
conditions and the as  smnpti0n,  i nde r iv ing  Eqs .  (1) and (3), that  the in te rac t ion  t ime  does not exceed 10 mtn  and 
the shapes  and s izes  of the bodies  expe r i ence  negligible change. In the exper imenta l  de te rmina t ion  of local 
m a s s - t r a n s f e r  coeff icients  the s a m p l e s  a r e  washed for  an hour, and the shapes  and s izes  of the bodies  a r e  
changed apprec iab ly .  

N O T A T I O N  

u, flow velocity;  v, in te rac t ion  t ime;  k x, local  m a s s - t r a n s f e r  coefficient;  Ahx, d e c r e a s e  in l inea r  d imen-  
sion of sample ;  p, densi ty of t e s t  sample ;  Cs, sa tura t ion  concentrat ion;  0, angula r  d is tance  f r o m  front  c r i t i ca l  
point; r ,  d is tance f r o m  axis  of s ample  to a point on f ront  and r e a r  su r faces ;  l, d is tance to a point f r o m  begin-  
ning of l a t e r a l  sur face ;  R, radius of sample ;  L, length of l a t e ra l  sur face ;  Nu =kd/D,  Nussel t  number ;  P r  =v/D, 
Prandt l  number ;  Re =ud/v, Reynolds number .  
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T R A N S F E R  E Q U A T I O N  I N  T H E R M O D I F F U S I O N  C O L U M N  

W I T H  S P I R A L  W I N D I N G  

G .  D.  R a b i n o v i c h  UDC 621o039.3 : 533.735 

The der iva t ion  of the t r a n s f e r  equation for  a thermodif fus ton column with sp i ra l  winding is 
outlined. It is shown that,  in con t r a s t  to the c l a s s i ca l  case ,  this is a two-d imens iona l  equa-  
tion. 

In 1962, Washal  and Melpolder  suggested that  the sepa ra t ion  of liquid mix tu r e s  could be intensified by 
winding onto the in ternal  cy l inder  of the  thermodif fus ton  column a wi re  sp i ra l  of d i a m e t e r  equal to the gap 
between the hot and cold s u r f ace s  of the column [1]. In t he i r  exper imen t s  with a mix tu re  of cts  and t r ans  i so-  
m e r s  of decahydronaphthalene,  they found that  for  some winding angles of the sp i ra l  the degree  of separa t ion  
was higher  by a f ac to r  of 10 than in the column without a sp i ra l .  

This r e su l t  a roused  the in te res t  of r e s e a r c h e r s ,  and a number  of pape r s  [2-6] we re  devoted to the v e r i -  
f icat ion of the " sp i r a l  effect ,"  s ince it is s imp le  to util ize f r o m  a const ruct ional  viewpoint and allows signif i -  
cantly b e t t e r  enr ichment  of the m i x t u r e  components  to be obtained fo r  the s a m e  energy consumption.  Note, 
however ,  that the ver i f ica t ion  offered in some  works  [2, 5] was based not on a c o m p a r i s o n  of the r e su l t s  ob- 
tained with a s ingle column with and without a sp i ra l ,  but only on data obtained upon introducing into the gap a 
sp i ra l  with an a r b i t r a r y  winding angle.  In these  ca se s ,  good f rac t ionat ion of pe t ro l eum products  and a r educ-  
t ion in the t ime  of the t r ans i en t  p r o c e s s  we re  observed .  A m o r e  thorough invest igat ion was made  in [3] for  
b inary  mix tu re s ,  with different  winding angles of the sp i ra l .  Only withdrawal conditions were  considered;  no 
exper imen t s  we re  conducted under  s ta t ic  conditions.  

The column g e o m e t r y  was chosen  so as to sa t i s fy  the condition c (1 - c )  ~const .  It was es tabl ished that  
the re  is an opt imum winding angle of the sp i ra l  (depending on the ra te  of withdrawal  and the p r o p e r t i e s  of the 
mixture)  at  which the deg ree  of s epa ra t ion  has a c l ea r ly  exp re s sed  m a x i m u m .  

On the other  hand, in [4-6] the introduction of a sp i ra l  winding in the working gap was not found to have 
any pronounced effect  on the sepa ra t ion  of the mix tu re .  For  the sepa ra t ion  of b r o m i u m  isotopes in butyl b r o -  
mide  [4], an i nc rea se  in the t ime  of the t r ans ien t  p r o c e s s  was noted, with no i nc rea se  in the degree  of s e p a r a -  
tion. (The exper imen t s  were  conducted in the absence  of withdrawal.)  

A. V. Lykov Insti tute of Heat and Mass  T r a n s f e r ,  Academy of Sciences of the Be loruss ian  SSR, Mtnsk. 
T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 1, pp. 106-112, July, 1978. Original a r t i c l e  
submit ted June 16, 1977. 
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Fig. 1. Thermodi f fus ion  column with sp i ra l  winding: 1) 
internal  cy l inder  of column; 2) sp i ra l .  

In exper iments  on the f rac t ionat ion of pe t ro l eum oil [6], both with withdrawal of ma t e r i a l  and under  
stat ic conditions, using different  winding angles  of the sp i ra l ,  it was es tabl ished that at c e r t a in  wtndingangles  
the t ime  of the t r ans i en t  p r o c e s s  is much reduced,  but in the range of outputs invest igated no m a x i m u m  in the 
degree  of sepa ra t ion  was obse rved  with change in the winding angle.  

Unfortunately,  the contradic t ion  between the avai lable  exper imen ta l  data cannot be resolved  on the bas i s  
of theory,  s ince as ye t  no adequate theory  exis ts .  The only a t tempt  a t  an analyt ic  desc r ip t ion  of the sepa ra t ion  
of m ix tu r e s  in a column with a sp i ra l  winding [3] r e s t s  on ce r t a in  inco r rec t  a ssumpt ions  which allow the p r o b -  
l em to be reduced to a one-d imens iona l  model .  

The p r e sen t  pape r  outlines a der iva t ion  of the t r a n s f e r  equation for  a thermodif fus ional  column with a 
sp i ra l  winding that is f ree  f rom such def ic iencies .  A d i ag ram of the column is g iven in Fig. la ,  which shows 
only a pa r t  of the inner cy l inder  with the sp i ra l  wound on it. Taking into account  that  in a liquid thermodif fus ion  
column the gap is many  t imes  s m a l l e r  than the radius ,  the space  between two adjacent  turns  of the winding 
m a y  be r ega rded  as  a plane column inclined at an angle ~ to the ver t ica l ;  this s implifying assumpt ion  was 
suggested e a r l i e r  in [2] and used in [3]. The resu l t ing  plane column is shown in Fig. lb .  In the given case ,  
bear ing  in mind the essen t ia l ly  l am i na r  conditions of flow, the hydrodynamics  may  be descr ibed  by the s i m -  
plif ied N a v i e r - S t o k e s  equation 

div ('l grad) w = grad P - -  pg. (1) 

As is usual in der iv ing the t r a n s f e r  equation, it is a s sumed  that  the veloci ty  component  in the x d i rec t ion  (per-  
pendicular  to the plane of the f igure) i s  w x = 0. It  is  a lso  a s s u m e d  that  the ve loc i t i e s  Wy and w z depend only on 
the coordinate  x. This  a s sumpt ion  means  that  t he i r  va r ia t ion  ove r  y is neglected,  which is accep tab le  if B>>6. 
Then in the coordina tes  z - y ,  Eq. (1) may  be replaced by the re la t ion  

d ( /=  dP (2) 
dz ~1 dx ] d---z--- pg*' 

d ( d w ~ )  dP (3) 
n - - g -  = d-- --pgy 

It was shown in [7] that  for  AT < 57~ with an e r r o r  of not m o r e  than 1%, the t r a n s f e r  coeff icients  77, D, 
and a m a y  be a s sumed  to be  independent of the t e m p e r a t u r e  in the rmodi f fus lon-eo lumn calculat ions,  if the 
values of these  coeff icients  a r e  taken at  the mean  t e m p e r a t u r e  in the column T = IT 1 +T2)/2. 

Since the heat t r a n s f e r  is pure ly  by conduction, the var ia t ion  in t e m p e r a t u r e  over  the gap is l inear ,  and 
the components  of the acce l e r a t i on  of g rav i ty ,  accord ing  to Fig. lb,  a r e  g c o s  ~ and gsin~0, respec t ive ly ,  it 
follows that 

(i x) 
Pgz = Pg~ (T - -  T) cos (p = - -  pg~A7 2 g cos qD, 

I x 
pgv= pg~ (T - -  T) sin (p :--'pg~AT (--~--"~) sin(p. 

(4) 

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

(~  ~g~Ar  cos ~ x ( x - -  ~) x 
w, = 6n8 - -  ~ , (6) 

pg[}AT sin q~ .x(x--  6) ----~- (7) 
w~ = 6TI6 

Equations (6) and (7) assume that the deformation of the velocity profi les due to withdrawal of mater ia l  is 
negligibly small .  

The diffusional fluxes in the column are  of the form 

j~=--'pD[ Ocox tz C ( I T  --c)~dT ], (8) 

Oc (9) ]y = -pwvc -- "pD 0!/ ' 

1, ='pwzc-- pD Oc Oz (lO) 

The slope of the  column means that,  in contrast  to a vert ical  column, in which the flux (9) is zero, this 
flux makes a contribution to the mass  t r ans fe r .  

Substituting Eqs. (8)-(10) into the continuity equation 

- 0c p ~ + divj = 0 (11) 

yields 

p._.~_ + - O c  ~ { -  pD [ ' oxOC tz c(1 _ _ C ) T  ~dT ]} 

- Oc - OZc - Oc - - p D  OZc = 0 .  ( 1 2 )  
+ pw v -~y -- pO 0!t---- ~ + pw= ~ Oz 2 

Now consider  an infinitesimally narrow st r ip  dy (Fig. lb); the quantity of a given component t r ans fe r red  
through the c ross  section 6dy in the z direct ion will be determined,  i.e.,  according to Eq. (10) 

5 

0 0 

Analogously, taking into account Eq. (9), the t r ans fe r  in the y direct ion through the c ross  section 6dz is 

6 6 

dTy = dz.f ]ydx = dz ~ (p-~vyc--p-D-~y ) dx. (14) 

0 0 

Introducing the functions 
x x 

r  (x )  = - ( . (   ,dx. = - 

0 0 

the f i rs t  t e rms  in the lntegrand in Eqs. (13) and (14) a re  integrated by par ts .  Then, taking into account Eq. (15), 
6 5 

aT,= --~x @i(x)dx--pD Oz ~-c dy, (16) 
0 0 

5 6 

Oc dr] dz. 07) dT~= [ ;  ~O~(x)dx--'PD S Oy 
..I 

0 0 

The derivative dc/dx may be found from Eq. (12) a f te r  integrating f rom 0 to x. Substituting the resulting ex- 
p ress ion  into Eqs. (16) and (17) leads,  a f ter  cer ta in  t ransformat ions  and the usual assumptions (the basis for  
which is given in [8, 9]) to 
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1 

~D 

-~D 

6 5 

d~z ~A~T c ( 1 -  c) I q)t (x)dx--  ~ O____~c [[q}l (x)] 2 d x -  
dy ~0 . ~D oz . 

0 0 

6 5 

OyOC . [  . t  {x) fl)2 (x) dx  __ C;~DB ozOC--2-- ~ q~l (x) dx -- -pDO OCoz Jr ~-a c, 
0 0 

6 6 
d'~ y r A T [ 1 Oc I" - c (1- -c )  r  _- [%(x)pdx-- 
Oz TO . pD Oy .j 

0 

6 5 

Oz "pD B Oz Og 
0 0 

The  funct ions  4il(x) and r a r e  g iven  by Eqs .  (15), a f t e r  subs t i tu t ing  in 

01 (x) = 24~1 x 2 1--  cos (p, 

O~(x)= g~p~AT ( x ) ~ 241] x ~ 1-- -~- Sill % 

The  coe f f i c i en t s  

Eqs .  (6) and (7), as  fo l lows:  

6 6 

0 o 

5 6 

1 j' �9 t (x) �9 z (x) dx, ~ [O i(x)] 2dx, K~ = pD 
0 0 

8 6 

1 ~[q)2(x)]2dx, K s  a ! BpD �9 l (x) dx, 
+Do  

5 

0 

1 
K ; =  

~D 

K ; , ,  = 

a p p e a r i n g  in Eqs .  (18) and (19) m a y  be  eva lua ted  by r e p l a c i n g  the  funct ions  r and r by t h e i r  va lues  in 
Eqs .  (20) and (21) and ca l cu la t ing  the  in tegra ls~  we obta in  

H '  = H ~ cos (p, H" = H ~ sin (p, K~ = K ~ cos 2 ~, 

K~ = K ~ sin q~ cos % K~'" --- K~ ~ sin 2 r 

7 r 7 axAT 
K ~ =  10 K~ T cos"qo, K~--- 1--'~ K~ T- sinq% 

w h e r e  

(18) 

(19) 

( 2 0 )  

(21) 

(22) 

Ho = c~2g~ 83 (AT) 2 g ~ '  (AT) 2 
, g ~  , ( 2 3 )  6~ ~l T 91 TI2D 

a (24) 
Bo H~ 

The parameter B 0 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 = B 0 cos % (25) 

which is obvious if a section of column of height z' is considered. It is evident that B0z' =Bz and, on the other 
hand, we have 

z' = z cos % (2 6) 

Equa t ion  (25) m a y  be  de r i ved  f r o m  t h e s e  two r e l a t i o n s  if it is  a s s u m e d  tha t  the  d i a m e t e r  of the w i r e  is  m u c h  
l e s s  than  the  d i s t a n c e  be tween  t u r n s  of the s p i r a l .  The  f a c t o r  a, n A T / T  in Eq. (22) m a y  be neg lec ted ,  s ince  it is  
of the o r d e r  of a c c u r a c y  of the  t r a n s f e r  equa t ion  i t se l f ,  as  noted above .  
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Thus,  Eqs.  (18) and (19) a r e  finally replaced  by the equations 

Oc _KOsin(pcosq ) Oc (r c, (27) .,d%dy = H~ cos ~c (1 - -  c) - -  (K ~ cos 2 (p + Kd) dz ~ + Bocos(p 

ac Oc __ K~ o sin (p cos ( p - -  (28) dXYdz -- H~ sin r (1 ~ c) - -  (K ~ sin 2 ~ + Kd) -~y Oz 

The flux through unit su r face  in unit t ime  is obtained by dividing the t r a n s f e r  into e l e m e n t a r y  a r e a s  pe rpend ic -  
u l a r  to the axes  z and y~ i.e. ,  the f luxes a r e  

] . =  dx z .. dxy (29) 
6dy " l y = 5dz 

Since m a s s  conse rva t ion  impl ies  that  

~,  dc = - - d i v j * ,  (30) 
dt 

Eq. (30) y ie lds ,  a f t e r  introducing the new va r i ab le s  

HOz H~ H 02 t 
" -  o - -  (31) 

and taking into account  Eqs.  (27)-(29), an equation descr ib ing  the change in concent ra t ion  at any point of a 
the rmedi f fus ion  column with a sp i ra l  winding: 

, dec dec 
c)c = cos ~ (p (cos 2 ~o § k) ~ + 2 sin ~ cos z (p ~ + 
dO 

+(s in2cp+k ) dec __cos~( p a a [c(1--c)] • ac (32) 
ov 3 ~ [c (1 - -  c)] - -  sin (p ~ cos (p d----u- ' 

where  

k = Ka (33) 
K, 0 

It is  evident f r o m  Eq. (32) that in a column with a sp i ra l ,  in con t ras t  to a ver t ica l  column, the concen-  
t r a t i o n  is a function of two coord ina tes .  Iri addition, whereas  in a ver t ica l  liquid thermodif fus ion  column Kd<< 
K~ and the coeff ic ient  k in Eq. (33) m a y  be neglected in c o m p a r i s o n  with unity, in a column with a sp i ra l  k may  
be c o m m e n s u r a t e  with sin2~ o r  cos2ga. Note a l so  that  Eq. (32) is only valid for  0< ~p < r / 2 .  s ince in these  l im i t -  
ing ca se s  e i the r  jy or  Jz mus t  be se t  equal to ze ro  in the phys ica l  formula t ion  of the p rob lem - see  Eqs.  O) 
and (10). 

Equation (32) is nonl inear  and may  be l inear ized  in the ca se s  c ( 1 - c ) ~ c ;  c ( 1 - c ) ~ 1 - c ;  c ( 1 - c ) ~ a  + bc. 
The conditions which mus t  be sa t is f ied  by the solution of Eq. (32) depend on the operat ing 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. 

N O T A T  IO N 

x, coord ina te  pe rpend icu l a r  to the plane of Fig. 1; y, z, z ' ,  coordinates  (see Fig. 1); B, dis tance between 
turns  of the sp i ra l ;  L, length of the spira l ;  q0, inclination of sp i ra l  to the ver t ica l ;  r ,  m a s s  of the given c o m -  
ponent t r a n s f e r r e d  in unit t ime;  j*, flux, i .e. ,  t r a n s f e r  r e f e r r e d  to unit c r o s s - s e c t i o n a l  a rea ;  u, v, 8, p a r a m -  
e t e r s  defined in Eqs.  (31); c, m a s s  concentrat ion;  t, t ime;  Kc ~ H ~ Kd, Kcr, ~t, see  Eqs. (23)-(24); 6, gap; A T =  
T1--T2; T1, T2, t e m p e r a t u r e s  of hot and cold su r faces  of column; a,  thermodif fus ion constant;  ~1, D, /3, dynamic-  
v iscos i ty ,  diffusion, and t h e r m a l - e x p a n s i o n  coeff icients;  p, densi ty.  
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AN ELECTRIC ARC IN A CHANNEL BEARING 

A TURBULENT GAS FLOW 

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

UDC 537.527 

A study of the pos i t ive  column in an a r c  in a tube containing a turbulent  gas flow is p resen ted .  
Working fo rmulas  a r e  given for  es t imat ing  the a rc  p a r a m e t e r s .  

The re  a r e  many  pape r s  [1-3] on the theory  of a rc  columns s tabi l ized by l a m i n a r  gas  flows; m a j o r  ad-  
vances have been made,  as is c l e a r  f rom the good ag reemen t  between theory  and exper iment  for  l a m i n a r  or  
n e a r - l a m i n a r  flow. However ,  the flow s ta te  may  di f fer  cons iderably  f r o m  l a m i n a r  in an e l e c t r i c - a r c  device 
such as  a p l a sma  source ,  even though the Reynolds number  is smal l ,  on account of the var ious  types  of in- 
s tabil i ty occur r ing  in a r c s ,  which cause  fluctuations in the local p a r a m e t e r s .  According to cu r ren t  views [4], 
an  a rc  becomes  essen t ia l ly  turbulent  in the p r e s e n c e  of a mode ra t e  gas  flow f rom the point where  the pos i t ive  
column mee t s  the turbulent  boundary l aye r .  The column in such a flow is descr ibed  by a compl ica ted  s y s t e m  
of equations difficult to solve.  However,  var ious  s implifying assumpt ions  can provide  solutions that incorpora te  
the m a j o r  p r o c e s s e s ,  which can enable one to ca lcula te  the e lec t r i ca l  and t h e r m a l  c h a r a c t e r i s t i c s  with r e a so n -  
able accu racy .  

1. F o r m u l a t i o n  a n d  S o l u t i o n  

Here  we cons ider  an a rc  column in a cyl indr ical  channel containing a turbulent  gas flow; let pv =pv + 
(pv'), pu= fou)', E =1~ +E ' ,  S=S +S v, ,~nd a=rr+a,, while tt is a s sumed  that the assumpt ions  made  in [1-3] apply.  
In the p resen t  case ,  we fu r the r  specify  that  the re laxa t ion  t imes  of the e l emen ta ry  p r o c e s s e s  in the p l a sma  
a re  sma l l  by c o m p a r i s o n  with the t ime  sca le  of the turbulent  pulsa t ions .  Then the pos i t ive  column is descr ibed  
by the following equation if we a s s u m e  that E is constant  ove r  the c r o s s  sect ion of the tube and neglect  turbulent  
heat  t r a n s p o r t  along the axis ,  viscous dissipat ion,  the change in the kinetic energy  by c o m p a r i s o n  with the in- 
put heat,  the convect ive  t r a n s f e r  along the flow, and the radial  energy flow a r i s ing  f rom heat conduction and 
turbulence:  

~ h  8 0 S  (pu)'h s OS' 1 0 ( OS ] - -  
I c9~ + T Or = R2r Or r ~ + (E 2 + E'") ~85--~S,, (1) 

! 

I 

( 1 )  = 2nRZG < E > S Srdr (2) 
0 

subject  to the conditions 

a ~  (0, z) = 0, p v =  const (3) g (r, 0) = ~ (r), g (1, z) = 0, 

Es t imat ion  of the t e r m s  in the equations for  the a rc  shows that  this  model  appl ies  for  reasonably  long chan-  
nels provided that  the d iscuss ion  is r e s t r i c t ed  to the region of developed turbulence  for  low Mach numbers .  
The instantaneous cu r r en t  and voltage a r e  var iab le ,  so Ohm's  law in (2) has been wr i t ten  for  the effect ive 
values .  The turbulent  pulsat ions  a r e  comple te ly  random,  so the phase  di f ference between I and E may  be 
taken as zero .  
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