
S E L F - S I M I L A R  M O V E M E N T  O F  A V I S C O U S  GAS 

IN A C H A N N E L  

M. A. G o l ' d s h t i k  UDC 532.517.2 

The resul ts  presented in [1] r e f e r  p r imar i ly  to dropping liquids for which the influence exer ted 
by the the rmal  conditions on the flow is related to the t empera tu re  dependence of the viscosi ty .  
The s e l f - s imi l a r  flow of a viscous gas in a channel with a l inearly increasing wall t empera tu re  
is examined in this paper .  The influence exerted by the Reynolds and Prandtl  numbers  on heat 
exchange and the hydrodynamics  of the flow is analyzed. 

w 1. Let us consider  an idealized case in which the kinematic v iscos i ty  v and the coefficient of thermal  
conductivity u are t rea ted  as constant and the density p is related to the t empera tu re  T in the following de- 
pendence 

p = 9oTo/T,  

which is used by Boussinesq as a rough approximation of the equation p = pRT for low values of Ap/p. 

Given these assumptions the problem of the s ta t ionary flow of a viscous gas in a plane channel with a 
l inear ly  increas ing wall t empera ture ,  since Tw =T0x, is capable of a s e l f - s imi l a r  solution in the form 

v~. = Vou(y)x; v,j = 0; T = ToO(y)x. (1.1) 

The equations of movement and energy  for this form of solution can be written as 

vxOvx/Ox = - - ( l lp )Op/Ox  @ v~v.~/Og"-; 
(1.2) 

v~.OT/Ox = xO~T/Oy ' ,  

where x and y are Car tes ian  coordinates;  v x and Vy are the longitudinal and t r ansve r se  components of the gas 
velocity;  p is p r e s su re ;  P0 and T o are cer ta in  scale values of the density and tempera ture ;  and v 0 is the mean 
gas flow rate assumed to be expressed  by 

l 

The half-width of the channel h is taken as the scale of length. 

By insert ing relat ion (1.1) into Eq. (1.2), we obtain 

u "  = Re  (u  s - -  xa~O); (1.4) 

0" = Re ou0, (1.5) 

where the pr ime indicates differentiation in t e r m s  of y; Re =v0h/v is the Reynolds number;  ~= r/n is the Prandt l  
number;  a s = (h/P0V20) I dp/dxl is the coefficient of res is tance;  and X = ~1. In express ion (1.4) the X value X =+1 
cor responds  to a movement of the gas in a positive direction when it is heated. When it moves in the opposite 
direction the sign of the p res su re  gradient is governed by two opposing factors :  the friction between the flow 
and the wall and the decelerat ion of the gas in the direction in which it is moving, so that a case co r respond-  
ing to a value of X = - 1  is possible (friction predominating).  

By assuming the flow to be symmet r i ca l  about the axis of the channel (y=0) the  following boundary con-  
ditions can be imposed: 
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. ' ( o )  = 0 ' ( o )  = o;  u(1)  = o;  0 ( i )  = 1. 

In add i t ion ,  the  fo l lowing  r e l a t i o n  fo l lows  f r o m  (1.3): 

t 
i I  

t T d g = l ,  
0 

which  i s  u s e d  to  d e t e r m i n e  the  unknown p a r a m e t e r  a in (1.4). 

The  n o n l i n e a r  b o u n d a r y - v a l u e  p r o b l e m  be ing  p o s e d  is  s o l v e d  by r e p l a c i n g  v a r i a b l e s ,  

u = aw,  g = z / } r a  Re, 

which  g i v e s  Eqs .  (1.4) and (1.5) the  f o r m s  

(1.6) 

(1 .7 )  

w" = u,-'-- X0; (1.8) 

0'" = aw0. (1.9) 

It is  u s e f u l  in so lv ing  t h i s  d e r i v e d  se t  o f  e q u a t i o n s ,  to e x a m i n e  the  a u x i l i a r y  Cauchy  p r o b l e m  

w(0) = Wo; w'(0) = 0; 0(0) = 0o; 0'(0) = 0. (1.10) 

In r e l a t i o n s  (1.8)-(1.10)  the  p r i m e  i n d i c a t e s  d i f f e r e n t i a t i o n  in t e r m s  of  the  v a r i a b l e  z.  

The  p r o b l e m  as  p o s e d  c o n t a i n s  the  two f r ee  p a r a m e t e r s  w 0 and 0 0, which  can be d e t e r m i n e d  by app ly ing  
the  fo l lowing  c o n s i d e r a t i o n s .  Le t  the  magn i tude  o f  0 0 be f ixed ,  Then ,  as  shown below,  the  po in t  z 0 i s  found 
fo r  c e r t a i n  v a l u e s  of  w 0, w h e r e  w(z 0) =0 .  If,  by v a r y i n g  the p a r a m e t e r  w0, the  r e l a t i o n  0 (1) =1 can  be c o m -  
p l e t e d ,  the  o r i g i n a l  b o u n d a r y  cond i t i ons  wi l l  be s a t i s f i e d  when y = 1 ,  f r o m  which  a c c o r d i n g  to (1.7) it  can be 
a s s u m e d  tha t  

z 0 = ] a R e .  (1.11) 

The  r e l a t i o n  (1.6) in the  new v a r i a b l e s  t a k e s  the  f o r m  

*'o 

-6- ~ t ( 1 . 1 2 )  

The  m a g n i t u d e s  of  a and Re a r e  d e t e r m i n e d  by u s i n g  f o r m u l a s  (1.11) and (1.12): 

a = z o ,' Re = z o .t -d- dz. 
. '  0 

The magn i tude  o f  0 0 fo r  a g iven  a e a n  be t r e a t e d  as  the  b a s i c  p a r a m e t e r  of  the  p r o b l e m  with  one o r  m o r e  
Re v a l u e s  c o r r e s p o n d i n g  to  e a c h  o f  i t s  v a l u e s .  The coe f f i c i en t  of  f r t e t t o n e f a n d  the  N u s s e l t  c r i t e r i a  Nu can  
be d e t e r m i n e d  f r o m  the  r e l a t i o n s  

t 9 
c~ = - ( v  v~)  o v J @ l , ~ = ,  = - a V-ia/ae) ~ '  (Zo~ = cx; 

(1.14) 
- -  = t / - -  Nu = zd~lL = [ t / (T~ To)IaTIdgt~= ~ [1/(1 - -  O~)]dO/dyly=~= zo o (%),(i 0o). 

w 2. W h e n a  = 0 t h e s t a t e m e n t o f t h e  p r o b l e m  m u s t  be a l t e r e d  s l i gh t l y ,  s i n c e ,  a c c o r d i n g  to  (1.9), ~ - 1  and 
i t  is  not  p o s s i b l e  to s a t i s f y  the  eond i t i on  0 (1) =1 by s e l e c t i n g  v a l u e s  fo r  w 0. In t h i s  c a s e  the  fo l lowing  p r o b l e m  
r e q u i r e s  so lu t ion :  

w" = w e - -  7.; w(0) = w0; ud(0) = 0. (2.1) 

The c o r r e l a t i o n s  in (1.13) s t i l l  r e m a i n  v a l i d  s i n c e ,  the  connec t ion  be tween  w 0 and I% can  b e e s t a b l i s h e d d i r e c t l y .  

The  m u l t i p l i c a t i o n  of  (2.1) by w '  fo l lowed  by i n t e g r a t i o n  g i v e s  the  fo l lowing  r e l a t i o n :  

2 3 w" = - y  (w - -  u,~) - -  2 x ( u , -  u'o) ~ F  (w). (2.2) 

Here  the  b o u n d a r y  cond i t ion  w ' ( 0 ) = 0  is  t a k e n  into accoun t .  F r o m  (2.2) we ob ta in  w'  = ~ ,  f r o m  which it 
fo l lows  tha t  

w 

S d,c (2.3) 
z = • t F (w) 
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Consequen t ly ,  the magni tude  o f  z 0 g o v e r n e d  by the condi t ion w(z 0) =0 can be wr i t t en  as 

0 

dw 
z~ = -----' ! F (u,) 

�9 it" 0 

(2.4) 

In e x p r e s s i o n s  (2.3) and (2.4) the s ign should  be s e l ec t ed  on the bas i s  of  the condi t ion of  pos i t i venes s  o f  z 0 so 
that  the s ign  is the oppos i t e .o f  the  s ign o f  the w 0. In the c a s e  o f  ) / = - l t h e  p r o b l e m  (2.1) has  only an i n c r e -  
men ta l  so lu t ion  with a pos i t ive  c u r v a t u r e  so tha t  only the negat ive  va lues  of  w 0 can c o r r e s p o n d  to the o r ig ina l  
bounda ry -va lue  p r o b l e m .  A minus  s ign should  be a s s igned  to the value of  the roo t  in (2.3). The w(z) function 
has  a s ingle  root  zo and th roughout  the 0-< z -  z 0 range  w(z) -< 0 so that ,  a c c o r d i n g  to  (1.13), (1.7), and (1.1), 
a < 0 ;  Re <0; u - 0 ;  v0<0 ;  and Vx-<0 , which c h a r a c t e r i z e s  m o v e m e n t  in the negat ive  d i rec t ion .  

Af te r  r ep l ac ing  the  v a r i a b l e s  w =w0t the e x p r e s s i o n  (2.4) can be r e c o r d e d  as 

1 
--- ] , ~  ~ dt 

zo . . . .  o ~ - ~ ;  ~ = ]#2/3,,'o 2 (i - t  ,) - 2z (~ - t) . (2.5) 

When [w0[ <<1, a c c o r d i n g  to (2.5), z o ~ ( - w o )  1/2 and, when [wo[ >>1, zo~( -Wo )-~/2 and the re  is thus a m a x i m u m  
value of  z o f o r  any w o. By us ing  (1.13) and (2.5), it can be wr i t t en  

1 l 

Re = - ~0 I" d~ i' tdt ~ ~ . --~-" 

F r o m  th is  it can be seen  that  when I w 01 <<1, Re ~w~, and when [w01 --- ~o, R e t e n d s t o  a ce r t a in  finite n u m b e r  
equal ,  a c c o r d i n g  to ea lcu la t ions ,  t o - 1 . 8 1 4 .  Thus ,  with a pos i t ive  p r e s s u r e  g rad ien t  an inve r se  movemen t  with 
high Reynolds  n u m b e r s  is i m poss i b l e .  

In the c a s e  o f  X =+1  the F(w) function,  as d e t e r m i n e d  by e x p r e s s i o n  (2.2), is bes t  r e p r e s e n t e d  as 

~(zc) = 2/3(~L" --  Zl'o)(Ic- U'I)(W- z~'.~), (2.6) 

w h e r e  

: ( •  - - 

I f  w(z) is the solut ion to the o r ig ina l  b o u n d a r y - v a l u e  p r o b l e m  then  w(z 0) =0,  so that  F(0) = 2 w 0 ( 1 - 1 / 3 w 2 ) .  Since 
by defini t ion F(w) >-0, only those  va lues  of  w 0 which sa t i s fy  the inequal i t ies  

0 ~ W o ~ ! : ~ -  or W o ~ - - I  ~ 

a re  admi s s ib l e .  

In the 0 -<w0---g-fand - 2  -< w0<----4-3--ranges the w 1 and w 2 roo t s  are  r e a l  and when w 0 < - 2 t h e y  a re  c o m -  
plex.  The funct ion (2.6) is a cubic  p a r a b o l a  with F ~  �9 oo when w ~  �9 ~o. If  w 0 < - 2 , t h e n  F(w) has a single r e a l  
roo t  w 0 and w(z) i n c r e a s e s  smoo th ly  up to infinity.  This  fol lows f r o m  (2.1) and (2.2). When w 0 ~ co, Re 
- 1 . 8 1 4  as fo r  ) /= - 1 .  Whenw0= - 2 ,  w(z) i n c r e a s e s  s m o o t h l y  and tends  a sympto t i c a l l y  to a value of  w 1 =w 2 =1.  
I f - 2  < w 0 - < - 3 ,  then w(z) i n c r e a s e s  while the F(z) funct ion does not r e a c h  the subsequent  z e r o  0 <-w 1 < 1, where  
w exhibi ts  a m a x i m u m .  F u r t h e r ,  as z r i s e s  w(z) fa l ls ,  which c o r r e s p o n d s  to m o v e m e n t  backward  along the 
phase  t r a j e c t o r y  in the (F, w) p lane .  In this  ca se  the w funct ion is pe r iod ic ,  osc i l l a t ing  between va lues  of  w 0 
andw I with a p e r i o d  

lt ' l  

= Y ~ ] / ( ,~ ' -  ~o) (~, -- ~1) (w -- ~:) (2.7) 

When W o = - - ~ ,  w 1 =0,  so that  w(z) r e a c h e s  a m a x i m u m  when w =0 and o sc i l l a t e s  between va lues  of -~f~ and 0 
I / 4  I r 2 with a pe r iod  ~ = (3/4) (242-7r)- (1/4) -~ 2.45 c o r r e s p o n d i n g  to  a R e y n o l d s n u m b e r s  of Re = - 3 / 2 ~ r  = - 4 . 7 1 .  

In the - 4 - f < w  0 <0 range  the w(z) funct ion is p e r i o d i c  and negat ive  so that  the o r ig ina l  bounda ry -va lue  p r o b l e m  
has ,  as a l r e ady  noted,  no solut ion,  i .e . ,  the b a c k w a r d  m o v e m e n t  of  the gas is not poss ib le  when the Re n u m -  
b e r s  a re  f a i r ly  high in t e r m s  of  the modulus .  

When 0 < w 0 < l ,  the w(z) funct ion is a lso  pe r iod i c  with a pe r iod  of  (2.7) and it can be found by shif t ing the 
solut  ions c o r r e s p o n d i n g  to va lues  of  - 2 < w 0 -<-4"3" onto ha l f  the pe r iod .  The m i n i m a  of  the w (z) funct ion then 
lie in the ( -2 ;  - 4 3 )  r ange ;  in o t h e r  words ,  t h e r e  is a finite value of  z 0 fo r  e a c h  w 0 in the range  unde r  cons id -  
e r a t i on .  
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F o r  the  p e r i o d i c  s o l u t i o n s  the  m a g n i t u d e  z 0 can  t a k e n  to be the  f i r s t  r oo t  of  the  w(z) func t ion .  Se l f -  
s i m i l a r  p e r i o d i c  s o l u t i o n s  g o v e r n e d  by  the  input  s i g n - v a r i a b l e  v e l o c i t y  d i s t r i b u t i o n  e x i s t  but t hey  a r e  not 
e x a m i n e d  h e r e .  

In the  c a s e  of  w0=0 , Eq.  (2.2) is  h o m o g e n e o u s  and t h e r e f o r e  w(z) - 0 .  I f  it is  c o n s i d e r e d  tha t  fo r  low 

v a l u e s  o f  w 0, w(z) is  s m a l l  t h r o u g h o u t  t he  (0, z 0) . range,  t hen  a c c o r d i n g  to  (2.1) it should  be a s s u m e d  tha t  
W ~= --1:  

u ' = w  o=t /2z~ ' ;  % = 1 " ~ :  Re =4/3"c~: a = 3 2 % .  

Hence ,  a c c o r d i n g  to  (1.7) a P o i s e u i l l e  p a r a b o l a  is  ob t a ined :  

,, =-- 3,2(i - -  y : ) ,  

with  the  c o e f f i c i e n t s  a and c b e i n g  g o v e r n e d  by the  r e l a t i o n  

a =  I 3,' Re. c =  a ~ =  3/Re. 

In t he  o t h e r  l i m i t i n g  e a s e  when w o = l ,  w 1 =1;  w 2 = - 2 ;  

=: ca; F ( w )  : :  2/3(1 - -  w)2(2 7- w); 

w' : :  - - ( t  - -  w)j 2.,3(2 T u'); w(0) = 1. 

The l a t t e r  equa t ion  has  a t r i v i a l  s o l u t i o n  w ---1 which  cannot  be u s e d  to d e r i v e  a s o l u t i o n t o t h e o r i g i n a l b o u n d a r y -  
va lue  p r o b l e m .  It is  t h e r e f o r e  a s s u m e d  tha t  w 0 = l - a  , w h e r e  a << 1. 

I t  can  be s e e n  tha t  F(0) = 4 / 3 ( 1 - 1 / 2 a 2 - 1 / 2 a a ) .  C o n s e q u e n t l y ,  c o r r e c t  wi th in  a - l i n e a r  t e r m s ,  

F(t,.') = 2'?,(1 - -  w)2(2  -7  zc). 

By i n s e r t i n g  t h i s  e x p r e s s i o n  into (2.2) and i n t e g r a t i n g  when w ( 0 ) = 1 - r  we ob t a in  

- ! ~_.~]n]'7~-I 2 - u - t - - i  l - - t : ; ~  

I f  i t  a s s u m e d  tha t  w =0,  t hen  r e t a i n i n g  the  t e r m s  o f  the  o r d e r  of  a 

. r e _  

z,, _~ ( l ' l  2) In ( l .2t /e) .  

F u r t h e r ,  i t  can  be found t ha t  

-'e wo % 

t ,,'d: i" : ' . 'd ,  t ,,d,. .... , . . . .  % -  0,777. 
"~: b "o I 1-' (,c) 

T a k i n g  t h i s  r e s u l t  into account ,  a c c o r d i n g  to (1.13), 

a = i -:- 0.77G/z0; Re = zo(z  o - -  0.777). 

F r o m  the  l a s t  f o r m u l a  it is  c l e a r  tha t  low r c o r r e s p o n d  to high 1Re v a l u e s .  The a s y m p t o t i c  a (Re) r e l a -  
t i o n s h i p  t a k e s  the  f o r m  

~, == i ~'a7 exp ( - - I  -'7')ne:~, 

U s i n g  t h i s  c o r r e l a t i o n  it can be e s t a b l i s h e d  tha t  

a ~  t ;  z 02~. i [{e: w'(z0) ~ --91 3; c'--_: 2 j ;3 Re. 

I t  can  be c o n c l u d e d  f r o m  t h e s e  r e s u l t s  tha t  in the  a r e a  n e a r  the  w a l l s  g iven  high Reyno lds  n u m b e r s  the  s o l u -  
t ion  found is  of  the  n a t u r e  of  a l a m i n a r  b o u n d a r y  l a y e r  and the  v e l o c i t y  at the  c o r e  of  the  flow is  v i r t u a l l y  c o n -  
s t an t .  Th i s  r e a r r a n g e m e n t  of  the  p r o f i l e  c o m p a r e d  with  the  i s o t h e r m i e  c a s e  t a k e s  p l a c e  at a cons t an t  c r o s s -  
s e c t i o n a l  t e m p e r a t u r e  and is  due s o l e l y  to  the  a x i a l  a c c e l e r a t i o n  of  the  flow which  g e n e r a t e s  a s i g n i f i c a n t  i n -  
c r e a s e  in the  f r i c t i o n a l  r e s i s t a n c e  c o m p a r e d  with  the  P o i s e u i l l e  f low, fo r  which  e = a / R e ,  as  we l l  as  an in -  
c r e a s e  in the  t o t a l  d r a g  a 2. 

In g e n e r a l ,  the  so lu t ion  to Eq.  (2.2) is  e x p r e s s e d  as  an e l l i p t i c a l  i n t e g r a l :  

t['o 

i" dw 
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' ~  ' -~  '--T t "" 
~'~ j ' K ]  i i  i ,  .... 

i ~!I.)'] l i , o - , ~ ~ -  

0 ! 2 E 4 -Re i0 -z 10 "1 ! to ~ ~0 z lo 5 Re 

Fig.  1 F ig .  2 

w ~ .I0 
o,5 - . . ~ - - . ~  ~, 

0,4' -, 0,8 

. . . .  ,oo o 

O, 2 

o 0,2 o,4 o,6 0,8. t,o 

0 2  . . . . . .  

o o,2 o,4 o,6 o,s g 

Fig.  3 Fig.  4 

u lO  

} ~ e = o  

t ' i \  t 

0 0,5 /,0 

Fig .  5 

Thus ,  w(z) can be w r i t t e n  as an e l l i p t i c a l  funct ion .  It is ,  however ,  e a s i e r  to solve th i s  p r o b l e m  n u m e r i c a l l y  
for  d i f fe ren t  w 0. The r e s u l t s  of such  c a l c u l a t i o n s  are  shown in Fig .  1 for  Re <0 and in Fig.  2 for  Re > 0. 

In the case  of low Reynolds  n u m b e r s  the p r o b l e m  can be so lved  for  any va lues  of a .  

The so lu t ion  to Eqs .  (1.4) and (1.5) is de r ived  in the f o r m  of an expans ion :  

u = u 1Re T u~Re- ,  ...; 0 : i + 01 Re + 0~Re x ~-... 

F o r  the l ead ing  coef f i c ien t s  of the expans ion  a set  of equa t ions  is der ived:  

.~ = - xa2; o~ = o; 01 = o. , ,  

for  which the fol lowing bounda ry  cond i t ions  are  imposed :  

u; ( o ) =  ,,1 (1) = o i ( o )  = o x ( l )  = o g ( o )  = o 2 ( t )  = o .  

The so lu t ion  t ake s  the f o r m  

ul = (za~ --  g2); 01 = 0; 02 = ( a Z a ~ / 2 4 ) ( 6 g  ~ - -  g~ - -  5). 

Consequen t ly ,  

0 = I -~ (oza~/24)Re 2 (6g 2 - -  y~ - -  5); 00 = i - -  (5/24)oxa ~ Re 2. 

By i n s e r t i n g  t he se  r e s u l t s  into (1.14) we ob ta in  
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Nu = t.6. (2.8) 

It can be shown that even when a - -  0 the asympto t ic  re la t ionship  (2.8) occu r s .  

The r e su l t s  of a n u m e r i c a l  solution of the p rob l em in the f o r m  of c(Re) and Nu(Re) re la t ionships  are 
s h o w n i n F i g . 2 b y a d a s h e d ! i n e  for  th ree  values  of the p a r a m e t e r  a=O, 1, and 10. The most  c h a r a c t e r i s t i c  
p r o p e r t y  of the ve loc i ty  prof i les  when a > 0 is the lack of smoothness  in the distr ibution of ve loci t ies  through 
the channel c r o s s  sect ion for  high Reynolds numbers  [Fig. 3, in which for  a=l the w(y) re la t ionships  for  dif- 
ferent  Re numbers  are  shown by solid l ines and the t e m p e r a t u r e  distr ibution 0(Re) by dotted lines]. The Rey-  
nolds number s  Re =1, 10, 100, and 1,000 co r r e spond  to values  of a=2 .05 ,  0.861, 0.361, and 0.148. The set of 
w(y) p rof i l es  for  Re =1,000 anddt f fe ren t  P r a n d t l n u m b e r s  (0 < a< 1 ,000)are  shown in Fig. 4. The prof i les  of the 
m a s s  ve loc i ty  PVx~U/8 are smooth  (Fig. 5, in which u/~ p rof i l es  for  a=0  and a = l  a re  compared  at Re = 1,000). 

Thus,  the unevenness  in the densi ty dis tr ibut ion through the channel c ro s s  sect ion genera tes  a reduction 
in the vo lumet r i c  ve loci ty  and an inc rease  in the m a s s  veloci ty  in the a r e a  around the axis.  

The author wishes  to thank A. F. Seleznev for  ca r ry ing  out the calculat ions and V. N. Shtern for  d i s cu s s -  
ing the paper .  

1. 

L I T E R A T U R E  C I T E D  

B. S. Petukhov, Heating Exchange and Res i s tance  Accompanying the Lamina r  Flow of a Fluid in Pipes 
[in Russian] ,  l~nergiya, Moscow (1967). 

D E T E R M I N I N G  T H E  R A D I U S  O F  T H E  A I R  V O R T E X  

D U R I N G  T H E  L A M I N A R  F L O W  O F  A L I Q U I D  IN A 
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In exis t ing t heo r i e s  of cent r i fugal  a tomize r s ,  such as that of Abramovich  [1], in o r d e r  to de t e r -  
mine the radius  r 0 of  the a i r  vo r t ex  the conditions of the m a x i m u m  rate  of flow o r  some other  
e x t r e m a l  pr inciple  are  conventionally employed.  In this  pape r  the radius  of  the a i r  vor tex  will 
be de te rmined  f rom the equations of motion of a v iscous  incompress ib le  liquid. 

The atomizer under consideration is illustrated schematically in Fig. 1. Phenomena taking place in the 
boundary layers close to the ends are not taken into account. The region of flow is divided into two zones. 

All the quantities in this paper are dimensionless; lengths are given in terms of the radius of the outlet 
nozzle rl, and velocities, in terms of the velocity in the inlet channels V. 

In zone I(1-< r -  < a) the flow is quite flat,  of the vo r t i ca l  s ink type,  i .e.,  v = v ( r ) ,  u = 0 ,  w =w(r),  where v is 
the rad ia l  ve loc i ty  component,  u is the axial component,  and w is the c i r cumfe ren t i a l  component.  

Equations for the veloci ty  components  in zone I were  obtained in [2]: 

U ~ --~,"l ';  IL~ ~ C1 r l - z R e  7-  C2,'r, 

where ~ =f/2~rLr,; Re = V r J v ;  f is the c r o s s - s e c t i o n a l  a r e a  of the inlet channels .  
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