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It is shown that in the case of a developed turbulent rotating flow in a pipe kinematic s imi la r -  
ity occurs  at large distances f rom the swirl source.  

It was found in [1] that turbulent rotating flows in pipes with swirling inserts  located over the entire 
length of the channel are s imilar ,  and the intensity of the heat-  and m a s s - t r a n s f e r  p rocesses  in them is 
determined by the value of the effective Reynolds number:  Re .  = Re~/1 + tan2a, where a is the helical 
angle of the insert.  

If the swirl source is located only near  the channel entrance and not along its entire length, rotation 
is damped as the liquid moves along the pipe and the problem of s imilar i ty  of the flow is not evident. 

During flow with large Reynolds numbers in a pipe, let a fully developed turbulent flow be established 
at some sufficiently remote distance f rom the swir ter .  In this case, in the (# component of the Reynolds 
equations for an axisymmetr ic  flow 

(Vx, Vr, Vq) are  the values of the average velocit ies in axial, radial, and tangential directions; u, v, w are 
their fluctuations in a turbulent flow) we can neglect the second and third t e rms  in the left side and by anal- 
ogy with the case of one-dimensional  flow, the quantity a(~~)/0x in its right side. Then for a liquid flow 
outside the region of the viscous subtayer on the pipe walls we will have 

V~ Ox - ~ + 2  �9 

Using the representat ion of Reynolds s t r e s ses  caused by turbulent fluctuations 

--- ( OV~ V~ (3) 
Ovw --8 ~ 7r r 

(e is the turbulent exchange coefficient, which in the f i rs t  approximation can be considered independent of 
r [2]) and changing to dimensionless variables  

w=V-Y%, U =  V,..., Re V~176 ~=__,r  ~____x, (4) 
Vo V0 v r0 ro 

where V 0 is the maximum value of V x and r 0 is the pipe radius, we obtain 

02W 1 OW W OW 
i~ePV U - - .  (5) 

o~ 2 ~ at ~ e a~ 

We will determine what the rotational velocity profile should be in the flow being considered if kinematic 
s imilar i ty  of the flow oeeurs,  [. e . ,  W = w(~)Wm(~ ) (Wm = Vq~max/V 0 is the maximum value of the relative 
tangential velocity in a given section of the pipe). It is easy to se e that in this case Eq. (5) is t ransformed 
to 
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F ig .  1. S i m i l a r  r o t a t i o n a l  v e l o c i t y  p r o f i l e  Vfp/Vgomax in p ipe  
wi th  a band s w i r l e r  at  the e n t r a n c e  (tanc~ = 1): 1) L /d  = 5; 2) 
14; 3) 23; 4) 32; 5) 47; 6) a c c o r d i n g  to d a t a  in [4]; 7) [5]; 8) 
[3]. 

F ig .  2. S i m i l a r  ax ia l  v e l o c i t y  p r o f i l e  U = Vx/V 0 in pipe wi th  
band s w i r l e r  at e n t r a n c e  ( t a n ~  = 1): L/d = 5; 2) 14; 3) 23; 4) 
32; 5) 47. 

d2o) 1 do) o) 

d~ ~ ~ d~ ~2 = RePV . 1 dWr~ ~2, 
o)U 8 t ~ -  d~ 

(6) 

Hence fo r  w(~) we have 

~ +  ~g) + o) ()~2U~2-- l) = 0 ,  (7) 

and fo r  the m a x i m u m  r e l a t i v e  r o t a t i o n a l  v e l o c i t y  

W,, = A exp Re pv 

In a s t e a d y  r o t a t i n g  flow U ~ 1 n e a r  the pipe ax is ,  and t h e r e f o r e  f r o m  (7) fo l lows  

o) = C j ,  (7~) + c1Y1 (;~). (9) 

Thi s  so lu t ion  can be  r e f i n e d  if n e c e s s a r y  b y  us ing  the ac tua l  r e l a t i o n  U(~) in a s w i r l e d  flow. F o r  flow ou t -  
s [ d e a v i s c o u s  s u b l a y e r  the b o u n d a r y  cond i t ions  of Eq. (7) w i l l b e  w = 0 f o r ~  = 0 and oJ = 1 f o r  ~ = i t  (~l 
is  the d i s t a n c e  f r o m  the axis  to the p lace  w h e r e  Vq~ = V(pmax). Then the e x p e c t e d  s i m i l a r  r o t a t i o n a l  v e l o c -  
i ty p r o f i l e  in a d e v e l o p e d  t u r b u l e n t  f low in the f i r s t  a p p r o x i m a t i o n  should  have the f o r m  

Vr _ J l ( k ~ )  (10) 

It is n a t u r a l  that  such  an e x p r e s s i o n  w i l l  not  r e f l e c t  the  ac tua l  p i c t u r e  of flow in the i m m e d i a t e  v i c i n i t y  of 
the w a l l s ,  w h e r e  the e f fec t  of m o l e c u l a r  v i s c o s i t y  is  c o n s i d e r a b l e .  

A s e r i e s  of e x p e r i m e n t s  was  u n d e r t a k e n  to check  the c onc lu s ion  made  c o n c e r n i n g  the p o s s i b i l i t y  of 
the e x i s t e n c e  of k i n e m a t i c  s i m i l a r i t y  of a r o t a t i n g  f low. By m e a n s  of m i n i a t u r e  p r e s s u r e  p r o b e s  ( d i a m e t e r  
about  1 mm) we i n v e s t i g a t e d  the v e l o c i t y  and p r e s s u r e  f i e ld s  in a f low of w a t e r  wi th  Re = 5 �9 10a-5 �9 104 in a 
g l a s s  p ipe  wi th  a 27 m m  d i a m e t e r .  A tw i s t e d  band o r  an e n d l e s s  s c r e w  with  d i f f e r e n t  h e l i c a l  a n g l e s  was  
used  as  the s w i r l i n g  i n s e r t s  a t  the p ipe  e n t r a n c e .  F i g u r e  1 shows the r e s u l t s  of m e a s u r i n g  the r e l a t i v e  r o -  
t a t i ona l  v e l o c i t y  of the  l iquid  ob ta ined  at d i f f e r e n t  d i s t a n c e s  f r o m  the tw i s t ed  band with  c~ = 45 ~ (Two loops  
of the he l ix  w e r e  p l a c e d  o v e r  the length of the s w i r l e r . )  We s e e  that  fo r  the type of s w i r l e r  used ,  as  e a r l y  
as  beg inn ing  with L/d = 5, the t angen t i a l  v e l o c i t y  p r o f i l e ,  at l e a s t  in the f i r s t  a p p r o x i m a t i o n ,  is s i m i l a r  and 
it can  be  d e s c r i b e d  by  the c u r v e  in F ig .  1. The  m a x i m u m  va lue  of the r o t a t i o n a l  v e l o c i t y  o c c u r s  a p p r o x i -  
m a t e l y  at  r / r  0 = 0.80. Da t a  of o t h e r  known m e a s u r e m e n t s  of the  p r o f i l e  Vc/V~Tna x [3-5] a r e  a l so  p lo t ted  
in F ig .  1. As we see ,  t he se  d a t a  do not  c o n t r a d i c t  the r e s u l t s  ob ta ined  h e r e .  In connec t ion  with  Eq. (1) 
fo r  the r o t a t i o n a l  v e l o c i t y  in a t u rbu l en t  f low we should  note that  an ana logous  f o r m  of the p r o f i l e  is  ob ta ined  
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on the a s sumpt ion  of a hel ica l  c h a r a c t e r  of flow in the pipe [6, 7]. Such an a g r e e m e n t  indicates  that the 
turbulent  swir led  flow of liquid in the g r e a t e r  p a r t  of the pipe c r o s s  sec t ion is ac tua l ly  c lose  to hel ica l  
and the v o r t e x  l ines in it coincide  with the s t r e a m l i n e s .  The e s t ab l i shmen t  of this fact  c o n f i r m s  the pos -  
s ibi l i ty  of us ing a model  of a he l ica l  flow of an ideal  liquid for  ca lcu la t ing  ce r t a in  ef fec ts  of r ea l  ro ta t ing  
f lows [7, 8]. 

F i g u r e  2 p r e s e n t s  the r e s u l t s  of m e a s u r i n g  the d is t r ibu t ion  of the re la t ive  axial ve loc i ty .  Curve  1 
c o r r e s p o n d s  to the "1/7 p o w e r "  law, which usual ly  o c c u r s  in the case  of a one -d imens iona l  flow in a pipe, 
and cu rve  2 shows the d i s t r ibu t ion  of the axial  ve loc i ty  in a he l ica l  flow U = J0(1.20~). It is of in te res t  to 
d e t e r m i n e  the ra te  of damping  of the swi r l  o v e r  the length of the pipe. Exper imen ta l  points  d e s c r i b i n g  
V~max/V(p 0 as a funct ion of L/d (Vq~ is the value of VCmax at the exit of the swir le r )  a r e  given in Fig.  3 in 
s e m i l o g a r i t h m i c  coord ina tes .  The r e su l t s  of a s e r i e s  of expe r imen t s  conducted dur ing flow of a ro ta t ing  
gas  flow (T ~ 1500~ p = 5 �9 10 .4 P) a re  a lso  p r e sen t ed  the re  along with the data  obtained by  means  of the 
method d e s c r i b e d  above fo r  flow of wa te r .  Damping  of the swir l  in these expe r imen t s  was  de t e rmined  f r o m  
the angle of slope of the wake of the hel ica l  s t r eaml ine  on the smoked  wall  of the pipe. 

In c o n f o r m i t y  with Eq. (8) the exper imen ta l  points  (Fig. 3) lead to a value of the turbulent  exchange 
coef f ic ien t  in swir led  f lows equal to 

e/pv = 6.10-3Re. (11) 

Thus  the r a t e  of damping of the swi r l  ove r  the pipe length in the case  of using swir l ing  i n se r t s  in the f o r m  
of a twisted band does not depend on the init ial  in tens i ty  of ro ta t ion  and can be d e s c r i b e d  app rox ima te ly  by 
the f o r m u l a  

V~max _ e x p  ( _ _ 1 . 7 . 1 0 - 2 L ) .  (12) 
V~0 

The e x p e r i m e n t s  show that the level  of the t r ans i t i ona l  sec t ion  beyond which s e l f - p r e s e r v a t i o n  of the 
ve loc i ty  prof i le  o c c u r s  depends  not only on the magni tude of the init ial  swi r l ing  of the flow but a lso  on the 
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Fig.  3. Damping  of the swir l  ove r  the 
pipe length:  1 ) w a t e r ,  d = 27 ram, Re 
= 5 .  103; 2) gas ,  d = 20 mm,  Re = 2.5 
"105; 3) gas ,  d = 14 mm,  Re = 1 .104 . 
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design of the s w i r i e r  (endless sc rew,  twisted band, tangent ia l  
inlet, end less  s c r e w  with a cen t ra l  hole, e t c . ) .  F i g u r e  4 
p r e sen t s ,  f o r  an example ,  the data  on the re la t ive  axial and 
tangent ia l  ve loc i ty  p ro f i l e s  of flow in a pipe when a double end- 
l e s s  s c r e w  with a length of five p i tches  and tan a = 2.0 was  
used as the swi r l e r .  It is seen that in the case  of a l a rge  m a g -  
nitude of swi r l ing  of the flow at the channel  en t r ance  some  
s lowing of the longitudinal  flow of the liquid o c c u r s  n e a r  the 
flow axis (even the fo rma t ion  of a "bubble" of back  c u r r e n t s  
is poss ib le  n e a r  the swi r l e r ) .  The length of the t r ans i t iona l  
sec t ion needed fo r  s tabi l iz ing  the turbulent  flow in a pipe b e -  
yond the s c r e w  s w i r l e r  in the case  of s t rong  ro ta t ion  is, as 
fol lows f r o m  the expe r imen t s ,  about 40-50 d i a m e t e r s .  A de -  
c r e a s e  of tan a of the s w i r l e r  sho r t ens  the sec t ion of flow 
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Fig.  4. D i m e n s i o n l e s s  p rof i l e :  a) axial  ve loc i ty  in pipe 
with endless  s c r e w  tan c~ = 2 and b) for  ro ta t ional  v e l o c -  
ity: 1) L/d = 3; 2) 20; 3) 30; 4) 45. 
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stabilization. In this ease the relat ive axial velocity profile exper iences  an especial ly  marked change in the 
accelerat ion section; the rotat ional  velocity profile changes much less.  

Vx, Vr, Vgp 
x 

r~ r 0 

Re = Voro/V 
~,~ 

N O T A T I O N  

are  the axial, radial,  and tangential veloci ty components of flow; 
is the distance along pipe axis; 
are  the cur ren t  value of radius and pipe radius; 
is the viscosi ty  coefficient; 
is the turbulent exchange coefficient; 
is the Reynolds number; 
are  the dimensionless  radius and length. 
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