NOTATION

qers critical thermal flux demsity; p{(x), function which considers distribution of spe-
cific thermal flux g over height of vapor_generator channel; x, coordinate; p.", vapor den-
sity above vapor generator channels; o', p", mean density of liquid and vapor over channel
heights; p", local vapor density; r, specific heat of vapor formation; tg, saturation temper-
ature at 1nput to vapor generator channel; ho, mean height of liquid column in descent tube
over water input to vapor generator channel.
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CALCULATION OF DIFFUSION SEPARATION PROCESSES IN GAS MIXTURES

E. P, Potanin UDC 533.735

The selective action of various types of force fields on isotopic gas mixtures
is considered using the multicomponent hydrodynamic approximation. It is shown
that it is possible to indirectly estimate the intensity of mutual diffusion
and the separation effect in all cases of practical importance.

Calculation of the degree of enrichment of an isotopic gas mixture achievable in an in-
dividual separation device involves analysis of mutual diffusion of the components under the
action of various types of force field [1-8]. Separation may be produced by the selective
action on the mixture of not only purely external forces, produced by, for example, "gravity-
like" (centrifugal [1, 4], gravitational) or electromagnetic fields [2], but also forces of
an internal nature, among which, in particular, are viscous forces [3], as well as diffusion
friction forces [4~6]. Multiple separation processes are found in plasma devices (the plasma
centrifuge [4, 9, 10], traveling magnetic wave system [5, 111, dc discharge [12, 13]), in
which several separation mechanisms may operate simultaneously. Among such mechanisms, in
particular, are thermodiffusion and the centrifugal effect, mass diffusion and mechanisms
related to the differing degree of ionization of the components. A recent analysis of en~-
richment processes in plasma systems permits formulation of a simple general method for cal-
culating diffusion separation phenomena in the presence of a pressure gradient within the gas.

To determine the mutual diffusion rate of the components of a binary gas mixture we will
use the multicomponent hydrodynamic approximation [4]. The equations of equilibrium of the
volume forces acting on the mixture components can be written for the general case in the
form
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where f, and f, are "external" forces, acting on the molecules of each type. By external we
understand forces of any origin which are responsible for the development of a pressure gradi-
ent in the mixture being separated. Such forces may be: a) purely external forces, produced
by the direct action on the molecules of gravitational or electromagnetic type force fields;
b) inertial forces, related, for example, to centrifugal or other acceleration; c¢) internal
forces among which are viscous forces as well as diffusion friction. We note that the latter
are not forces in the general meaning of the term. They are average values defined as the
fraction produced by dividing the force acting on a unit volume of the given component by the
numerical density. At the same time, as will be shown below, introduction of such quantities
is very convenient in calculating separation effects in mass-diffusion systems [1, 4-6] and

in the case of mixture flow in channels [3, 7]. We stress especially that mutual friction be-
tween components of the separating mixture, described by terms on the right side of Egs. (1)
and (2) and referring to discharge of diffusion friction forces are not an "external force,
since they do not affect the pressure gradient of the separating mixture.

In analyzing separation processes in gas mixtures the physically justifiable formulation
of the problem usually assumes the presence of impermeable walls bounding the diffusion zone,
as a result of which we require a condition of equilibrium for the mixture as a whole:

ad
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Using Egqs. (1)-(3), we find for the difference in mean velocities
U — s — — Dy, oy ——Oﬁp—l——qp—y(l—v)—f- mymgy (1 — ) (1y + 1) ( ok )}, (4)
y{I1—7v) | ox p Ox [my + my {1l — )1 p ny my
m, — my
o, = ) (5)
Tomy +my(1—79)
Equation (4) coincides with the analogous expression of [14], obtained using kinetic theory.
However, it can easily be seen that since the quantities f, and f. are related to the pressure

gradient 3p/3x according to Eq. (3), this cumbersome expression can be reduced to the most
simple form
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We note that from the viewpoint of calculating separation effects it is just the quantity of
which has physical meaning, since it defines the intensity of the mutual diffusion process
induced by the absence of equilibrium between the "external™ forces and the corresponding
gradients in partial pressure of the components at times following the establishment of the
full pressure gradient dp/6x. Equations (6) and (7) allow determination of the diffusion
1411y
1y - 1y
pressure gradient produced by different force fields. Moreover, we can obtain from Egs. (6)
and (7) with the assumption of insignificant spatial change in concentration (=%%::I£_u( 1)
y(t—7)

flow of the component [1= MU= (vi — vz) in the presence within the system of a

an expression for the equilibrium separation coefficient

- ___31-—) // (h~—3L~——‘ ~ exD (&}ln Pa (8)
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We will define the quantities &f and B for action on the separating mixture of concrete
types of force field. In the case of forces proportional to the first power of the particle
mass (gravitational or centrifugal), we have
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We note that the quantity &f, described by Eq. (10), coincides with the barodiffusion con-
stant calculated in [14, 15].

(10)

If the external forces are electromagnetic ones, acting, for example, on components of
the mixture consisting of ions of two different sorts with an identical ionization level [16]:
£1 = f2 = Ze(Ex + vyB; — vzBy), then we obtain

o_ZfEO, lﬂﬁ?—f , (11)

which implies the absence of mutual diffusion and separation effect in the given situation.
However, when the charges of the ions differ in value (Z, # Z,), we find

_ Zy—1Z, —, Inp= _Z1_Z2 - In Pa _ (12)
Zyy + Zy (1 —) Zwy + Zy(1 —7) Py
In this case the particles with higher charge are concentrated in that region of the separa-
tion zone toward which the action of the electromagnetic force is directed [2].
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We will consider mutual diffusion in the presence of viscous forces. If the steady-
state flow of the binary gas mixture occurs in a along planar channel under the action of a
pressure head, we have [3]

o 2 % g
: n, oy = iy 0y
Despite that fact that the given formulation of the problem assumes the absence of solid sur-
faces bounding the diffusion zone, Eq. (6) is also valid for this case, inasmuch as the pres-
sure gradient is equalized by viscous friction on the channel wall. If for n; and n; we use
the approximate expression (59) from [17], on the basis of Egqs. (7) and (13) we find

&~ S Am (14)

4 m
The value of &f differs only insignificantly from the barodiffusion constant in a viscous
flow, calculated in [3].
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We will define the quantity 1n B8 for the case where the pressure gradient in the separat-
ing mixture is caused by diffusion friction forces produced by an auxiliary gas, diffusing
through the isotopic mixture with a mean velocity Uy. Such a formulation of the problem as-
sumes that the auxiliary gas can penetrate through the mixture being separated, for which the
bounding surfaces are impermeable. In its most general features such an idealized situation
is realized in a mass diffusion element, if for the third gas a vapor phase which condenses
on the boundary surface is used [1]. In plasma devices the "auxiliary" gas is an ion compon-
ent, which neutralizes near the cathode {10]. It should be noted that we deal here with a
case of mutual diffusion for which the values f; and f; themselves, being diffusion friction
forces, depend on the mean velocities v, and vp. If we neglect the effect of the finiteness
of the velocities v, and v, on the forces f, and f; (v, and vz << Uy), we obtain with con-
sideration of the results of [4]
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In the example of mass-diffusion, the justifiability of introducing the term "external
force" 1is clearly visible, since for the isotopic mixture being separated the forces f,; and
f2 are purely external. Using Egs. (7), (8) and (15), (16), we find
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Equation (8) permits estimation of the intensity of mutual diffusion for flow of a mixture

in a capillary or planar slot, when the particle free path length significantly exceeds the
transverse channel dimensions (Knudsen regime [7]). Assuming, for example, that the process
of molecular reflection from the capillary walls is diffuse and the entire molecular momen-

/" 2kTmy / 2kTmy

tumis lost on the surface (f1— l/ TRRE Up, Fe »’—’!‘ aRT Uy |, we obtain o o am

om
NOTATTON

Pi1, P2 and n,, n,, partial pressures and densities of the components; p = p, + pa; m,,
mz, particle masses; v,, v;, mean velocities; x, coordinate in the direction of which ex-
ternal forces act; a,,, diffusion friction coefficient [4]; v = n,/(n; + nz); D;», mutual
diffusion coefficient of mixture to be separated; pg and pp, mixture pressures in boundary
zones of separation region; g*, acceleration corresponding to “inertial" force; Z, ionic
charge; Ex, By, Bz, components of electric field strength and magnetic induction; Vys Vg,
mean ion velocities in y and z directions; exy, deformation_rate tensor component, Nis N2y

"partial" viscosities of mixture components; Am = m; — mz2j m = myy + ma{l — y); N, particle
density of auxiliary gas; Q, effective diffusion section of elastic collisions between mole-
cules of mixture to be separate and auxiliary gas: fiyj = (Mle)/(MN + my); vyg = VBKT/mihyy;
T, temperature; Ue, mean_velocity of Knudsen flow components in equilibrium; R, capillary
radius; af = £, — £2/[f.y + £2(1 —¥)1; ¥ = (ya + vp)/2.
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