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On the basis of identity of the mechanism of fluid motion in tubes 
with ribbon swirlers and in coils, criterial equations have been ob- 
tained for determining the resistance coefficient in a swirled flow in 
the laminar regime with macro-eddies and in the turbulent regime. 

Because  r ibbon  s w i r l e r s  can be used to in tens i fy  
heat  t r an s f e r ,  n u m e r o u s  e x p e r i m e n t s  have been  con-  
ducted to d e t e r m i n e  the r e s i s t a n c e  coeff ic ient  and the 
heat  t r a n s f e r  coeff ic ient  under  these  condi t ions .  

The flow f r i c t ion  in a tube with a r ibbon  s w i r l e r  
depends not only on the u p s t r e a m  mot ion  of the fluid, 
but a lso  on the pitch of the swi r l e r ,  which d e t e r m i n e s  
the degree  of ro ta t ion  of the fluid and the f ield of 
i ne r t i a  body forces .  When gene ra l i z ing  expe r imen ta l  
data on flow f r i c t ion  in swi r led  s t r e a m s ,  both these  
fac to rs  mus t  be t aken  into cons idera t ion .  

In the p r e s e n t  paper  the r e s u l t s  of an expe r imen ta l  
inves t iga t ion  of flow f r i c t ion  a re  gene ra l i zed  on the 
bas i s  of a gene ra l i za t i on  of the fluid flow m e c h a n i s m  
in tubes  with r ibbon  s w i r l e r s  and in coi led tubes.  The 
channel  fo rmed  by a r ibbon  s w i r l e r  and the tube wall  
cons t i tu tes  a coil  with c r o s s  sec t ion  in the shape of a 
s e m i c i r c l e .  The pitch of the s w i r l e r  defines t h e  rad ius  
of c u r v a t u r e  of this channel .  The re  is the re fo re  a v o r -  
tex pa i r  in the swi r led  s t r e a m ,  jus t  as  in a coil.  The 
t r a n s v e r s e  c i r cu l a t i on  of fluid in the fo rm of a vor tex  
pa i r  is an addi t ional  source  of r e s i s t a n c e  and p romotes  
in tens i f i ca t ion  of heat  t r a n s f e r .  E x p e r i m e n t a l  study 
of the s t r u c t u r e  of a swi r led  s t r e a m  con f i rms  the ex-  
i s tence  of this  vor tex  pa i r  [1]. 

In tubes  with r ibbon  s w i r l e r s ,  jus t  as in coi ls ,  
the re  may be l a m i n a r  flow, l a m i n a r  flow with m a c r o -  
eddies,  and tu rbu len t  flow. 

The m a j o r i t y  of e x p e r i m e n t a l  inves t iga t ions  of r e -  
s i s t ance  in s t r e a m s  with r ibbon  s w i r l e r s  has  b e e n  
made in t u rbu l en t  flow, and only in Koch 's  work  [2] 
do we find r e s u l t s  obtained at low Reynolds  number .  
The working sec t ion  was preceded  by a tube of length 
50 d i a m e t e r s ,  the working sec t ion  i t se l f  having  an l / d  
ra t io  of 20. The t e s t s  were  c a r r i e d  out in a i r ,  at th ree  
va lues  of the r e l a t ive  pitch (s /d  = 2.5, 4.25, 11). 

White [3] found that  in l a m i n a r  flow with m a c r o -  
eddies in coi ls  the r e s i s t a n c e  coeff ic ient  is wel l  gen-  
e r a l i z ed  by the r e l a t i on  if/ = f(DeT. For  flow in a tube 
with r ibbon  s w i r l e r s  the following f o r m  of the Dean 
n u m b e r  was assumed:  

De*=Wd-- -e~- - -~=Re d - ~ - D ' v  (17 

The axis  of the s p i r a l  channel  is located on the s u r -  
face of the cy l i nde r  with d m ~ d /2  and has the h a l f - t u r n  
pitch s. A geome t r i c a l  ana ly s i s  y ie lds  

F igu re  1 shows the r e l a t i on  ~l = f(De*) cons t ruc ted  
on the b a s i s  of Koch 's  tes t s .  The r e s i s t a n c e  coeff ic ient  
for  a s t r e a m  in a s t r a igh t  tube was de t e rmined  f rom 
the Po i seu i l l e  fo rmula  with A = 64. 

In an inves t iga t ion  of the r e s i s t a n c e  of coi l s  White 
fo rmed  the opinion that m a c r o - e d d i e s  appear  when the 
value of ~ be c ome s  g r e a t e r  than unity, and that  the 
onset  of t u rbu lence  c o r r e s p o n d s  to condi t ions  where  
the r e s i s t a n c e  of the specif ic  coi ls  becomes  l a r g e r  
than the value indicated by the r e l a t i on  ~I = f(De) for 
l a m i n a r  flow with m a c r o - e d d i e s .  The l a t t e r  hypothes is  
has b e e n  ve r i f i ed  by v i sua l  obse rva t ions  [4]. This  method 
of def ining the flow r e g i m e  bounda r i e s  has been  used 
for  s t r e a m s  in tubes with r ibbon  s w i r l e r s .  

In l a m i n a r  flow with m a c r o - e d d i e s  the r e s u l t s  of an 
e x p e r i m e n t a l  inves t iga t ion  of flow f r i c t ion  in swi r led  
s t r e a m s  a re  gene ra l i zed  by the fo rmula  

0.526 
~-t = 0.099 De* + 0.4 

or 

(37 

6.34 [ d \  0.263 25.6 
+ R--s (4) 

This  f o r mu l a  was obtained with De* = 5 0 - 8  �9 108 
and s / d  = 2 .5 -11 .0 .  The sol id l ine  in Fig.  1 c o r r e -  
sponds to Eq. (3). 

At s / d  = 11 and low Re, the r e s i s t a n c e  p roves  to 
be l e s s  than in l a m i n a r  flow with m a c r o - e d d i e s .  This  
may be explained by the fact  that for  a weakly swi r led  
s t r e a m  the length of the t e s t  sec t ion  proves  to be in-  
suff ic ient  to obtain developed m a c r o - e d d i e s .  This  r e -  
gion of condi t ions  with underdeveloped secondary  flows 
is bounded in Fig.  I by the b roken  l ine ,  and has not 
been  taken into account  in g e n e r a l i z i n g  the tes t  data. 
The r e s t  of the expe r imen ta l  points  do not deviate  f rom 
the s t ra igh t  l ine  given by (37 by m o r e  than 9%. 

F o r  c ompa r i son ,  Fig.  1 shows the r e l a t i on  ~l = 
= f(De7 obtained by White [3] in s tudies  of the r e s i s -  
tance in coi ls .  It may be seen  that the r e s i s t a n c e  in 
tubes  with r ibbon  s w i r l e r s  is  somewhat  g r e a t e r  than 
that of the coi l s  due to the l e s s  favorab le  shape of the 
c r o s s  sec t ion  of the channel  fo rmed  by the wal ls  of the 
tube and the r ibbon  s w i r l e r .  

The condi t ions  for  the onset  of t u rbu l ence  in a 
swi r l ed  s t r e a m  a re  c h a r a c t e r i z e d  by the quant i ty  Recr .  
F r o m  Fig. 1 we obta in  the fol lowing fo rmula  for  Ree r :  

Recr= 38900 (d/s) l" is +2300. (57 
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A c o n s i d e r a b l e  n u m b e r  of p a p e r s  has  been  devoted  
to inves t iga t ion  of the r e s i s t a n c e  of s w i r l e d  s t r e a m s  
in a t u rbu len t  flow, a l l  the e x p e r i m e n t s  be ing  con-  
ducted  in s t a b i l i z e d  s t r e a m s .  

M O2 d~2 -z 

Fig .  3. Dependence  of the  r e s i s t a n c e  coe f f i c i en t  
on Re(d/D)  2 fo r  s / d  ~ 2.5: 1) and 2) a c c o r d i n g  to 
[1] fo r  s / d  = 1.81 and 2.71; 3) a c c o r d i n g  to [6], 
s / d  = 1.79; 4) a cco rd ing  to [5], s / d  = 2.1; 5) a c -  

c o r d i n g  to [2], s / d  = 2.5. 

Ito [7] c o r r e l a t e d  da ta  on the r e s i s t a n c e  coe f f i c i en t  
in cu rved  tubes  in a tu rbu len t  flow by p r o c e s s i n g  the 
e x p e r i m e n t a l  r e s u l t s  in the f o r m  of the r e l a t i o n  

(D/d) n = f iRe(d/D)2] .  A s a t i s f a c t o r y  c o r r e l a t i o n  was  
found with n = 0.5. 

The s a m e  method  was used  to c o r r e l a t e  the  t e s t  
da ta  on r e s i s t a n c e  in tubes  with r ibbon  s w i r l e r s .  A 
s a t i s f a c t o r y  c o r r e l a t i o n  of the t e s t  da ta  fo r  s / d  _> 2.65 
was  ob ta ined  with n = 0.65, and for  s / d  -< 2.5, wi th  
n = 1.44. F i g u r e s  2 and 3 show the r e s u l t s  of the  e x -  
p e r i m e n t s  d e s c r i b e d  in [1, 2, 5, * 6]. The t e s t s  w e r e  
p e r f o r m e d  in a i r  and wa te r .  C o r r e l a t i o n  of the  ex -  
p e r i m e n t a l  da ta  in t u rbu len t  flow for  s / d  = 13 .00 -2 .65  
y i e l d s  the f o r m u l a  

~ (D)~ [Re(--~)2]-~ (6) 

o r  

0"705 ( d ) ~  ~ 

This  f o r m u l a  was  ob ta ined  fo r  Re(d/D)  2 = 0 . 5 - 1 . 6 -  
- 103 and Re f r o m  R e c r  ( fo rmula  (5)) to 5.9 �9 104. 

*In [5] the e x p e r i m e n t a l  tube had a d i a m e t e r  of 12 
ram, and the tw i s t ed  r ibbon  a t h i c k n e s s  of 1 ram.  
With t h e s e  d i m e n s i o n s ,  de = 6.78 ram. This  d i m e n -  
s ion  was  used  in g e n e r a l i z i n g  the c o r r e s p o n d i n g  t e s t  
data ,  and not de = 6.35 ram, which was  a s s u m e d  by  
the au thors .  

F i g u r e  2 shows the l ine  c o r r e s p o n d i n g  to (6). In 
each  r ange  of v a r i a t i o n  of the pi tch  s / d  -- 6.75, the 
e x p e r i m e n t a l  poin ts  did not dev ia t e  f r o m  the a p p r o x i -  
ma t ing  l ine  by m o r e  than 5%. F o r  s / d  = 11 the d e v i a -  
t ion r e a c h e d  10%. 

F o r  s / d  = 2 .5 -1 .79  (Fig.  3) we obta ined  

o r  

(8) 

4.72 ( d )  0-74. (9) 

These  f o r m u l a s  w e r e  obta ined  in the s a m e  r ange  
of v a r i a t i o n  of Re with Re(d/D)  2 = 2 6 0 - 6 . 1 0 3 .  The 
l a r g e s t  dev ia t ion  of the e x p e r i m e n t a l  poin ts  f r o m  the 
l ine g iven  by (8) r e a c h e d  8%. 

NOTATION 

D is the  d i a m e t e r  of c u r v a t u r e  of the  channel  ax i s ;  
d i s  the tube d i a m e t e r ;  d e is  the equiva len t  d i a m e t e r  
of channel  c r o s s  s e c t i on  f o r m e d  by tube wal l  and r i b -  
bon s w i r l e r ;  De* is the Dean n u m b e r  fo r  flow in a 
tube with r ibbon  s w i r l e r ;  l is the length of tube;  Re = 
= wde /v ;  s is  the h a l f - t u r n  p i tch  of r ibbon  s w i r l e r ;  
w is  the  m e a n  m a s s  flow ve loc i ty ;  ~ is  the k i n e m a t i c  
v i s c o s i t y ;  ~ is  the r e s i s t a n c e  coef f i c ien t  of tube with 
r ibbon  s w i r l e r  a l lowing fo r  l o s s e s  in f r i c t i o n  and in 
the f o r m a t i o n  of  s e c o n d a r y  f lows;  -(l = ~/~ol ; ~= ~/~0; 
~ol and ~0 a r e  the  r e s i s t a n c e  coe f f i c i en t s  of a s t r a i g h t  
channel  in the l a m i n a r  and tu rbu len t  flow r e g i m e s .  
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