MASS EXCHANGE IN ISOTOPE SEPARATION BY
THE DISTILLATION METHOD
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We investigate the turbulent flow of a gas in a packed column; taking account of
this flow, we obtain a general analytic expression for the height of the equili-
brium stage in the separation of isotopes by the distillation method.

Today the separation of isotopes by the distillation method is carried out at low loads,
at which the flow of gas and liquid in the columns is strictly laminar. However, the growing
demand for stable isotopes of light elements has brought a need for intensifying separation
processes by increasing the flow velocities and the dimensions of the packing elements., The
hydrodynamic and diffusion processes leading to the separation effect will then take place
in the turbulent region of the gas flow in the packing.

The investigation of the separation process in the laminar region has been dealt with
in earlier studies [1-2], in which we proposed an approach that can be used for calculating
the fundamental quantity determining the efficiency of the packed column, namely, the height
of the equilibrium stage (TETS). Difficulties in describing the process in the turbulent
region of gas flow were then related to the lack of experimental data concerning the real
picture of gas flow in efficient packings at high loads. It was not clear even whether tur-
bulent flow in channels of such small dimensions was theoretically possible.

It is practically impossible to use the gas—flow visualization method for obtaining
such data because the dimensions of the packing channels are so small and because there may
be blurring of the picture due to convective mixing. Only direct observation of turbulent
pulsations and a description of their character could answer the question of whether turbu-
lence existed in the flow of the gas in a column and what the threshold of appearance of
such turbulence was as the load was increased.,

In this study we observed the turbulent pulsations in the packing by means of a thermo-
anemometer whose sensor was constructed in the form of a packing element (a segment of a
wire spiral of triangular or cylindrical shape) and was placed inside the column among the
other similar packing elements., The filament of the thermoanemometer was placed within the
element in the plane of its cross section perpendicularly to the gas flow. The coils of the
element were glued together in order to provide rigidity and also to keep the wire stretched,
preventing it from vibrating when acted upon by the gas flow, The placement of the active
segment of the thermoanemometer sensor inside the packing element not only made it possible
to make measurements in the separating channel itself but also protected the filament from
being damaged when the sensor was oriented in various directions within the packing. The
sensor filament was a copper-covered platinum wire with an outer diameter of 0,03 mm and an
etched working segment 0.7 mm long. Its thermal inertia made it possible to measure pulsa-
tions with frequencies up to 5 kHz.

The measurements were carried out on a packing with element dimensions of 6.5 *5.5 mm,
with air blown through the column. It was found that in spiral wire packings, turbulent flow
of the gas appears in the region Re =1000-1200, depending on the configuration at the junc-
tions of the elements. Below this limit, no turbulent pulsations were observed in the pack-
ing. After the pulsations appeared, their amplitude increased rapidly, and as the load was
further increased, the pulsation amplitude remained practically unchanged. The characteris~—
tic shape of the pulsations, as seen on an oscillograph, is shown in Fig. 1. The bulk of
the pulsations lie in the frequency range of 500-1000 Hz, ©No large low-frequency pulsations
were observed in practice. Simultaneously with the appearance of turbulent pulsations, we
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Fig, 1. Oscillogram of tur-
bulent pulsations in packing
made of segments of triangu-
lar wire (above, at Re =

Aﬁ/ 1500; below, at Re = 3000)..
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observed a break in the curve of the hydrodynamic resistance of the packing as a function of
the Reynolds number.

The picture we observed enabled us to draw the following conclusions concerning the
nature of turbulent gas flow in the packing. The turbulence appears in the packing at the
junctions between the elements and, since the channel segment is so short, cannot be extin-
guished within the elements, despite the nearness of the walls and the strong frictional
effect. There is no fully developed turbulent flow in the packings, and the nature of the
flow is similar to that of flow in a turbulent boundary layer, where the scale of the pulsa-
tions is determined by the distance to the channel wall,

It was established earlier that only the initial portion of the hydrodynamic gas-veloc=-
ity profile: is realized in the packing elements, and until turbulent flow appears at Re =
1,000, the central region of the flat velocity profile occupies most of the cross section
of the channel, except for a narrow annular region, in which frictional forces have a marked
effect [3]. Therefore it is natural to identify this central region with the region of tur—
bulent flow, since the turbulence in this case is an incoming turbulence, not one that arises
in the channel itself. The frictional forces which lead to the formation of the parabolic
velocity profile near the wall will at the same time extinguish the turbulent motion near the
wall. Since there is no fully developed turbulent motion, we can also assume that the tur-
bulent pulsations do not arise in the laminar boundary layer and are attenuated on its bound~-
ary. Under these conditions, the turbulent flow is determined by the local values of p and
To, and its scale is of the order of the distance measured from the boundary of the laminar
layer. On the basis of the localization hypothesis and dimensionality considerations [4, 5],
the coefficient of turbulent diffusion in the interior channels of the packing can be repre-
sented in the form

Dy = Py (ro—1), (D
where v« =V7o/p, B is a proportionality constant, and the total diffusion coefficient is
D (r) = Dg+ fu, (ro — ). @
By introducing the notation
Dg+ pvgro = a, — pu, = b, 3
we can reduce the expression for the total diffusion coefficient to the form
D(r)y=a - br. D)

The expressions (2) and (4) are determined in the region 0=<r=ro when Re > 1000. When Re <
1000, B is considered to be zero over the entire length of the separating channel.

In [1] we showed that the efficiency of the column can be calculated by using a cylin-
drical bottle with radius R, equal to the average length of the diffusion path in the gaseous
phase occurring in the packing. Such a model includes liquid and gas flows averaged over the
entire column, and the gas-flow profiles, just as in the packing elements, have a shape char-
acteristic of the initial segment of the channels, i.e., they are subdivided into an annular
region, in which the distribution is parabolic, and a central region, in which the velocity
is constant irrespective of the nature of the hydrodynamic conditions. Therefore, in the
central region of the gas channel of the model, where there is turbulent gas flow, we used
a flat velocity profile rather than a logarithmic profile. The radius of the central region
is satisfactorily approximated by an empirical function of the Reynolds number:

798



In (Reg— 200) (5)
In(Re g+ 6-109Reg)

tij

In the same study, we showed that the diffusion equations for the gaseous and liquid
phases in the general case, having the form

(V-v)y = (vDV) y, (L-v)x = DyqAx, )

can be reduced tc ordinary differential equations by introducing a parameter h, whose physi-
cal significance is the height of the equilibrium stage in the channel of the model. For
our case, which takes account of turbulent gas flow in the central region of the separating
channel, the diffusion equations can be written as follows:

L (r S @t any =0 n<r <R )
dr dr !
:L(dNﬂgi}—%W:4L0<f<m, (8)
dr | dr .
d*x B -
(et enyx =0, 0 nm, (9)
dn?
where
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2 3r To
s [ ) (10)
thiq m 2”’1iq

The velocity profiles V(r) and L(n) used in expressions (6)-(10) were obtained by solv-
ing the boundary-layer equations for the flow of thin films of liquid and the Poiseuille
equation for an annular laminar region of gas flow.

Substituting into (7) the expression for D(r) from (4) and solving these equations by
the method of successive approximations with the boundary conditions

dt
for r=290 Y = Yo _‘/—:0!
dr
(11)
dyq dY1am
f = Fr = , ———— T ==
. 0 Y2 = Yam dr dr
for =0 %=X =0, (12)
1
we find
9 4 2
) 3 c. 13)
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=y, | 1 +—=(br+aln , (14)
Y Jc[ +2b2< T a—}—brﬂ
Cy Cy
X=x,| 1+ —=-nt+—2-n%}|. 15
( - Ly ) (15)
From Eqs. (13) and (15), replacing r by R and n by m, we can obtain the values of the concen-
trations at the interface between the phases — ygr and xy. Now we determine the average
values of the concentrations in each of the regions:
- ot c30 a 2 c
g == P4 20 o % 2 T (e 8
Y1am .’/c{ % OB Dg +R2—f% % ( 0)
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and also the average concentration in the gaseous phase
, 2 2
y:(l——ﬁz—> am + 5 (19)
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In order to eliminate the unknown concentrations y. and x;, we use the condition of
balance in the cross section of the channel, which in a nonsampling regime leads to equality
of the average concentrations in the liquid and the gas:

=7 (21)
and also use the relation which holds on the interface between the phases:

Ur — Xm .
l—yp 1—x,

(22)

For the case of small values of & and small concentrations, the expression (22) can be expan-
ded in series and reduced to the form

Yp — *m = &Ye. (23)

It should be noted that the wvalue of product sampling from the column, including the
case of a nonsampling regime, and also the absolute values of the concentrations, by their
very nature, do not affect the height of the equilibrium stage, while they substantially
simplify the calculation of h.

Substituting into (21) the expressions for x from (18) and for y from (20), and substi-
tuting into (23) the expression ygp and xp defined by (13) and (15), and eliminating y. and
Xc from these, we obtain an expression for the height of the equilibrium stage in the
separating channel of the model of a packed column:

2
B _‘7_3251( 1__r%’.)+_1___‘70.611t( 1#_’0.>

Jcent g1 Dg - Busrg
et | 6(Dy - Pu,re)d In =2——7—
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In the limiting case 8 +0, which occurs when Re <1000, formula (24) takes the form
2 2
/1:_1.__1@1(1_ r°\+_1_ig1t(1_ "o +i1_§gz_' (25)

which was obtained earlier for the laminar regime of gas flow. 1In the case of a turbulent
regime, for practical calculations we may with satisfactory accuracy disregard the annular
laminar sublayer. By passing to the limit as ro *R, we obtain from (24) the relation

he— 9 |6(D. 4+ po,R)In 2B PPX
Ry [<g o pin 225
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o calculated graphs of the
" height of the equilibrium
// stage as a function of the
//

]

H10% J p , Fig. 2. Experimental and
©

o load: 1) for packing made of
° e -FKEJL—— segments of triangular spiral,
4 Z/ 3.5 x3.0 mm; 2) for the same
V4 ——— packing, 6.5 x5.5 mm; 3) for

55" ° CA%T§ packing made of segments of
2 cylindrical spiral, 6.0 x5.0
m. H, m; Q, kg/m”+sec.
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The height of the equilibrium stage (HETS) for a packed column is calculated, according
to [2], by the formula :
iel

H = [
In[(1 — &) exp (el/h) -+ A]

(27)

where h is given by the expression (24).

An expevrimental check of the expressions obtained was carried out in the distillation of
a calibrating mixture of CgHs and CCl, in a column with a diameter of 70 mm and a height of
1 m in the packed section, on packings made of segments of triangular and cylindrical wire
spirals.

The calculated values of h for Re <1000 were found from formula (25), and those for Re >
1200 were found directly from formula (24). 1In the transition region 1000 <Re <1200 the
value of h was not calculated, but the curves corresponding to laminar and turbulent regions
were joined by a line on the graph. The value of B appearing in the coefficient of turbulent
diffusion was determined in preliminary experiments from the known value of H and found to be
equal to 0.25,

With this value of B, formula (24) satisfactorily describes all the experimental results
irrespective of the shape of the packing, the dimension of the element, and the magnitude of
the flow in the column (Fig. 2). It also enables us to clarify why the height of the equili-
brium stage is practically independent of the load in the turbulent region. The behavior of
H in the turbulent region is determined by the simultaneous action of four factors which
depend on the load: the convective flows of gas and liquid leading to an increase in H and
the compensating influence of the coefficient of turbulent diffusion and the relative amount
of stagnation zones. The contribution of each of these factors can be determined from for-
mulas (24) and (27). As a result, the value of H is only slightly dependent on the load,
although this dependence itself, as can be seen from Fig. 2, is complicated in nature.

It should be pointed out that the height of the equilibrium stage in the turbulent
region is determined in practice by the value it has when the turbulent gas flow first
appears. This indicates that it would be desirable to design new and more efficient packings
with a lower threshold of turbulence. The weak dependence of the height of the equilibrium
stage on the load in the turbulent region of gas flow also leads to the important practical
conclusion that the productivity of columns can be substantially increased without increasing
their volume and length.

NOTATION

Dg, D1iq, coefficients of molecular diffusion; Dt, coefficient of turbulent diffusion
in the gas; R, radius of the gaseous region of the model channel; ro, radius of the central
region of gas flow; m, thickness of the liquid filmj n, r, transverse coordinates in the
liquid and gaseous regions; L, V, linear velocities of liquid and gas; q, volumetric gas flow
ratey I', volumetric flow rate of liquid per unit perimeter; x, y, molar concentrations of the
desired isotope in the liquid and the gas; H, height of the equilibrium stage (HETS); €,
coefficient of enrichment; To, frictional stress on the interface between the phases; U, vis—
cosity; A, fraction of stagnation zones in the packing., Subscripts: t, turbulent; lam,
laminar; liq, liquid; g, gas; ann, annular region; cent, central region.
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CHARACTERISTICS OF CENTRIFUGAL SEPARATOR

Yu., M. Grishin, V. M. Kozlov, and UDC 621.039.5244532,517
A. A, Mosin

An approximate method is proposed for the calculation of the integral separational
characteristics of a centrifugal separator.

The process of separating two-phase (two—component) mixtures forms the basis of many
production technologies [1]. One of the possible models for calculating the separational
characteristics of a centrifugal separator (CS) of the standard scheme shown in Fig. 1 is
considered in the present work. It has been established experimentally [2] that, in the
central part of the separation zone (SZ), there arises an axial column of carrier gas that
is practically free from inclusions of the second phases; "particles'' of gas in the region
of the boundaries of this column move around the axis of the system at some angular velocity.,
The main simplification of the model proposed is that the axial column of carrier gas is
represented as a rigid impermeable cylinder with a radius R, that is constant over the SZ
height. Flow of the mixture under the action of the applied pressure difference is then
considered in a channel bounded by two coaxial cylinders of radii R; and R.; the inner cylin-
der, modeling the axial column of carrier gas, moves in the axial direction at a velocity U,
and rotates about its axis at constant angular velocity w. Tt is assumed that the phase
which is to be separated is present, and moves, in the form of undeformable, indivisible
spherical particles. In addition, only the region of "dilute'' mixtures, with nR.a’<«1, is
considered; in the first approximation, according to [3], this allows: a) the influence of
collisions between particles on the overall character of the disperse-phase motion to be
neglected; b) the assumption tobe made that the presence of particles has no influence on
the velocity~field distribution of the carrier gas. Note here that satisfying the condition
of a "dilute" mixture imposes sufficiently rigorous constraints on the magnitude of the
mass content of particles in the flow at the SZ inlet, bo. Thus, for example, estimation
of the limiting value of b, for a mixture of air (carrier gas) and water (disperse phase)
gives (taking into account that Ubo vna®)

a0 )N 1061 o0 €5
Ry o

owy xRy
Within the framework of the given model, the velocity distribution of the carrier-—gas
flow w is determined from the solution of the steady equations of motion of a single-phase
incompressible medium [4] between two coaxial cylinders (the effect of spatial variation of
the flow density may be neglected in view of the smallness of the carrier-gas characteristic
velocity in the SZ w, =10-30 m/sec in comparison with the velocity of sound). In this system,
the cylinders are regarded as infinitely extended in the axial direction, so that edge effects

b <<(
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