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An analytical  method is proposed for  the computation of the optimal s ize of suspension tubes 
of n i t rogen- f r ee  helium cryos ta t s .  

For  the efficient operat ion of n i t rogen- f ree  c ryos ta t s  it is n e c e s s a r y  that the total heat input to the 
hel ium r e s e r v o i r  be determined by the radiation of the working sur faces ,  and the cold of the evaporating 
hel ium be expended completely in cooling the screen  and in canceling the heat input along the  suspension 
it{be. 

A method of comI~uttng the optimal s ize of tubes f rom the r e s e r v o i r  to the skin is examined below 
and exper imental  r e su l t s  a re  presented .  The method is a continuation of the analysis  published ea r l i e r  in 
[1], where the t empe ra tu r e  of the radiat ion shield T s and the ra te  of helium evaporation G were  determined.  

Represented  schematical ly  in Fig.  ! is a c ros s - sec t ion  of the tube over  which the vapors  of the eva-  
porat ing coolant a re  ra i sed .  The height o f  the tube can provisional ly be divided into th ree  zones,  and the 
optimal length of each can be determined.  The upper  end of the tube has the t em p e ra tu r e  of the ambient 
medium, T a, and the lower t empera tu re  T B is close to the t empera tu re  of liquid hel ium. The gas t empera tu re  
in the lower  section of the tube  equals the t empera tu re  of liquid helium T h. The magnitude of the heat flux 
along the tube by heat conduction is due to the t empera tu re  difference between its ends and the heat exchange 
between the inner tube surface  and the moving gas.  To simplify the analysis ,  le t  us  make the following a s -  
sumptions: the heat conduction coefficients of the tube mater ia l  a n d t h e  gas a re  averaged in some t e m p e r a -  
t u r e  range in which the physical p roper t i e s  of the gas do not va ry .  The coefficient of heat exchange between 
the tube and the gas is also assumed invariant .  Then two heat balance equations can be wri t ten for  zone I 
[2-4]: 
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Fig.  1. Cross - sec t ion  of 
the suspension tube. 
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The mode of gas motion in the tube is found f rom the value of the Reynolds 
c r i t e r ion  
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Fig .  2. Dependence  of the hel ium eva -  
pora t ion  r a t e  (g/h) and the radia t ion 
shield t e m p e r a t u r e  (~ on the s u s pen -  
sion tube length (mm) and the tube t e m -  
p e r a t u r e  p rof i l e  in zone I ,  

12 ~-  
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~a (6) 

The value of the c r i t e r ion  R e  iS smal l  for  low r a t e s  of hel ium 
evapora t ion  and co r r e sponds  to the l a m i n a r  mode  of gas  mot ion.  
The  min imum value of Re in c i r c u l a r  tubes  equals  3.66 fo r  the 
l a m i n a r  mode  [3]. 

Th ree  unknowns T A, T B and li a r e  contained in (1) and (2). 
By manipulat ion we obtain 

( T  A - -  4.2) 2 Ig T~ - -  T A 

T C - - 4 . 2  : ~Zr Zl~Nu / 1 
(Ts - -  r B ) [(r s - -  TA) - -  ( r l ~ . -  4.2)] 2.3Gu (7) 

Let  us  solve (7) by success ive  approximat ion  for  T A by 
f i r s t  giving T B and keeping in mind that  the value of X h depends 
on T A. Knowing TA, we ca lcula te  ll. 

L e t  u s  u s e  o n e  h e a t  b a l a n c e  e q u a t i o n  

where  
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to de sc r ibe  the zone II .  We neglect  the t e m p e r a t u r e  d i f fe rence  
between the inner su r face  of the tube and the shield.  Af te r  
manipulat ion 

Ts - -  TA 
2.3Gcp (Tc - -  TA) ]g Ts -- TC 

Nu)~h [(r  s - -  TA) --(iTs - -  TC)] (10) 

The  magni tude of the heat  input to the s i te  of shield connection to the  tube is de te rmined  by the d i f ference  
in the heat  flux de l ivered  to the shield f r o m  the skin and e l iminated f r o m  the shield to the r e s e r v o i r  by 
rad ia t ion  and through the mechanica l  coupling. P a r t  of th is  heat  input is canceled by the opposi te  gas  s t r e a m  
in zone I .  The r e s t  is taken off in zone I I .  Assuming  T B = Ts - -3 ,  as  in [1], we de te rmine l2 .  

Analogous reason ing  can be c a r r i e d  out for  zone III  also:  

~r [~ (Ta--  Ts) 
13 = G% (TD - -  Tc); (11) 

G% (T D - -  T C) = a"[  4 kr,'g, (12) 

where  
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Afte r  manipulat ion,  the gas  t e m p e r a t u r e  at the point D at the exit f r o m  the tube can be found f r o m  the r e -  
la t ionship 

Ta - - T  D : (T D - -  TC) 2 lg 

(Ta - -  Ts) [(Ta - -  T D) - -  (T s - -  TC)] -- 2.3 G24 ' (14) 

and the value of/3 f r o m  (11). 

The method elucidated above was  ver i f ied  exper imenta l ly  on c r y o s t a t s  of 0.5 l i t e r  capaci ty  with one 
radia t ion  shie ld .  The suspension tube was fabr ica ted  f r o m  1Khl8N9T s tee l .  The tube d i a m e t e r  and th i ck -  
n e s s  were  12 and 0.2 ram,  r e s pec t i ve l y .  The ana lys i s  of the c r y o s t a t s  accord ing  to [1] yielded the fol low- 
ing initial data: G = 4 g / h ,  T s = 178 ~ .  The va lues  of the tube lengths at dif ferent  sect ions  along the 
height  w e r e h  = 46 ram;/2 = 22 m m ;  13 = 27 ram,  a s  calculated f r o m  (1), (10), and (11) fo r  TB- -4 .2  = 0.2 ~ 
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The influence of the length of each of the zones,.en G and T s was invest igated.  The r a t e  of evapora -  
t ion was est imated by measur ing  the volume of the evaporat ing hel ium.  The t e m p e r a t u r e  of the radiat ion 
shield was measured  by eopper-constantan differential  the rmocouples .  When investigating one of the zones,  
the  other  two had the design dimensions .  After  a l te rna te  measu remen t s ,  the tube length in the zone under  
invest igat ion,  was a l tered  by cutting the subsequent r eso lde r ing .  The initial tube length was taken 15-20 
m m  g r e a t e r  than the design value.  

The exper imenta l  r e su l t s  a r e  p resen ted  in Fig.  2 where  the length of the zone in mm is plotted along 
the  horizontal  and the ra te  of hel inm evaporat ion in g /h  o n  the lef t  ve r t i ca l  and the t e m p e r a t u r e  of the 
radiat ion shield in ~ on the right ver t ica l  axes .  It is seen f rom the graph that a diminution of the suspen-  
sion tube l eng th  bel~ the des ign  value in zone I r e su l t s  in an increase  in the ra te  of helium evaporat ion 
(curve 1). A reduction in the radiat ion shield t em p e ra tu r e  (curve 2) is observed at the same t ime .  The 
growth in the r a t e  of hel ium evaporat ion is due to the inc rease  in heat flux to the liquid hel ium along the 
tube, and the reduction in the shield t e m p e r a t u r e  is due to the m o r e  intensive heat exchange because  of the 
change in the t empe ra tu r e  heads in the f i r s t  two zones for  a l a rge  d ischarge  of gaseous hel ium.  

Actually,  the p r o c e s s e s  descr ibed  above a r e  accompanied by an inc rease  in the heat input f rom the 
skin to the shield by radiat ion and its diminution f rom the shield to the r e s e r v o i r .  An inc rease  in the tube 
length in tube I above some l imi t  is not expedient since this  resu l t s  only in an inc rease  in the s ize  and 
weight of the c ryos ta t .  

Measurements  of the t e m p e r a t u r e  prof i le  of the tube (curve 3) pe rmi t  making a conclusion re la t ive  
to  the  value of the di f ference T B - - 4 , 2 .  I t  follows f rom the graph that the t em p e ra tu r e  of the tube walls 
within 10 mm f rom the lower end will be just 1 ~ h i g h e r  than the t e m p e r a t u r e  of liquid hel ium.  In 
th is  case,  the heat input to  the r e s e r v o i r  by way of the tube will not exceed 3-4% of the heat input by r ad i a -  
tion of the working sur faces  even in the absence of the opposing s t r eam of gaseous hel ium.  In p rac t i ce ,  
t he r e  is no heat  input along the tube for  the selected di f ference TB--4 .2  = 0.2 ~ The heat content of the 
evaporat ing helium in n i t rogen - f r ee  c ryos ta t s  is m o re  than sufficient to cancel the heat input along the tube 
in zone I.  The  t e m p e r a t u r e  at point A was 48 ~ i . e . ,  did not r each  the t e m p e r a t u r e  of the tube walls .  
Upon inser t ion of a vacuum plug of 11 mm d iamete r  and 25 mm height in the tube, no changes were  o b s e r -  
ved in the evaporat ion ra te  and in the shield t em p e ra tu r e ,  which indicates sufficiently efficient heat ex -  
change between the gas and the wall for  the gas motion veloci t ies  under  investigation in small  d i ame te r  
tubes .  These  resu l t s  d iverge  somewhat f rom the data in [5-7], where  it is a s se r t ed  that the heat exchange 
between the gas and the wall is not so per fec t  as is assumed in t heo ry .  

The resu l t s  of investigating the middle port ion of the tube a r e  r ep resen ted  by curves  4 and 5. A 
qual i ta t ive contact between the tube and the shield is  a s sured  by careful  tinning of the sur faces  making 
contact  before  solder ing a f te r  having f i r s t  been fitted to the  set s ize .  A change in the contact a rea  was 
accompl ished  by soldering additional copper  ha l f - r ings  to the tube.  The ex t reme  left  points on curves  4 
and 5 cor respond to a "floating" shield when the suspension tube was wrapped with four  l ay e r s  of 30 ~ thick 
polyfluorethylene res in  f i lm to which the shield was at tached.  As is known f rom theory ,  in the case  of a 
"floating" shield the heat input to  the r e s e r v o i r  f rom the skin is halved [3]. It  is seen f ro m  the f igure that  
a diminution in the contact  a r ea  to  250-380 mm 2 affects  the change in T s and G negligibly, although it r e -  
sults  in the i r  growth. A fu r the r  diminution in the contact a r ea  resu l t s  in an abrupt  r i s e  in both the shield 
t e m p e r a t u r e  and in the evaporat ion ra te  since the passing gas does not succeed in removing heat f rom the 
shield for  a small  contact a r ea .  The slight r i s e  in curves  4 and 5 at the length/2 > 35 mm can be explained 
by the fact  that the length of zone Ill  was l e s s  than the design length for  these  m e a s u r e m e n t s .  

The dependence of the shield t e m p e r a t u r e  and the evaporat ion ra te  on the length of zone HI is r e p r e -  
sented by curves  6 and 7, f rom which it is seen that the helium evaporat ion r a t e  inc reases  and the radiat ion 
shield t e m p e r a t u r e  r i s e s  as  the tube length diminishes .  

The invest igat ions enumerated  above were  conducted on c ryos ta t s  without mechanical  connections to 
the windows in the radiat ion shield covered by metal  washe r s .  An analysts  of the resu l t s  obtained shows 
that  the heat content of the emerging hel ium is not used completely in s ingle-shie ld  c ryos ta t s  for  nominal 
tube lengths.  The gas leaves  the cryoeta t  at a lower  t e m p e r a t u r e  than the t e m p e r a t u r e  of the external  skin. 
The t e m p e r a t u r e  at the point D was 260 ~ K in the c ryos ta t s  invest igated.  Since the re  was no heat input to  
the  r e s e r v o i r  along the suspension tube, the evaporat ion ra te  was then de termined complete ly  by radiat ion 

J 

of the radiat ion shield.  The reduced rad[at ivi ty fo r  the s h i e l d - r e s e r v o i r  sys tem,  computed by means  of 
the  hel ium evaporat ion ra te ,  was 0.013.  A fu r the r  diminution in the reduced radiat ivi ty because  of im-  
p rovemen t  in the quality of polishing the c ryos ta t  surface  is technical ly  difficult.  The hel ium consumption 
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by radiation can be reduced by mounting additional shields connected to the suspension tube at definite 
points since the tempera ture  of the shield nearest  to the r e se rvo i r  will be diminished as the quantity of 
shields is increased.  The heat content of the evaporating helium will then be used more completely. The 
heat input can also be diminished by mechanical connections in a multishield system. The problem of 
optimizing suspension tubes in this case should be examined specially. 

NOTATION 
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XT, k T 

f! 
f2, f3, a 
d 
G 
Cp 
Nu, Re 

ll, 12, 13 
T A , T  B , T  C ,Th ,  TD 

W, T, ?7 
g 
AT 'lg, AT "lg' AT"lg 

T s , T a 

are  the mean heat conduction of the suspension tube material  in zones I and III; 
a re  the mean gas heat conduction in the corresponding zones; 
is the cross-sect ional  area of the suspension tube; 
are  the surface area of the suspension tube in the corresponding zones; 
is the suspension tube diameter; 
is the rate  of helium evaporation; 
is the specific heat of gaseous helium; 
are  the similarity cri teria;  
a re  the suspension tube lengths in the corresponding zones; 
a re  the gas temperature  at the corresponding point; 
are  the mean heat exchange coefficients; 
a re  the velocity of motion, specific gravity, and viscosity of the gas; 
is 9.81 m/sec2; 
are  the logarithmic temperature  difference in corresponding zones; 
a re  the temperature  of the shield and the outer skin. 
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