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INITIAL 

Resu l t s  a r e  p r e s e n t e d  of a t h e o r e t i c a l  and e x p e r i m e n t a l  i nve s t i ga t i on  of t u r b u l e n t  b o u n d a r y -  
l a y e r  deve lopmen t  in  the i n i t i a l  s ec t ion  of a tube in  the p r e s e n c e  of in j ec t ion .  It  i s  hence  
c o n s i d e r e d  that  t h e r e  is  no m a i n  flow. F o r m u l a s  a r e  de r ived  to compute  the f r i c t i o n  co-  
e f f ic ien t  and the dynamic  c h a r a c t e r i s t i c s  of the flow in  the h y d r o d y n a m i c  s t a b i l i z a t i o n  s e c -  
t ion  for  subson ic  g a s - m o t i o n  v e l o c i t i e s .  The p roposed  method  of c ompu t a t i on  i s  c o m p a r e d  
with the r e s u l t s  of an e x p e r i m e n t a l  i nves t i ga t i on .  

The i n f luence  of i n j e c t i o n  on the c h a r a c t e r i s t i c s  of the m a i n  flow i s  s tud ied  in  [1]. However ,  c a s e s  
a r e  e n c o u n t e r e d  in p r a c t i c a l  app l i ca t ions  when t he r e  is  no m a i n  flow and the flow i s  l i m i t e d  e i t he r  b e c a u s e  
of e n t r a n c e  of gas  in to  the channe l  th rough i t s  p e n e t r a b l e  wa l l s  or  b e c a u s e  of e va po r a t i on  or  p i t t i ng  of the 
wa l l s  t h e m s e l v e s .  

NOTATION 

B -- cons t an t  

b - p e r m e a b i l i t y  p a r a m e t e r  
c f  - l o c a l  f r i c t i o n  coef f ic ien t  
D - d i a m e t e r  

H - shape p a r a m e t e r  

(PW)w - s t r e a m  dens i ty  
R -- Reynolds  n u m b e r  
R w -- p e n e t r a b i l i t y  f ac to r  
w - ve loc i ty  
5 "  - d i s p l a c e m e n t  t h i c k n e s s  
6" * - m o m e n t u m - l o s s  th i ck -  

h e s s  

M - d y n a m i c - v i s c o s i t y  co-  
e f f ic ien t  

t - t i m e  
p - dens i ty  

y - dens i ty  of the wal l  m a t e r i a l  
x, l - length  
~- - t angen t i a l  s t r e s s  

- r e l a t i v e  f r i c t i o n  coef f ic ien t  

w -  r e l a t i v e  ve loc i ty  
- r e l a t i v e  coo rd ina t e  

m,  n - exponents  
U - r a t e  of change of the a g g r e -  

gate s ta te  

S U B S C R I P T S  

0 - p a r a m e t e r s  on the ou te r  b o u n d a r y  of the b o u n d a r y  l a y e r  
w - p a r a m e t e r s  at the wal l  

In the case  u n d e r  c o n s i d e r a t i o n  i t  i s  conven ien t  to wr i t e  the s y s t e m  of i n i t i a l  equa t ions  in  the f o r m  [2]: 

m o m e n t u m  equa t ion  

dR** R** d.~o % ('e + b) (1) 
dX ? (t + H) ~o dx  = R ~  
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continuity equation 
X 

= R u -  41 R ~ d X  (2) 4HR** 
0 

re la t ive  f r ic t ion  coeff ic ient  

~F---- t - -b-~)  ~, R** ~ powo~** g = ~ - ~ ' T  = poW--~ (3) 
Ix ' 

x (PW)w 2 , ~_~_(c.~h)~, . ,R~=(Pw)wD X = --.g-, b = pow, ct, " - - ~ ,  Ro----00,voDl~ (4) 

The s y s t e m  (1)-(4) can  be  solved fo r  a known dependence of the shape f ac to r  H on the penet rabi l i ty  
p a r a m e t e r  b. 

This  dependence can be de te rmined  if re la t ions  obtained e a r l i e r  in [2] a r e  ut i l ized:  
1 

do) w* 
g~-- - - I -  b c o =  g '  g = I - -  ~Q, (o -~. --w'a ( 5 )  

Here  ~ = f n is  the veloci ty  prof i le  in the turbulent  nucleus of the boundary l aye r  for  i so the rma l  g r a -  
dient gas  flow. Solving the r e su l t s  of in tegra t ing  (5) with r e spec t  to w, we obtain 

0) = t - -  ( t  - -  ~ )  ]/ tF + b + ( t  - -  ~x), b [ 4  (6) 

The in tegra l  turbulent  b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s  6 *, 6 * * ,  H a r e  computed by means  of the known 
veloci ty  prof i le :  

8 8 

=- ~ ~ o  dy 
D O 

As has  been  shown in [1], the r e s u l t s  of a computation p e r f o r m e d  by means  of (6) and (7) a r e  s a t i s -  
fac tor i ly  approx imated  by the dependence 

H ~ H  0(l + k b )  (8) 

Here  H0 is  the value of the shape p a r a m e t e r  under  s tandard  conditions. 

It  is  convenient  to wr i te  the f r ic t ion  law in the domain of subsonic ga s - f l owve loc i t i e s  as  

c]o = B R  .. . . .  (9) 

F r o m  (1)-(9) we then obtain a s y s t e m  of dynamic  bounda ry - l aye r  equations in the init ial  sect ion of a 
tube in the p r e sence  of jus t  a t r a n s v e r s e  flow of subs tance :  

dR** R** dRo B ~F + b ( 1 0 )  
+ (t + / / )  ~ o ~  = Ro 2 R**~ 

x 

4HR** ----- Ro --  4 -.~" R~dX,  b --  2 ~,~ R**,~ H ---- H~ (t + kb) (11) 
- -  B R o  

o 

Let us examine some pa r t i cu l a r  c a se s  of solving the sy s t em (10), (11). Let  us put b= const.  In this 
case  the sy s t em (10)-(11) r educes  to a l inear  f i r s t - o r d e r  different ial  equation: 

_ • )  da** ~_ (t + H) R*" 1 § H ~ ' Ro 

whose solution it  i s  convenient  to wr i te  as  

~ + b  (12) W - - = 0  

~l'+b 
R * *  = CRo, c = 4 fb (2 + / / )  + / / ( ~  + b)} 

Substituting (13) into (10) and (11), we obtain the Reynolds n u m b e r  dependence: 

(13) 

R** = d X ,  d =  B m {4[b(2--}-H)+ H(T'-4-b)lJ} m+l 
2 2 + / /  (~r q- b) "~ 

and the pene t rab i l i ty  f ac to r  as  a function of the longitudinal coordinate:  

(14) 

B �9 R a  (15) 

572 



/.5 

/.0 

6.5 

/0 

Fig. 1 

L5 

g 

Ri* /O ~ 

5 

, /  
/ 

Fig .  2 

g g ~ 8 8 tO 

F ig .  3 

Le t  us  put  (pw) w =  cor~st. In th i s  c a s e  the  s y s t e m  r e d u c e s  to 
a n o n l i n e a r  d i f f e r e n t i a l  equa t ion  of  the  f o r m  

i + ( i §  R** aRo , r+b  ~dRo d(~R**)~ 
~. Bo dR** 4b [d'-R -~ dR** j --  0 (16) 

which  s o l v e d  with  r e s p e c t  to the  d e r i v a t i v e  y i e l d s  an equa t ion  con -  
ven i e n t  fo r  i n t e g r a t i o n  by  a n u m e r i c a l  me thod :  

dRo 4 ( H "-I- Hokmb .4- b/(~F -~ b) (17) 
dR *'---~ -'~ i -Jr" 4Hokb (R**IRo) ~ (i -~ H) 4bR** / (~F + b)Ro 

Ro - -  4 H R  **1 (18) X = - - - - ~ w  

F i g u r e s  1 and 2 p r e s e n t  the  r e s u l t s  of compu t ing  the R e y n o l d s  n u m b e r  c o n s t r u c t e d  a long the  d i a m e t e r  
and the  t h i c k n e s s  of the  m o m e n t u m  l o s s  a s  a funct ion of the  l ong i tud ina l  c o o r d i n a t e  fo r  d i f f e r e n t  v a l u e s  of 
the  p e n e t r a b i l i t y  f a c t o r :  Rw= 1-10 t, 2 -2 .5  �9 104, 3 -5"  104. In  t h i s  c a s e  (17) was  s o l v e d  n u m e r i c a l l y  on the  
M-20 c o m p u t e r  by the  R u n g e - K u t t a  m e t h o d  fo r  B= 0.0256, k =  0.05, m =  0.25. The  c o m p u t a t i o n  was  c h e c k e d  
by  d iv id ing  the  i n t e g r a t i o n  s p a c i n g  in  ha l f .  

In p r a c t i c a l  a p p l i c a t i o n s  i t  i s  of ten  n e c e s s a r y  to dea l  wi th  the  p r o b l e m s  e l u c i d a t e d  above ,  but  the  o u t e r  
b o u n d a r y  of the  channe l  hence  c h a n g e s  in t i m e  by  the  m a s s  of the  channe l  wa l l  go ing  o v e r  in to  the  g a s e o u s  
s t a t e .  In  th i s  c a s e ,  we can  w r i t e  on the b a s i s  of the  l aw of m a s s  c o n s e r v a t i o n  

2 a l r  ( p w ) j t  ~ 7 ~ 2 n l r d r  (19) 

F r o m  (19) fo l lows  

dr (20) 
(pw)w = V~ ~ T  

R e m a r k i n g  tha t  d r / d t ~ U  i s  the r a t e  of change  of  the  a g g r e g a t e  s t a t e ,  we have  

(po)w ~ w u  (21) 

I n t e g r a t i n g  (20) wi th  (21) t aken  into  account ,  we ob ta in  the  law of the  t i m e  change  in the  r a d i u s :  

r --- r 1 + U t  (22) 

and the  connec t ion  b e t w e e n  the f lux d e n s i t y  and the  g e o m e t r i c  channe l  c h a r a c t e r i s t i c s :  

~w (r2 --  rl) (23) 
(pw)w = t .  

H e r e  r 2 and r 1 a r e  the  f ina l  and i n i t i a l  r a d i i  of the  channe l ,  r e s p e c t i v e l y ;  t+ i s  the  t o t a l  t i m e  of the  
p r o c e s s .  So lv ing  (22), (23) jo in t ly ,  we ob ta in  the  c o n n e c t i o n  b e t w e e n  the  p e n e t r a b i l i t y  f a c t o r  and  the  e x -  
t e r n a l  p a r a m e t e r s  of the  p r o c e s s :  

573 



B~ -- 2~wg {rl ~- Ut} (24) 

There fo re ,  the s y s t e m  (9)-(11)~ (24) p e r m i t s  computation of all the n e c e s s a r y  dynamical  t ime cha r -  
a c t e r i s t i c s  of the flow. 

An expe r imen ta l  invest igat ion of the fo rmula ted  p rob lem was c a r r i e d  out on an appara tus  whose dia-  
g r a m  and descr ip t ion  a r e  p re sen ted  in [1]. The fo rward  endface of the porous  tube was hence plugged up. 

The total and s ta t ic  p r e s s u r e s  along the tube axis  as  well as the flow t e m p e r a t u r e  were  m e a s u r e d  
during the tes t .  The ve loc i ty  and Reynolds n u m b e r  we re  computed by means  of the m e a s u r e d  p a r a m e t e r s .  

The range  of va r i a t ion  of the flux density {pw) w in the expe r imen t s  was 554-3600 k g / m  2 - h. The r e -  
sul ts  of t e s t s  1-5, p r e s e n t e d  in Fig. 3 for  va lues  of Rw= 300, 788, 1290, 1533, 1945, a re  c o m p a r e d  with the 
data of  a numer ica l  computat ion by means  of (17) and (18). As is  seen, sa t i s fac to ry  ag reemen t  between 
the method p roposed  and the exper imen t  holds.  

There fo re ,  the following sequence of a dynamic b o u n d a r y - I a y e r  computat ion in the ini t ial  por t ion of 
the tube in the p r e s e n c e  of injection can be p roposed .  

In the case  b = const ,  

1) the p a r a m e t e r s  �9 and H a re  de te rmined  for  a given penet rabi l i ty  p a r a m e t e r  f r o m  (3) and (11); 

2) the  R e y n o l d s - n u m b e r  dis tr ibut ion is  de te rmined  by (13) and (14) when the longitudinal coordinate  
X is  given; 

3) the dis t r ibut ion of the pene t rab i l i ty  f ac to r  is  computed by means  of (15), and the change in the f r i c -  
tion coefficient  along the tube length by means  of (3) and (8). 

In the case  (pw) w =cons t ,  

1) the value of the pene t rab i l i ty  f ac to r  R w iS de te rmined  by means  of (4) and known D and #; 

2) having been given the n u m b e r  R 0 or  R * * ,  the R * *  or  R 0 fo r  given R w is  then de te rmined  n u m e r -  
ical ly  by means  of (17); 

3) Longitudinal coordinate  X is  computed by means  of (18), and the pene t rab i l i ty  p a r a m e t e r  b by 
means  of (11); 

4) the dis t r ibut ion of the f r ic t ion  coeff icient  is  found f r o m  (3) and (8). In the case  of computing a 
v a r i a b l e - r a d i u s  channel,  the pene t rab i l i ty  f ac to r  Rw is  de te rmined  f r o m  (24) for  a specif ic  t ime,  and the 
computat ion at (PW)w =cons t  is  p e r f o r m e d  for  this value of R w. 
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