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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 known 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 wall. 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 influence 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 en~
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 Vt is greater than the average linear
angular velocity of the cryostat V; will overcome the potential barrier of the centrifugal field. The quantity of
such molecules, i.e., the quantity of molecules making an impact per unit surface of the cold wall in unit time,
is [2]

Ny =nV, /4. &)

We find the quantity n; (the molecule concentration with thermal velocity greater than V;) from the ex~
pression {3]

LN muze — %) du
P VEJ Xp (—u¥) du, 2)

Hg

=

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 36, No. 3, pp. 533-536, March, 1979. Original arti~
cle submitted February 13, 1978,

0022-0841/79/3603- 0361$07.50©1979 Plenum Publishing Corporation 361



where the relative velocity is u = V7 / V.
For molecules having a velocity greater than Vy,
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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
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Substituting the values n{ and Vi from (2) and (4) into (1), we obtain
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For the most probable velocities of the molecules entei‘ing into the composition of air, the infegral in (5)
has a value close to unity [4] at a 300°K temperature and a linear angular velocity of the eryostat of 200 ml/
sec, viz,, 0.9 for N, and O,, and 0.99 for H, and He, Consequently, we can write
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The thermal velocity of molecule motion at T = 300°K is substantially greater than the linear angular
velocity of the rotor cryostat of an electrical machine of reasonable size, i.e., Vi » V. The last equation then
acquires the more simple form ‘

2 P
N = — bV, {7
LR VY
- Let us determine the quantity Ni. 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 Q3. 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

a, = ap exp (~— R% ) . (8
C .

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 RT, is thereby diminished by the quantity pLVlz/ 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

i) ta y’vz )
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The concentrations of the cold gas in the stationary and dynamic modes will equal, respectively:

s o o [~ 8

where & is a guantity reciprocal to the volume of the vacuum cavity.

Substituting the value of n, in the expression for n¥, we obtain

"o . HVIQ )
a,=n exp( . : (11}
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1f 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 (V¢ + Vj). Therefore
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TABLE 1. Computed Values of the Partial Pressures of
Certain Gases in a Centrifugal Field

Content P P )
Gas in air, o ¢ torr o torr Pm/Pc
N, 78,02 10-60 10~33 107
H, 1.10™2 1013 2,5-10712 25
He 4.10"4 5-10710 1.1077 200
N, =V, +Ving=(, +V, x/ﬂi——) (12)
e =0t ime={; + l)ncepk 2RT, I

In the thermodynamic equilibrium state Nt = Ng, or

2 B pvy ) P, uV;
- V. o=nexp| M-\ (VL V) = V. 4V, ex (_z_)_ (13)
Vx &L ¢ =" p(QRE,(c 1) ch(c 1 1€XPp 9RT, .
We find from this latter expression
T, 1 a (Ve+Vp
Po=F 1 —3 < 7 2 (14)

and

p _RAR_ 1,0 V& (vc+vz>exp( wy; )] (25)

m 2 2 T2 T Vi IRT,

which shows the dependence of the residual pressure in the system on the magnitude of the linear angular ve-
locity of the cryostat. For Vi = 0 it is transformed into the known Knudsen formula for the thermomolecular
effect.

The computed values of the partial pressures Py, of certain gases in a centrifugal field are represented
in Table 1 for V; = 200 m/sec, T, = 5°K, T, = 300°K, and the preliminary rarefaction pressure P, =1-1074 torr,

As is seen from Table 1, although the partial pressures of the individual gases grow tens, hundreds, and
thousands of times in the centrifugal field, the total pressure in the system remains sufficiently low. Naturally
helium introduces the greatest contribution to the residual pressure. Although the helium pressure in the dy-
namic mode is indeed 200 times higher than in the stationary mode, it still remains sufficiently low not to
exert essential influence on the heat influx to the liquid helium by the residual gas in the cryostat vacuum
jacket.

NOTATION

n, concentration of all molecules; V¢, most probable velocity of "'thermal' molecules; m, molecule mass;
k, Boltzmann constant; T, absolute temperature; P;, gas pressure at the hot wall; Ty, temperature of the hot
wall, N, quantity of molecules escaping from unit surface of cold wall per unit time to the hot wall; gy, num-
ber of molecules being condensed on unit cold wall area; R, universal gas constant; p, gas molecular weight;
Ve, most probable velocity of "cold " molecules; P, gas pressure at the cold wall which can be considered
equal to the saturated vapor pressure at a given temperature; Te, cold wall temperature; Py, residual gas
pressure in the cryostat vacuum cavity.

LITERATURE CITED

1. V. G. Dan'ko, V. S. Kil'dishev, V. P. Kuchingkii, and 1. Ya. Stanislavskii, ''Electrical machine with in~
tense cooling,” Inventors' Certificate No. 262,240, Byull. Izobret., No. 6 (1970).

2. B. L Korolev, V. I. Kuznetsov, A. I. Pipko, and V. Ya. Plisovskii, Principles of Vacuum Engineering [in
Russian], Energiya, Moscow (1975).

3. A. K. Kikoin and N. K. Kikoin, Molecular Physics [in Russian], Nauka, Moscow (1976).

4. L. N. Rozanov, Vacuum Machines and Apparatus [in Russian], Mashinostroenie, Moscow (1975).

363



