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THERMAL COMPONENTS OF 1.8 K SPACE CRYOGENICS 

ABSTRACT 

Work of the  Summer 1986 is summarized i n  th ree  a r e a s :  f irst ,  conceptual  

design of a l abora to ry  system f o r  heat exchanger eva lua t ion  i n  conjunct ion 

w i t h  t h e  opera t ion  of a thermally ac t iva t ed  founta in  e f f e c t  pump ( F E P ) ;  

second,  Knudsen e f f e c t  eva lua t ion  of f i n e  porous media use fu l  for  t h e  p re s su r r  

i z a t i o n  plug which forms t he  main component of t he  FEP; t h i r d ,  proof-of- 

p r i n c i p l e  t e s t  of t he  l a b  system se lec ted  on the  b a s i s  of t he  eva lua t ion ,  i tem 

(1  1. 

1 



1 .  I N T 3 O D U C T I O N  

The present  r e p o r t  p re sen t s  r e s u l t s  of research  on thermal components 

around 1.8 K during the  Summer 1986 ( N A S A  Grant NAG 2*412). Motivation fo r  

the  s t u d i e s  o r i g i n a t e d  wi th  a c t i v i t i e s  cen te r ing  around a p p l i c a t i o n s  of the  

foun ta in  e f f e c t  i n  He 11, i n  p a r t i c u l a r  i n  space cryogenics p ro jec t s .  It  is  

noted though t h a t  appl ied  supercondiictivity has t r i gge red  similar a c t i v i t i e s  

aiming a t  t h e  use of coolan t  c i r c u l a t i o n  i n  NbTi-based magnets ope ra t ing  a t  

high f i e l d s  near  1.8 K .  

Another space cryogenics a rea  of inqui ry  has  beefl i n  t he  pas t  concerned 

w i t h  vapor4l iquid phase s e p a r a t o r s  f o r  He I1 space vesse l s .  The thermomechan- 

i c a l  e f f e c t  ( founta in  e f f e c t )  i n  t h i s  case  is used t o  keep l i q u i d  i n s i d e  the  

t a n k ,  i .e.,  t he  thermomechanical force is d i r e c t e d  toward the  i n t e r i o r  of the 

tank. The porous p l u g s  employed i n  phase sepa ra t ion  mostly have been one 

order  of magnitude away from pump plug data as far  a s  t h e  pore s i z e  and 

c h a r a c t e r i s t i c  l eng th  (Lc = square roo t  of t h e  Darcy p e r m e a b i l i t y )  is coni  

cerned. Therefore ,  several t ranspor t  parameters of t h e  extended flow range 

have t o  be  known. In a d d i t i o n ,  the d e t a i l s  of hea t  t r anspor t  and hea t  

t r a n s f e r  wi th in  the  fine porous p lug  of a founta in  e f f e c t  pump ( F E P ) ,  or c l o s e  

t o  it are no t  kr.own t o  the e x t e n t  CesiraSle i n  q u a n t i f i c a t i o n  e f f o r t s .  The 

present  work has  aimed a t  br inging a s i m p l e  l a b  pump system t o  the  proofrof* 

p r i n c i p l e  s t a g e .  The i n i t i a l  e f f o r t s  have been d i r ec t ed  toward conceptual 

op t ions  a v a i l a b l e  f o r  a small  l a b  dewar geometry (Sec t ion  2 ) .  F u r t h e r ,  mud* 

sen e f f e c t s  on the t r anspor t  of gases a t  room temperature a r e  disciiased (Sec- 

t i o n  3 ) .  Resul t s  of t h i s  na tu re  a re  u s e f u l  f o r  a prel iminary screening  O f  

por QUS pl l lgs  p r io r  t o  low temperatilre llse. F ina l ly  , t h e  proof -of - p r i n c i p l e  
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r u n s  a re  d e s c r i b e d  (Sect ion 4). Appendix Sec t ions  provide a d d i t i o n a l  d e t a i l s  

about  t h e  present  work.  Appendix A presents  simple s i m i l a r i t y  c o n d i t i o n s  for  

the  z e r o  n e t  mass flow mode and for f i n i t e  mass flow i n  the thermomechanical 

pump. Appendix B c o n t a i n s  d e t a i l s  of extended t r a n s f e r  pump tes t s  us ing  the  

l i q u i d  t r a n s f e r  pump developed for  phase s e p a r a t o r  work. 

d e t a i l s  of t h e  Knudsen e f fec t  measurements. Appendix D p r e s e n t s  an  assessment 

of t h e  flow condi t ions  of t h e  present proof-of*principle  runs. 

Appendix C a d d s  

2 .  FEP SYSTEM CONCEPTS FOR A SMALL LA5 DEWAR TEST FACILITY 

The preceding work on vapor l i q u i d  phase s e p a r a t i o n  has been conducted 

w i t h  a s e t u p  incorpora t ing  a long  inner  t ube ,  s e r v i n g  as vent  l i n e ,  surrounded 

by a l i q u i d  ba th .  In f a c t ,  a Cual bath was incorpora ted  t o  migimize per turbae  

t i o n  effects.  The porous plug serv ing  a s  phase s e p a r a t o r  nas been placed a t  

the bottom of t h e  vent  tube.  Loss of l i q u i d  i n  the l'tankll was compensated f o r  

by means o f  l i q u i d  t r a n s f e r  from t h e  o u t e r  r e s e r v o i r  of the dua l  v e s s e l  sysH 

tem. For t h i s  purpose, a sinal1 fountain e f fec t  pump (FEP)  was used. The per- 

formance of t h i 3  pump was rer inspec ted  i n  the c o n t e x t  of t h e  present  (Summer 

1986) work.  

Aside from t h i s  experience with a small l a b  pump, it was desirable t o  

p inpoin t  t he  e x t e n t  of a l lowable  parameters i n  t he  e f f o r t s  toward a v i a b l e  

l i q u i d  t r a n s f e r  pump fo r  u s e  of space. The task i n  t h i s  area may be i l l u s -  

t ra ted  by r e f e r e n c e  t o  a f u l l y  instrumented and c o n t r o l l e d  flow system w i t h  

upstream and downstream pumps and senso r s .  An example is Reference 1 of the  

Klipping group. T h i s  type o f  system would reach a c o s t  bracket probably 

beyond t h e  order of magnitude of 105 d o l l a r s  ( i n  p r e s e n t  do l la r  vallie) . 
Therefore ,  s k i l l e d  d e s i g n  and application of  l x i a t i n g  items h a s  Seen necessary 
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t a  come up  w i t h  a simple s o l u t i o n  compatible wi th  the  n e t  value of about 

$1 2,000 allocated f o r  t he  Summer 1 986 work. 

The fo l lowing  design op t ions  a re  ou t l ined :  first,  a sys t em concept 

which resembles c l o s e l y  a space system, a s  v i sua l i zed  for in s t ance  by the  

Various groups r e p o r t i n g  i n  the  1985 Space Cryogenics Workshop i n  BoiJlder 

(Guest e d i t o r :  P. Ki t te l  Ref. 2 ) .  Second, a s u i t a b l e  l a b  flow8through sys- 

tem; t h i r d ,  a s i m p l e  t r a n s f e r  pump system (Fief. 3 ) .  

The f irst  case is i l l u s t r a t e d  i n  Figure 1 which o u t l i n e s  a 9uini3dual  

v e s s e l ”  assembly f i t t i n g  i n t o  t h e  labora tory  dewar. The p a r t i c u l a r  l a b  dewar 

geometry, favored t r a d i t i o n a l l y ,  is  a long v e r t i c a l  system wi th  r a t h e r  small 

diameter and rather l a r g e  length.  This geometry has  t h e  disadvantage t h a t  

v e s s e l % t o w e s s e l  t r a n s f e r  is not  r ead i ly  incorporated unless v e r y  minute 

v e s s e l  s i z e s  are chosen, as sketched i n  Fig. 1. These appear t o  be  min ia tu r i -  

z a t i o n  taaks,  and a minute t r a n s f e r  l i n e  w i t h  a small FEP plug has t o  be ComH 

p a t i b l e  w i t h  t h e  layout .  

The second system is a f lowatbough assembly which fits i n t o  t h e  e x i s t -  

ing  dewar r ead i ly .  FEP plug and energ iz ing  heater have been separated, as 

shown i n  the  var ious  ve r s ions  of  Figure 2. A r e l a t i v e l y  t a l l  vacuum can has 

been envis ioned f o r  t h e  system s t u d i e s .  In  f i g u r e  2a both FEP and hea te r  u n i t  

(HE) are  l i n e d  up ho r i zon ta l ly .  I n  Fig. 2b both the FEP and the  s y s t e m  HE a r e  

i n  one l e g  of a UJtube assembly. This  has t h e  disadvantage t h a t  FEP and 

heater are r a t h e r  f a r  a p a r t  causing poss ib ly  a d d i t i o n a l  l o s s e s  i n  energy. 

Figure 2c p re sen t s  a vers ion  w i t h  t he  FEP a t  the  bottom of the  TJfl whi le  the  

h e a t e r  u n i t  is In one v e r t i c a l  l e g .  Again there Is a c e r t a i n  s e p a r a t i o n  of 

t he  FEP ?-om t h e  HE. I n  ‘13. 26, t h e  FZ? and t h e  : ? p ? ~ t o r  ar-3 l Q c s t e d  i n  t h e  

4 
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Figure  1. "Mini-Vessel Assembly" i n  s m a l l  l a b  dewar, 
schema t i c a l l y  ; 
E x i s t i n g  dewar I.D. approx. 7 . 5  c m  (3  i n . )  
TL Trans fe r  l i n e  w i t h  FEP and coup l ing .  
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Figure  2 . "FL OW THROUGH" System, schemat i ca l ly  
a. Fountain e f f e c t  pump (FEP) and Heater Unit  (HE) 

a r ranged  ho r i zon ta l ly  ; 
The subsequent f i g u r e s  2b t o  2d i l l u s t r a t e  o t h e r  
conf igura t ions .  

Vacuum can arrangement as  i n  Fig.1.  
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2b 

t 
2c 

I FEP 
PLUG 

HE 

FEP 
PLUG 

Fig.  2 (cont in . )  

I 

b. FEP plug and Heater (HE) i n  s e p a r a t e  l e g s  of a U-tube 
assembly; 

c.  FEP plug a t  the bottom and HE i n  a ver t ica l  l e g ;  
d .  FEP plug and HE i n  t h e  same v e r t i c a l  l e g  on t h e  upstream 

s i d e ;  
Vacuum can assernbl;. , as  i n  F ig .1  . 
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same v e r t i c a l  leg.  One opt ion  is arrangement of t he  FEP/HE u n i t  i n  t h e  

upstream leg .  The o t h e r  op t ion  is loca t ion  i n  the downstream l eg .  The l a t t e r  

choice may cause a pressure  decrease in t he  "pipe l i n e "  upstream. Conse- 

quent ly ,  i n  p r i n c i p l e  t h e  l i q u i d  may reach pressures  below the s a t u r a t e d  vapor 

pressure  curve.  This danger is avoided by p lac ing  the FEP/HE u n i t  q u i t e  c l o s e  

t o  the  en t rance  of the ItUff i n t o  the vacuum can. 

The t h i r d  system type is a s i m p l e  t r a n s f e r  arrangement providing l i q u i d  

movement from one open v e s s e l  i n t o  another one,  e .g. concent r ic  beakers. 

This  t r a n s f e r  is accomplished v i a  the FEP u n i t  of t he  type used by S. Yuan 

(Ref. 3). The system is sketched in Figure 3. The l i q u i d  from a n  ou te r  

r e s e r v o i r  is t r a n s f e r r e d  i n t o  t h e  i n t e r i o r  vessel as soon as the l i q u i d  l e v e l  

has f a l l e n .  No s t r i n g e n t  time requirements have been imwsed on t h i s  l a b  

pump. Therefore ,  no s p e c i a l  very f i n e  poroils medium has been used. In s t ead ,  

a commercial s i n t e r e d  plug of re la t ively l a r g e  f i l t r a t i o n  r a t i n g ,  f o r  the  lima 

i t i n g  par t ic le  s i z e  passkcg through, has  bee2 u t i l i z e d ,  

The system f i n a l l y  adopted is of the type shown i n  Figure 2d wi th  a f i n e  

powder se rv ing  as  porous medium. I t  is ou t l ined  i n  Sec t ion  4. 

3 .  KNUDSEN EFFECTS I N  POROUS PLUGS 

The f i n e  plugs needed f o r  most FEP a p p l i c a t i o n s  w i l l  show Knudsen 

e f f e c t s  a t  room temperature when l i g h t  gases are passed through the  plug. 

mean f ree  p a t h  becomes comparable with or exceeds the  width of the l o c a l  flow 

passage. The r e s u l t  is s l i p  O f  the p a r t i c l e s  a s  t h e y  are forced through the 

plug by an  e x t e r n a l l y  a p p l i e d  pressure grad ien t .  Then t h e  flow r e s i s t a n c e  is 

less than the value encountered f o r  cont inua ,  because of t h e  reduced number Of 

The 
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Fig.  3 .  T r a n s f e r  system accomplishing l i q u i d  H e  I1 r ep len i shmen t  
i n  v e s s e l  B u s i n g  t h e  FEP u n i t  l o c a t e d  i n  vessel A; 
Vessel A and B have common vapor  space.  
S.!J.K. 7uan, R e f . 3 .  
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Par t i c l e -wa l l  c o l l i s i o n s ,  compared t o  bulk continuum c o l l i s i o n  f r equenc ie s .  

The flow r e s i s t a n c e  is l e s s  than  t h e  laminar value. The l a t t e r ,  i n  t he  p a s t  

e f f o r t s  of our group, has been expressed i n  terms of t h e  Darcy pe rmeab i l i t y  

(KD). 

up a s  a reduced,  apparent  va lue  of K 

Therefore ,  any data r e c a s t i n g  i n  terms of t h i s  permeabi l i ty  (KD) shows 

D' 

It is noted t h a t  f o r  our measurement sys t em,  s e l e c t e d  f o r  rather l a r g e  

pores  of phase s e p a r a t o r  p lugs ,  a r e l a t i v e l y  slow flow r e s u l t s  i f  p rev ious  

o u t e r  plug dimensions are r e t a i n e d .  For a r educ t ion  of measurement times, 

very t h i n  p lugs  of rather l a r g e  diameter would be needed i n  o rde r  t o  pas s  a 

large mass flow ra te  through t h e  system. Fur ther ,  t h e  ro tameter  sys t em used  

i n  t h e  previous  work has t o  be ca l ib ra t ed  i n  the  small mass flow ra te  range. 

These measurements i n i t i a l l y  required r e l a t i v e l y  more time than i n  t h e  phase 

s e p a r a t o r  plug work. 

Because of depa r tu re s  from Darcy's law, a permeabi l i ty  va lue  K has been 
P 

deduced fo rma l ly  assuming t h a t  a l i m i t i n g  va lue  of K does indeed ex i s t .  The D 

d e f i n i n g  equa t ion  f o r  K is wri t ten  as  mass flow rate (a>,  d iv ided  by the  

f l u i d  d e n s i t y  p and t h e  t o t a l  c ross  s e c t i o n  A. 

P 

( r l  - shear v i s c o s i t y  of t he  f l u i d ,  P pressure). In c o n t r a s t ,  t h e  Darcy per- 

meab i l i t y  is defined only f o r  continuum c o n d i t i o n s . a s  

Figure 4 p r e s e n t s  an argon gas data se t  f o r  room temperature and a plug w i t h  

an in t e rmed ia t e  pore s i z e  given by t he  nanufscti irer ad f i l t r a t i o n  r a t i n g  of 2 

1 0  
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Figure  4 .  Porous  plug d a t a  a t  a t n o s p h e r i c  p r e s s u r e  j 

P l u g  pe rmeab i l i t y (  3.07 - + 0.01 ) x 10-l' cn2 ; 
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pm; (ou te r  diameter of t he  p l u g  1.6 em, plug th ickness  3.56 cm). 

I -  

I -  

F igure 5 presen t s  an example of experimental  da t a  obtained over  a tem- 

pera ture  range from 100 K t o  room temperature. These r e s u l t s  i n d i c a t e  an 

increase in K 

cons t an t ,  t h e  da t a  imply  a lowering of t h e  dens i ty  wi th  temperature.  A s  t he  

as the  temperature increases .  A s  t h e  pressure  has  been kept P 

gas becomes less dense,  t he  par t ic lehwal l  c o l l i s i o n  frequency is lowered a t  

t h e  same time. It is Seen t h a t  t he  s l i p  i nd ica t ed  is r e l a t i v e l y  l a r g e ,  i .e. 

Knudsen t r a n s p o r t  s t a r t s  t o  become dominant as T is r a i s e d  even more. The 

da ta  i n d i c a t e  t h a t  near  100 K and below, the  Knadsen e f f e c t  is small (wi th in  

the  s c a t t e r  of t h i s  run). 

If t h e  p a r t i c u l a r  type of porous medium s e l e c t e d  would have the  same 

t y p e  of s l i p  e f f e c t  one would expect t h a t  t h e r e  exis ts  a un ive r sa l  f u n c t i o n  of 

the r a t i o  ( K p / K D )  versus  the  appropr ia te  l eng th  r a t i o .  A t  t h i s  time, t h e  data 

czllect.ed do not  ye t  permit a v e r i f i c a t i o n  of t h i s  s i m i l a r i t y  pos tu l a t e .  

4 .  FEP SYSTEM AND PROOF-OF-PRINCIPLE TESTS 

The FEP system conf igura t ion  (Fig.  2c)  of Sec t ion  ( a )  has a low d i s s i p a -  

t i o n  rate a s soc ia t ed  with pump operat ion when the  diameter of t he  FE? u n i t  is 

small. The temperature d i f f e rence ,  f o r  i n s t ance  from 1.8 K t a  t he  lambda tem- 

pe ra tu re  is only  about 300 mK. Therefore,  no d r a s t i c  energy sav ings ,  and the  

l i q u i d  boi l -off  reduct ion  assoc ia ted  w i t h  i t ,  a r e  achieved by the  T*variat ion.  

The reduct ion  i n  the s i z e  of t h e  porous media p a r t i c l e s  he lps  i n  br inging  

about a s i z a b l e  s t a t i c  pressure d i f f e rence  over an extended pressure  range.  

1 2  
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Fig .  5 . Knudsen e f f e c t s  seen as d e p a r t u r e s  
of Kp from t h e  Darcy 

permeabi l i ty  (K ) :  The s l i p  e f f e c t  i n c r e a s e s  K w i t h  re- 
spec t  t o  t h e  continuum v a l u e  KD . P D 
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The tube chosen f o r  t h e  FEP has been a s t a i n l e s s  s t e e l  d u c t  a v a i l a b l e  

commercially ( t y p e  321; nominal s i z e s :  d i a n  (3/32)  in .  O.D. = 2.38 mm,  wall 

t h i ckness  10 m i l  = 0.254 m m ) .  Several  approaches t o  plug f a b r i c a t i o n  have 

been t r i e d .  F i r s t ,  a very narrow tube w i t h  a diameter of about 0.1 cm had 

been chosen f o r  i n i t i a l  work. It  turned out  t h a t  p a r t i c l e  manipulat ion,  

i n s e r t i o n  procedures ,  and i n  p a r t i c u l a r  compression and subsequent ram removal 

turned ou t  t o  be q u i t e  i n e f f i c i e n t .  Therefore ,  t h e  f i n a l  choice  has  been t h e  

duc t  of t h e  l a r g e r  diameter  given above. 

The heater system has been se l ec t ed  w i t h  t h e  aim of en la rg ing  the a c t i v e  

heat t r a n s f e r  area. A Cu tube (OFHC copper)  was pos i t ioned  downstream of the  

heater (O.D. 0.635 cm; I.D. 0.335 cm; l eng th  2 cm). The heater windings have 

been would b i f i l a r l y  around t h e  tube l eav ing  room ?or a thermometer measuring 

the  s o l i d  temperature ,  a f f e c t e d  by Kapitza r e s i s t a n c e .  For t h i s  first t e s t  an 

enhanced area has  been incorporated i n  the  heater s y s t e m  us ing  Cu-powder. In 

a s tepbby3s tep  proced’we, tell l a y e r s  have been appl ied  i n  a hydrau l i c  p r e s s  t o  

g e t  a r e l a t i v e l y  uniform Curpacking dens i ty  (po ros i ty  0.30). 

The powder of the FEP is Degussa Aluminum oxide ,  type C. The powder has 

Seen compressed i n  a manner similar to  t h e  copper powder sys tem.  The Darcy 

p e r m e a b i l i t y  has been est imated t o  be on the  o rde r  of 

of prev ious  work, e.g. Reference 3 l i t e r a t u r e  comparison. 

cm2 on t h e  bas i s  . .  

The experiment has  shown the fo l lowing  f e a t u r e s :  f o r  t h e  proof-of- 

p r i n c i p l e  runs, t h e  pressure  t ransducer  sys t em has been disconnected because 

Of o s c i l l a t i o n s  of tempera t i re  T ,  and pressure  P ,  encountered. The ra ther  

s h o r t  time remaining a f t e r  t h e  cons t ruc t ion  peyiod induced the  use O f  t he  

foi ints ln  h e i g h t  as mas5 flow r s t e  (m) neadiira. F r m  t h e  known e x i t  cro.3.3 
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s e c t i o n  of t he  downstream e x i t  of the Wassembly ( F i g .  2 d ) ,  t h e  volumetr ic  

flow rate is a v a i l a b l e  once the height H of t h e  foun ta in  has been observed. 

Thermometers, a t t ached  t o  t h e  heater-FEP p l u g  assembly showed an in te rmedia te  

temperature on t h e  FEP plug and an average hea te r  temperature.  

l a t t e r ,  a AT on the  order  of magnitude of 100 mK was obta ined .  The r e l a t e d  

therrnomechanical energy deposi ted i n  t he  l i q u i d  s t ream, per u n i t  volume, is 

APT = pS(T)dT.  

o rder  of 1 milliirbar. The observed he ight  of s e v e r a l  cm corresponds t o  t h i s  

From t h e  

A t  low T ,  around 1 . 4  K ,  t he  pressure  d i f f e r e n c e  APT is of t h e  

same order  of magnitude. 

from 0.5 t o  10 mg/s. 

The r e s u l t i n g  mass flow r a t e  has been i n  t h e  range 

Figure 6 p re sen t s  data of a run with a bath near 1.8 K. The energy 

depos i ted  per  u n i t  volume is given a s  P i g .  6a. The speed To Of t h e  FEP pll lg  

s e c t i o n  is on the  order  of magnitude of 1 cm/s in t h i s  run.  The mass flow 

r a t e  A is displayed in Fig .  6b a s  r a t i o  of REF* t o  the  r e fe rence  r a t e  

The Reynolds number (Re) outs ide the  FEP assembly is on the  order  of 

u sua l  t u r b u l e n t  flow condi t ions .  The supe r f lu id  and normal f l u i d  are 

en t r a ined  such t h a t  a convenient measure f o r  the  assessment is a Re-defini t ion 

based on the  t o t a l  dens i ty :  Re 5 p . The diameter of t he  order  0.2 cm i n  

conjunct ion with a speed from 1 t o  10 cm/s r e s u l t s  i n  Re of 5x103. The forced  

flow d a t a ,  known i n  t h i s  range and above, appear t o  document " c l a s s i c a l "  t u r 3  

bulen t  f r i c t i o n  f a c t o r s .  

The fol lowing conclusions r e s u l t  from t h e  present  proof-of-pr inciple  

t e s t .  1 .  S i g n i f i c a n t  founta in  e f f e c t  pump components a r e  a c c e s s i b l e  t o  per3 
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Figure  6 .  FEP r e s u l t s  ; 

a. Mass f low r a t i o  ve r sus  tempera ture  d i f f e r e n c e  

b. Energy deposi ted based on t h e  tempera ture  d i f f e r e n c e  

between FEP plug e x i t  and b a t h  ; 

between FE? p l u g  e x i t  and ba th  ; 
bath temperature  n e a r  1.8 K . 
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s i m p l e  U-tube geometry. 3. The Reynolds numbers of the  r e s u l t i n g  d u c t  flow 

i n  the U3tube are q u i t e  comparable t o  a l a r g e  space system i n  so fa r  as  turlr 

bu len t  flow is secured. 

use  of v e r y  small FEP plug model tests. 5. I n  gene ra l ,  scaled down v e r s i o n s  

of the  e n t i r e  t r a n s f e r  system assembly appear t o  be s t r o n g l y  suggested i n  

o r d e r  t o  c u t  ccsts for  flight system prepara t ions .  

4. Appropriate s c a l i n g  f o r  FEP p l u g s  ought t o  permit 

GCKNOWLEDGMENTS. I t  is a p l e a s u s - e  t o  ack.r!ctwledge t h e  d e d i c a t e d  
assistance of F. r ? f i f i  a n d  P. R b b a s s i  di-ir-ing t h e  e x p e r i m e n t s  a n d  
data r e d u c t  ion.  G a r y  Eck.wtx-t=el si-\ppctt-ted t h e  e x p e r - i r n e r i t s  d u r i n g  
wcI*-k.shctp ps-epar-at  i o n s  , m a c h i n i n g  of p a r t s  and a s s e m b l y  nf t h e  
FEP cctrnportents .  Y .  S. Y i ’ s  i n p u t s  i n  t h e  f i n a l  d c t c u r n e n t a t  i o n  o f  
t h e  wor-k. are a c k n o w l e d g e d  w i t h  t h a n k s .  L a s t ,  riot l eas t ,  w e  are 
i n d e b t e d  to D r .  S i d n e y  Y u a n  fm- a d d i t  icinal infot-mat iori ciri purflp 
o p e t - a t  i o n  and d a t a  f o r -  t h e  TP-series, and for- early cclriirnurticat ion 
o f  h i s  r e s u l t s .  
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TRGi\lSPORT rXiTiE COtflPFiRI50N: F I N I T E  THERMOMECHGNICRL MFiSS F L O W  

VERSUS Z E R U  NET MRSS FLUW 

T w o - F l u i d  Mr*del.  T h e  d e n s i t i e s  are a d d e d  s u c h  t h a t  t h e  l i q u i d  
d e n s i t y  p a n d  t h e  ncar-mal  
f l u i d  d e n s i t y  p,, 

is t h e  s u r n  o f  t h e  s u p e r - f l u i d  d e n s i t y  ps 

F' = ps + FR (A .  1 )  

d a A 

S i m i l a r - l y  t h e  mass f l u x  d e n s i t i e s  C . j  = p v . ; v v e l c t c i t y )  a r e  
a d d e d  - *  '' J = .I, + .Jn ( R .  2) 

Z N M F  Mode. T h e  r-eader- is refer-r-ed tu> t h e  e q u a t  i n n s  p r - e s e n t e d  
recent ly  a t  t h e  1385 Bctstorl CEC (Rdv. C r y o g .  Eng. 31, 505, 13%). 
T h e  Super- f  1 u i d  is d r i v e n ,  i n  t h e  p r - e s e n c e  c ~ f  a c h e m i c a l  pcgta-lt i a l  
g r a d i e n t  (grad b t ) ,  as d e s c r i b e d  by t h e  s i r t ipl i f  i e d  e q u a t i c w r  f o r -  
n e g l i g i b l e  i n e r t i a  

a?,, / a t  + g r a d  1-t = 0 ( R .  3)  

( t  t i n i e ) .  For s t e a d y ,  s t a t i c  c c m d i t i o n s ,  f R .  3 )  y i e l d s  t h e  Londctln 
p r e s s u r e  g r a d i e n t  ( g r a d  F1 = gr-ad Fa,) w h i c h  is g ive r1  by g r a d  b~ = 
0; ( p  c h e r t i i c a l  p o t e n t i a l  per u n i t  mass; d p  = - S d T  f d P / p  ; S 
e n t r o p y  p e r  u n i t  m a s s )  

g r a d  P = F S g r a d  T ( P I .  4 )  

T h e  Lorrdcwt P - g r a d i e n t  is i n c o r - p o t - a t e d  i n  t h e  ( t  r - u n c a t  e d  j 
e q u a t  i o n s  of r m t  i n n  

o =  f 
. - .  --, 
(H. i 
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B o u n d a r y  c s n d i t  i n n s  of Newtclrliart f l u i d  f l o w  ar-e i n s e r t e d  tu:# g e t  
s j O l i . t t  ions t o  (9. 7) f u r  t h e  geometr-y under- c o n s i d e r a t  i o n .  For- 
i n s t a n c e  t h e  a n a l o g  of D a r c y  cc lnvec t  icm is g i v e n  b y  

- 
v, = K D  ) g r a d  F'd / qn (a. a)  

(K, D a r c y  p e r m e a b i l i t y  f w -  nlm-mal f l u i d  f l o w ) .  W h i l e  (2.6) 
d e s c r i b e s  a c la s s  o f  1 i n e a r -  lartiirlar f l o w  sclli-tt i o n s ,  t h e  f l o w  
may b e  nczrr- 1 i n e a r  i n v u  1 v i rl g vor-t e x E. h ed d i rig pr-lzlcesser . 
Heur - i s t ,  ic a r g u r n e n t ~  are  ernplctyed tcl d e s c r i b e  the nlsn-1 inear 
r e g i m e .  T h e  fct1 l c a w i n g  items a r e  c u r l s i d e r e d  : Et-t ler  ft-arne o f  
reference, s t e a d y  f l o w  w i t h  a s u b s t a n t i a l  d e r - i v a t  i v e  ( D v / D t )  
r e p  1 a c e d  by  ( v  grad 1 v t ernis. Fclr i nst arrce, t h e  s t - t m  c r f  t h e  rmrma 1 
f l u i d  e q u a t i o n  , (R. 5) ai.tgmented by  i n e r t i a  terms, a n d  t h e  
s u p e r f l u i d  e q u a t i o n ,  ( F I .  6 )  augrnen ted  by iner t ia ,  g i v e  a n  i d e a  
aboi-tt p o s s i b l e  r e l e v a n t  terms. From t h i s  a p p r o a c h  w e  e x p e c t  t h e  
f cl1 1 c ~ w  i n g  cortd i t  i o n  : 

Th is st at erflent may be c c t n s i d e r e d  f o r  a d i mens i cgna 1 ana 1 ys i s. For 
i n s t a n c e ,  t h e  d i m e n s i o n l e s s  rmrmal f l u i d  f l o w  r a t e  ( h e a t  f l o w  
r a te )  is s u p p o s e d  t o  b e  a f u n c t i o n  1:f the d i m e n s i ~ ~ ~ n ! e s s  p r e s s i - i r e  
g r a d i e n t  a u g m e n t e d  by t h e  a p p r o p r i a t e  d e n s i t y  r a t  io. T h e  f l o w  
r a t e  o f  Z N M F  may b e  w r i t t e n  as 

- 
R e  (p /pS  ) = (,o/pS 1 L, p v,, /q,, (9. 10) 

(L, = c h a r a c t e r i s t i c  l e n g t h ,  e. g. for- a s i m p l e  g e o n i e t r y ) .  T h e  
d i mens i o n  1 ess d r i v i n g  force may b e  w r i t t e n  as 

I n d e e d ,  S o l o 5 k . i  h a 5  shown  i n  h i s  Ph.D. t h e s i s  t h a t  s u c h  a s i m p l e  
f u n c t i o n  is a v a i l a b l e  t o  d e s c r i b e  d a t a ,  t o  f i rs t  o r d e r ,  for  
s i m p l e  g e o m e t r i e s  as l o n g  as t h e  d i a m e t e r  i5 r a t h e r  l a r g e  : 

KGM = 11.3 ( R .  12) 

FTMF Mode. T h e  s y s t e m  is c h a r a c t e r i z e d  by t w o  o p e n i n g s  t I - 1  p e r -mi t  

t hroi-tgh s y s t e m  comrtionly d e s i r e d  a s  t h e r r t i ~ ~ ~ r i i e c h a n i c a  1 pump s y s t e m  
(FEP= f o u r i t a i r i  effect  p i m p ) .  I n  o r d e r  to avr-lid a l a r g e  arncll-tnt s f  
v o t - t e x  s h e d d i n g ,  " w e a k .  1 ir1k.s" are d e s i r e d  w i t h  tzrlly a l i m i t e d  
kirlet ic ene r -gy .  T h i s  cli-tght t o  b t - i r ig  FEF' o p e r a t  iciri C!I:IC,S tc i  t h e  
t her-mccst at i rz LI:trtdout 1 i ni i 1; ~Ec ,  I 14. A i . 

f l o w .  T h u s  t h e  " c l o s e d  bclx" of ZNMF is r e p l a c e d  by  a f 112w- 
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I n  t h e  1 i q h t  cif t h e  d r i v i n g  force, u 1 ~ ~ ~ n - d i m e n s i ~ : : ~ n a 1  i z e d ,  Eq. 
(9. 11), w e  e x p e c t  t h a t  t h e  f l u w  ra te  o u g h t  t m  depend I O ~ I  a n  
"efFect i%ie pr-sc,sut-e g r a d i e n t  I '  I g r a d  F;I 'pi /p, ,  j . Fi - t r - tne r  g u i d a n c e  
is c l b t a i n e d  from t h e  e q u a t i c t n s  of V c l t e  et al. (clp. c i t .  ).  T h e s e  
s i m p l i f i e d  p o w e r  l a w  a p p r - o x i n i a t i l ~ ~ r l s  at-e m o d i f i e d  i n  m-der- t o  t a k . e  
i n t o  a c c o u n t  t h e  t h e r m c m i e c h a n i c a l  act icln by rtieans of Eq. CG. 11) . 
In  a d d i t  inn,  t h e  p ~ r n ~ s  media cr-lrl1ponert-t o f  the FEP is t a k e n  i n t o  
a c c c t u n i  c t s inq  t h e  D a r c y  perr l ieabi  1 i t y  f o r  t h e  c h a r a c t e r i s t i c  
l e n g t h :  L, = ( K B  )'la . 
Gs i n  t h e  a p p r c l a c h  o f  V c t t e  et al. ( o p .  c i t .  ) ,  t h e  f l o w  resistance 
r a t  i o  (R/R,) is c o n s i d e r e d .  The f l o w  r e s i s t a n c e  is d e f i n e d  as 

R = ! g r a d  P , I  / V ( G .  14)  

T h e  reference v a l u e  o f  R is t h e  "nor-ma1 r -es i s ta rce"  R, d e f i n e d  
by Darcy's l a w ,  Vh = K, / g r a d  F',l / rin .I i.e. 

R, = ( / g r a d  P,] / v = 7. 1 K, in. 15) 

Qrt exa r t ip l e  of t h e  p o w e r  law a p p r n x i m a t  ions is t h e  le1111 lctwirtg 
e q u a t i o n  of V o t e  et a l .  (op. c i t .  ) ; (j4 = cons t )  

G f t e r  r e a r a n q i n g ,  t h e  fi-tnct ional r e l a t  i c t n s h i p  b e t w e e n  R / R ,  a n d  
t h e  d i n i e n s i o n l e s s  d r i v i n g  g r a d i e n t  may be e x p r e s s e d  as 

T h e  argI.trlient cart t h e  riqht h a n d  s i d e  may be r e g a r d e d  as an I' 

e f fec t ive  d i r l i e n s i u n l e s s  d r i v i n g  force c u n t a i n i n g  t h e  e f f e c t i v e  
p r e s s u r - e  g r a d i e n t  I g r a d  F',*l = I g r a d  PT1 (pi p,, ) . 
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Q P P E N D I X  E 

TRENSFER PUhP TESTS (TP-15 OF R SlvikLL LGEORGTORY 

PUMP 9 C T  I NG GS THERMOMECHRN I IWIL PCJMP ( FCllJNTG IN 

I n  t h e  p h a s e  s e p a r - a t m r  r e s e a : - c h  <:If S i d r ! e y  Y i - i a n  (Pi;. D. k h e s i s  
U n i v .  C a l i f .  LCIS F i n g e l e s  1385i, a punip s y s t e m  h a s  b e e n  u t i l i z e d  
ti:! tr-artsfer- r o u t i n e l y  I i q u i d  H e  I I f r c m  i:ne r - e s e r - v i s i t -  ti:: a n c t t h e r  

pe r fo r r i l a r1ce  o f  t h e  s e c o n d  s y s t  e r n  h a 5  nctt b e e n  s a t  i s f a c t o r y .  
T h e r e f c i s - e  clrlly t h e  pump TP-1 h a s  b e e n  erlipllinyed i c l  t h a t  wclr-k.. 
R f t e r -  t e r n i i n a t  i o n  I : I ~  t h e  p n a s e  separator- w ~ ~ i r - k .  <tip. c i t .  t h e  
i-inper- psr- t  ictrl of TP-1 h a s  b e e n  rernoved i n  o r d e r -  t c l  test t h e  pump 
p e r f  ot-mance w i t h o l - t t  a d d  i t i ona 1 t r a m s  f e r -  1 i n e  a t  t ach rnen t s . R e s  11 1 t s 
of t h e s e  tests a re  p r e s e n t e d ,  m o s t l y  as r e s u l t s  t y p i c a l  f o r  a 
v e r y  s i m p l e  s y s t e m .  T h e  p ? u ~  i ised has S e s n  a s t a i n l e s s  s teel  p l u g  
i l r l o t t ,  r m m i n a l  f i l t r a t i o n  r a t i n g  Z prii, p e r m e a b i l i t y  , at r - o o m  
temper-ati.it-e 3.5 x 10 cm , t h i c k . n e s s  of p l u g  11'9 i n  . = 0. 
cm , d i a m e t e r -  1 in .  = 2.54 crti ). 

r e s e r v o i t - .  T w o  purnps h a v e  b e e n  b u i  It (TFI-1 a n d  TP-='' i). T h e  

F i g u r e s  E. 1 to B. 3 p r e s e n t s  t h e r m c l r t i e t e r  t-t-ir15 v~?r-cl.!s (rmrmal i z F d )  
h e a t  et- powet- a t  d i f f et-ent b a t h  t e m p e r - a t  ut-es .  T h e  b a t h  t e r n p e r a t  ure 
is t h e  u p s t r e a m  t e m p e r a t u r e  , s e e n  f r o m  t h e  p o i n t  of v i e w  of  pump 
assessment w i t h  an E u l e r -  contrcll s u r f a c e  p a s s i n g  t h r o u g h  t h e  
u p s t r e a r n  a n d  d o w n s t r e a m  end o f  t h e  pump body .  T h e  u p s t r e a r n  
t e r n p e r a t  ure h a 5  b e e n  k e p t  c o n s t  ant  . T h e  d o w n ~ t  ream C a n p e r a t  cire 

is a mmwtcln ica l  l y  i n c r e a s i n g  f u n c t  i n n  o f  t h e  h e a t e r -  power .  T h e  
t e r n p e r a t  ure d i f f erence i s a rmn- 1 i r ea r  f u n c t  i o n  of h e a t  et- power-. 

F i g u r e  E. 1 is f o r  a b a t h  t e m p e r a t u r - e  near 1.68 K. F i g u r e  B.2 h a s  
a b a t h  t e m p e r a t u r e  of a b o u t  1. 81 K. F i n a l l y ,  F i g u r e  B. 3 h a s  a 
b a t h  t e m p e r a t u r e  r ea r  I .  e3 K. I t  is nclt ed t h a t  t h e  terl iper-at  ure 
d i f f e r e n c e  r e s u l t i n g  frclrn t h e  o p e r a t  i n n  d e p e n d s  1 x - r  t h e  pot-e s i z e  
caf t h e  pcl t -c~~is  med i wi a n d  on  t h e  e x t e r n a l  b o u n d a r y  cond i t  i o n s ,  
s u c h  as a x i a l  a n d  r a d i a l  h e a t  l e a k s .  

F i 4 u i - e  E. 4 is a p l o t  111f t h e  h e a t  r e j e c t e d  to t h e  " e n v i ~ - l ~ l n m e n t "  
at low T . T h e  t o t a l  h e a t  r e j e c t e d  is t h e  51-irii  of t h e  h e a t e r -  

pclwer- a p p l i e d  e x t e t - n a l l y  or1 t h e  dc~wns t r - eam s i d e  111f t h e  p imp ,  and 
o f  t h e  h e a t  t o  b e  r e j e c t e d  u p s t r e a m  when t e m p e r a t i - i r e s  a re  k e p t  
c o n s t a n t .  Fr t r  t h e  1 a t  t et- pur-pcise t h e  m a n o s t  a t  s y s t e m  of t h e  
p r e s c r t t  c r - y o s t a t  h a s  beer1 !used nett i n q  t h a t  f c t r  h i g h  h e a t  inFl.:ts 
nianuaI c ~ l n t r - ~ f  has beer1 n e c s s s a r y .  
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Fi~. t l . l .Temperatures  versus  hea t  i n p u t  ( n o r m a l i z e d ) ;  
Pump : T P - 1  ; T u  upstream tempera ture  ; Td downstream 

temperature  . 
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F i g . B . 2 . T e m p e r a t u r e s  v s .  h e a t  i n p u t  ( n o r m a l i z e d ) ;  
Pump : TP-1 ; T u  u p s t r e a m  t e m p e r a t u r e  ; Td down- 

stream t e m p e r a t u r e  . 
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Figure B.5 Generalized resistance ratio vs. generalized 

driving force ( KD = 3 . 4  x lo - '  cm2 ) 
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FI P Fa E N D I X C 

THROUGHPUT-RELQTED L!URNTITIES INCLUDING 

c 

KNUDSEN EFFECTS (PlEAi\l FREE PATHS INFLUENCE) 

T h i s  G p p e n d i x  C c l i - t t l i n e s  v a r i c t u 5  itenir, r-elat i n g  t c 1  f l u i d  f l o w  
r a t e s  w i t h  e m p h a s i s  or1 g a s  f l o w .  I n  p a r t i c u l a r  H e 1  ium-4 g a s  h a s  
beer1 ~ : l f  g r e a t  interest i n  t h e  rlrlorn t e r n p e r a t  ut-e c h a r - a c t e r - i  zat i u n  
o f  ~IS:-OIAS m e d i a ,  e. 9. by means o f  t h e  Eat-cy p e r m e a b i  1 i t y .  T h e  use 
of H e 1  iurn-4 is v e r y  cclrnpat i b l e  w i t h  t h e  f i n a l  1 i q u i d  r u n s  i n  so 
f a r  as nl:I e l a b c l r a t e  p u r g i n g  p r o c e d u r e s  f c l r  gas e x c h a n g e  at-e 
needed a f t e r  t h e  ream t e m p e r a t u r e  r u n s .  However ,  t h e  v e r y  1 i g h t  
H e 1  ium-4 p a r t i c l e s  a re  r e a d i l y  c a u s i n g  nieari free p a t h  effects  
when  t h e  p o r e  s i z e  is r e d u c e d  b e l o w  t h e  s r d e r -  of m a g n i t i t d e  cif 1 
j-t m . 
Or: 1 y a f e w  1 i t erat  u r e  references a re  rnerlt i clrled : O n e  I '  c 1 a s s  i ca 1 'I 
p a p e r  is t h e  contri b u t  im-1 o f  M. Krrudsen , Grtnalen der- P n y s i k ,  
v o l . Z B ,  pp. 75-130, 1903. G n o t h e r  paper-  d s a l i n g  v J i t n  H e  11- 
r e l a t e d  prl3per-t  ies i n  pm-ctus med id, such as sni-trld p r o p a g a t  iort and 
o r d e r  p a r a m e t e r ,  is t h e  a r t i c l e  of M. K r i s s  a n d  I .  R u d n i c k ,  " S i z e  
E f f e c t  i n  H e  XI as M e a s u r e d  by F u u r t n  S o u n d ,  J. Low Temp. P h y s .  
V o 1 .  3, pp. 333-357, 1970. 

T h e  f c g l l o w i n g  i t e r n s  are c o n s i d e r e d  : I s o t h e r m a l  ideal  g a s  f l o w  a t  
l c i w  s p e e d  laminar f l o w )  w i t h  p r e s s u r - e - i n d e p e n d e n t  s h e a r  
v i s c o s i t y  (7 ) ; Knudsen '  s e q u a t i o n  f o r  c i r c u l a r  c y 1  i n d e r s  when 
t h e  s l i p  d u e  to l o n g  mean free p a t h s  ( K n u d s e n  effect)  carinot b e  
i g n o r e d ;  Mass f l o w  m e t e r  i n f o r m a t i o n  r e q u i r e d  f o r  t h e  u s e  o f  
rota-meters d u r i n g  per-meabi  1 i t y  m e a s u r e m e n t s .  

I s o t h e r m a l  I d e a l  G a s  F l o w .  C o n s i d e r -  s t e a d y  f l o w  of g a s  t h r o u g h  a 
d u c t  of cir-ci-tlar crl2ss s e c t i o n  Qc = ( n / 4 ) D x  = R R z  ; R r a d i u s  = 
D/Z . T h e  rmss f l o w  rate is rifl = p a, 7 ; 

I d e a l  g a s  : 
Mean s p e e d I ~ ( = I - ( R L / e j l V F ' I  /?I. 
p = P / ( R  T I  

- - 
T h e  mass f l u x  d e n s i t y  .j = p v i 5 cclrlst a n t  a5sur1i i rtg a carl5t a n t  
croc~s sect icw. T h u s  , w e  h a v e  
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T h e  v u l u r l i e t r i c  t h r o u g h p u t  6 = 6 i / ~  is c o n s i d e r - e d  i n  rnoleccrlar 
f l s w .  Fctt-thei-, K n u d s e n  p r e f e r s  t h e  pr-educt c ~ f  and P w h i c h  h e  
d e s i g n a t e s  as G!, . T h e  result ( C - 2 )  may b e  w r i t t e n  as 

KNUDSEN EFFECT EfilJGT I GN. Ort  t h e  b a s  is of h i 5 r m  1 ecu 1 a r -  k. i n e t  i cs 
c a l c u l a t i o n s ,  K n u d s e n  (np .  c i t )  f o u n d  the f o l l o w i n g  r - e s u l t  for 
cy 1 i n d e r - s  of const ant crctss sect i or1 : F o r  rliearl f r - e e  p a t h s  of g a s e s  
cctrlipar-able t o  t h e  t u b e  r a d i u s ,  a c o m p l i c a t e d  l a w  a p p l i e s  w h i c h  
e x t e n d s  f r m m  t h e  P c t i s e ~ t i l  le  eqi-tat ion f o r  srnal 1 inearl f r e e  p a t h s  t o  
t h e  n i o l e r u l a r  f l o w  r e g i m e .  S t a r t  ir tq from mslecctlat- f l o w ,  c y 1  i r l d e r s  
of circular c r - o = s  sect i o n  , i-tpctrl an  irtct-ease i n  t h e  p r e s ~ , ~ t r e  P 
arid c c ~ r I c c m i t a n t  d e c r e a s e  in t h e  mean free p a t h  (MFF'), t h e  gas 
thr-clughpi-t t ,  f o r  a s p e c i f i e d  pressure d r n p ,  d e c r e a s e s  t o w a r d  a 
minimum. The  mir:irnum i n  Q, w i l l  b e  r e a c h e d  when the  MFP is 5 
times l a r g e r  t h a n  t h e  t u b e  r a a i u s  R. i2t t h e  m o l e c u l a r  f l o w  limit. 
t h e  g a s  t h r o u g h p u t  at is 5 X l a r g e r  t h a n  t h e  m i n i m i t r n .  i lpon  
a f u r t h e r  i n c r e a s e  i n  P , t h e  th rvuqhpI - t t  w i l l  r - i s e  a g a i n  r e a c h i n g  
t h e  F ' o i s e u l  le f l c a w  r e g i m e  asyrnptcl t  ical  ly .  T h e  Knctdsen r e s u i t  is 
w r i t t e n  as 

w i t h  b =  

=I 

= 2.47 (C-4) 

Mass F l o w  M e t e r -  Data. T h e  r - o t a r n e t e r  r - e s u l t s  are g i v e n  i n  F i g r - s .  
c. 1 t o  c.3 . 
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T U L E  C-I 

** 
MeLsurements of Permeability f o r  

Ar at Room Temperature(294 K) 

AP, torr . 3 -1 V,cm sec lo io  K, ,cm 2 

71.3 0.55 3.114 

65.7 0 .so 3.080 

0.45 2.990 61.0 

56.1 0.42 3.010 

51.1 0.39 

46.0 0.35 

40.3 0.30 

3.120 

3.081 

3.065 

35.8 0.26 3.071 

61.35 0.46 3.080 

*The atmospheric pressure was at a constant 
value of 752 t o r r  

**) Kp = ( 3 . 0 7  - + 0.01 ) x lo-'' cm2 
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F i g .  C 3 .  C a l i b r a t i o n  C u r v e  f o r  R o t a m e t e r  113 
B r o o k s  I n s t r l l m e n t  C o .  I n c  
T u b e  S i z e :  R - 2 - i 5 - C  

3 4  



~ -- 
I 's R F ' P E N D I X  D 

FIUMP PERFORMRNCE PRRFiMETERS 

T h e  p imp  data c t b t a i n e d  are assessed u s i n g  t h e  g e n e r a l  i z e d  
r-esistance ratio:* : {R/R,-,i ' p s i p )  'es/pa ) . Fi-it- ther,  t h e  purnping 
r a t e  i n  l i t e r - s / h r  is c o m p a r e d  f c i r  pcirnp TP-1 to t h e  I i t e r - a t u r e  
va 1 Lies. 

T h e  f l c l w  r e s i s t a n c e  , abilwe t h e  c r i t i c a l  v e l o c i t y ,  is e x p r e s s e d  
as  R = I g r a d  P , I /  . T h i s  r e s i s t a n c e  is r e l a t e d  to t h e  
refer-prIce res is tar~ce clf Dar-cy' s l a w  R n  = 7. / K O  ; 7. s h e a r  
v i s c c t s i t y ,  K p  D a r c y  p e r m e a b i l i t y .  R t  a b a t h  temper-at idre of abc tu t  
i. 8 K, t h e  data o f  TFI-1 a r e  c h a r a c t e r i z e d  by  an o r d e r  of 
r n a g n i t u d e  o f  t h e  "normal resis tarce"  nf  10-5 1 3 x 10-3-3 x l o 3  
cgs u n i t s .  T h e  f l o w  resistarlce h a s  t h e  o r d e r -  111f I x 1Z5  i 6 0 - 2  x 
10' c q s  u n i t s .  T h i s  r e s u l t s  i n  a resistance r a t i o  o n  t h e  carder- c;f 
u n i t y .  T h e  s u p e r f l u i d  d e n s i t y  r a t  i o  is a b o u t  0. 7, arid t h e  s u p e t -  
f l u i d  t o  nclrrtial f l u i d  d e n s i t y  r a t  io is abcli-it 2. T h e  d i r i i e r i s i c i n l e s 5  
d r i v i n g  g r a d i e n t  is e x p r e s s e d  as "effective" p r e s s u r e  g r a d i e n t  
\ q r a d  FBTb , s u i t a b l y  n o r m a l i z e d  : [ g r a d  F$* = \ g r a d  F+[ ( e s / ~ n  ) .  

T h e  d i mens i or1 1 ess g r a d  i e n t  is 

3 e Lc 

F r o m  a Ear-cy p e r m e a b i l i t y  o f  10-3 cm Ixie c t b t a i n s  t h e  o r d e r  o f  
m a g n i t u d e  fax- t h e  d i m e n s i o n l e s s  g r a d i e n t  10 t o  100 . 

T a b l e  D-1 ccmpar-es  pump c h a r a c t e r i s t i c s  u s i n g  a b a t h  t e r n r l p e r a t u r e  
near 1.d K and l i t e ra ture  infI:i.lr-matii:iri. ine E l ~ . n e r - K l i p p i n g  
t ransfer -  pump h a s  a l a r g e r  cri:iss sect i o n  t h a n  t h e  rmrnirial  at-ea o f  
1 c ~ 2  a s s u m e d .  T h e  d a t a  a re  a v a i l a b l e  i n  Rdv. Cr-yoq. Enqng.  
V c l l .  18, 1373, pp. 132-140. 

-. 
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++) T h e  temperature d i f f e t - e n c e  is a b o u t  0.2 K. I t  is rtclted 
t h a t  t h e  pump wit horrt  t r a n s f e r  t :-I tbe at t achmerl t  has Seen 
t e s t e d .  
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