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The effect  of heat  leakage to the outside sur face  of a heat  br idge  on the t e m p e r a t u r e  var ia t ion 
along such a br idge  has been analyzed qual i tat ively and quanti tat ively.  

A p e r f o r m a n c e  ana lys i s  of c ryogenic  s y s t e m s  shows that  much of the loss  of cryogenic  liquid in 
s torage  and t r a n s p o r t  is due to heat  leaking in along heat b r idges  ("pin" connectors ,  t empe ra tu r e ,  p r e s -  
sure ,  or  continuity gages ,  etc .) .  

The authors  have made an a t t empt  to analyze,  qual i ta t ively and quantitat ively,  the effect  which heat 
leakage to the outside sur face  of a cyl indr ica l  joint such as  a connector  e lement ,  for  instance,  has on the 
t e m p e r a t u r e  var ia t ion  along it and on the magnitude of a t he rma l  influx to the c ryogenic  liquid at  the cold 
end in the cooling mode. 

The problem is formulated as follows. There is a hollow cylinder of finite length R and wall thick- 
ness 6. Prior to the beginning of the process, the cylinder is in thermal equilibrium with the ambient 
medium at a temperature T 0. The temperature at one end of the cylinder becomes Tc < To at time zero 
and is then maintained at this level throughout the cooling process. Heat leakage toward the outside sur- 
face of the cylinder occurs according to Fourier's law (heat leakage due to conduction through the insula- 
tion around the cylinder) and it is represented in the differential equation as a distributed heat source, a 
function of x and v. The inside surface of the cylinder is ideally insulated. 

If R >> 6 and X >> ~,I, then the temperature drop across the cylinder wall may be assumed equal to 
zero and the problem reduced to a one-dimensional one. Let the origin of coordinates be located at the 
hot end of the cylinder. Assuming that the thermophysical properties of the cylinder material and of the 
insulation material remain constant over the temperature range from T o to T c, we have 

cy aT(x ,  x) _ ~ O"-T (x, x) + Wt ' 

O~ Ox 2 

where 

r>O, 0-< x -~ R, 

W 1 = -  Z~-IT(x, T)--To], 

The init ial  and the boundary conditions a r e  

T (x, 0) = To = const, 

T (0, x) = T O = const, 

T (R, z) = T e = const. 

A Laplace  t r ans fo rma t ion  [1] y ie lds  a solution to (1) in the fo rm 

2~t, sin ~t~-~. L1 R 2"~ 
9 

where  •n = rn.  

(i) 

(2) 

(3) 

(4) 
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The t he rma l  flux along the cyl inder  axis  at  the cold end is  

q~ = _ ~, dTx (R, ~) S. (5) 
dx 

F o r  the s t e a d y - s t a t e  condit ion (at T --" ~o) we have a solut ion 

0 = (6)  

analogous to that  obtained by the authors  of [21 for  the ease  of a t e m p e r a t u r e  var ia t ion  along the neck of a 
c ryogen ic  container ,  as  a function of the heat leaking in through the ex te rna l  insulat ion at a ze ro  r a t e  of 
gas  flow. 

With pe r f ec t  t he rm a l  insulat ion around the cyl inder  (X 1 ~ O) we have 

0 - -  -~ (__])n+ x 2 sin~t~ x ~t,~ ~--  exp [-- ~2 n Fo] (7) 

n = l  

and the t he rma l  flux along the cyl inder  at  the cold end is  

qo = - -  )~ dT~ (R, V~) S. (8) 
dx 

F o r  the s t eady- s t a t e  condition we have  

and 

X 
0 = - -  (9) 

R . . . . .  

q = - - ) ~  T o - T ~  S. (10) 
R 

A l abora to ry  appara tus  has  been  buil t  for  measu r ing  the t e m p e r a t u r e  var ia t ion  along cyl indr ical  heat 
b r idges  in cryogenic  s y s t e m s  with var ious  g rades  of insulation around their  outside su r f aces .  It  is  a c r y o -  
genic pipe p laced in a ve r t i ca l  posi t ion and consis t ing of two segments ,  upper  and lower,  coupled through 
a spli t  connector .  This  connector ,  in turn,  cons i s t s  of two thin-walled coaxial  cy l inders  (two heat  br idges)  
welded on-end to the inner  pipes and the outer  jackets  around those two segments .  Genera l ly ,  one sea l s  
the gap between both cyl inders  at  the cold end by a bushing tightly sl ipped over  the prot ruding ends of the 
inner  p ipes ,  and at  the hot end by p r e s s i n g  a s leeve between the f langes of both outer  j acke ts .  

In the expe r imen t s  we examined the t e m p e r a t u r e  var ia t ion  along the outer  cyl inder  of this spli t  con-  
nector ,  under  vacuum in the gap between the cyl inders  and under  t he rma l  conditions cor responding  to not 
m o r e  than 10 -~ t o r r  in the upper  segment ,  ensur ing  an excel lent  t he rma l  insulation for  the inside sur face  
of the outer  cyl inder .  The t he rm a l  flux at  the outside cyl indr ica l  sur face  was var ied  by adjust ing the gas  
p r e s s u r e  inside the insulat ing vacuum cavi ty ar0und the lower  segment  (the cold end of the spl i t  connector  
was located below the hot end). 

The e ryos t a t  j acke t  was i m m e r s e d  in a the rmos ta t i c  bath with wa te r  at  a t e m p e r a t u r e  of 9-11~ 
while liquid ni t rogen was poured into the inner  pipe.  

The t e m p e r a t u r e  along the cyl inder  was m e a s u r e d  with five coppe r - cons t an t an  thermocouples ,  the 
wi re s  0.1 m m  in d i am e t e r  brought  out to a model  ]~PP-09I au tomat ica l ly  record ing  po ten t iomete r .  The 
second thermocouple  junctions were  p laced in a Dewar  f lask with liquid ni trogen.  

In o r d e r  to analyze the t he rm a l  c h a r a c t e r i s t i c s  of such a spli t  connector ,  a tes t  c o m p a r t m e n t  was 
se t  apa r t  in the upper  c ryos t a t  segment ,  as  pa r t  of the inner  pipe inside a guard  container  with liquid 
ni t rogen which abso rbed  the heat  leaking in l a te ra l ly  through the neck and f rom the outer  jacket .  This 
tes t  compar tmen t ,  together  with the guard container ,  was located in the vacuum cavity of the upper  s eg -  
ment .  The level  of liquid ni t rogen was checked with a di f ferent ia l  thermoeouple  whose junctions had been 
insta l led 80 m m  apa r t  along the height. 
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Fig.  1. T e m p e r a t u r e  v a r i a t i o n a l  s eve ra l  sect ions  of the heat br idge during 
cooling (~t 1 = 9 .6 .10-3  W / m . d e g ) .  The curves  r e p r e s e n t  Eq. (4); the dots 
indicate t e s t  values .  

Fig.  2. Var ia t ionof  the t he rma l  flux a t  the cold end of the hea tb r idge  during 
cooling: 1) k I = 8 . 1 0  -2 W / m . d e g ;  2) 1 . 1 0 - 2 ;  3) 8 . 10 -3 ;  4) 1 -10 -3. 

The s t eady - s t a t e  t he rm a l  influx to the inner  c ryos t a t  pipe could be de te rmined  on the bas i s  of the 
ni t rogen flow ra te ,  this ni t rogen evapora t ing  f rom the tes t  compar tmen t  and m e a s u r e d  with a model  
GSB-400 wet- type  gas  m e t e r .  The heat  leakage toward the inner  c ryos t a t  pipe under no-load conditions, 
de te rmined  without a heat  br idge ,  amounted to 3.26 W at  a gas p r e s s u r e  of 10 -5 t o r t  in the insulat ing 
cavity when hot. 

The t e m p e r a t u r e  var ia t ion  along the cyl indr ica l  spli t  connector  was m e a s u r e d  according  to the fol -  
lowing p rocedure .  The p r e s s u r e  in the insulat ing vacuum cavi ty  of the upper  segment  and in the gap be -  
tween cyl inders  was reduced  to 10 -5 t o r t  at  mos t  when hot. At the same  t ime,  wa te r  was poured into the 
t he rmos t a t i c  bath and the po ten t iomete r  was switched on. The gas p r e s s u r e  in the insulat ing cavity of the 
lower  segment  was se t  in th ree  sepa ra t e  t e s t s  at  10-5-10 -6 t o r r ,  1.0-1.5 t o r t ,  and 750 t o r t ,  r e spec t ive ly .  
The effect ive t he rm a l  conductivity of this t ape red -vacuum insulation used  in this expe r imen t  had been de-  
t e rmined  in a spec ia l  c ryos t a t  and found to be 2 . 5 . 10  -4, 0.96 �9 10 -2, and 0.15 W / m .  deg, respec t ive ly .  
While the t e m p e r a t u r e  was equalizing along the cyl inder  (the t e m p e r a t u r e  di f ference between both ends of 
the br idge  dropped to 2~ liquid ni t rogen was poured into the act ive pipe segment  and into the guard con- 
ta iner .  

The t e m p e r a t u r e  along the cyl indr ica l  connector  was m e a s u r e d  during the t rans ien t  per iod of the 
cooling p r o c e s s  as  well  as  a f t e r  a s teady s ta te  had been reached.  The t rans ien t  t ime was not longer than 
6-7 h and steady conditions were  a sce r t a ined  on the bas i s  of constant  t e m p e r a t u r e s  at  each cyl inder  s ec -  
tion. 

The r e su l t s  of the expe r imen t  a r e  shown in Fig.  1, where  the t e m p e r a t u r e  m e a s u r e m e n t s  along the 
cyl indr ica l  heat  br idge  in the coling mode a re  compared  with t e m p e r a t u r e  calculat ions according  to Eq. 
(4) for  the s ame  sec t ions .  These  calcula t ions  were  made on a model  ]~VM-222 computer .  The g e o m e t r i -  
cal  and the the rmophys ica l  p a r a m e t e r s  of the connector  and of the insulation were  as  follows: T O = 282~ 
T c =77~ R = 0 . 2 5 4 m ;  5 = 1 . 5 . 1 0  - 3 m ;  51 = 1 9 " 1 0  - 3 m ;  X = l l W / m . d e g ;  and hi = 8 . 5 " 1 0 - 3 W / m ' d e g .  

The d i sc repancy  between theore t ica l  values  and tes t  data for  the f i r s t  stage of the cooling p r o c e s s  
can be explained by our inabili ty to ensure  an instantaneous cooling of the cold end of the heat  br idge down 
to the boiling point of the cryogenic  liquid. 

Calculat ions and expe r imen t s  p e r f o r m e d  for  the purpose  of analyzing the t he rma l  c h a r a c t e r i s t i c s  of 
br idge  connec tors  in p rac t i ca l  des igns  of Cryogenic s y s t e m s  have shown that, when heat is leaking toward 
the sur face  of cyl indr ica l  b r idges  through an insulat ion whose effect ive t he rma l  conductivity is h i < 10 -3 W 
/ i n -  deg, the t e m p e r a t u r e  var ia t ion  along the heat  br idge  r ema ins  l inear  and that the amount  of heat  leaking 
toward the c ryogenic  liquids is  de te rmined  by the t he rma l  conductivity of the cyl inder  m a t e r i a l  as  well  as 
by  i ts  sect ion a r e a .  

The re la t ive  t he rma l  flux 

q~ = -q~ (il) 
q 
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TABLE 1. Effect  of Insulation Grade on the Amount of Heat Leaking 
along a Heat  Br idge  toward the Cryogenic Liquid 

kl, W/m.deg ] 1 .10-s  2,8.10-3 7.10-8 1 1,1.10-2 1,4.10-~ 

qx, W 1 2,45 3,06 3,8 }. 4,3 ] 4,66 

at  the cold end of the cyl inder  is shown in Fig.  2, as  a function of t ime,  based  on calculat ions for  var ious  
amounts  of heat  leakage through the insulat ion to the outside su r face  of this cyl inder .  

Calculat ions show that, at  Fo < 0.01 and with k 1 < 1 �9 10  -2 W J m .  deg, the amount of heat leaking to-  
ward  the cryogenic  liquid while the heat  br idge  cools  is de te rmined  by the specif ic  heat  of the cyl inder  
m a t e r i a l  and r e m a i n s  a l m os t  independent of the insulat ion grade .  At Fo > 0.01 and with X 1 > 10 -3 W / m  
�9 deg, the amount  of heat  leaking toward the cold end of the cyl inder  i n c r e a s e s  as  the t he rma l  conductivity 
of the insulat ion X 1 b e c o m e s  higher .  

The amount  of heat  leaking toward the cold end of the cyl inder  under  s t eady- s t a t e  conditions is 
shown in Table  1 fo r  va r ious  g rades  of insulat ion around the outside sur face  of the heat  br idge .  

T(x, "r) 
To 
Tc 
0 = (To-T(x,  ~-))/(To-Tc); 
T 

C 
)t 

3' 
R 
6 

61 
X 

= x / ~ ;  

S 
Fo = ar/l : l  2 
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along a connector ;  
at the hot end of a connector ;  
at the cold end of a connector;  

t ime;  
t he rm a l  diffusivity of the connector  ma te r i a l ;  
speci f ic  heat  of the connec tor  ma te r i a l ;  
t h e r m a l  conductivity of the connector  ma te r i a l ;  
densi ty of the connector  m a t e r i a l ;  
connector  length; 
connector  th ickness;  
effect ive t h e r m a l  conductivity of the insulation; 
effect ive th ickness  of the insulat ion around a heat  br idge;  
space  coordinate;  

sect ion a r e a  of a heat  br idge;  
F o u r i e r  number .  

1. 
2. 

3. 
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