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This  i s  t h e  ~ i n a l  Report  on Grant  No. NGR-31-003-043, 

Supplement No. 1, cover ing  t h e  p e r i c d  May 1968 t o  June 1 9 7 8 .  

The persons  a s s o c i a t e d  wi th  t h e  work a r e  l i s t e d ,  D r .  John 6 .  

Daunt be ing  t h e  P r i n c i p a l  I n v e s t i g a t o r  and D r .  Caro l  Z .  Rosen 

be ing  Research Assoc i a t e .  

The r e s u l t s  of t h e  work a r e  p re sen ted  i n  t h e  form of a pre-  

p r i n t  f o r  a paper  t o  be  submi t ted  t o  "Cryogenics."  The r e s u l t s  

g i v e  t h e  performance of  two low tempera ture  deso rp t ion  r e f r i g e r a -  

4 t i o n  systems which were i n v e s t i g a t e d  exper imentaly  . Using He a s  

t h e  working gas and s y n t h e t i c  z e o l i t e  a s  t h e  working subs t ance ,  

it was found t h a t  tempera. tures down t o  1.8K could be  r e a d i l y  

ob ta ined .  Measurements were made of t h e  r a t e  of warm-up under  

va r ious  power l oad ings  (powers up t o  12.8  m i l l i w a t t s  were employed) 

a t  t h e  f i n a l  low tempera tures .  With t h e  l a r g e r  c r y o s t a t  conf a in-  

i n g  130 g .  of  s y n t h e t i c  z e o l i t e  r e f r i g e r a t i o n  was mainta ined f o r  

pe r iods  l onge r  t5an  25 hours .  An assessment was made on t h e  l i m i -  

t a t i o n s  of t h e  c o o l i n g  p roces s .  The d a t a  a r e  p re sen ted  i n  t a b u l a r  

form f o r  t h e  expec ted  d u r a t i o n  of r e f r i g e r a t i o n  and t o t a l  

r e f r i g e r a t i v e  c a p a c i t y  a t  v a r i o u s  tempera ture  l e v e l s  from 3 K  t o  

6K f o r  one ki logram of s y n t h e t i c  z e o l i t e ;  as  an example, t h i s  

would permi t  r e f r i g e r a t i o n  t o  be  mainta ined between 4 K  and 5 R  f o r  

130 hours  f o r  a  1 m i l l i w a t t  power load ing .  
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3 .  Su~nrnary o f  t h e  R e s u l t s  of t h e  Research Program 

Two c r y o s t a t s  were b u i l t  f o r  deso rp t ion  coo l ing  i n  t h e  

tempera ture  range 20K t o  2K, u s ing  deso rp t ion  of 4 ~ e  gas from 

s y n t h e t i c  z e o l i t e .  The d e s o r p t i o n  c o o l i n g  experiments c a r r i e d  
/ 

o u t  wi th  t h e s e  c r y o s t a t s  a r e  desc r ibed  below i n  Sec t ion  4 .  The 

i n i t i a l  t empera tures  chosen were 1 2 K ,  10K,'8.OK and 6.0K and 

i n i t i a l  p r e s s u r e s  between 0.25 atmos and 1 . 0 0  atmos. F i n a l  

temperatures  reached ranged down t o  1.83K. Measurements were 

made o f  t h e  r a t e  of  warm-up under va r ious  power load ings  (powers 

up t o  12 .8  m i l l i w a t t s  were employed) a t  t h e  f i n a l  l ~ w  temperatures  

and t h e  r e s u l t s ,  a s  a f u n c t i o n  of t h e  average tempera ture ,  a r e  

p re sen ted  below i n  S e c t i o n  4 .  With t h e  l a r g e r  c r y o s t a t  con ta in ing  

130 g. of  s y n k h e t i c  z e o l i t e  r e f r i g e r a t i o n  was mainta ined f o r  

pe r iods  l onge r  t han  25 hours .  An assessment  has  been made 

(Sec t ion  4 )  on t h e  l i m i t a t i o n s  of t h e  coo l ing  process  based on 

o u r  r e s u l t s .  Data a r e  p re sen ted  i n  t a b u l a r  form (Sec t ion  4) for 

t h e  expected d u r a t i o n  o f  r e f r i g e r a t i o n  and t o t a l  r e f r i g e r a t i v e  

capac i ty  a t  va r ious  tempera ture  l e v e l s  from 3K t o  6 K  f o r  one 

ki logram of s y n t h e t i c  z e o 1 i t e ; ' a s  an example, t h i s  would permit  

r e f r i g e r a t i o n  t o  be  main ta ined  between 4 K  and 5K f o r  130 hours  

f o r  a  1 m i l l i w a t t  power l oad ing .  

S e c t i o n  4 ,  below, g i v e s  t h e  r e s u l t s  of  t h e  work i n  d e t a i l  

and i s  i n  t h e  form of  a  p r e p r i n t  o f  a  paper  t o  be submi t ted  t o  

"Cryogenics" f o r  p u b l i c a t i o n .  



4 .  Desorption Cooling below l 2 K .  

I. INTRODUCTION - 

The exper imenta l  i n v e s t i g a t i o n s  r e p o r t e d  herewi th  were under- 

t aken  t o  s tudy  t h e  p o t e n t i a l  a p p l i c a t i o n  of  deso rp t ion  c o o l i n g  as 

a second s t a g e  f o r  f u r t h e r  lower ing  of  t empera ture  i n  m i n i a t u r i z e d  

r e f r i g e r a t i o n  systems.  Desorp t ion  coo l ing  o f f e r s  some advantages ,  

e s p e c i a l l y  i n  s i m p l i c i t y ,  f o r  ma in t a in ing  tempera tures  i n  t h e  

range 2 K  t o  1 0 K  s t a r t i n g  from tempera tures  r e a d i l y  produced by 

mechanical  r e f r i g e r a t o r s 1 )  o r  s o l i d  hydrogen packs.  2) 

The method is  well-known having  be ing  dev ised  many y e a r s  ago 

by sirnon3) and, f o r  example, used f o r  hel ium l i q u e f a c t i o n  by 

. ~ e n d e l s s o h n ~ )  a s  e a r l y  as 1931. Moreover, some exper imenta l  

s t u d i e s  o f  t h e  performance o f  d e s o r p t i o n  coo l ing  systems i n  t h e  

tempera ture  range below 20% u s i n g  a c t i v a t e d  cha rcoa l  a s  t h e  

adso rben t  were made some t ime  ago by van I t t s r b e e k  and van Dingenen 5 1 

and by Kanda6). More r e c e n t l y  Bewilogua and ~ e i c h e l ~ )  have 

r e p o r t e d  s i m i l a r  exper imenta l  s t u d i e s  a t  h i g h e r  t empera tures  

( 4 0 O ~  t o  70 '~)  u s ing  s i l i c a  g e l  a s  t h e  adsorbent .  Some of o u r  

p re l imina ry  r e s u l t s  on d e s o r p t i o n  c o o l i n g  us ing  v a r i o u s  adsc rben t s ,  

namely: cha rcoa l ,  s i l i c a  g e l ,  alumina and s y n t h e t i c  z e o l i t e ,  have 

a l r eady  been r e p o r t e d  ') by one of  us ( J G D )  . These r e s u l t s  

i nd i ca t ed  t h a t  s y n t h e t i c  z e o l i t e  (Linde Molecular  S i e v e ,  t ype  13x1 

was a more f a v o r a b l e  m a t e r i a l  f o r  d e s o r p t i o n  c o c l i n g ,  u s ing  R e  4 

as t h e  working g a s ,  . i n  t h e  tempera ture  range 2 K  t o  1 0 K  t han  many 

o t h e r s .  A more d e t a i l e d  e ~ p e r i ~ e n t a l  s t u d y ,  t h e r e f o r e ,  o f  desorp- 

t i o n  of  ~e~ from s y n t h e t i c  z e o l i t e  seemed j u s t i f i e d  and the r e s u l t s  

a r e  p r s s e n t e d  below. I n  t h e  meantime w e  have publ i shed  l a )  11) 

3 d e t a i l e d  measurements of  t h e  a d s o r p t i o n  i so therms  of  He and He 4 



on s y n t h e t i c  z e o l i t e  1 3 X  i n  t h e  tempera ture  range 4.2K t o  20K, 

t o g e t h e r  w i th  t h e  e q u i l i b r i u m  thermodynamic d a t a  deduc ib l e  t h e r e -  

from. The l a t t e r  are o f  va lue  i n  i n t e r p r e t a t i o n  of t h e  p r e s e n t  

d e s o r p t i o n  exper iments .  

A d e s c r i p t i o n  of t h e  s y n t h e t i c  z e o l i t e  adsorbent  t o g e t h e r  

w i th  d e t a i l s  of  i t s  p r e p a r a t i o n  is  given i n  Sec t ion  11. S e c t i o n  111 

d e s c r i b e s  t h e  exper imenta l  arrangements and procedures .  The l a t t e r  

covered n o t  only  measurement of  t h e  f i n a l  temperatures  (Tf) and 

f i n a l  p r e s s u r e s  ( p  ) reached from a v a r i e t y  of i n i t i a l  t empera tures  f  

(Ti)  and p r e s s u r e s  (pi)  b u t  a l s o  covered extended measurements of 

t h e  maintenance o f  t h e  low tempera tures  f o r  pe r iods  up t o  2 5  hours .  

During t h e s e  e x t e n s i v e  r u n s ,  h e a t  was a p p l i e d  e l e c t r i c a l l y  i n  

va r ious  measured amounts up t o  about  13  m i l l i w a t t s  t o  t h e  desorbed 

sample c e l l  and t h e  r e s u l t i n g  warming r a t e s  recorded.  Data from 

many of  t h e s e  runs  a r e  r e p o r t e d  i n  Sec t ion  I V  t o g e t h e r  with o t h e r  

p e r t i n e n t  exper imenta l  r e s u l t s  t h a t  were ob ta ined .  

S e c t i o n  V d i s c u s s e s  t h e  r e s u l t s  i n  d e t a i l ,  p r e s e n t s  an i n t e r -  

p r e t a t i o n  of  t h e  p h y s i c a l  p roces ses  determining t h e  d e s o r p t i o n  

coo l ings  and t h e  r e f r i g e r a t i o n  c a p a c i t i e s ,  and provides  i n  t a b u l a r  

form eng inee r ing  d a t a  f o r  f u t u r e  des ign .  

11. DETAILS OF THE ADSORBENT AND ITS  PREPARATION 

The s y n t h e t i c  z e o l i t e  which was used i n  our  experiments as 

adsorbent  was ob ta ined  from t h e  Linde Div is ion  of Union Carbide 

Corporat ion and is r e f e r r e d  t o  a s  "Molecular S ieve  13X". The 

chemical  composit ion of a  hydra t ed  u n i t  c e l l  i s  given by: 
- 



6 a 8 6 f i ~ 1 0 2 i  86 (Si02) 106] .276H20. I t  c o n s i s t s  o f , S i o 4  and Z;1O4 

t e t r a h e d r a  which b u i l d  up s t r u c t u r a l  u n i t s  of t r u n c a t e d  ae t ahed ra ,  

o 
c a l l e d  p -cages  12) 13) 14) of  i n t e r i o r  d iameter  6.6A. The &-cages 

I. 

are t e t r a h e d r a l l y  arranged and t h e r e  are 8 p - c a g e s  i n  a unit c e l l .  

The t e t r a h e d r a l  framework of t h e  -cages enc lose  l a r g e r  po lyhedra l  B 
c a v i t i e s  c a l l e d  &-cages 13?15) having a f r e e  d iameter  o f  about 

0 
11.8  A. There a r e  8 &-cages p e r  u n i t  c e l l ,  which i s  a cube of 

0 
s i d e  24.95 A. The 8 &-cages and 8 -cages p e r  u n i t  c e l l  p rov ide  B 

03 
an i n t r a c r y s t a l  vo id  vo1m.e of  8,080 A , o r  about  50 p e r c e n t  of 

t h e  t o t a l  volume of  t h e  c r y s t a l .  

P e l l e t s  of  z e o l i t e  13X were use2  i n  t h e  experiments r e p o r t e d  

h e r e .  They were s p e c i f i e d  t o  c o n t a i n  20% by weight of  an " i n e r t  

c l a y  b inde r " .  They were approximately 1 / 4  i n .  long and 1 / 1 6  in, 

i n  d iameter .  The p a r t i a l l y  dehydrated p e l l e t s  used conta ined  

about  2% by weight  of wate r  and had a d e n s i t y  o f  about  1 . 0  gm/cm3; 

t h i s  wate r  is  necessary  t o  p reven t  s t r u c t u r a l  d i s t o r t i o n L 6 '  . The 

d i f f e r e n t  volumes occupied by t h e  c r y s t a l s  and t h e  b i n d e r  16' a r e  

no ted  i n  Table  I ,  t a k i n g  one p e l l e t  a s  t h e  b a s i s  f o r  1 0 0 %  of t h e  

volume. 

I n  bo th  t h e  c r y o s t a t s  used i n  o u r  exper iments ,  each desorp- 

t i o n  c e l l  was f i r s t  ' f i l l e d  w i th  p e l l e t s  t o  i t s  maximum c a p a c i t y ,  

I n  doing t h i s ,  an e l e c t r i c  v i b r a t o r  was used t o  maximize t h e  f i l l -  

ing .  Then t h i s  f i l l i n g  of  z e o l i t e  was removed and dr ied.  i n  a 

vacuum oven a t  1 1 0 ~ ~  f o r  over  2 4  hours .  I t  was then  weighed i n  a 

covered weighing b o t t l e  a t  room tempera ture .  An i d e n t i c a l  h e a t i n g  

and weighing procedure  w a s  r e p e a t e d  s e v e r a l  t i m e s  u n t i l  t h e r e  was 



no f u r t h e r  weight  change. The f i n a l  weight  of t h e  f i l l i n g  for t h e  

f i r s t  ( s m a l l )  c r y o s t a t  (sys tem A) was 3.53 g ,  which corresponded 

3  t o  a p e l l e t  d e n s i t y  of about  1.08 g/cm . This t r e a t e d  and measured 

q u a n t i t y  of  z e o l i t e  was then  r ep l aced  i n  t h e  d e s o r p t i o n  c e l l ,  The 

weight  of t h e  p e l l e t s  f o r  t h e  second c r y o s t a t  (System B )  was 

measured a f t e r  an i d e n t i c a l  procedure  and was 129.6 g.  

A f t e r  t h e  above procedure  of  f i l l i n g  each d e s o r p t i o n  c e l l ,  

t h e  fo l lowing  p repa ra to ry  t r e a t m e n t  was c a r r i e d  o u t  b e f o r e  expe r i -  

0 ments began: (1) high-vacuum pumping a t  60 C f o r  s e v e r a l  hours ;  

(2 )  high-vacuum punping a t  room tempera ture  f o r  more than  4 8  hou r s ;  

(3 )  purg ing  s e v e r a l  t i m e s  w i th  dry  ~e~  gas  a t  room tempera ture  

and ( 4 )  h igh  vacuum pumping a t  room tempera ture  f o r  more than  4 8  

hours .  I t  is  no ted  t h a t  purging w i t h  t h e  adso rba t e  i s  recommended 

by Brunauer 15) t o  be  one o f  t h e  most e f f e c t i v e  methods of pu r i fy -  

i n g  t h e  s u r f a c e .  

Furthermore,  between each d e s o r p t i o n  run w e  adopted a  r o u t i n e  

of  h igh  vacuum pumping of  t h e  a d s o r p t i o n  c e l l  a t  room tempera ture  

f o r  a 4 8  hours  i n  o r d e r  t o  a s s u r e  r e p r c d u c i b i l i t y  of  our  d a t a ,  

111. EXPERIKENTAL ARPANGEP?LENTS AND PROCEDURES 

Two d e s o r p t i o n  appara tus  were used i n  t h e  exper iments ,  a  

sma l l  s c a l e  one (System A) c o n t a i n i n g  3.53 g. o f  13X a d s o r b e n t a n d  

a  l a r g e r  one (System B )  con ta in ing  129.6 g. of  13X adso rben t ,  

System A i s  d e s c r i b e 6  f i r s t .  I n  it t h e  adsorbent  was con- 

t a i n e d  i n  a  deso rp t ion  c e l l ,  V1, comprising of  a  copper v e s s e l  of 

i n t e r n a l  volume 5 .70  cm3 and mass 2 4 . 2  g  t o  which was a t t a c h e d  a 



c a l i b r a t e d  germanium r e s i s t a n c e  thermometer ( S o l i t r o n ,  t ype  N o .  2401), 

a 1 0 0  ohm h e a t e r  comprised of  a  b i f i l a r l y  wound awg No. 3 2 ,  Evanohm 

w i r e  and a  2.8 mm. I.D. t h i n  wa l l ed  s t a i n l e s s  s t e e l  f i l l i n g  and 

exhaus t  tube  which l e d  t o  t h e  room tempera ture  p a r t  of t h e  c r y o s t a t .  

The v e s s e l  V w a s  l o c a t e d  w i t h i n  an i n n e r  vacuum v e s s e l ,  V2, which 1 
i n  t u r n  was l o c a t e d  w i t h i n  a n  o u t e r  vacuum v e s s e l  V 3 ' 

The outer 

v e s s e l  V was immersed i n  a  l i q u i d  ~e~ b a t h  a t  4 . 2 K  and could be  3 

evacuated t o  h igh  vacuum. 

The i n n e r  vacuum v e s s e l ,  V2 ,  was equipped wi th  two c a l i b r a t e d  

germanium r e s i s t a n c e  thermometers, (same type  a s  on V l ) ,  a  200  ohm 

h e a t e r  ( s i m i l a r  t o  t h a t  on V l ) .  One r e s i s t a n c e  thernometer  and 

t h e  h e a t e r  were connected t o  an e l e c t r o n i c  t empera ture  c o n t r o l l e r  

by means o f  which V2 could be  main ta ined  a t  any d e s i r e d  p r e s e t  

. t empera ture  between 4 . 2 K  and 80K w i t h  a  long term p r e c i s i o n  of 

* 0 . 0 0 3 ~ .  By having i n i t i a l l y  exchange gas  i n  V t h e  deso rp t ion  2' 
4 ce l l  Vl could  be  f i l l e d  w i th  He gas  a t  any d e s i r e d  i n i t i a l  

t empera ture  i n  t h e  above mentioned tempera ture  range .  Before  

s t a r t i n g  a  deso rp t ion  r u n ,  V2 would be  h i g h l y  evacuated i n  o r d e r  

t o  i s o l a t e  Vl thermal ly  from i t s  sur roundings .  

System B ,  w i th  t h e  l a r g e r  amount of adsorbent ,  i nco rpo ra t ed  

a  l a r g e r  d iameter  t ube  f o r  on t h e  d e s o r p t i o n  c e l l  and a 

s e p a r a t e  t ube  f o r  measurement of  t h e  p r e s s u r e  i n  t h e  c e l l .  It 

i nco rpo ra t ed  o the rwi se  s i m i l a r  g e n e r a l  q u a l i t a t i v e  arrangements 

a s  System A and it i s  ske tched  i n  F ig .  1. The s i g n i f i c a n t  

d i f f e r e n c e s  were a s  fo l lows:  The d e s o r p t i o n  c e l l ,  V1, was a 

c y l i n d e r  of  copper wi th  i n t e r n a l  dimensions 10.2 cm long and 



' 5 . 1  cn I.D. and weighing 3 3 6  g.  Tile pumping t u b e  con r~ec t ee  t o  

V was 0.90 cm I . D .  and 5.0 cm long  between V and V ( s e e  F i g .  1); 1 1 2  
1.85 cm. I . D .  and 48.0 c m  between V and t h e  60K l e v e l ,  where it 

2  

en l a rged  t o  3.68 cm 1 ; D .  t o  t h e  t o p  f l a n g e  of  t h e  c r y o s t a t ,  It 

conta ined  two r a d i a t i o n  b a f f l e s ,  a s  shown i n  Fig .  1. Above t h e  

t o p  f l a n g e  it en la rged  t o  5 .1  cm I . D .  and l e d  through a  l i q u i d  

n i t r o g e n  cooled t r a p  t o  a  NRC B-2 o i l  b o o s t e r  pump backed by 2 

1/3  h .p .  r o t a r y  mechanical  pump (Welch DuoSeal 1 4 0 0 ) .  

The t ube  l e a d i n g  t o  t h e  d e s o r p t i o n  c e l l ,  V1, for.measurernent 

of  t h e  p r e s s u r e  w a s  2 . 7  mm. I . D .  and 2.5 cm long between V and I 
V and 5.8 mm. I.D. and 81.3 cms. long  between V2 and t h e  t o p  of 2 

t h e  c r y o s t a t .  The p r e s s u r e  i n  t h e  d e s o r p t i o n  c e l l  was measured 

by va r ious  gauges l o c a t e d  a t  room tempera ture ,  i n c l u d i n g ,  f o r  t h e  

f i n a l  p r e s s u r e s ,  p f ,  r e p o r t e d  below, hel ium c a l i b r a t e d  Veeco 

thermocouple gauges,  t ypes  DV3M ( 0 - i 0 0 0  microns) and DV5M 

(1-100 microns) . 
A f t e r  each c r y o s t a t  was cooled  t o  4 .  ~ O K ,  an exper imenta l  

deso rp t ion  run  proceeded f i r s t  by a d j u s t i n g  V2 t o  a  d e s i r e d  i n i t i a l  

t empera ture ,  T i ,  w i th  exchange gas  w i t h i n  it s o  t h a t  Vi a t t a i n e d  

t h e  same tempera ture .  Then d r i e d  I3e4 gas  was in t roduced  i n t o  11 I 

t o  a  predetermined i n i t i a l  p r e s s u r e ,  pL.  When e q u i l i b r i u m  was 

a t t a i n e d ,  V1 was t he rma l ly  i s o l a t e d .  This  was achieved by high- 

vacuum pumping of V2.  The d e s o r p t i o n  was i n i t i a t e d  in-mediately 

a f t e r  p and Ti were recorded .  i 



Desorpt ions  were c a r r i e d  o u t  u s ing  t h e  1 4 C O  Welch mechanical 

pump f o r  pumping on t h e  a d s o r p t i o n  cel ls  and, i n  t h e  c a s e  of  

System B ,  u s ing  i n  a d d i t i o n  t h e  NRC B-2 Booster  Pump. The f i n a l  

p r e s s u r e s ,  pf ob t a ined  i n  t h e  deso rp t ion  c e l l  were: (1) w i t h o ~ t  

t h e  Boos te r  Pump about  50 t o  70 microns f o r  pumping wi th  t h e  

mechanical  pump a lone  and ( 2 )  about  10 t o  1 3  microns f o r  pumping 

wi th  t h e  Boos te r  pump. These p r e s s u r e  va lues  a r e  c o r r e c t e d  ones ,  

having been made i n  t h e  c a s e  of  System B f o r  therrno- 

molecular  p r e s s u r e  e f f e c t s  18) and i n  t h e  c a s e  of System A f o r  t h e  

p r e s s u r e  drop due t o  t h e  gas  flow up t h e  t ube  between t h e  desorp- 

t i o n  c e l l  and t h e  gauge,as  w e l l  as f o r  t h e  thermomoleculas p r e s s u r e  

e f f e c t s  . 

I n  each d e s o r p t i o n  run  t h e  tempera ture  of t h e  adso rp t ion  c e l l  

and i t s  p r e s s u r e  were observed throughout  t h e  d u r a t i o n  of t h e  run .  

Moreover measured h e a t i n g  powers were a p p l i e d  i n  vary ing  amounts, 

when d e s i r e d ,  t o  t h e  d e s o r p t i o n  c e l l  and t h e  r e s u l t i n g  tempera ture  

and p r e s s u r e  changes observed.  

IV. THE EXPEXIMENTAL RESULTS 

The i n i t i a l  d a t a  o f  i n t e r e s t  a r e  t h e  minimun f i n a l  tempera- 

t u r e s ,  Tf ,min and t h e i r  a s s o c i a t e d  p r e s s u r e s ,  pf, a t t a i n e d  by 

d@sorp t ion  from v a r i o u s  i n i t i a l  t empera tures ,  T and p r e s s u r e s ,  
i 

pi. The observed r e s u l t s ,  ob t a ined  us ing  bo th  c r y o s t a t s  (System F 

and Systein B )  a r e  p r e s e n t e d  i n  Tables  11 and 111, which .also 

i n c l u d e  sample d a t a  on t h e  time,?min, t aken  t o  reach T f f m i n  from 

t h e  i n i t i a l  cond i t i ons  and e v a l u a t i o n s  of  t h e  r a t i o  r ,  where 
- 



r = T . / T  . Table I1 g ives  +he r e s u l t s  f o r  deso rp t ion  u s i n g  
1 f ,min 

t h e  mechanical  pump (Welsh model 1 4 0 0 )  only  f o r  bo th  System A and 

System B ,  whereas Table  I11 p r e s e n t s  t h e  r e s u l t s  ob t a ined  f o r  

deso rp t ion  us ing  t h e  Booster  Pump a s  w e l l  a s  t h e  mechanical pump 

on Sys t e m  B on ly .  

F ig .  2 shows a p l o t  of t h e  observed r va lues  a s  a  f u n c t i o n  of 

i n i t i a l  p r e s s u r e .  Pi, f o r  i n i t i a l  t empera tures ,  T i ,  of  6K, 8K, 1 0 K  - 
and 12K f o r  deso rp t ion  t o  p r e s s u r e s  ( p f )  of  50 t o  70 microns 

(mechanical  pumping o n l y ) .  Fig .  3 shows a  p l o t  of  t h e  observed 

r va lues  as a  f u n c t i o n  o f  i n i t i a l  p r e s s u r e ,  pi, f o r  an i n i t i a l  

t empera ture  T = 8K f o r  deso rp t ion  t o  10 t o  13 microns ( O i l  d i f f u -  i 

s i o n  Booster  Pump) . I t  w i l l  be  s een  t h a t  t h e  r a t i o ,  r ,  f o r  a 

given pumping arrangement i n c r e a s e s  monotonically wi th  i n c r e a s i n g  

P i  
and, a t  c o n s t a n t  p  r decreases  w i th  i n c r e a s i n g  T . I t  i s  

i) i 

noted t h a t  t h e  r va lues  ob ta ined  wi th  bo th  System A and System E3 

a r e  i n  accord  wi th  one ano the r .  Also t h e  i n c r e a s e  i n  t h e  r a t i o ,  

r ,  f o r  deso rp t ion  us ing  t h e  ~ o o s t e r  pump wi th  System B is  clearly 

shown f o r  t h e  T = 8K d a t a .  For exarr~ple, s t a r t i n g  a t  Ti =8R and i 

P i  = 0.5  atmos, use  of t h e  Booster  Pump decreases  t h e  va lue  of 

T by about 15% below t h e  va lue  ob ta ined  with  t h e  mechanical  
f ,min 

Pump a lone .  

F ig .  4 p r e s e n t s  t h e  deso rp t ion  d a t a ,  p l o t t i n g  t h e  r a t i o ,  r, 

versus  t h e  i n i t i a l  t empera ture ,  Ti ,  f o r  two d i P f e r e n t  i n i t i a l  

p r e s s u r e s ,  p i ,  o f  about 0.5 and 1 .0  atmos. and f o r  deso rp t ion  t o  

pf va lues  betb~een 50 and 70 microns.  I t  i s  ev iden t  t h a t  t he  r 

va lues  i n c r e a s e  markedly a s  t h e  i n i t i a l  temperature  i s  dec reased ,  



The temperature- t ime h i s t o r y  of a  t y p i c a l  d e s o r p t i o n  r u n  i s  

shown i n  F ig .  5  which 'is f o r  a  r u n  s t a r t i n g  wi th  Ti = 8K and 

P i  = 0.5 atmos. I n  t h i s  f i g u r e  it w i l i  be  s een  t h a t  t h e  desorp- 

t i o n  w a s  f i r s t  made us ing  t h e  mechanical  pump a lone ,  wi th  which 

t h e  f i n a l  t empera ture  w a s  reduced t o  3.75K i n  about  40 minutes ,  

and t h e r e a f t e r  t h e  tempera ture  remained e s s e n t i a l l y  c o n s t a n t  u n t i l  

minute 98. A t  t h i s  t ime t h e  Boos te r  Pump was a c t i v a t e d  and f u r t h e r  

d e s o r p t i o n  coo l ing  occured and i n  about 20  minutes t k e  temperature  

f e l l  t o  a  s t e a d y  va lue  of  3.20K. I t  remained a t  3.20R f o r  approxi- 

mately 20 minutes w i t h  a  very  s m a l l  warm-up r a t e ,  a f t e r  which t ime 

h e a t  was p u t  i n t o  t h e  sample by means o f  t he  e l e c t r i c a l  h e a t e r  i n  

amount 5.0 mw. Th is  h e a t i n g  was main ta ined  u n t i l  minute 250 and 

t h e  d e s o r p t i o n  c e l l  s e t t l e d  down t o  a  reasonably s t eady  r a t e  of 

warming du r ing  t h i s  p e r i o d .  A t  minute 250 t h e  h e a t i n g  was inc reased  

t c  12.8 mw and was main ta ined  a t  t h i s  va lue  u n t i l  minute 516. The 

r a t e  of  warming du r ing  t h i s  p e r i o d  i s  shown on t h e  graph of  F ig .  5, 

A t  minute 516 t h e  h e a t i n g  was c u t  o f f  and a t  t h e  same t ime t h e  

Booster  Pump was d e a c t i v a t e d ,  s o  t h a t  the.pumping from t h i s  tFme 

on was by t h e  mechanical  pump a lone .  By minute 1304, when the run 

w a s  t e rmina t ed ,  t h e  tempera ture  o f  t h e  adsor;?t ion c e l l ' h a d  fallen 

Many deso rp t ion  runs  s i m i l a r  t o  t h a t  shown i n  F i g .  5 was made 

and from them t h e  s t e a d y  h e a t i n g  r a t e s ,  d ~ / d C ,  f o r  v a r i o u s  i n p u t  

h e a t i n g  powers P ,  were determined.  Typica l  d a t a  obtained.  i n  this 

way us ing  System B a r e  shown i n  F ig .  6 ,  which p l o t s  two curves of 

t h e  s t eady  warming r a t e  (dT/dt)  ve r sus  t h e  h e a t i n g  power, P, for 

warmings a t  about  3.5K-f-0.1K - ar,d a t  about  5.5Kf - 0.3K. I t  i s  



e v i d e n t  t h a t  (dT/dt)  increases approximately l i n e a r l y  with P and 

grows l a r g e r  as t h e  average tempera ture  i s  reduced a t  c o n s t a n t  P, 

I t  i s  f u r t h e r  e v i d e n t  t h a t  t h e  ze ro  power r a t e  o f  t empera ture  r i s e  

i s  q u i t e  s m a l l ,  (dT/dt)  5 5 microKelvin/sec.  By e x t r a p o l a t i o n  of 

t h e  curves  backwards, one e s t i m a t e s  t h a t  t h e  h e a t  l eak  t o  t h e  

abso rp t ion  c e l l  (System B )  i n  t h e  absence of  a h e a t e r  power (P=O) 

l ies between 0 . 2  and 0 . 5  mw. 

By p l o t t i n g  a l l  t h e  d a t a  f o r  (dT/dt)  we had f o r  P=5 mM, u s i n g  

System B ,  as  a  f u n c t i o n  of  t h e  average temperature ,  T, we concluded 

t h a t  t h e  r a p i d  r ise of (dT/dt)  w i th  dec reas ing  T could be  desc r ibed  

by t h e  equa t ion :  

loglO (dT/dt)  = 4.36/T i 0 .977  

where (dT/dt)  i s  i n  microKelvin/sec . 
V. DISCUSSION 

I t  i s  of  i n t e r e s t  t o  cons ide r  i n  connection wi th  ou r  r e s u l t s  

t h p  v a r i a b l e s  which a f f e c t  t h e  low temperature  reached,  and i n  

p a r t i c u l a r  Tmin, i n  t h e  deso rp t ion  p roces s .  For a given adsorbent  

m a t e r i a l  and working gas ,  t h e  p o s s i b l e  v a r i a b l e s  a r e :  

(1) The i n i t i a l  t empera ture ,  Ti.  

( 2 )  The i n i t i a l  p r e s s u r e ,  pi. . 

( 3 )  The h e a t  capac i ty  of  t h e  deso rp t ion  c e l l  and i t s  addenda, 

( 4 )  The r e s i d u a l  h e a t  l e a k  i n t o  t h e  deso rp t ion  c e l l  and,  i f  

a p p l i e d ,  t h e  power d i s s i p a t e d  i n  t h e  ce l l .  

( 5 )  The throughput  and p r e s s u r e  c a p a b i l i t y  of t h e  pump. 

( 6 )  The flow r e s i s t a n c e  of t h e  pumping l i n e .  

( 7 )  The flow r e s i s t a n c e  w i t h i n  t h e  pores  af t h e  absorbent  

m a t e r i a l .  



Cons ider ing  f i r s t  i t em ( 3 ) ,  the h e a t  capac i ty  of t h e  d e s c r p t l c n  

c e l l  and i t s  addenda, w e  r,o-te t h a t  r'or System k t h e  mass oC copper 

i n  t h e  d e s o r p t i o n  c e l l  was 2 4 . 2 ~ ~ .  and t h a t  f o r  System B 286  g, I f  

w e  c o n s i d e r ,  a s  an example, a  c o o l i n g  from 8 K  t o  4 K ,  t h e  en tha lpy  

d i f f e r e n c e , A H ,  f o r  t h e  copper between t h e s e  two tempera tures  i s  

about  0 . 0 3  j o u l e s  f o r  System A and 0 . 3  j o u l e s  f o r  System B, T h i s  

i s  t o  be  compared w i t h  t h e  h e a t  of d e s o r p t i o n  i n  each  system,  T & i n g ,  

as p rev ious ly  r e p o r t e d  by u s l o )  , t h e  h e a t  of deso rp t ion  a t  2 l a y e r  

coverage t o  be  about  500 j/mole, t h e  s u r f a c e  a r e a  of t h e  s y n t h e t i c  

2 3 2 z e o l i t e  13X t o  be  527  m /g and a " l a y e r "  t o  be about  0.3 crn ( S ~ P l / r n  , 

t h e n  t h e  t o t a l  h e a t  of d e s o r p t i o n  p e r  l a y e r  ( a t  about  2 l a y e r s  

coverage) i s  about  25  j ou l e s  f o r  System A and 900 j o u l e s  f o r  

System B .  It  appears  t h e r e f o r e  t h a t  i n  t h e  d e s o r p t i o n  p r o c e s s ,  t h e  

c o o l i n g  of t h e  d e s o r p t i o n  ce l l ,  i t s  addenda and even t h e  body of 

t h e  adsorbent  m a t e r i a l  i t s e l f ,  imposes a n e g l i g i b l e  load on t h e  

c o o l a n t  p roces s  a t  t h e s e  low tempera tures .  A t  h i g h e r  t empera tures ,  

f o r  exarriple l i q u i d  n i t r o g e n  tempera tures ,  however t h i s  f a ~ r o r a b l e  

s i t u a t i o n  i s  no longer  v a l i d ,  a s  has  been s u b s t a n t i a t e d  by 

exper iment .  For i n i t i a l  temperatures  t h e r e f o r e  below about IOS 

t o  20K,  it i s  p o s s i b l e  t o  n e g l e c t  i n  f i r s t  approximation t h e  

e f f e c t  of  i t e m  ( 3 ) ,  t h e  h e a t  c a p a c i t y  o f  t h e  deso rp t ion  c e l l  and i t s  

addenda and c o n t e n t s ,  on t h e  c o o l i n g  p roces s .  

One may t h e r e , f o r  cons ide r  t h e  c o o l i n g  p roces s ,  f o r  s u f f i c i e n t l y  

low i n i t i a l  t empera tu re s ,  a s  d e s c i r b e d  above t o  be a s  i n d i c a t e d  

i n  Fig.7 which s k e t c h e s  a  fami ly  o f  t y p i c a l  equ i l i b r ium adso rp t ion  

i so therms  of  t h e  mass adsorbed v e r s u s  vapor p re s su re .  Note t h a t  

T1> T2 > T3 > T,. I f  t h e  i n i t i a l  mass adsorbed i s  m. and t h e  i n i t i a l  
1 

p r e s s u r e ,  pi, i s  r e p r e s e n t e d  by t h e  p o i n t  A ,  t hen  a  l e s o r p t i o n  



would be r e p r e s e n t e d  by t h e  p a t h  A+B,  where a t  3 tl'ie mass a 3 7 0 r h = . , ~ ~  

i s  mf (mf< mi) "31: t h e  p r e s s u r e  p f ,  (pf < pi) . F o r  adequi;trly 

low va lues  of Ti,  a s  d iscussec:  above, t h e  d i f f e r e n c e  between rnf 

and mi would be  s m a l l ,  as ske t ched  i n  Fig .  7, The f i n a l  t empera ture  

reached ( i n  Fig .  7 ,  t h i s  i s  Tg) t h e r e f o r e  i s  determined by pf. 

Each adsorbent  w i l l  have i t s  own c h a r a c t e r i s t i c  fami ly  o f  i so therms  

s i m i l a r  t o  t h a t  ske t ched  i n  F ig .  7 and hence f o r  a given p t h e  f 

v a l u e  of  Tf w i l l  be c h a r a c t e r i s t i c  of  t h e  m a t e r i a l  used.*  

Now p f ,  i n  p r a c t i c a l  s i t u a t i o n s  i s  determined by dynamical 

c o n s i d e r a t i o n s  t h a t  a r e  l a r g e l y  independent of  t h e  adsorbent  

m a t e r i a l  b u t  t h a t  a r e  determined by t h e  appara tus  used.  In practece 

t h e r e  i s  always some h e a t  l e a k  i n t o  t h e  adsorbent  m a t e r i a l  and there 

may be an e x t e r n a l  power a p p l i e d  t o  it, i f  some r e f r i g e r a t i v e  load 

i s  app l i ed .  To o f f e s t  t h i s  h e a t  i n p u t  power, P ,  t h e r e  must be a 

cont inuous d e s o r p t i o n ,  i n  amount fi moles/sec. ,  P g iven by ~IQ==P,  

where Q i s  t h e  h e a t  of  d e s o r p t i o n  a t  t h e  p o i n t  ( m  f r P f )  . In any 

given appa ra tus ,  t h e  gas  f low A from adsorbent  t o  pump w i l l  de termine 

Pf t h e  v a r i a b l e s  ( 5 ) ,  (6), & (7 )  be ing  t h o s e  which a r e  a p p r o p r i a t e  

i n  t h i s  de t e rmina t ion .  

For  t h e  appa ra tus  used i n  o u r  exper iments ,  bo th  f o r  System A 

and System B ,  we know i n  d e t a i l  t h e  va lues  of  ( 4 )  , (5 )  and ( 6 )  . 
The r e s i d u a l  h e a t  l e a k  i n t o  d e s o r p t i o n  c e l l  of  System A was 

about  25 W ,  whereas as t h a t  i n t o  t h e  c e l l  o f  System B was (as  P 

* There i s  a l s o  some c o n t r i b u t i o n  t h e  coo l ing  p roces s  due 

i s e n t r o p i c  expansion of  t h e  gas  i n  t h e  vo id  volume of t h e  adso rp t ion  

c e l l  (Simon expansion19) . A t  t h e s e  i n i t i a l  p r e s s u r e s  o f  one 

atmosphere o r  l e s s ,  however, t h i s  c o n t r i b u t i o n  i s  smal l .  



s t a t e d  e a r l i e r )  from 2 0 0  ph' t o  SGCpW. Idloreover, a s  repor tod  i n  

Sect ion  I V ,  many i n p u t  powers were app l i ed  t o  t h e  desorpt ion  c ? i L  

of System B i n  amounts up t o  12.8w'CV. The approximate values of 

t h e  gas flows, h ,  from adsorbent t o  pump a r e  known f o r  every 

experimental  s i t u a t i o n  encountered, s i n c e  t h e  va lues  of t h e  heat  

of a d s o r p t i o n  (desorpt ion)  a r e  known f o r  ~e~ on s y n t h e t i c  z e o l i t e  

10 from' our  previous work . 
I t e m  ( 5 ) ,  t h e  c h a r a c t e r i s t i c s  of t h e  pump a r e  known and i tem 

( 6 )  t h e  flow r e s i s t a n c e  of t h e  pumping tubes  was es t imated  i n  a 

201 manner s i m i l a r  t o  t h a t  previous ly  enployed by one of us (JGD) * 

I n  t h e  s i t u a t i o n  h e r e ,  account was taken  of t h e  change from PoiseuiLle 

£&ow t o  Knudsen f low as  one went up t h e  pumping tube towards room 
a 

temperirture. The eva lua t ions  of i tems ( 4 )  , (5)  and ( 6 )  a t  o u r  

d i s p o s a l  i n  t h i s  way l ead  t o  t h e  fol lowing concluc; =.~ons : 

( 1  The primary l i m i t a t i o n  of p and hence on T f o r  
f f 

System A and Sys ten  B ,  when used wi th  t h e  Booster 

Pump , was t h e  flow r e s i s t a n c e  of t h e  pumping t u b e s ,  

Larger tubes  wi th  lower r e s i s t a n c e  would r e s u l t  i n  

lower T u n t i l  l i m i t a t i o n s  due t o  i tems (5)  o r  ( 7 )  f 

were encountered. 

(b)  The primary l i m i t a t i o n  on p and hence on T f o r  f f 

System B using t h e  mechanical 2ump alone was t h e  

pump i t s e l f ,  i . e .  i tem (5)  . 
( c )  No evidence was apparent  f o r  any l i m i t a t i o n  on p 

f 

due t o  p ressu re  drops wi th in  t h e  pores  of t h e  

adsorbent.  This may appear a t  f i r s t  somewhat s u r p r i s i n g  

i n  view of t h e  f ind ing  i n  our  e a r l i e r  work 2 0 )  that 

t h i s  process  was a l i m i t i n g  f a c t o r  i n  adsorpt ion 



pumping us ing  cocoanut cha rcoa l  g r a i n s  as adsorbent .  I t  i s  not 

i n  f a c t  c o n t r a d i c t o r y  however when one cons ide r s  t h e  much higher 

p r e s s u r e s  t h a t  o b t a i n  i n  t h e  p r e s e n t  experiments.  It shou ld  be 

no ted  however t h a t  t h i s  f a c t o r  may become of s i g n i f i c a n t  

i n f l u e n a e  i f  de so rp t ions  t o  much lower temperatures  t han  t h o s e  

r e p o r t e d  h e r e  were t o  be  c a r r i e d  o u t .  

Some remarks may be made concerning t h e  observed s t e a d y  

warm-up r a t e s  when s i g n i f i c a n t  powers were app l i ed  t o  t h e  deso rp t ion  

cell .  For  a given power, P ,  t h e  gas  f low w i l l  remain approximately 

c o n s t a n t  provided t h ~ r s  i s  n o t  t o o  much d e p l e t i o n  o f  t h e  mass 

adsorbed ( A  d i s c u s s i o n  of  t h e  e f f e c t  of d e p l e t i o n  i s  g iven  

immediately below) . For a s t e a d y  pumping regime t h e r e f o r e ,  f o r  

a g i v e  power P t h e r e  w i l l  b e  a dynamically equ i l i b r ium va lue  of p f ' 

I n  f i r s t  approximation t h e r e f o r e ,  t h e  s t a t e  of t h e  system w i l l  

f o l l ow a c o n s t a n t  p r e s s u r e  l i n e ,  as i n d i c a t e d  by t h e  l i n e  B+C i n  

F ig .  7 .  This  l i n e  i s  one of warming and t h e  rate of warming i s  

determined by t h e  va lue  of  ( b m/bT) i n  t h e  r eg ion  B-+ C ,  s i n c e  
I' 

w e  have : 

where i s  t h e  t o t a l  s u r f a c e  a r e a  o f  t h e  adsorbent .  

I n  conf i rmat ion  of  t h i s  r e l a t i o n s h i p ( 3 )  t h e  exper imenta l  d a t a  

o f  Sec t ion  I V  showed t h a t  t h e  r a t e  of  warming (dT/dt) under 

v a r i o u s  i n p u t  powers was approximately p r o p o r t i o n a l  t o  P a t  a  

g iven average tempera ture  l e v e l ,  which i s  i n  accord w i t h  t h e s e  

c o n s i d e r a t i o n s .  They showed moreover t h a t  t h e  warm-up r a t e ,  

(dT/dt) a t  a given power l e v e l  i n c r e a s e d  wi th  d e c r e a s i n g  average 



t e ~ ~ ~ e r a t u r e  l e v e l .  Th i s  would mean t h a t  t h e  a b s o l u t e  va lue  of 

(d(mE)/dT) must increase a s  T i n c r e a s e s ,  s i n c e  Q i s  approxj-macely 

independent  of  T .  An i n d i c a t o r  t h a t  t h i s  i s  s o , .  a t  l e a s t  a t  

somewhat h i g h e r  p r e s s u r e s  t h e n  t h o s e  employed h e r e ,  i s  given i n  Fig, 8, 

which p l o t s  an exper imenta l  e v a i u a t i o n  o f  an i s o b a r  of a q u a n t i t y  

3  
p r o p o r t i o n a l  t o  m / z  ( t h e  volume V i n  cm (STP) of gas  adsorbed p e r  m 

2 

of  s u r f a c e )  ve r sus  T f o r  ~e~ on s y n t h e t i c  z e o l i t e  13X deduced 

from obse rva t ions  r e p o r t e d  by us e a r l i e r l O ) .  Th i s  curve shows 

t h a t  ( d (m/Z') / d ~  I i n c r e a s e s  w i t h  i n c r e a s i n g .  T ;  however t h ~ e  accuracy 

o f  t h e  d a t a  i s  n o t  s u f f i c i e n t  t o  check whether t h e  r a t e  of i n c r e a s e  

of 1 d  ( m B )  /dT 1 would y i e l d  t h e  exper imei l ta l  f u n c t i o n  of equation ( I) 

f o r  t h e  v a r i a t i o n  of (dT/dt) w i th  tempera ture .  It would appear  t h a t  

a more d e t a i l e d  s tudy  o f  t h e  i so therms  o f  FIe4 on 13X a t  low p r e s s u r e s  

(1 t o  100 microns) would be of v a l u e  i n  a s s e s s i n g  t h e s e  r e s u l t s  

i n  more d e t a i l .  

Now a comment regaxding l eng thy  p e r i o d s  of r e f r i g e r a t i o n  w i t h  

t h e  d e s o r p t i o n  system, a s  f o r  example was c a r r i e d  o u t  from minute 

250 t o  minute 516 i n  t h e  d e s o r p t i o n  run  us ing  System B which i s  

shown i n  f i g .  5. I t  w i l l  be s een  i n  t h e  f i g u r e  t h a t  (dT/dt)  

d iminished g radua l ly  over  t h i s  pe r iod .  Th i s  can be a t t r i b u t e d  t o  

s i g n i f i c a n t  d e p l e t i o n  of  t h e  mass adsorbed.  A s  ha s  been shown e a r l i e r  

by us lo) f o r  EIe4 on 13X, t h e  h e a t  of  d e s o r p t i o n ,  Q, i n c r e a s e s  a s  

m i s  decreased .  Th i s  i n c r e a s e  i n  Q, which would t a k e  p l a c e  

g radua l ly ,  w i l l  r e s u l t  i n  a  d iminut ion  of (dT/dt)  f o r  c o n s t a n t  power 

P ,  as i s  e v i d e n t  from equa t ion  ( 2 )  . 
F i n a l l y  it may be of  i n t e r e s t  t o  t a b u l a t e  some de r ived  d a t a  

f o r  a deso rp t ion  system s i m i l a r  i n  g e n e r a l  f e a t u r e s  t o  o u r  System B, 

b u t  modif ied f o r  and normalized t o  a  charge of s y n t h e t i c  z e o l i t e  1 3 X  

of 1 ki logram,  which d a t a  i s  d i r e c t l y  computed from t h e  r e s u l t s  given 



t h e  p r ev ious  S e c t i o n .  Tab le  I V  sllows t h i s  d a t a  f o r  t h e  e l a p s e C  

t i m e , A  t ,  and t h e  t o t a l  energy absorbed,  E ,  f o r  a kilogram 

system f o r  v a r i o u s  power i n p u t s  (1 mW, 5 mW and 1 0  mW) f o r  

t empera ture  excu r s ions  between ( a )  3 K  t o  4 K ;  ( b )  4 K  t o  5 K  and 

(c )  5 K  t o  6 K .  I t  w i l l  be  no ted ,  f o r  exanple ,  t h a t  f o r  a 1 m'CV 

r e f r i g e r a t i v e  l oad  a  1 ki logram system would l a s t  130  hours 

i n  t h e  tempera ture  range 4 K  t o  5 K .  
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Table I 

Data on content  by volume of z e o l i t e  1 3 X  p e l l t e t s  having 2 %  by 

weight of wzter.  (Frm M r .  F. ~ a r r i s , ' ~ )  P r i v a t e  Communication) 

Volume 

I n t r a c r y s  t a l  Void 

S o l i d  Por t ion  of Crys ta l  

S o l i d  Por t ion  of Binder 

I n t e r c r y s t a l  Void 

Percent  of P e l l e t  Volume 



Table I1 

DESORPTION EXPERINENTS. DATA TAKEP;: WITHOUT USE OF BOOSTER PUNP 
(FINAL PRESSURE 50 to 70 MICRONS) 

Ti (K) pi ( A t m o s  ) Tf,min.  (K) r = T./T 1 f,rnin 7 ( m i n )  

The d a t a  marked w i t h  an a s t e r i s k  w e r e  t aken  us ing  S y s t e m  A 



DESORPTION EXPERIMENTS. DATA TAKZN WITH USE O F  SOOSTER PUXP (Fll~rAL 
PRESSURE 1 0  t o  1 3  MICRONS 

Ti (K) Fi (~tmos) T f , n i n .  (K) FTi'Tf,min. 

8.0 0.50 3.20 . 2.50 
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Table I V  

Warm-up t i m e s ,  At ,  and t o t a l  energy dbsorbed,  E, by a d e s o r p t ~ c n  

system wi th  s y n t h e t i c  z e o l i t e  (13X) of mass 1 ki logram i n  various 

t empera ture  ranges  f o r  t h r e e  r e f r i g e r a t i v e  power load ings  of L -RW, 

5 mW and 10 mW. 

Power \ . From 3K t o  4K 

A t  = 6 4  hours  - 

E = 2 3 0  i 

A t  = 1 2 . 8  hours  

E = 2 3 0  j 

At = 6 .4  hours  

From 4K t o  5K 

' A t  = 1 3 0  hours  

E = 460  j 

At = 2 6  hours  

E = 460  j 

A t  = 1 3  hours  

E = 460 j 

From 5 K  t o  6K 

At = 200  hours 

Ilt = 40 hours  

E-= 7 3 0  j 

At = 20 hours  

E = 7 3 0  j 





s u r f a c e  a r e a ,  a s  a  function of temperature  f o r  

7 17 ) -- cons tan t  pressure from da'ca taken previous ly  by us .  
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