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INFLUENCE OF A CENTRIFUGAL FIELD ON THE 

RESIDUAL PRESSURE IN THE VACUUM CAVITY 

OF A ROTATING HELIUM CRYOSTAT 

I. A. Tsimmerman and A. D. Shvets UDC 621.5:533.581 

The increase in the residual pressure in the vacuum cavity of a rotating helium cryostat sub- 
jected to centrifugal forces due to the redistribution of the molecule relative velocities as well 
as the stripping of molecules being condensed on the cold wall is theoretically computed. 

In connection with the development of cryogenic electrical machine construction, it is of great practical 
interest to study the vacuum thermal insulation of liquid helium under strong centrifugal field conditions. 

The vacuum cavity of a rotor cryostat in a typical cryogenic generator [1] is the volume formed by two 
coaxial cylinders. The outer cylinder is at room temperature, but the inner is at the liquid helium boiling 
point. It is Imown that the pressure in a vacuum system at helium temperatures is determined by the partial 
pressures of such residual gases as helium, hydrogen, and neon. However, in strong centrifugal fields a 
change occurs in the relative velocities of the molecules moving between the hot and cold walls, as does also 
the stripping of part of the molecules being condensed (adsorbed) on the cold wa l l  This can result  in degrada- 
tion of the vacuum in the dynamic mode of cryostat operation, and therefore, in an increase in the heat influx 
to the liquid helium. 

For a quantitative estimate of the i ~ u e n c e  of the centrifugal field on the residual pressure, let us con- 
sider the flux of molecules escaping from the hot to the cold wall and conversely. The molecule thermal ell- 
ergy should evidently be higher than the centrifugal field energy for passage from the hot (outer) to the cold 
(inner) wall. This means that molecules whose mean thermal velocity ~ t  is greater than the average linear 
angular velocity of the cryostat Vl will overcome the potential barr ier  of the centrifugal field. The quantity ~f 
such molecules, i.e., the quantity of molecules making an impact per unit surface of the cold wall in unit time, 
i s  [~] 

N t = n tV t : /4 .  (1) 

We find the quantity nr (the molecule concentration with thermal velocity greater than V/) from the ex- 
pression [3] 

n = ]/~--.-~ u 2 exp (-- u 2) d,, (2) 

Translated from Inzhenerno-Fizicheskii Zhurnal, VoL 36, No. 3, pp. 533-536, March, 1979. Original arti-" 
cle submitted February 13, 1978. 
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where the relative velocity is u = V l / V  t. 

For molecules having a velocity greater than V l , 

4 ( m ]a/2~ { mV 2 
Vt = V~ \ 2-~--] . jVaexp~,----~ ) dV. (3) 

Solving the integral in this last equation, we obtain a formula to determine the arithmetic mean velocity of the 
molecules escaping to the cold wall 

2 + @ ~ exp -- . (4) 
v t =  vt., / 

Substituting the values n t  and Vt from (2) and (4) into (1), we obtain 

Nt = v~ nV ( 1 +  V~ ]expk  Vt-' ] t F e x p ( ~ u  9du. (5) 
tg O 

For the most probable velocities of the molecules entering into the composition of air ,  the integral in (5) 
has a value close to unity [4] at a 300~ temperature and a linear angular velocity of the cryostat  of 200 ml /  
sec, viz., 0.9 for N z and O~, and 0.99 for H z and He, Consequently, we can write 

2 g 2 V~'~ 2 Pt V ~ )  exp . 
hit, ~-~--nV t I~- ~ exp Vt 2 ] V~" kTt vt IT Vt 2 ] Vt 2 

(6) 

The thermal velocity of molecule motion at T = 300~ is substantially greater than the linear angular 
velocity of the rotor cryostat of an electrical machine of reasonable size, i.e., Vt >> V l. The last equation then 
acquires the more simple form 

2 P~- Vt. (7) 
= V 2  

Let us determine the quantity NC. In the stationary mode the molecules being condensed (adsorbed) on 
the cold wall are in a potential well whose depth equals their heat of adsorption Qa. Molecules whose energy 
will be greater than the heat of adsorption at a given temperature will be able to leave this well (be desorbed). 
In conformity with the Boltzmann distribution [3], the number of such molecules is 

= ao exp (- I ( s )  ac 

Centrifugal forces in the opposite direction as well as the adsorption forces act on the gas molecules 
being condensed in a centrifugal field. The depth of the potential well in which the molecules being condensed 
are at the energetic level RTc is thereby diminished by the quantity #V~/2, i.e;, by the magnitude of the cen- 
trifugal energy of a mole of gas. Therefore, the number of escaping molecules in a centrifugal field is 

)l (9) 
R r c - -  2RTc / . f  

The concentrations of the cold gas in the stationary and dynamic modes will equal, respectively: 

~ c .  ' 'RT c - -  2R~ 6, 

where 5 is a quantity reciprocal to the volume of the vacuum cavity. 

Substituting the value of n c in the expression for r~, we obtain 

= exp  

If one-fourth of the molecules escape in a given direction in the stationary mode, then in a strong centri-  
fugal field it can be considered that all the molecules escaping under the effect of the centrifugal force will 
travel in a radial direction with the velocity (Vc + V/). Therefore 
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TABLE 1. Computed Values  of the P a r t i a l  P r e s s u r e s  of 
Cer ta in  Gases  in a Centr i fugal  Field 

Content Pc, torr Pro' torr Pm/Pc Gas in a__ir, % 

N 2 

H2 
He 

78,02 
1.10-2 
4.10-4 

10 - 60 

10- a3 
5" 10- lo 

10--53 

2,5.10 -xz 
1.10-7 

10 7 
25 

200 

N~ = (vo + v z ) ~ = (v~ + v, ) %~xp ~ 2R~ �9 (1~.) 

In the t he rmodynamic  equi l ibr ium s ta te  bit = Nc, or  

2 Pt ( 2 Pc +V/~exp f ~VL~. (13) )~v / (vo+  vz) = 
V~- kTt V~=%e~p. 2e�89 k~-~ (re ~ 2ero ] 

We find f rom this la t te r  exp re s s ion  

Pt =Pc Tt I ~ (Ve + VI:) " (14) 
Te 2 Vt ' 

and 

1 i -- 2 -- 2 Pc 1 ', 2 T c V t \ 2RTe , (15) 

which shows the dependence of the res idua l  p r e s s u r e  in the system on the magni tude of the l inear  angular  v e -  
loci ty  of the c ryos ta t .  Fo r  V l = 0 it is t r a n s f o r m e d  into the known Knudsen formula  fo r  the t he rmomolecu l a r  
effect .  

The computed va lues  of the pa r t i a l  p r e s s u r e s  Pan of ce r t a in  gases  in a centr i fugal  field a r e  r e p r e s e n t e d  
in Tab le  1 fo r  V 1 = 200 m / s e c ,  T c = 5~ T O = 300~ and the p r e l i m i n a r y  ra re fac t ion  p r e s s u r e  P0 "= 1 �9 10 TM ~orr. 

As is seen  f r o m  Table  1 s although the pa r t i a l  p r e s s u r e s  of the individual gases  grow tens,  hundreds,  and 
thousands of t imes  in the centr i fugal  field, the to ta l  p r e s s u r e  in the s y s t e m  r e m a i n s  sufficiently low. Natura l ly  
he l ium introduces the g r e a t e s t  contr ibution to the res idua l  p r e s s u r e .  Although the hel ium p r e s s u r e  in the d y -  
namic  mode  is indeed 200 t imes  higher  than in the s ta t ionary  medet  it  s t i l l  r e m a i n s  sufficiently low not to 
exe r t  e s sen t i a l  influence on the heat  influx to the liquid hel ium by  the r e s idua l  gas in the c ryos t a t  vacuum 
jacket .  

N O T A T I O N  

n, concent ra t ion  of al l  molecu les ;  Vt~ m o s t  probable  veloci ty  of " t h e r m a l "  molecu les ;  m ,  molecule  m a s s ;  
k, Bol tzmann  constant ;  Ts absolute  t e m p e r a t u r e ;  Pts gas  p r e s s u r e  at  the hot wall; Tt,  t e m p e r a t u r e  of the hot 
walls Nc, quanti ty of molecu les  escaping f rom unit su r face  of cold wal l  pe r  unit t ime  to the hot wall;  a0, n u m -  
b e r  of molecu les  being condensed on unit cold wall  a r ea ;  R, un iversa l  gas c o n s i s t ;  #s gas  molecu la r  weight;  
Vc,  m o s t  p robab le  ve loc i ty  of "cold" molecu les ;  Pc,  gas  p r e s s u r e  at  the cold wall  which can be  considered 
equal  to the sa tu ra ted  vapor  p r e s s u r e  at a given t e m p e r a t u r e ;  To, cold wall  t e m p e r a t u r e ;  Pro, r e s idua l  gas  
p r e s s u r e  in the c ryos t a t  vacuum cavity.  
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