bubble. 

F o r  R < Rc, t h e  PV work c rea ted  by t h e  

As t h e  c a v i t y  grows, a 

I n  F ig .  4-10 t h e  work r e q u i r e d  f o r  t h e  format ion of  bubble i s  p l o t t e d  as a 
f u n c t i o n  of t h e  r a d i u s  o f  t h e  v o r t e x  r i n g .  The c r i t i c a l  r i n g  r a d i u s  ranges 

from about 25 a t  Pt = -0.7 ba r  t o  80 A a t  P t  = -0.1 bar. A n a l y t i c a l  
s o l u t i o n  t o  Eq. (4.7) i s  n o t  poss ib le .  One can employ g raph ica l  methods. 
F igu res  4-11 and 4-12 rep resen t  t h e  maximum work and c r i t i c a l  v o r t e x  r a d i u s  

versus t h e  pressure o f  t h e  l i q u i d .  

Of t h e  c r i t i c a l  r a d i u s  i n  F i g .  4-13. 

Eq. (4.7) can be represented by an equat ion of t h e  f o l l o w i n g  form 

The maximum work i s  p l o t t e d  as a f u n c t i o n  

From g raph ica l  methods, t h e  s o l u t i o n  t o  
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w 

Fig .  4-9 Mechanism f o r  Nucleat ion o f  Bubbles f rom Vortex Rings 

W max = F + B P + C  

where A, 6, and C are constants .  

The theory  o f  nuc lea t i on  s t a t e s  t h a t  t h e  r a t e  o f  bubb e format  

(4.8) 

on i s  

be est imated 
f rom t h e  theory  o f  absolute r e a c t i o n  r a t e s  t o  be (NKT/h)exp(-Afo/KT), where 

N i s  t h e  number of molecules i n  t h e  l i q u i d ,  and Afo i s  t h e  f ree  energy of 
a c t i v a t i o n  f o r  t h e  mot ion o f  an i n d i v i d u a l  molecule o f  l i q u i d  pas t  i t s  
neighbors i n t o  o r  away f rom t h e  bubble surface. 

He 11, one can s e t  A f o  = 0. 
mole o f  l i q u i d  sub jec t  t o  negat ive  pressure P i s  t h e r e f o r e  equal t o  

Due t o  t h e  low v i s c o s i t y  o f  

The r a t e  o f  format ion o f  bubbles of vapor i n  a 
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where n i s  t h e  number of bubbles. I f  we look a t  t h e  fo rma t ion  o f  one bubble 

i n  t seconds we can s e t  d n / d t  = l / t .  Equat ion (4.8) can be s u b s t i t u t e d  i n t o  

(4.9) and t h e  f r a c t u r e  pressure r e q u i r e d  f o r  t h e  n u c l e a t i o n  o f  a c a v i t y  can 

thus be solved. The c a l c u l a t e d  pressure i s  presented i n  F ig .  4-14 f o r  va r ious  

b a t h  temperatures. 
r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  exper imental  f i n d i n g s  o f  Fairbank, Beams 
(Ref. 4-7) and Chu (Ref. 4-9). Note t h a t  t h e  t h r e s h o l d  pressure increases 

w i th  decreasing temperature. T h i s  temperature dependency o f  t h e  t e n s i l e  

s t r e s s  agrees w i th  t h e  r e s u l t s  r e p o r t e d  by Akul ichev (Ref. 4-22). 

A t  2 K, t h e  f r a c t u r e  pressure i s  P = -0.16 bar. T h i s  

Exper imental  work t o  measure t h e  c a v i t a t i o n  t h r e s h o l d  o f  He I 1  i s  be ing 

conducted a t  t h e  N a t i o n a l  Bureau o f  Standards (NBS) i n  Boulder, Colorado. 
Th is  work i s  being conducted i n  support  o f  t e s t i n g  a c e n t r i f u g a l  He-I1 pump. 

I n  t h e  apparatus being used, c a v i t a t i o n  thresholds o f  1.0 t o  5.0 t o r r  a t  1.8 K 
have been measured (Ref. 4-23). I t  must be noted t h a t  these values a re  be ing  

measurea i n  very t u r b u l e n t  He I 1  a t  Reyno 
107. 

The NBS da ta  i s  ve ry  i n t e r e s t i n g  i n  t h a t  

than our  a n a l y s i s  p r e d i c t s .  Our ana lys i s  

ds numbers i n  t h e  range o f  IO6 t o  

t i s  showing a much lower t h r e s h o l d  

i s  more a p p l i c a b l e  t o  stagnant 
He 11. 

r u p t u r e  premature ly  due t o  t a n g l e  o f  t h e  v o r t i c e s  and t h e r e f o r e  re lease  t h e  
bubble. I n  t h e  fluid-management device, t h e  He-I1 Reynolds number i s  much 

lower; t ne re fo re ,  t h e  c a v i t a t i o n  t h r e s h o l d  may be c l o s e r  t o  t h e  p r e d i c t i o n  
presented here. I n  any case, t h e  maximum negat ive pressure o f  t h e  He I 1  i n  

t h e  management dev ice i s  o n l y  a t e n t h  of a t o r r  and t h e r e f o r e  no c a v i t a t i o n  i s  
expected. 

I t  i s  conceivable t h a t  i n  h i g h l y  t u r b u l e n t  f low, t h e  v o r t e x  r i n g  would 

C r i t i c a l  V e l o c i t y  o f  He I 1  Across Screens 

According t o  t h e  present  f ind ings,  bubbles a r e  nuc leated f rom v o r t e x  r i n g s  

which a c t  as thermal b a r r i e r s .  

i f  t h e  c r i t i c a l  v e l o c i t y  o f  s u p e r f l u i d  i s  exceeded. 

However, v o r t e x  r i n g s  cou ld  o n l y  be generated 
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The c r i t i c a l  v e l o c i t y  (Vsc) o f  t h e  He I 1  i s  t h e  v e l o c i t y  a t  which t h e  

s u p e r f l u i d  t u r n s  t u r b u l e n t .  
Landau regime where t h e  f l o w  i s  n o t  associated w i th  any d i s s i p a t i o n  losses. 

Above t h i s  c r i t i c a l  value, quant ized v o r t i c e s  a r e  generated and vo r tex  

shedding occurs, r e s u l t i n g  i n  energy d i s s i p a t i o n .  T h i s  k i n d  o f  t r a n s i t i o n  i s  

b e t t e r  understood f o r  t h e  t r a n s p o r t  o f  He I 1  i n  c a p i l l a r i e s  through t h e  works 
of Van Alphen e t  a l .  (Ref. 4-24). F i g u r e  4-15 i s  a p l o t  o f  t h e  product  o f  

vSc and c a p i l l a r y  diameter ( 0 )  versus D ( f o r  t h e  d e s c r i p t i o n  o f  symbols, 
p lease r e f e r  t o  t h e  o r i g i n a l  work o f  Van Alphen e t  a l . ) .  One can see t h a t  

T ranspor ta t i on  below t h i s  l i m i t  i s  known as t h e  

I most o f  t h e  da ta  l i e  on a s t r a i g h t  l i n e  represented by 

114 V s c  = D- 

However, f o r  D > cm, some o f  t h e  da ta  f o l l o w  t h e  equat ion 

1 V s c  = C D- 

(4.10) 

(4.11) 

where C i s  a constant.  

l i m i t s  o r  d i f f e r e n t  exper imental  setups. 
c r i t i c a l  t r a n s p o r t  o f  He I 1  i n  screens o r  porous media. 

(Ref. 4-25) measured t h e  V s c  o f  l i q u i d  he l ium across porous media o f  va r ious  

pore s izes.  
Law, one can o b t a i n  a c o r r e l a t i o n  between t h e  c a p i l l a r y  diameter and t h e  

permeaDil i tY (Kp) of t h e  porous p lugs  

T h i s  discrepancy might  be due t o  t h e  observat ion 
There i s  ve ry  l i t t l e  data on t h e  

Hendr icks and K a r r  

From t h e  analogy between t h e  P o i s e u i l l e  equat ion and t h e  Darcy 

DEP =J32 Kp 

Equat ions (4.11) and (4.12) can thus be combined t o  es t ima te  t h e  c r i t i c a l  

v e l o c i t y  o f  He I 1  i n  porous media. 

4-42 

(4.12) 

(4.13) 
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The r e s u l t s  o f  Hendr icks and K a r r  a re  a l s o  i nc luded  i n  F i g .  4-15. Fo r  

m a t e r i a l s  w i t h  l a r g e  pore s izes,  these da ta  tend t o  agree w i t h  Eq. (4.13). A S  

t h e  pore s i z e  o r  p e r m e a b i l i t y  decreases, d e v i a t i o n  f rom t h e  preceding equat ion 

i s  observed. Since, g e n e r a l l y  speaking, screens have h ighe r  p r e m e a b i l i t y  than 

porous plugs, Eq. (4.13) should be v a l i d  f o r  p r e d i c t i n g  t h e  c r i t i c a l  v e l o c i t y  
of He I1 across screens. One can e i t h e r  measure t h e  Kp o f  t h e  screens 
exper imen ta l l y  o r  one can d e r i v e  an equ iva len t  c a p i l l a r y  diameter and 
s u b s t i t u t e  t h a t  i n t o  Eq. (4.10). From t h e  Armour and Cannon c o r r e l a t i o n ,  an 

e q u i v a l e n t  c a p i l l a r y  diameter can be obta ined r e a d i l y  through t h e  analogy Of 

t h e  P o i s e u i l l e  law 

The c r i  i c a l  v e l o c i - y  o f  

112 
DES = (z) 

le I 1  across woven screens can be expressed as 

(4.14) 

(4.15) 

These c r i t i c a l  values are l i s t e d  i n  Table 4-4. Therefore, t h e  f l o w  i s  n o t  
expected t o  reach c r i t i c a l  v e l o c i t i e s  u n t i l  a l l  t h e  f l o w  i s  through a smal l  
p o r t i o n  o f  a g a l l e r y  channel. 
bu l k  l i q u i d .  

Concl u s i  on s 

From t h e  exper menta works o f  Fairbank, Beam, and Chu, i t  was found t h a t  t h e  

t e n s i l e  s t r e s s  of He I1  i s  about Pt = -0.14 atm. A mechanism i s  proposed i n  
t h e  present  work t h a t  can p r e d i c t  t h i s  value. 
negat ive pressure o f  a t e n t h  o f  an atmosphere i s  r e q u i r e d  t o  c a v i t a t e  He 11. 

The t e n s i l e  s t r e s s  measured f o r  t h e  format ion o f  microscopic  bubbles by 

acoust ic  techniques are much lower than t h a t .  T h i s  can be expla ined through 

t h e  present  model t h a t  microscopic  bubbles were detected by acoust ic  methods 

Th is  w i l l  n o t  occur u n t i l  near d e p l e t i o n  of t h e  

I t  can be concluded t h a t  a 
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Table 4-4 SCREEN CRITICAL VELOCITIES 
~~~~ 

MESH TYPE 

150 x 150 Sq. Weave 

250 x 250 Sq. Weave 
400 x 400 Sq. Weave 

24 x 110 P l a i n  Dutch 
30 x 150 P l a i n  Dutch 

50 x 250 P l a i n  Dutch 
x 70 Dutch T w i l l  
x 1500 Dutch T w i l l  

325 x 2300 Dutch T w i l l  

DE 

1.03 x lo-' 
5.6 10-3 
3.15 10-3 
1.94 x lo-' 
1.58 x lo-' 
8.58 x -. 
3.77 x 10-3 
1.54 
1.05 10-3 

"SC 

3.14 
3.66 
4.22 
2.68 
2.82 
3.29 
4.04 
5.05 
5.55 

VC 

2.14 
2.50 
2.88. . 

1.83 
1.93 
2.24 
2.76 
3.45 
3.79 

b e f o r e  they  reach t h e  c r i t i c a l  rad ius .  I n  order  f o r  these bubbles t o  grow t o  

V i S i D k  sizes, f r e e  energy i s  requ i red .  Without e x t e r n a l l y  supp l i ed  energy, 
these bubbles w i l l  co l lapse.  

L e t  us look a t  t h e  p o t e n t i a l  o f  c a v i t a t i o n  w i t h i n  t h e  g a l l e r y  channels. The 

l a r g e s t  nega t i ve  pressure i n  t h e  g a l l e r y  occurs a t  d e p l e t i o n  when i t  reaches 
t h e  maximum c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  o f  t h e  screen. F o r  a 50 x 250 
mesh, t h i s  i s  0.2818 gO-cm (3 x lo-' t o r r ) ,  and f o r  a 325 x 2300 mesh, 

t h i s  i s  3.0993 gO-cm (3.3 x lo-' t o r r ) .  The present  s tudy shows t h a t  
these pressures a re  n o t  s u f f i c i e n t  t o  c a v i t a t e  He 11. 
assumes t h a t  t h e  he l i um w i t h i n  t h e  g a l l e r y  cnannel i s  i n  metastable s ta te .  

t h e  l i q u i d  i n  t h e  g a l l e r y  i s  i n  VLE, t h e  i ssue  was addressed i n  Sec t i on  2.3- 
Any bubble t h a t  would tend t o  form should c o l l a p s e  and reappear i n  t h e  b u l k  

vapor phase a t  t h e  u l l a g e  tank. Therefore, i t  can be concluded t h a t  
c a v i t a t i o n  of t h e  He I 1  i n  t h e  g a l l e r y  i s  ext remely u n l i k e l y  under metastable 

o r  v a p o r - l i q u i d  e q u i l i b r i u m  s t a t e .  

occur w i t h i n  t h e  g a l l e r y  i s  by pushed-over vapor. Dur ing  sho r t -du ra t i on  h i g h  

g-accelerat ion pulses, vapor might  be pushed i n t o  t h e  g a l l e r y  through t h e  
screens. The i n t r o d u c t i o n  o f  vapor i n t o  metastable l i q u i d  w i l l  r e s u l t  i n  

The above ana lys i s  
I f  

I 

The o n l y  conceivable way f o r  c a v i t a t i o n  t o  
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spontaneous b o i l i n g .  
screen w i t h  f i n e r  pore s ize.  

The o n l y  way t o  prevent  t h i s  i s  by  us ing  a t h i c k e r  

4.4.2.5 Ef fec t  of Pump Heat D i s s i p a t i o n .  The p o t e n t i a l  o f  c a v i t a t i o n  o f  He 
I 1  due t o  isothermal  pressure drop was addressed i n  t h e  prev ious sect ion.  The 

p o s s i b i l i t y  o f  b o i l i n g  f rom i s o b a r i c  hea t ing  o f  l i q u i d  h e l i u m  i s  s t u d i e d  i n  
t h i s  sect ion.  The hea te r  power f rom t h e  FEP o r  d i s s i p a t i o n  heat  f r o m  t h e  

mechanical pump may r e s u l t  i n  n u c l e a t i o n  o f  b o i l i n g .  I n  t e r r e s t r i a l  t e s t s  

w i th  d i f f e r e n t  types o f  heaters  one should be a b l e  t o  deduce peak values i n  

p r i n c i p l e  f o r  f i l m  f l ow .  The Van Der Waals f o r c e s  o f  t h e  f i l m  enhance t h e  
pressure l o c a l l y .  Therefore, t h e  b o i l i n g  onset a t  low-g i s  n o t  t h e  same as 
the  va lue p r e d i c t e d  f r o m  usual  peak f l u x  equat ions when t h e  a c c e l e r a t i o n  'Ig" 

goes t o  zero. As mentioned e a r l i e r ,  He I 1  can e x i s t  i n  metastable ( l i q u i d )  
s t a t e  when i t s  pressure has dropped i s o t h e r m a l l y  below t h e  vapor-pressure 
(V-P)  curve. S i m i l a r l y ,  metastable s t a t e  o f  l i q u i d  he l ium i s  a l s o  noted when 

the  f l u i d  temperature i s  r a i s e d  above t h e  s a t u r a t i o n  temperature i s o b a r i c a l l y  

(Refs. 4.26 and 4.27). 

which n u c l e a t i o n  o f  bubbles i s  ODSerVed i s  known as t h e  superheat. From t h e  

c l a s s i c a l  n u c l e a t i o n  theory,  t h e  amount of superheat r e q u i r e d  f o r  n u c l e a t i o n  

depends on t h e  su r face  t e n s i o n  o f  t h e  l i q u i d .  Cole (Ref. 4-28) has de r i ved  an 

approximate express ion f o r  t h e  superheat va lue 

The temperature above t h e  s a t u r a t i o n  temperature a t  

16ra 
KTln(NKTt/h (4.16) 

where o V  i s  t h e  vapor d e n s i t y  and A i s  t h e  l a t e n t  heat  o f  vapor i za t i on .  The 

above c o r r e l a t i o n  p r e d i c t s  t h a t  He I 1  can t o l e r a t e  superheat ing w i t h o u t  
b o i l i n g  u n t i l  a temperature o f  about 4 K i s  reached. T h i s  l i m i t  was v e r i f i e d  
exper imen ta l l y  by  S a j i  e t  a l .  (Ref. 4-29). They showed t h a t  He I 1  cou ld  be 

superheated iSODariCa1 l y  beyond t h e  vapor-pressure curve, as shown i n  
F i g .  4-16. The superheated He I 1  then transformed i n t o  superheated He I a t  

T, and d i d  n o t  c a v i t a t e  u n t i l  t h e  c l a s s i c a l  n u c l e a t i o n  theo ry  l i m i t  (- 4 K )  
was reached. The superheated He I 1  regime i s  d i v i d e d  f rom t h e  superheated 

He I regime by T, (2.17 K ) .  The He I phase i s  d i s t i n g u i s h e d  by a sharp r i s e  
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F i g .  4-16 Thermograms f o r  Var ious Values o f  App l i ed  Power q. The l e t t e r s  
on t h e  curves represent  t h e  app l i ed  power i n  m i l l i w a t t s :  
a. 70.6; b. 94.2; c. 132.3; d. 196.2; e. 272.6 mW. (Ref. 4-29) 

! 1 ! I 

i n  temperature due t o  poor heat conduction. 
cha rac te r i zed  by a sudden drop i n  temperature, caused by t h e  energy consumed 

du r ing  buDble formation. The exper imental  t r a n s i t i o n  temperature f r o m  

superheated He I1  t o  He I i s  p l o t t e d  i n  F i g .  4-17. The dashed l i n e s  on t h e  

da ta  p o i n t s  rep resen t  u n c e r t a i n t y  i n  measuring t h e  peak b o i l i n g  temperature. 
T h i s  temperature i s  found t o  be 2.17 K t0.005 K. The experirndntal b o i l i n g  
temperature i s  compared wi th  t h e  c l a s s i c a l  n u c l e a t i o n  t h e o r y  ( s o l i d .  l i n e )  i n  
F ig .  4-18. I t  should be noted 

t h a t  s i n c e  t h e  authors d i d  n o t  measure t h e  a c t u a l  pressure w i t h i n  t h e i r  

exper imental  chamber, t h e y  m igh t  be p r e s s u r i z i n g  t h e  He I 1  along t h e  constant  

chemical p o t e n t i a l  l i n e  i ns tead  o f  superheat ing t h e  l i q u i d  (Ref. 4-30). 

The b o i l i n g  o f  t h e  l i q u i d  i s  

Good agreement i s  found w i t h i n  da ta  s c a t t e r .  
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Fig.  4-17 Phase Diagram o f  Helium w i t h  E q u i l i b r i u m  L ines  ( S o l i d  L ines )  
and Maximum Superheating Temperatures ( S o l i d  C i r c l e s ) .  The 
exper imental  upper l i m i t s  o f  superheat ing found by K r a f f t  
(dashed curve)  and Rybarcyk and Tough ( s o l i d  squares) a re  a l s o  
i nd i ca ted  (Ref. 4-29) 
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A t  f i r s t  glance, S a j i ' s  f i n d i n g s  seem t o  c o n t r a d i c t  t h e  v o r t e x  theo ry  o r  t h e  
isothermal  t e n s i l e  s t r e s s  experiments, which show t h a t  t h e  t h r e s h o l d  va lue f o r  

c a v i t a t i o n  i s  much lower than t h a t  p r e d i c t e d  by t h e  c l a s s i c a l  n u c l e a t i o n  

theory.  However, t h e r e  i s  r e a l l y  no a b i g u i t y  if one r e a l i z e s  t h e  d i f f e r e n c e  
i n  t h e  na tu re  of t h e  two experiments. 

Pressure (e.g., t h e  t e n s i l e  s t r e s s  experiment), t h e  metastable s t a t e  o f  l i q u i d  
he l i um i s  always w i t h i n  t h e  He11 regime (F ig.  4-18). 

he l i um f r o m  t h e  v o r t e x  r i n g s  t h a t  a c t  as n u c l e a t i o n  s i t e s  reduces t h e  
t h r e s h o l d  pressure r e q u i r e d  f o r  t h e  bubble format ion.  As f o r  t h e  i s o b a r i c  

hea t ing  o f  He I 1  ( S a j i ' s  experiment), t h e  v o r t e x  theo ry  p r e d i c t s  t h a t  one 

n e e d s ' t o  superheat He I 1  t o  temperature above T, f o r  c a v i t a t i o n .  However, 
as t h e  superheated He I 1  t ransforms i n t o  superheated He I ( a t  TA) ,  a l l  t h e  

v o r t e x  r i n g s  vanisned (F ig .  4-18). 
i n  t h e  agreement between t h e  c l a s s i c a l  n u c l e a t i o n  theo ry  and t h e  exper imental  
r e s u l t s .  

For t h e  isothermal  r e d u c t i o n  of 

The c a v i t a t i o n  of 

No n u c l e a t i o n  s i t e s  a r e  present,  r e s u l t i n g  

The FEP o r  mechanical pump w i l l  d i s s i p a t e  up t o  50 W. Based on t h e  thermal 

r e s i s t a n c e  of t h e  g a l l e r y  arms, t h e  maximum temperature g r a d i e n t  across t h e  
g a l l e r y  channels w i l l  be approx imate ly  1 M. The f l u i d  w i t h i n  t h e  g a l l e r y  

channels w i l l  remain below T, and, based on the  f i n d i n g s  o f  S a j i  e t  al., t h e  
heat  d i s s i p a t e d  by t h e  pump i s  n o t  going t o  c a v i t a t e  t h e  f l u i d .  

I t  i s  noteworthy t h a t  t h e  est imated l-rrK r i s e  i n  temperature w i t h i n  t h e  

g a l l e r y  channels (due t o  d i s s i p a t i o n  of t h e  pump) might  be enough t o  Set UP a 
tnerrnomechancal e f f e c t  across t h e  screen. According t o  t h e  London's equation, 

a f o u n t a i n  pressure o f  about 1 t o r r  c o u l d  be generated by t h e  above 
temperature g rad ien t .  T h i s  overpressure w i t h i n  t h e  g a l l e r y  channels i s  much 
h ighe r  t h a n  t h e  summation o f  pressure drops mentioned i n  4.4.1. Therefore t h e  
g a l l e r y  m igh t  be s l i g n t l y  p ressu r i zed  i ns tead  and c a v i t a t i o n  might  never occur  

i n  t h e  channels. 

t h e  c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  o f  t h e  screens i n  con tac t  w i t h  vapor and 

cause l i q u i d  breakthrough. 
breakthrough can be avoided and l i q u i d  can be r e t a i n e d  as i n  t h e  case of a 

convent ional  v a p o r - l i q u i d  phase separator.  

T h i s  1 - t o r r  p r e s s u r i z a t i o n  would be s u f f i c i e n t  t o  overcome 

However i f  t h e  screens a r e  f i n e  enough, 
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The ac tua l  temperature g rad ien t  across t h e  screens w i l l  no t  be uni form, 
e s p e c i a l l y  when some sec t i ons  o f  t h e  channels a re  submerged and o the rs  a re  

exposed t o  vapor because of t h e  h i g h l y  d i f f e r e n t  heat - t rans fer  c o e f f i c i e n t s .  
These g rad ien ts  w i  1 1  t h e r e f o r e  be a f u n c t i o n  of t h e  amount o f  1 i q u i d  remain ing 
i n  t h e  tank. 

Once t h e  f i n a l  pump heat  d i s s i p a t i o n  and g a l l e r y  w a l l  th ickness  a re  

es tab l i shed,  t h i s  e f f e c t  would need t o  be c a r e f u l l y  modeled and analyzed. A 

coarse screen ( 50 t o  100 pm) i s  base l ined f o r  t h e  g a l l e r y  dev ice  and i t  i s  

p o s s i b l e  t h a t  t h e  pore  openings may be t o o  l a r g e  t o  s e t  up a s i z a b l e  
thermomechanical e f f e c t  t o  p ressu r i ze  t h e  g a l l e r y  channels. 
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Section 5 
INTEGRATED FEP /ENCLOSED CAPILLARY DEVICE 

An alternative to the gallery device using screens is the integrated FEP 
device (IFD) which uses the capillary action of porous plugs instead of 
screens along the gallery channels to collect liquid He 11. 
schematic diagram o f  the IFD. 
plugs along the gallery channels are also responsible for the transport of the 
liquid as FEPs. 
gallery channels. 
materials to allow the required temperature difference to be sustained across 
them. The porous plugs in this system can be divided into two groups: 
(1) the FEP plugs (where both sides of the porous media are in contact with 
the liquid - they are responsible for conveying He 11) and ( 2 )  the 
vapor-liquid phase separation plugs (where only one side of the plugs i s  

Figure 5-1 is a 
The downstream pump is removed and the porous 

For this reason heaters have to be installed within the 
The channels also have to be constructed o f  insulating 

EXPOSED- 

INSULATED 
GALLERY 
CHANNEL 

Fig. 5-1 Schematic Diagram o f  the Integrated FEP Device 
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submerged i n  l i q u i d  w i t h  t h e  o t h e r  s ide  open t o  vapor - these porous media 

prevent  t h e  vapor f rom e n t e r i n g  o r  t h e  l i q u i d  f rom escaping t h e  g a l l e r y  
channels). The performance o f  these p lugs w i l l  be discussed i n  d e t a i l  i n  t h e  

f o l l o w i n g  sect ions.  

5.1 DESCRIPTION OF OPERATION 

As t h e  heaters  o f  t h e  I F D  a re  ac t i va ted ,  l i q u i d  he l i um i s  pumped across t h e  
FEP p lugs  i n t o  t h e  g a l l e r y  channels. Vapor i s  i n t roduced  i n t o  t h e  u l l a g e  tank 

through t h e  VLPS p lugs t o  rep lace  t h e  volume vacated by t h e  l i q u i d  be ing 
t r a n s f e r r e d  and t o  r e j e c t  p a r t  o f  t h e  heat i n p u t  f rom t h e  FEP. 

t r a n s f e r  r a t e  i n t o  t h e  r e c e i v e r  tank s t h e  d i f f e r e n c e  between t h e  mass f l o w  

through t h e  FEP p lugs and t h a t  o f  t h e  VLPS plugs. 

The net  

The advantage o f  t h i s  dev ice over  t h e  screen system i s  t h a t  t h e  g a l l e r y  

channels are always pressur ized.  
through t h e  screen, r e s u l t i n g  i n  pressure drops t h a t  might  cause c a v i t a t i o n  

problems. Al though i t  was concluded i n  Sect ion 4.4.2.4 t h a t  t h e  b o i l i n g  of 
He I 1  under metastable c o n d i t i o n s  i s  h i g h l y  u n l i k e l y ,  t h e r e  i s  s t i l l  a s l i m  

chance t h a t  c a v i t a t i o n  might  occur under t h e  vapor - l i qu id  e q u i l i b r i u m  s t a t e  
(VLES). 

formed i n  t h e  g a l l e r y  channel would condense and re fo rm i n  t h e  u l l age .  
However, t h i s  scenar io  i s  compl icated by t h e  heater  i n p u t  f rom t h e  

f o u n t a i n - e f f e c t  pump. 
pulses (SDHGP) and s t a r t u p  t r a n s i e n t s ,  vapor might  be pushed across t h e  

screens i n t o  t h e  g a l l e r y  channels. Th is  would conver t  metastable He I 1  i n t o  
VLES w i t h  v igorous b o i l i n g .  However, these problems are n o t  l i k e l y  t o  occur 

i n  t h e  IFD, because t h e  g a l l e r y  channels are always pressur ized and vapor i s  
much l e s s  l i k e l y  t o  t r a n s f e r  through a porous p l u g  d u r i n g  SDHGP than through a 

screen. 

I n  t h e  screen device, l i q u i d  hel ium i s  drawn 

Under e q u i l i b r i u m  cond i t i ons ,  i t  i s  conceivable t h a t  any bubble t h a t  

Moreover, du r ing  t h e  sho r t -du ra t i on  high-g-accelerat ion 
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5.2 'LIQUID WITHDRAWAL 

5.2.1 Performance of t h e  Submerged Porous Plugs 

These p lugs  are i n  con tac t  w i t h  t h e  l i q u i d  he l ium on b o t h  s ides  and behave as 
t y p i c a l  f oun ta in -e f fec t  pumps when subjected t o  a temperature d i f f e r e n c e .  

Recent ly  t h e  performance o f  FEPs was found t o  obey t h e  f o l l o w i n g  e m p i r i c a l  
equat ion (Ref. 5-1) 

K4 q n S ~ T K p  312 114 

'FEP = p s A F T  [ *2 $1 
where $Ep  i s  t ne  mass f l o w  r a t e  and K 4  i s  t h e  throughput f a c t o r .  

found t h a t  K4 i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  

permeabi 1 i t y  ( KP) , 

I t  was 

Comb 

- 6.32 x 
K4 

KP 

n i n g  Eq. (5.2) w i t h  (5.1) one gets: 

5 where C i s  6.32 x 10 cm. 

(5.1) 

(5.2) 

The preceding equat ion i s  used as t h e  c r i t e r i o n  f o r  t h e  des ign of t h e  
submerged porous p lugs o f  t h e  i n t e g r a t e d  FEP device. As t h e  supply  tank i s  

COnt inously be ing drained, t n e  area o f  t h e  submerged porous p lugs  decreases 

and t h e  area o f  t h e  exposed p lugs  increases. The mass f l o w  r a t e  o f  t h e  FEP i s  

governea by i t s  hea te r  power ( Q ) ,  i .e.,  
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9FJGINAL PAGE IS 
OF POOR QUALITY (5.4) 

This means that the temperature difference across the plugs has to rise 
according to Eq. (5.3). 
porous media as a function of the submerged plug area over the total plug area 
(AF/A). The material used is the 0.5-vm stainless steel Mott plug with a 
permeability of K p  = 8 x 10-l' cm2. The study is based on a flow rate 
o f  500 liter of He I 1  per hour and a total plug area of 2000 cm2 (which is 
approximately the surface area of the screen for one arm of the gallery 
device). The AT increases as the pump area decreases until the limit is 
reached, when the downstream temperature or T,, exceeds T,. 
happens, the superfluid downstream of the pump transforms into He I, and the 
pumping power would be reduced sharply. The area ratio at which T,, = T, 
is the minimum value allowable in the design is designated by (AF/A)min. 

Figure 5-2 is a plot of the temperature across the 

When this 

10-1 I I I 1 I 
0.0 0.2 04 0.6 0.6 1.0 AF/A 

Fig. 5-2 AT Versus FEP to Total Area o f  Porous Media 
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Note t h a t  i n  F ig .  5-2, i t  was assumed t h a t  t h e r e  was no pressure drop i n  t h e  

plumbing downstream o f  t h e  FEPs. 
a b i t  o f  f l o w  res i s tance  due t o  f r i c t i o n  losses and back pressure ( e s p e c i a l l y  

du r ing  t h e  i n i t i a l  phase o f  t r a n s f e r ) .  
t h a t  can be generated by a s ing le-s tage FEP i s  

However, i n  ac tua l  s i t u a t i o n s  t h e r e  i s  q u i t e  

The maximum amount o f  pressure head 

' b  

L 

where s, i s  1.5378 J/gK. Equat ion (5.5) i s  p l o t t e d  i n  F ig .  5-3 together  

w i t h  t h e  APmax obta ined from eva lua t i ng  TS a t  t h e  mean temperature. For  

smal l  AT, t h e  two curves almost co inc ide  as expected. A t  low bath  temperature 
t h e  i n t e g r a t i o n  method tends t o  p r e d i c t  a h igher  f o u n t a i n  pressure. For  

example, i t  i s  c l e a r  t h a t  a s ing le-s tage FEP i s  no t  ope ra t i ona l  a t  2 K if t h e  

f low res i s tance  i n  t h e  plumbing exceeds 230 t o r r .  

Wi th  a pressure drop along t h e  p ipe  l i n e  (LIPLINE), t h e  founta in -e f fec t  pump 

Eq. (5.3) can be mod i f i ed  t o  

(5.6) 
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From t h i s  equation, (AF/~)min can be c a l c u l a t e d  as i n  F ig .  5-2 and i s  
presented i n  F ig .  5-4 versus t h e  t o t a l  p l u g  area (A) f o r  va r ious  APLINE's. 

F o r  a c e r t a i n  AT,,, = T, - Tb, one can c a l c u l a t e  t h e  r e q u i r e d  
fountain-effect-pump area (AF) o r  t h e  minimum surface-area r a t i o  

( A F / A ) , ~ ~  t o  pump 500 L o f  He I 1  per  hour. 
est imate t h e  amount of r e s i d u a l  f l u i d  l e f t  i n  t h e  r e c e i v i n g  tank. 
F ig .  5-3, t h e  minimum area o f  FEP t h a t  must be i n  con tac t  w i t h  t h e  b u l k . f l u i d  

i s  180 cm2 t o  320 cm2 f o r  a range of APl ine o f  0 t o  300 t o r r .  Using t h e  
same area o f  FEP pe r  l e n g t h  of g a l l e r y  channel as t h e  screen device, t h e  
l e n g t h  o f  t h e  g a l l e r y  channel t h a t  must be submerged i s  43 t o  76 cm. 

small  value e s s e n t i a l l y  assures t h a t  t h e  r e s i d u a l s  w i l l  be t h e  same as f o r  t h e  
screen c a p i l l a r y  device. 

From ( A F / A ) , ~ ~  one can 
Based on 

T h i s  

One important f a c t o r  i n  t h e  design o f  t h e  i n t e g r a t e d  FEP device i s  t h e  

s e l e c t i o n  o f  t h e  porous m a t e r i a l .  

t h a t  t h e  mass f l o w  r a t e  o f  an FEP i s  rough ly  p r o p o r t i o n a l  t o  t h e  i nve rse  

square r o o t  o f  t h e  Darcy permeabi 1 i t y  ( a c t u a l l y  h a -,;I8), t h e  t o t a l  pump 

area AF can be g r e a t l y  reduced i f  one uses m a t e r i a l  w i t h  a f i n e  pore s i z e  
i ns tead  o f  a coarse one. 
t h e  tank i s  much smal ler .  

Darcy p e r m e a b i l i t y  o f  t h e  p l u g  f o r  t h r e e  d i f f e r e n t  bath temperatures a t  1.8 K 

(AF/A),,,~,, ranges f rom about 0.007 w i t h  Kp = 1 x 
w i t h  Kp = 1 x 

Kp - > 10'' cm2 i s  no t  f e a s i b l e  f o r  use i n  t h e  i n t e g r a t e d  FEP device. 
comparison, t h e  c l a s s i c a l  p e r m e a b i l i t y  o f  t h e  325 x 2300 Dutch T w i l l  screen i s  
i nc luded  i n  F i g *  5-50 

data, which was obta ined by passing a i r  through a s i n g l e  screen, by c o r r e c t i n g  
f o r  he l ium gas (us ing  t h e  r a t i o  o f  t h e  molecular  weights) and f o r  t h e  
th i ckness  o f  t h e  s tack o f  screens (0.318 cm). Among t h e  f i n e s t  Screens 

ava i l ab le ,  t h e  Dutch T w i l l  325 x 2300 has a p r e t t y  smal l  pe rmeab i l i t y ,  
comparable t o  some o f  t h e  coarse-pore s i n t e r e d  metal  p lugs. 

p e r m e a b i l i t y  obta ined by d i f f e r e n t  f l o w  media are r e l a t e d  by t h e  f o l l o w i n g  

c o r r e l a t i o n  (Ref. 5-2) 

As i t  i s  seen f rom Eqs. (5.1) and (5.6) 

Accordingly,  t h e  amount o f  r e s i d u a l  f l u i d  l e f t  i n  
F i g u r e  5-5 i s  a p l o t  o f  (AF/A)min versus t h e  

2 cm t o  0.5 
cm2. I t  i s  obvious t h a t  any po rous  m a t e r i a l  w i t h  

For 

The Kp was determined from manufacturer-suppl ied 

Usual ly,  t h e  
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where MA and MB a re  t h e  molecular  weights of t h e  f l o w  media. 

Therefore, t h e  ac tua l  p e r m e a b i l i t y  f o r  he l ium should-  beJ4/29 t imes t h e  
measured va lue us ing  a i r ,  o r  about 2.86 x 10-9~m2. 

t h a t  t h e  curves i n  F ig .  5-5 a re  generated f o r  a porous p l u g  th ickness  o f  
1 / 8  i n .  I n  o rde r  t o  compare w i t h  t h e  performance o f  t h e  Dutch T w i l l  screen, 

one needs t o  stack t h e  screens t o  t h e  appropr ia te  th ickness.  Even w i t h  a Kp 
of 2.86 x 

device, because more than 20 percent  o f  t h e  screen has t o  be submerged when 

ATmax i s  reached. 
i d e a l  m a t e r i a l  f o r  used as t h e  i n teg ra ted  FEP i s  a f ine-pore  ceramic p l u g  w i t h  

a Kp o f  t h e  order  o f  1 x 

It should be noted 

cm2, t h e  screen i s  marg ina l  f o r  use i n  t h e  i n t e g r a t e d  FEP 

Th is  t r a n s l a t e s  i n t o  a l a r g e  r e s i d u a l  f l u i d  volume. An 

Cm2 (Ref- 5-61. 

5.2.2 Performance o f  t h e  Exposed Porous Plugs 

The performance o f  t h e  exposed porous p lugs  i s  n o t  e a s i l y  p red ic tab le .  For  a 

convent ional  vapor - l i qu id  phase-separation system, t h e  upstream o f  t h e  porous 

P lug  i s  a t  P u  ( s a t u r a t i o n  pressure o f  Tu) when t h e  downstream i s  a t  a ve ry  
low pressure. The l i q u i d  t h a t  penetrates t h e  p l u g  i s  immediately evaporated. 
La ten t  heat o f  vapor i za t i on  i s  removed and t h e  temperature d i f f e r e n c e  across 
t h e  porous media i s  sustained. Th is  k i n d  o f  t r a n s p o r t  was found t o  be 

dominated by t h e  thermal convect ion o f  t h e  t w o - f l u i d  system (Ref. 5-3). The 

mass f l o w  r a t e  across t h e  phase separator  can be expressed as 

where AVL and L are t h e  area o f  t h e  phase separa t ion  p lugs  and t h e i r  
th ickness.  

t h e  Gorter-Me11 i n k  constant  f o r  porous media. 
of varo ius  VLPS data, t h e  f o l l o w i n g  r e l a t i o n s h i p  was obta ined 

* The l a t e n t  heat o f  vapor i za t i on  i s  represented by x .  KGM i s  
From t h e  exper imental  r e s u l t s  
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where 6 i s  lo7. 

Assuming t h a t  t h e  exposed p lugs  perform i d e a l l y  as convent ional  phase 
separators, one can est imate t h e  area r a t i o  A F / ~ V L  f o r  which t h e  FEP 

r a t e  i s  equal t o  t h e  mass l o s s  r a t e  through VLPS. When t h i s  happens, l i q u i d  
he l ium i s  c i r c u l a t e d  between t h e  b u l k  l i q u i d  and t h e  g a l l e r y  channel w i th  no 

t r a n s f e r  of f l u i d  i n t o  t h e  r e c e i v i n g  tank. 
t h e  area r a t i o  o f  FEP t o  VLPS can be c a l c u l a t e d  by equat ing iF,, t o  

~ V L P S .  AF/AVL i s  p l o t t e d  versus bath temperature i n  F ig .  5-6 f o r  a 
0.5-pm Mot t  s t a i n l e s s  s t e e l  p l u g  w i t h  a th ickness o f  1 / 8  in .  
i s  l e s s  than 10 Percent f o r  Tb < 2 K. 

(AF/A),~,, value est imated i n  t h e  prev ious s e c t i o n  f o r  AT (across t h e  FEP) 
t o  exceed T, - Tb. Which i m p l i e s  t h a t  t o t a l  c i r c u l a t i o n  o f  f l u i d  ( w i t h  no 
t r a n s f e r )  w i l l  n o t  occur be fo re  the  downstream temperature ( o f  t he  FEP) 

reaches T,. 
t h e  area r a t i o  o f  FEP t o  VLPS f o r  t o t a l  r e c y c l e  o f  f l u i d  w i t h i n  t h e  u l l a g e  

tank i s  rough ly  equal t o  

OW 

I n  combining Eqs. (5.6) and (5.8), 

The area r a t i o  

Th is  l i m i t  i s  smal ler  than t h e  

I t  can be shown (by combining Eqs. (5.8), (5.6) and (5.9) t h a t  

(5.10) 

where subsc r ip t s  1 and 2 stand f o r  two d i f f e r e n t  porous m a t e r i a l s  w i t h  
d i f f e r e n t  Darcy p e r m e a b i l i t i e s .  Therefore, by choosing a f ine-pore p lug,  one 

can reduce t h e  (AF/AvL) 1 i m i t  s u b s t a n t i a l l y .  

The n e t  t r a n s f e r  r a t e  f rom t h e  supply tank t o  t h e  r e c e i v e r  tank can be w r i t t e n  
as 

5-1 1 
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Unfor tunate ly ,  as A F / A ~ ~  decreases,  NET a l so  decreases. Th is  might  
r e s u l t  i n  ext remely low f l o w r a t e  when t h e  tank i s  c l o s e  t o  empty. One way t o  

ensure adequate t r a n s p o r t  r a t e  i s  again by c a r e f u l  s e l e c t i o n  o f  porous 

m a t e r i a l  f o r  t h e  i n t e g r a t e d  FEP device. The c a l c u l a t e d  n e t  vo lumet r ic  

f l owra te  (VNET = VFEP - VvLps) o f  t h e  IFD by us ing  a 0.5-pm Mot t  p l u g  
and a 1-pm ceramic p l u g  i s  compared i n  F ig .  5-7 f o r  a t o t a l  p l u g  area o f  
2000 cm2. 

m a t e r i a l  i s  almost n e g l i g i b l e  as compared t o  t h e  FEP t r a n s f e r  ra te.  
t h e  ceramic p l u g  has a l a r g e r  pore s i z e  than  t h e  0.5-pm Mot t  p lug, i t  has a 

lower throughput  as i n d i c a t e d  by i t s  permeab i l i t y . )  I n  us ing  a 0.5-rtm Mot t  

Plug, V V L P S / \ ~ F E P  can be as h i g h  as 40 percent  a t  (AF/A),~~. The 
ceramic p lugs  a l so  tend t o  have a lower (AF/A)min va lue than t h e  0.5-pm 
Mot t  p lug. 

As expected, t h e  losses due t o  VLPS i n  t h e  low-throughput . 

(A l though 

The above ana lys i s  i s  based on t h e  assumption t h a t  t h e  exposed p lugs  per fo rm 

i d e a l l y  as convent ional  VLPSs. However, one might  argue t h a t  t h e r e  are  some 
d i f f e r e n c e s  between these exposed p lugs  and t h e  convent ional  VLPS plugs. The 
main d i f f e rence  between t h e  two systems i s  dep ic ted  i n  F ig .  5-8. The pressure 
w i t h i n  t h e  g a l l e r y  channel o f  t h e  IFD i s  q u i t e  h i g h  (due t o  t h e  pressure drop 

i n  t h e  t r a n s f e r  l i n e ) ,  w h i l e  t h e  upstream pressure o f  t h e  convent ional  VLPS i s  

c lose  t o  t h e  sa tura ted  vapor pressure o f  Tb o r  Tu. 
pressure d i f f e r e n c e  across t h e  exposed plugs, t h e  main concern i s  breakthrough 

(BT) . 
l a r g e  enough t o  overcome t h e  ex te rna l  pressure forces ( A P L I N ~ ) .  
begins t o  penet ra te  t h e  p l u g  f a s t e r  than i t  can be evaporated, r e s u l t i n g  i n  
massive l i q u i d  loss .  

understood. 
much l a r g e r  ex te rna l  pressure d i f f e rence .  
breakthrough i n  an a c t i v e  phase separator  (APS) dev ice (Ref. 5-4). 

da ta  are u s u a l l y  cha rac te r i zed  by  two d i s t i n c t i v e  t r a n s p o r t  regimes. 

p o r t i o n  o f  t h e  curve  w i t h  low mass f l o w r a t e  represents  Gor ter -Mel l ink (GM) 
t r a n s p o r t  (Ref. 5 - 5 )  c lose  t o  zero n e t  mass f l o w  o f  He I 1  i n  wide ducts. 

steep r i s e  i n  mass f l o w r a t e  i n d i c a t e s  t h e  onset o f  breakthrough. 

Wi th t h i s  l a r g e  

Breakthrough wi 11 occur i f  t h e  therrnomechanical pressure ( PSAT) i s  n o t  

L i q u i d  

The onset t o  breakthrough i n  VLPS systems i s  n o t  f u l l y  

However, conce ivab ly  breakthrough i n  a f ine-pore p l u g  r e q u i r e s  a 

F igu re  5-9 i l l u s t r a t e s  t h e  
The APS 

The f l a t  

The 
Due t o  t h e  

l a r g e  throughput va lue of t h e  APS (KP - D 2 /12  = 6.75 x cm’), t h e  

5-13 
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l i q u i d  tends t o  break through a t  very  low e x t e r n a l  pressure d i f f e rence ,  

Apt < 10 mbar. F i g u r e  5-10 shows t h e  va r ious  t r a n s p o r t  regimes o f  VLPS 
us ing  a 1 pm ceramic porous p l u g  (Ref. 5-6). The porous-media 
phase-separation da ta  t h a t  resemble t h e  APS r e s u l t  a r e  a l s o  cha rac te r i zed  by a 

low- f lowrate GM t r a n s p o r t  and a steep BT regime. 
phase separator  i s  hard t o  achieve. U n l i k e  t h e  APS data, t h e  c r i t i c a l  

pressure d i f f e r e n c e  f o r  t h e  onset o f  BT i n  t h e  ceramic p l u g  i s  ve ry  h i g h  
(about 500 mbar a t  a ba th  temperature of 1.8 K) .  T h i s  i s  because o f  t h e  f i n e  
pore s i z e  o f  t h e  ceramic plug, w i th  K p  - cm2. It can be concluded 
t h a t  breakthrough w i l l  occur i f  t h e  e x t e r n a l  pressure d i f f e r e n c e  i s  t o o  high. 
However, t h e  c r i t i c a l  pressure d i f ference A P ~  f o r  t h e  onset o f  BT i s  a 

s t rong  f u n c t i o n  o f  t h e  pore s i z e  o r  t he  Darcy pe rmeab i l t y  o f  t h e  porous 
m a t e r i a l .  

enables a l a r g e  AT t o  be susta ined across t h e  p l u g  and t h e  thermomechanical 

f o r c e s  prevent t h e  BT of t h e  f l u i d  u n t i l  a l a r g e  A P ~  i s  reached. 
s l i t  device o r  h i g h  Kp p lugs, i t  i s  hard t o  ma in ta in  t h e  r e q u i r e d  AT across 

i t  and BT occurs a t  a much lower aPC. 
t h a t  a f ine-pore medium should be se lected as t h e  m a t e r i a l  f o r  t h e  I F D  t o  

prevent breakthrough. I t should be po in ted  out  t h a t  t h e  opera t i on  o f  a phase 

separator  p a r a l l e l  t o  t h e  FEP has been demonstrated by K l i p p i n g  e t  a l .  

(Ref. 5-7). Since t h e  phase separator i n  t h e i r  experiment was a l a r g e  

throughput s l i t  device, massive c i r c u l a t i o n  o f  He I 1  was observed. However, 
f o r  t h e  c a s e  of t h e  IFD, we p ropose  t o  use a low t h r o u g h p u t  m a t e r i a l  f o r  t h e  

phase separator  which should avoid t h i s  problem. 

Laminar f l o w  w i th in  t h e  

The heat conduct ion of He I 1  across low-Kp p lugs  i s  low. T h i s  

As f o r  t h e  

It i s  obvious f rom t h e  above a n a l y s i s  

, 5.3 REMARKS AND RECOMMENDATIONS REGARDING THE I F D  

The main disadvantage o f  t h e  I F D  can be summarized as f o l l o w s :  

1. When t h e  VLPS p l u g  area i s  l a r g e  ( c l o s e  t o  t h e  end o f  t h e  m iss ion )  

t h e  t o t a l  t r a n s f e r  r a t e  i s  low, due t o  t h e  f a c t  t h a t  mVLpS i s  
comparable t o  mFEp. 

Breakthrough might  occur, r e s u l t i n g  i n  t h e  r e c y c l e  of f l u i d  between 

t h e  g a l l e r y  channels and t h e  bu lk  l i q u i d  w i t h  l i t t l e  o r  no ne t  
t r a n s f e r  of l i q u i d  he l ium out  o f  t h e  tank. 

2 .  

5-16 



\ 
\ 
\ O  
\ 
\ 0 \ v  

\ 
n 
E 

N c . 
0 0 

( ~ 1 6 )  W 'U13111d H3nOUHl Mold SSVW 

0 
0 
eD 

0 
0 
m 

3 
3 
d 

3 
3 
-4 

3 
0 

5-1 7 



These shortcomings can be avoided by the selection of a very-fine-pore 
material as mentioned previously. 

The differences between the screen gallery device and the IFD are quite 
obvious : 

0 The fluid within the gallery channels is always pressurized due,to the 
TM forces (as a result of the large AT) across the porous plugs 
between the liquid in the ullage tank and the gallery channel. This 
further reduces the risk of cavitation within the channels. 
It is more difficult for the vapor to be pushed across the porous 
plugs as compared to screens during SDHGP or start-up transients. 
This also reduces the possibilities of boiling due to the conversion 
of metastable He I1  into VLES by the introduction of vapor phase. 

0 The capillary retention capability o f  the IFD against adverse 
accelerations is much greater due to the much smaller openings in the 
porous media. 

0 

5.4 DEMONSTRATION OF DEVICE PERFORMANCE 

The performance of the IFD can be demonstrated easily by a simple experiment. 
The schematic diagram of the experimental setup is illustrated in Fig. 5-11. 
The heart of the system is an FEP made of a cylindrical porous pipe. The 
bottom part o f  the pump i s  sealed and the top o f  the porous pipe is connected 
to the transfer line. He I1 penetrates the porous wall of the pump and is 
forced into the receiver tank via the transfer line. A mass flowmeter and an 
absolute pressure transducer are mounted along the transfer tube to record the 
flow rate and the pressure. 
various pressure drops along the transfer line of the IFD. The entire FEP 
resides within a cryostat which is equipped with a fill line and an evacuation 
line. 
superconducting liquid-level sensor. 

A flow restricter is also installed to simulate 

The liquid level within the cryostat can be measured by a 

The operation of this experiment is relatively simple. 
with normal liquid helium at 4.2 K. 

The cryostat is filled 
The entire system is pumped down t o  the 
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appropriate temperature below the a point. Topping off may or may not be 
needed. 
ready for the experiment. 
bath temperature. 
is submerged, simulating a full supply tank. As the liquid level recedes, 
part of the porous material is epxosed to vapor, to demonstrate the 
performance of a partly filled IFD. This experiment can be repeated with 
different flow-restriction positions. The mass flow rate, temperature, and 
pressure differences across the FEP are recorded for different area ratio of 
FEP to VLPS. 

Valve V2 is then opened with valve V1 closed and the apparatus is 
Valve V3 may be partly open to maintain a constant 

During the initial period of the experiment, the entire FEP 

This experiment is not only useful for the demonstration of the IFD, but will 
also provide invaluable information about the performance of a conventional 
FEP when in contact with vapor. 
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Section 6 
SUMMARY AND RECOMMENDATIONS 

The analysis reported in this study shows that the management of He I 1  under 
low gravity is feasible. 
enclosed-capillary devices and two open capillary devices. The open devices 

enclosed devices appear to be able to meet all of the requirements. One of 
the enclosed devices incorporates a fountain-effect pump (FEP) which can be 
used to provide the transfer flow rate at the required pressure. 

Four devices were analyzed, two of which were 

could not manage the liquid against an acceleration of 10' 4 go. The 

Both of the enclosed devices have characteristics which have not been tested 
and need to be resolved before a final design can be performed. 
tests that need to be performed in low gravity could be incorporated in the 
NASA/Goddard SHOOT experiment. The SHOOT experiment will be addressing many 
aspects of on-orbit He-I1 transfer and will require a liquid-management device. 

Any o f  these 

6.1 ENCLOSED CAPILLARY DEVICE 

The enclosed-capillary device descr 
supplying liquid helium to the pump 
1 0 - ~ ~ .  

bed in Section 4 will provide the means o f  
inlet under an adverse acceleration o f  

The acquisition device shown in Fig. 4-1 for the large 13,000-L tank weighs 
approximately 81 kg. Once detailed structural and thermal analysis is 
performed, it is estimated that this weight could be reduced. The wall 
thicknesses used in this design are much larger than those typically used in 
smaller tanks. 

The following summarizes the items that need further analysis or testing. 
effect of utilizing He I as a fluid is described. 

The 
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6.1.1 He I1 

For  t n e  screened-gal l e r y  device, f o u r  d i f f e r e n t  aspects r e q u i r e  f u r t h e r  

a t t e n t i o n  w i th  He 11. 

0 Screen c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  

o Screen f l o w  r e s i s t a n c e  
0 Ef fec t  o f  pump heat  d i s s i p a t i o n  

o C a v i t a t i o n  

The screen c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  can be cha rac te r i zed  w i t h  one-go 
t e s t i n g  w i t h  o n l y  t h e  f inest-mesh screens w i t h  t h e  apparatus shown i n  

F ig .  4-3. From t h i s  t e s t ,  t h e  e m p i r i c a l  constant  b can be determined. 

Previous t e s t s  w i t n  LO2, LH2, and s t o r a b l e  p r o p e l l a n t s  have shown t h a t  
c a p i l l a r y  r e t e n t i o n  i s  f a i r l y  constant  f o r  screens o f  d i f f e r e n t  pore s izes,  
t he re fo re  r e s u l t s  o f  t e s t s  w i t h  f ine-mesh screens can be ex t rapo la ted  t o  

coa rse r  screens t h a t  c a n ' t  be t e s t e d  i n  a 1-go environment because o f  t h e i r  

low c a p i l l a r y  r e t e n t i o n  o f  He 11. 
e f f e c t  o f  l i q u i d  v a p o r i z a t i o n  a t  t h e  l iqu id-vapor  i n t e r f a c e  as descr ibed i n  
s e c t i o n  4.4.1.2. 

Th i s  t e s t  program should a l s o  i nc lude  t h e  

The f low-res is tance c h a r a c t e r i s t i c s  o f  t h e  screen are needed f o r  t h e  f i n a l  

design of l iquid-management devices. Th is  i n fo rma t ion  i s  r e q u i r e d  t o  
accurately determine residuals in the tank at depletion. 
across va r ious  screens was est imated i n  t h i s  study, us ing  of a two- f l u id  model 
Of He 11. The r e s u l t s  are presented i n  F i g .  4-5, and t h e  e f f e c t  o f  pressure 

drop on r e s i d u a l s  i s  descr ibed i n  s e c t i o n  4.4.2.3. The d e p l e t i o n  r e s i d u a l  was 

found t o  be as h i g n  as 2.32 pe rcen t  exc lud ing  t h e  lower r e c e i v e r  and t rapped 

l i q u i d  f i l l e t s .  Th i s  i s  lower than t h e  5 percent  requirement by  a f a c t o r  Of 

two. Therefore i f  t h e  a c t u a l  f l o w  r e s i s t a n c e  o f  screens was n o t  measured, and 
p r e d i c t e d  values were used, i t  i s  f e l t  t h a t  t h e  5 percent  requirement cou ld  be 
met. 

The pressure drop 

Tne e f f e c t  of t h e  pump heat  d i s s i p a t i o n  on t h e  performance of t h e  screens has 

n o t  been cha rac te r i zed  and needs f u r t h e r  a n a l y s i s  and t e s t i n g .  Depending on 
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the final size of the management device, the thickness of the gallery arms, 
the amount of liquid remaining in the tank, and the actual heat dissipation o f  

the pump, the screens will be subjected to various temperature gradients 
across them. Screens o f  different thickness and pore size will also affect 
the temperature gradient. This gradient may set up a thermomechanical effect 
and possibly pressurize the gallery channels. This pressurization may offset 
pressure depressions described in section 4.4 and eliminate any potential for 
cavitation within the channels. The analysis of this effect is very lengthy 
and depends on a clear understanding of the heat-transfer process in the tank 
for all levels of fill. This analysis was judged to be beyond the scope of 
this study. 

The Size selected for tne screen was therefore not based on any of these 
possible effects but was based solely on capillary retention capability. 
is recommended that development be initiated to fully characterize these 
effects. 

It 

Some tests are being performed at NASA/Goddard for the SHOOT 
experiment , 
needed. 

Cavitation 
by analysis 
question of 
equilibrium 

nowever tests and analysis related to the full-size tank are 

s another issue that needs further attention. This study showed 
that cavitation would not occur within the gallery channels. 
whether the He I1 in the channels is metastable or in thermal 
wi th  the vapor ullage needs further attention to be resolved. 

The 

It 
is felt tnat the pore size of the screens plays an important role. This issue 
can be resolved with ground tests and is directly coupled with the 
thermomechanical potential of the screens; therefore, it is recommended that 
these cavitation tests and analysis be carried out in parallel with the screen 
thermomechanical tests and analysis. 

6.1.2 He I 

Helium transfer may occur slightly above the lambda point. There are two 
possible causes for this. First, a mechanical pump may be required i f  the 
performance of a FEP is not sufficient to overcome the high back pressure that 
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w i l l  be encountered d u r i n g  cool-down of t h e  r e c e i v e r  system o r  i f  t h e  FEP 

cannot achieve t h e  des i red  f l owra te .  

perform w i t h  He I 1  w i thou t  a n e t  p o s i t i v e  suc t i on  head (NPSH), due t o  
c a v i t a t i o n  of t h e  f l u i d .  

management dev ice may t h e r e f o r e  be requ i red  t o  per form w i th  He I. 
p o s s i b l e  t h a t  u t i l i z i n g  a new i n l e t  inducer o r  o t h e r  m o d i f i c a t i o n s  t o  t h e  pump 
w i l l  a l l o w  i t  t o  be used w i t h  He I 1  w i thou t  a NPSH. The second reason .is t h a t  

t h e  ground-hold c o n d i t i o n s  may f o r c e  t h e  choice o f  a mechanical pump i n  case 

t h e  hel ium i s  al lowed t o  warm up above t h e  lambda p o i n t .  A FEP w i l l  n o t  
operate w i th  He I .  

A t  present, t h e  mechanical pumps do n o t  

I f  a mechanical pump i s  selected, t h e  l i q u i d -  

It i s  

The pr imary concern rega rd ing  t h e  management dev ice i s  t ha t ,  w i t h  He I, t h e  

dev ice may have vapor t rapped i n  t h e  system. 
s t r a t i f i c a t i o n  i n  the  f l u i d  and t h e  l ack  o f  t h e  tremendous thermal 

Due t o  p o s s i b l e  thermal 

c o n d u c t i v i t y  o f  He 11, t h e  vapor may n o t  achieve a minimum c a p i l l a r y  area. 
t h i s  case, t h e  t rapped vapor i n  t h e  device w i l l  no t  condense. Without a t r a p  
i n  t h e  lower rece ive r ,  vapor can be ingested i n t o  t h e  pump i n l e t .  Tests  w i t h  
t h e  NBS mechanical pump have shown t h a t  t he  pump w i l l  be ab le t o  pump t h e  

vapor through and subsequently pump l i q u i d  w i thou t  any degradat ion i n  
performance. 

a vapor t r a p  i n  t h e  lower r e c e i v e r  i n  t h e  case He I i s  used as t h e  f l u i d .  

I n  

Therefore t h e r e  i s  no need t o  design t h e  management dev ice w i t h  

The k inemat ic  sur face t e n s i o n  o f  He decreases w i th  i nc reas ing  temperature, and 
t h e r e f o r e  t h e  c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y  o f  t h e  screen i s  degraded. 

mesh s i z e  of t h e  screen se lected i n  t h i s  study i s  small  enough t o  accommodate 
t h i s  lower r e t e n t i o n  c a p a b i l i t y .  With He I, t h e  v i s c o s i t y  o f  t h e  f l u i d  i s  
h ighe r  and the re fo re  t h e  pressure drop across t h e  screens and down t h e  

channels w i l l  be l a r g e r  than w i t h  He 11. T h i s  can lead  t o  s l i g h t l y  h ighe r  

r e s i d u a l s  i n  t h e  tank a t  dep le t i on .  The temperature o f  t h e  f l u i d  i n  t h e  
channels w i l l  s t i l l  remain below 4 K because o f  t h e  heat d i s s i p a t e d  by t h e  

pump, and the re fo re  no c a v i t a t i o n  due t o  superheat ing i s  expected. The 

nega t i ve  pressure t h a t  t h e  f l u i d  w i l l  be subjected t o  i s  s t i l l  t o o  smal l  t o  
cause c a v i t a t i o n .  

and t h e r e f o r e  t h e  th resho ld  pressure f o r  c a v i t a t i o n  may be c l o s e r  t o  t h e  

The 

Tnere are no nuc lea t i on  s i t e s  due t o  vo r tex  r i n g s  i n  He I ,  
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c l a s s i c a l  n u c l e a t i o n  theory.  However, u n l i k e  He 11, vapor can be trapped i n  

t h e  channels and a c t  as n u c l e a t i o n  s i t es .  The t e s t s  performed a t  NBS w i th  t h e  
mechanical pump have shown t h a t  He I can be subjected t o  a nega t i ve  pressure 

of 10 g0-cm i n  i t s  a c q u i s i t i o n  dev ice w i thou t  a f fec t i ng  t h e  performance o f  
t h e  t r a n s f e r .  T h i s  nega t i ve  pressure i s  over 30 t imes t h e  maximum what t h e  
l i q u i d  a c q u i s i t i o n  dev ice w i  11 be subjected t o  a t  deplet ion.  

. .  
6.2 INTEGRATED FOUNTAIN EFFECT DEVICE (IFD) 

I n  t h e  a n a l y s i s  o f  t h e  IFD, two aspects were i d e n t i f i e d  t h a t  would r e q u i r e  

f u r t h e r  a t t e n t i o n .  

o S e l e c t i o n  o f  g a l l e r y  channel m a t e r i a l  
o S e l e c t i o n  and c h a r a c t e r i s t i c  o f  t h e  porous m a t e r i a l  

I n  o rde r  f o r  t h e  IFD t o  perform, a temperature g rad ien t  across t h e  g a l l e r y  

channel m a t e r i a l  i s  r e q u i r e d  i n  order  t o  se t  up t h e  thermomechanical e f f e c t  o f  

t h e  porous m a t e r i a l .  M a t e r i a l  s e l e c t i o n  must be based on thermal and 

s t r u c t u r a l  p roper t i es .  The s e l e c t i o n  o f  t h e  porous m a t e r i a l  i s  t h e  pr imary 
concern. As t h e  tank f i l l  l e v e l  decreases, more and more o f  t h e  porous 

m a t e r i a l  i s  exposed t o  vapor. The exposed m a t e r i a l  would r e c y c l e  he l ium back 
i n t o  t h e  bu lk  space, which would cause t h e  ne t  t r a n s f e r  r a t e  t o  decrease. 

Since t h e  porous m a t e r i a l  t h a t  i s  a c t i n g  as a FEP may be r e q u i r e d  t o  p rov ide  
l a r g e  pressures t o  overcome t r a n s f e r  losses, t h e  exposed m a t e r i a l  might be 
subjected t o  he l ium breakthrough. The ana lys i s  i n  Sec t i on  5 showed t h a t  a 

very-f ine-pore m a t e r i a l  would overcome these shortcomings. 

aspects t h a t  need t o  be cha rac te r i zed  and demonstrated. The r e q u i r e d  t e s t  
apparatus and t e s t  sequence are descr ibed i n  s e c t i o n  5.4. 

I t  i s  these 

6.3 SMALL-SCALE ORBITAL TEST 

As p r e v i o u s l y  mentioned, t h e  SHOOT experiment w i l l  be addressing on -o rb i t  

He I 1  t r a n s f e r .  Th i s  experiment w i l l  use a mechanical o r  founta in-ef fect  
pump. The tank i s  f a i r l y  c y l i n d r i c a l ,  w i t h  a diameter o f  22.25 in., a l e n g t h  

of 36.625 in.,  and a capac i t y  o f  approximately 200 L. Under a 10-4g0 
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F i g .  6-1 Meniscus R ise  Height  f o r  C y l i n d r i c a l  Conta iner  and Zero Contact  
Angle (Ref. 6-1) 

a c c e l e r a t i o n  f i e l d ,  t he  Bond number i s  34, l ead ing  t o  a l i qu id -vapor  i n t e r f a c e  
t h a t  i s  p r i m a r i l y  governed by a c c e l e r a t i o n  b u t  s t i l l  curved. The meniscus 

he igh t  a t  t h e  i n t e r c e p t i o n  o f  t h e  tank w a l l  can be obta ined f rom Fig.  6-1, 
which was determined by the  exact s o l u t i o n  o f  t h e  d i f f e r e n t i a l  equat ion f o r  
f ree-surface shape o f  l i q u i d  o f  zero con tac t  angle i n  a c y l i n d r i c a l  c o n t a i n e r  

(Ref. 6-1). 
t h e  tank w a l l  t o  keep t h e  t o p  o f  t h e  tank, which holds t h e  pump, wetted. 

Th is  f i g u r e  shows t h a t  t h e  l i q u i d  w i l l  n o t  s u f f i c i e n t l y  r i s e  a t  

The maximum h y d r o s t a t i c  head t h a t  t h e  management dev ice w i l l  have t o  overcome 

i s  9.3 X 10-3!30-Cm (36.6 x 10-4go-in.) a t  d e p l e t i o n  d u r i n g  an 

a c c e l e r a t i o n  of 9,. Reviewing t h e  a n a l y s i s  f o r  t h e  open c a p i l l a r y  

devices shows t h a t  such systems would n o t  meet t h e  requirements and the re fo re  
an enclosed dev ice would be p re fe r red .  
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The d e p l e t i o n  r e s i d u a l  o f  t h e  tank can be computed i n  t h e  same manner as was 

done i n  s e c t i o n  4.4.2.3. The a c c e l e r a t i o n  f i e l d  i s  assumed t o  f u l l y  s e t t l e  
t h e  l i q u i d  between two g a l l e r y  channels. The l i q u i d  r e s i d u a l  q u a n t i t i e s  f o r  

var ious numbers o f  g a l l e r y  channels a re  shown i n  Table 6-1. The volume o f  t h e  

g a l l e r y  channels pe r  u n i t  l e n g t h  i s  assumed t o  be t h e  same as t h a t  shown i n  
F ig.  4-1. The volumes shown i n  Table 6-1 are based on g a l l e r y  channel l eng ths  

o f  78.74 cm ( 3 1  in.).  

Number o f  
Channels 

Table 6-1 SHOOT LIQUID RESIDUALS 

Bu lk  L i q u i d  Channels 
Volume ( L )  Volume ( L )  

3 
4 

5 
6 

38.6 13.0 

17.9 17.3 
9.6 21.7 

5.7 26.0 

T o t a l  

31.3 

31.7 

I t  can be seen t h a t  i nc reas ing  t h e  number o f  g a l l e r i e s  by more than f o u r  does 
n o t  reduce the  r e s i d u a l  un less d e p l e t i o n  o f  t h e  channels themselves takes 

place. 
l i qu id -vapor  i n t e r f a c e  w i l l  n o t  be complete ly  f l a t .  

I n  a c t u a l i t y  t h e  b u l k  l i q u i d  r e s i d u a l  w i l l  be lower s ince  t h e  

The choice o f  screen material should be based on the ones selected for t h e  

f u l l - s c a l e  system analyzed i n  t h i s  r e p o r t .  The coarse p l a i n  Dutch screens 
were se lec ted  on t h e  b a s i s  o f  t h e i r  c a p i l l a r y  r e t e n t i o n  only.  

C u r r e n t l y  us ing  325 x 2300 mesh i n  ground t e s t i n g  t h e  FEP. T h i s  f i n e  screen 
i s  r e q u i r e d  f o r  1-go t e s t s  i n  o rde r  t o  achieve a meaningful  c a p i l l a r y  r i s e .  

The r e s u l t s  o f  these t e s t s  w i l l  be va luab le  i n  understanding t h e  e f fec t  Of 

Pump heat  d i s s i p a t i o n  on t h e  screen, b u t  c a u t i o n  must be taken when s c a l i n g  t o  

t h e  f u l l - s c a l e  g a l l e r y  channel. 
be d i f f e r e n t .  

NASA/Goddard i s  

Temperature g rad ien ts  across t h e  screens may 
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