conditions and the assumption,inderiving Eqs. (1) and (3), that the interaction time does not exceed 10 min and
the shapes and sizes of the bodies experience negligible change. In the experimental determination of local
mass-transfer coefficients the samples are washed for an hour, and the shapes and sizes of the bodies are
changed appreciably.

NOTATION

u, flow velocity; 7, interaction time; kg, local mass~transfer coefficient; Ahyg, decrease in linear dimen-~
sion of sample; p, density of test sample; cg, saturation concentration; 8, angular distance from front critical
point; r, distance from axis of sample to a point on front and rear surfaces; I, distance to a point from begin-
ning of lateral surface; R, radius of sample; L, length of lateral surface; Nu=kd/D, Nusselt number; Pr=v/D,
Prandtl number; Re =ud/v, Reynolds number,
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TRANSFER EQUATION IN THERMODIFFUSION COLUMN
WITH SPIRAL WINDING

G. D. Rabinovich UDC 621.039,3:533.735

The derivation of the transfer equation for a thermodiffusion column with spiral winding is
outlined. It is shown that, in contrast to the classical case, this is a two~dimensional equa-
tion.

In 1962, Washal and Melpolder suggested that the separation of liquid mixtures could be intensified by
winding onto the internal cylinder of the thermodiffusion column a wire spiral of diameter equal to the gap
between the hot and cold surfaces of the column [1]. Intheir experiments with a mixture of cis and trans iso-
mers of decahydronaphthalene, they found that for some winding angles of the spiral the degree of separation
was higher by a factor of 10 than in the column without a spiral.,

This result aroused the interest of researchers, and a number of papers [2-6] were devoted to the veri-
fication of the "spiral effect,” since it is simple to utilize from a constructional viewpoint and allows signifi-
cantly better enrichment of the mixture components to be obtained for the same energy consumption. Note,
however, that the verification offered in some works [2, 5] was based not on a comparison of the results ob-
tained with a single column with and without a spiral, but only on data obtained upon introducing into the gap a
spiral with an arbitrary winding angle. Inthese cases, good fractionation of petroleum products and a reduc-
tion in the time of the transient process were observed. A more thorough investigation was made in [3] for
binary mixtures, with different winding angles of the spiral. Only withdrawal conditions were considered; no
experiments were conducted under static conditions.

The column geometry was chosen so as to satisfy the condition c¢(1—c)~const. It was established that
there is an optimum winding angle of the spiral (depending on the rate of withdrawal and the properties of the
mixture) at which the degree of separation has a clearly expressed maximum,

On the other hand, in [4-6] the introduction of a spiral winding in the working gap was not found to have
any pronounced effect on the separation of the mixture., For the separation of bromium isotopes in butyl bro-
mide [4], an increase in the time of the transient process was noted, with no increase in the degree of separa-
tion. (The experiments were conducted in the absence of withdrawal.,)
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Fig. 1. Thermodiffusion column with spiral winding: 1)
internal cylinder of column; 2) spiral.

In experiments on the fractionation of petroleum oil [6], both with withdrawal of material and under
static conditions, using different winding angles of the spiral, it was established that at certain winding angles
the time of the transient process is much reduced, but in the range of outputs investigated no maximum in the
degree of separation was observed with change in the winding angle.

Unfortunately, the contradiction between the available experimental data cannot be resolved on the basis
of theory, since as yet no adequate theory exists. The only attempt at an analytic description of the separation
of mixtures in a column with a spiral winding [3] rests on certain incorrect assumptions which allow the prob-
lem to be reduced to a one-dimensional model,

The present paper outlines a derivation of the transfer equation for a thermodiffusional column with a
spiral winding that is free from such deficiencies, A diagram of the column is given in Fig. la, which shows
only a part of the inner cylinder with the spiral wound on it. Taking into account that in a liquid thermodiffusion
column the gap is many times smaller than the radius, the space between two adjacent turns of the winding
may be regarded as a plane column inclined at an angle ¢ to the vertical; this simplifying assumption was
suggested earlier in [2] and used in [3], The resulting plane column is shown in Fig. 1b. In the given case,
bearing in mind the essentially laminar conditions of flow, the hydrodynamics may be deseribed by the sim-
plified Navier—Stokes equation

div (n grad) w = grad P — pg. (1)

As is usual in deriving the transfer equation, it is assumed that the velocity component in the x direction (per-
pendicular to the plane of the figure) is wy = 0. It is also assumed that the velocities wy and w, depend only on
the coordinate x. This assumption means that their variation over y is neglected, which is acceptable if B> 6,
Then in the coordinates z—y, Eq. (1) may be replaced by the relation

a4 (, dw \_dP @)
iz ( dx )" iz e
4 dw, ) _4ar @
&y ( dx &y PEy-

It was shown in [7] that for AT <57°C, with an error of not more than 1%, the transfer coefficients 1, D,
and @ may be assumed to be independent of the temperature in thermodiffusion~column calculations, if the
values of these coefficients are taken at the mean temperature in the column T = (T; +T,)/2.

Since the heat transfer is purely by conduction, the variation in temperature over the gap is linear, and
the components of the acceleration of gravity, according to Fig. 1b, are gcos ¢ and gsing, respectively, it
follows that

0g,= pgh (T —T)cos ¢ = — pgBAT ( ) cos @, G

m|‘—- ml»—

*
]
pgy= Egﬁ (T —T)sine =— pgBAT ( — ‘i‘;") sin @. (5)



Substituting Eqs. (4) and (5) into Eq. (2), and solving under the condition that the velocities wyx and Wy are equal
to zero on the surfaces x=4§ and x=0, we obtain

pgBAT cos 8

w,:————————pg‘3 o P xx—0) (x—-?) ) )
pgBAT sin 8

w, = — LTS (g (\x—?). @)

Equations (6) and (7) assume that the deformation of the velocity profiles due to withdrawal of material is
negligibly small.

The diffusional fluxes in the column are of the form

. —.[ dc a dT 8)
c=—pD| — — —¢(1 —¢ , (
I ° [ax T ( ) dx ]
., = - ac
1y=pwy0——pD—ay , (9)
jz =szc'_ ED % . (10)
0z

The slope of the column means that, in contrast to a vertical column, in which the flux ) is zero, this
flux makes a contribution to the mass transfer,

Substituting Egs, (8)-(10) into the continuity equation

B%E—-{—divj:O (1)
yields
bR - s )
_;_pwyg_.——BD gcz + pw, ‘;C —pD (;Zcz =0. (12)

Now consider an infinitesimally narrow strip dy (Fig. 1b); the quantity of a given component transferred
through the cross section édy in the z direction will be determined, i.e., according to Eq. (10)

[ [
dr,= dy Yi,dx = dy Sv <5w,c—5D % ) d. (13)
. N Z
[} [1}

Analogously, taking into account Eq. (), the transfer in the y direction through the cross section édz is

5 5
dr, = dz Y jdx = dz f (5wyc —oD —gf—) d. (14)
] ] y
Introducing the functions
D ()=—p [wdr, Q)=—p [ w,dx (15)
0 é
the first terms in the integrand in Eqs, (13) and (14) are integrated by parts. Then, taking into account Eq. (15),
$ a ) a
dr, = ¢ @, Wdr—pD | L dr+ L cfay, (16)
ox 0z B
0
-] [} a
dr, = ” % _ @, (x)dr— pD f d dx] dz. an
ox ; dy
0

The derivative de/dx may be found from Eq. (12) after integrating from 0 to x. Substituting the resulting ex~
pression into Eqs. (16) and (17) leads, after certain transformations and the usual assumptions (the basis for

which is given in [8, 9]) to
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] &
du AT g [rb,(x)dx———_‘—— - S'[cbi(x)]zdx—
dy Té . pD 0z s
J o [ a
= L [ owemd — L T wa —psT 4 2 (18)
oD dy pDB 0z ? 0z B
AT ? 1 o :
dt, a c [
=——¢c(l—¢) | Oy(x)dx — — (D, (x)]2dx —
e e
Q 0
J ax [ a
S f@(x)%(x)dx— .. fcbz(x)dx —pDs %, (19)
oD 0z oD B 0z ; oy
The functions &,(x) and ®,(x) are given by Egs. (15), after substituting in Eqs, (6) and (7), as follows:
p20AT x \?
D, (x) = —g%i—n——-xz( 1— —6-) €os ¢, (20)
_ gﬁﬁzﬁAT 2 _i)z i 1
D,(x) = ———%n——x 1 g | sine. (21)
The coefficients
AT : T ?
H =220\ ©,(x) dx, H”=5'—%— Y(Dz(x)dx,
T6 .

8 ]
P f (@, ()Pds, K =—_1; S @, (£) @, (x) dx,
n
0

s [}
Ky = j (D, (P dr, K, =—2 f“’t(")""’
oD J BeD

0
]
- (11 =,
K= 55 5‘ @, (x) dx, K,— pDb
0

appearing in Egqs. (18) and (19) may be evaluated by replacing the functions & (x) and ®,(x) by their values in
Egs. (20) and (21) and calculating the integrals; we obtain
H =Hcosg, H' =H’sing, K= Klcos?q,

K, = K%sinpcosp, K" =K?sin?q,

A . 7 AT .
K, = 170 K? 9—’;‘_—Tcosz(p, K, = —Td—-KS WT sin g, 22)
where
o CPEBE(ATY ., R (AT
et K=o (23)
Hn = Bc;jo . (24)
(1}

The parameter By in Eq. (24) is the perimeter of the cylinder on which the spiral is wound and is related to
the distance B between turns of the spiral by the relation

B = Bycos g, (25)

which is obvious if a section of column of height z' is considered. Tt is evident that Byz'=Bz and, on the other
hand, we have

2 =zcos . (26)

Equation (25) may be derived from these two relations if it is assumegl that the diameter of the wire is much
less than the distance between turns of the spiral. The factor ovAT/T in Eq. (22) may be neglected, since itis
of the order of accuracy of the transfer equation itself, as noted above.
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Thus, Egs. (18) and (19) are finally replaced by the equations

dr, oc dc v
z_ = H%cos gc (1 — ¢) — (KO cos? Ky) — —K%singcosg —— G
2 gc(l—o)—( @+ Ky) . 2 sin @ cos @ 3 + Brcosg 27
Y _ g . dc . dc
—¥ = Hsinge(l —c) —(K9sin*9 +K;) — — Ksingcos g—— . (28)
dz oy 0z

The flux through unit surface in unit time is obtained by dividing the transfer into elementary areas perpendic~
ular to the axes z and y; i.e., the fluxes are

[ T (29)
8dy 6dz
Since mass conservation implies that
- dc
— = —divj*, (30)
P i
Eq. (30) yields, after introducing the new variables
Hoz Hoy HY ¢
U = —7— , U = e T 1
K? Ky pOK? Gh)
and taking into account Egs. (27)-(29), an equation describing the change in concentration at any point of a
thermodiffusion column with a spiral winding:
oc 2 0% o
—_— = 52 k)—— + 2sin @ cos?
a5 = o @(cos® ¢ -+ k) ™ + P srpauav+
+(sin2 @ + & 021 —o) —sing L [c(1 — ) —— L, (32)
dv cos¢g Ou
where
p= K (33)

It is evident from Eq. (32) that in a column with a spiral, in contrast to a vertical column, the concen-
tration is a function of two coordinates. In addition, whereas in a vertical liquid thermodiffusion column K3«
K° and the coefficient k in Eq. (33) may be neglected in comparison with unity, in a column with a spiral k may
be commensurate with sin’p or cos?p. Note also that Eq. (32) is only valid for 0< ¢ <r/2, since in these limit-
ing cases either Jy or j; must be set equal to zero in the physical formulation of the problem — see Egs, 9)
and (10).

Equation (32) is nonlinear and may be linearized in the cases c(1—c)®¢; c(1—c)®1—c; c(l—~c)=a +be,
The conditions which must be satisfied by the solution of Eq. (32) depend on the operating conditions in the
column,

Thus, a final discussion of the region of applicability of thermodiffusion columns with spiral winding will
be possible after a solution to Eq. (32) has been obtained,

NOTATION

x, coordinate perpendicular to the plane of Fig, 1;y, z, z', coordinates (see Fig. 1); B, distance between
turns of the spiral; L, length of the spiral; ¢, inclination of spiral to the vertical; T, mass of the given com-
ponent transferred in unit time; j*, flux, i.e., transfer referred to unit cross-sectional area; u, v, 6, param-
eters defined in Eqs. (31); ¢, mass concentration; t, time; K2, H’, Kq, Ko, %, see Eqs. (23)-(24); 6, gap; AT =
Ty=T,; Ty, Ty, temperatures of hot and cold surfaces of column; ¢, thermodiffusion constant; #, D, 8, dynamic~
viscosity, diffusion, and thermal-expansion coefficients; p, density,
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AN ELECTRIC ARC IN A CHANNEL BEARING
A TURBULENT GAS FLOW

Z. M. Galeev, R. R, Ziganshin, UDC 537.527
R. Kh, Ismagilov, and A. G, Shashkov

A study of the positive column in an arc in a tube containing a turbulent gas flow is presented,
Working formulas are given for estimating the arc parameters.

There are many papers [1-3] on the theory of arc columns stabilized by laminar gas flows; major ad-
vances have been made, as is clear from the good agreement between theory and experiment for laminar or
near-laminar flow. However, the flow state may differ considerably from laminar in an electric-arc device
such as a plasma source, even though the Reynolds number is small, on aceount of the various types of in~-
stability occurring in ares, which cause fluctuations in the local parameters, According to current views 141,
an arc becomes essentially turbulent in the presence of a moderate gas flow from the point where the positive
column meets the turbulent boundary layer, The column in such a flow is described by a complicated system
of equations difficult to solve, However, various simplifying assumptions can provide solutions that incorporate
the major processes, which can enable one to calculate the electrical and thermal characteristics with reason-
able accuracy.

1. Formulation and Solution

Here we consider an arc column in a cylindrical channel containing a turbulent gas flow; let pv =pv +
(ov'), pu= (pu)', E=E +E', S=S+8', and 0=0 +0', while it is assumed that the assumptions made in [1-3] apply.
In the present case, we further specify that the relaxation times of the elementary processes in the plasma
are small by comparison with the time scale of the turbulent pulsations. Then the positive column is described
by the following equation if we assume that E is constant over the cross section of the tube and neglect turbulent
heat transport along the axis, viscous dissipation, the change in the kinetic energy by comparison with the in~
put heat, the convective transfer along the flow, and the radial energy flow arising from heat conduction and
turbulence:

pvh, 85 | (ou) h, 05 1 d as B e Tt
s ‘ s — E — , 1
! 0z R or Rzr  ar (r or ) HEFE) O S-ES @
1
(1) =2nR%,{E) 5 Srdr 2
b

subject to the conditions

S, 0)=9(), 30, 2)=0, %S; 0, 2)=0, pv= const. &)

r

Estimation of the terms in the equations for the arc shows that this model applies for reasonably long chan~
nels provided that the discussion is restricted to the region of developed turbulence for low Mach numbers.
The instantaneous current and voltage are variable, so Ohm's law in (2) has been written for the effective
values, The turbulent pulsations are completely random, so the phase difference between I and E may be
taken as zero.

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol, 35, No. 1, pp. 113~120, July, 1978, Original article
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