
418 INZHENERNO-FIZICHESKII  ZHURNAL 

HYDRAULIC RESISTANCE OF ROTATING TUBES 

V. K. Shehukin 

I n z h e n e r n o - F i z i e h e s k i i  Zhurna l ,  Vol.  12, No. 6, pp. 782-787 ,  

UDC 532.501.312 

Parametric relations have been obtained, based on experimental  data, 
for the hydraulic resistance coefficient of rotating tubes, allowing for 
the action of mass forces on the fluid flow. 

An eva lua t i on  of the  h y d r a u l i c  r e s i s t a n c e  of r o t a t -  
ing tubes  i s  of i n t e r e s t  in connec t ion  with the  de s ign  
of cool ing  s y s t e m s  fo r  r o t a t i n g  m a c h i n e r y .  

A f lu id ,  f lowing th rough  a r o t a t i n g  tube ,  i s  sub -  
j e c t e d  to the  ac t i on  of c e n t r i f u g a l  m a s s f o r c e s .  T h e s e  
f o r c e s  m a y  have  an ac t i ve  ef fec t  on the flow, i n c r e a s -  
ing the  t u r b u l e n c e  a r i s i n g  f r o m  e x t e r n a l  f o r c e s ,  o r  a 
c o n s e r v a t i v e  ef fec t ,  l e ad ing  to the  s u p p r e s s i o n  of t u r -  
bu lence  and to g r e a t e r  s t a b i l i t y  of the  f low.  

An a n a l y s i s  of the  s t a b i l i t y  of r o t a r y  mot ion  of a 
f lu id  by the Ray le igh  me thod  shows tha t  an i s o t h e r m a l  
s t r e a m  wi l l  be s t ab l e  under  the  condi t ion  

d(ur)2 ~, O, (1) 
dr 

w h e r e  u i s  the  c i r c u m f e r e n t i a l  ve loc i t y ,  and r i s  the  
r a d i a l  c o o r d i n a t e .  

The flow of a f lu id  th rough  a r o t a t i n g  tube  e n t a i l s  
t r a n s l a t i o n a l  mot ion  a long the tube a x i s ,  in  add i t ion  to 
ro t a t i on ,  and t h e r e f o r e  condi t ion  (1) cannot  e n s u r e  
s t a b i l i t y  of the  flow, but m a y  be c o n s i d e r e d  a s  an in -  
d i ca t ion  tha t  the  m a s s  f o r c e s  a r e  c o n s e r v a t i v e .  

A t h e o r e t i c a l  i nves t i ga t i on  of l a m i n a r  flow through  
a ro t a t i ng  tube shows [1] that  s o l i d - b o d y  r o t a t i o n  of 
the  f luid i s  e s t a b l i s h e d  in a s t a b i l i z e d  s t r e a m ,  i . e . ,  
r o t a t i on  with  cons t an t  angu la r  ve loc i ty  equal  to the  
angu la r  v e l o c i t y  of the  tube r o t a t i o n .  I t  m a y  be sup-  
posed  that ,  even in a t u r b u l e n t  f low, the  mot ion  i s  d e -  
t e r m i n e d  a l so  by  some th ing  c l o s e  to the  s o l i d - b o d y  

law.  
When the c i r c u m f e r e n t i a l  v e l o c i t i e s  a r e  d i s t r i b u t e d  

a c c o r d i n g  to a s o l i d - b o d y  law,  e x p r e s s i o n  (1) r e d u c e s  
to the  condi t ion  r > 0, and t h e r e f o r e  the  inf luence  of 
m a s s  f o r c e s  on the  s t r e a m  is  c o n s e r v a t i v e  in c h a r a c -  
t e r  ove r  the whole tube  c r o s s  s ec t ion .  

The  s t a b i l i z i n g  effect  of tube r o t a t i o n  on a t u rbu l en t  
s t r e a m  has  been  c o n f i r m e d  by v i sua l  o b s e r v a t i o n s  [2, 
3]. The  flow v i s u a l i z a t i o n  was  ach i eved  by m e a n s  of a 
dye .  A tu rbu l en t  flow r e g i m e  was e s t a b l i s h e d  in a tube 
at  r e s t ,  and the flow r e t u r n e d  to the l a m i n a r  condi t ion  
when the tube was  r o t a t e d  with a c e r t a i n  v e l o c i t y .  

The m e c h a n i s m  of the  ef fec t  of c en t r i f uga l  m a s s  
f o r c e s  on t u rbu l ence  in a r o t a t i n g  tube has  not  been  
s tud ied ,  but ,  on the  b a s i s  of an e x p e r i m e n t a l  i n v e s t i -  
ga t ion of t u r b u l e n c e  in the  gap be tween  r o t a t i n g  c y l i n -  
d e r s  [4], i t  m a y  be supposed  tha t  the  m a s s  f o r c e s  de -  
c r e a s e  the  r a d i a l  componen t  of f luc tua t ing  v e l o c i t y .  

The laws  fo r  the h y d r a u l i c  r e s i s t a n c e  of r o t a t i n g  tubes  
and the bounda ry  of the  f luid flow r e g i m e s  have  been  
s tud ied  e x p e r i m e n t a l l y .  A g e n e r a l i z a t i o n  of the  e x p e r -  

1967 

i m e n t a l  da ta ,  the  p u r p o s e  of the  p r e s e n t  a r t i c l e ,  m u s t  
begin  by se t t ing  up a s i m i l a r i t y  shape  p a r a m e t e r  to 
d e s c r i b e  the  e f fec t s  of m a s s  f o r c e s  on the f low. F r o m  
an a n a l y s i s  of the  d i f f e r e n t i a l  equat ion of mot ion  by 
the  me thod  of s i m i l a r i t y  c ons t a n t s ,  i t  has  been e s t a b -  
l i shed  [5], that  t h i s  ef fec t  m a y  be c a l c u l a t e d  by m e a n s  
of the  p a r a m e t e r  

g =. _ t A F  . (2) 
p w ~ 

The s a m e  s i m i l a r i t y  p a r a m e t e r  i s  ob ta ined  f r o m  an 
a n a l y s i s  of the  e x c e s s  m a s s  f o r c e  f o r m u l a .  

The  e x c e s s  m a s s  f o r c e  AF*,  which a r i s e s  du r ing  a 
chance  r a d i a l  d i s p l a c e m e n t  of a p a r t i c l e  of f lu id  by a 
vo lume  Av  with a t r a j e c t o r y  c o r r e s p o n d i n g  to r a d i u s  
r to a t r a j e c t o r y  with r a d i u s  r =  r 0+ A r ( A r >  0), i s  
g iven  by the f o r m u l a  

M ~ M~ 
AF* . . . . .  (3) 

A v p r  a AVpo ra 

Fo l lowing  expans ion  of the  quant i ty  M2/p in a T a y l o r  
s e r i e s ,  and s i m p l e  t r a n s f o r m a t i o n s ,  we obta in  

A F  1 [ d p ( u r )  ~ 1 d~p(ur) ~ h r 4 - . . . ]  (4) 
h r r s [ dr Jr 2! dr ~ J 

w h e r e  A F  = AF*/Av.  
A n a l y s i s  of e x p r e s s i o n  (4) by the me thod  of s i m i -  

l a r i t y  cons t an t s  a l so  y i e l d s  the  p a r a m e t e r  K ( formula  
(2)). Thus ,  the  equat ion of f lu id  mot ion  and the e x p r e s -  
s ion  for  the  e x c e s s  m a s s  fo r ce ,  which i s  u sed  in a n a l -  
y s i s  of flow s t ab i l i t y ,  l e ad  to the s a m e  s i m i l a r i t y  p a -  
r a m e t e r .  

Choosing  a c h a r a c t e r i s t i c  d imens ion  to be the  d i s -  
t ance  be tween  poin ts  giving the m a x i m u m  and m i n i -  
m u m  m a s s  f o r c e ,  equal  to the  tube r a d i u s  r ,  and r e -  
p l ac ing  A F  by pu2/r in (2), we obtain ,  for  i s o t h e r m a l  
c o n d i t i o n s ,  

K =  w ~ 4 

When m u l t i p l i e d  by Re 2, p a r a m e t e r  K for  i s o t h e r -  
m a l  s t r e a m s  r e d u c e s  to the p a r a m e t e r  S: 

s = z3 A--Z = ! ~ d__Z (6) 
v ~ 16 v ~ 

The  p a r a m e t e r  S i s  uniquely  r e l a t e d  to the c i r c u l a r  
Reynolds  n u m b e r :  

I e :  (7) 
S = T R circ" 
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Fig .  1. R e s u l t s  of an e x p e r i m e n t a l  d e t e r m i n a t i o n  of the hydrau l i c  r e s i s t -  
ance of r o t a t i n g  tubes  in tu rbu len t  flow of a i r  ( 1 - 7 ,  a c c o r d i n g  to [6]) and 
of w a t e r  ( 8 - 1 5 ,  a c c o r d i n g  to [3]); 1 - -Re  = 1.32.104,  n - -up  to 3700 rpm;  
2 - -1 .97 .104  and up to 3200; 3 - -2 .44 .104  and up to 4500; 4 - -3 .19 .104  and 
up to 4300; 5 - -4 .12 .104  and up to 4500; 6 - -5 .94 .104  and up to 4500; 
7--7.05.104 and up to 4300; 8--3.45. 103-9.47.10 s and 250; 9--2.41.103- 
9.47.103 and 500; 10--3.45. 103-3.08 �9 104 and i000; 11--6.04.103-9.47. 
�9 103 and 1500; 12--6.04. 103-9.47 �9 103 and 2000; 13--6.04. 103-9.47 �9 103 
and 2500; 14--104-3.13.104 and 2560; 15--5.25.103-3.17.104 and 3120; 

a--n = 500 rpm; b-1000; c-1500; d-2000; e-2500; f-3120. 
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Fig. 2. Critical value of Re as a function of Recirc: 
i) Kas'yanov's tests; 2) White's test. 



420 INZ HENERNO-FIZICHESKII  ZHURNAL 

O.05 

0.~ 

0.03 

0.02 

0,008 

0,00? 

0.006 

0.005 
2 3 /4 5 6 8 10 ~ 2 3 Re 

Fig .  3. 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 iga t ion  of h y d r a u l i c  
r e s i s t a n c e  of ro t a t i ng  tubes  under  l a m i n a r  flow of a i r  ( 1 - 4 ,  a c -  
co rd ing  to [7]) and of w a t e r  ( 5 - 1 0 ,  a c c o r d i n g  to [3]): 1--n  = 800 
rpm;  2--1080; 3--1570; 4--2050;  5--500; 6--1000; 7--1500; 

8--2000; 9--2500; 10--3120. 
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T h e r e f o r e ,  to  d e s c r i b e  the  n a t u r e  of the  in f luence  of 
r o t a t i o n  on h y d r a u l i c  r e s i s t a n c e  and on the  b o u n d a r i e s  

of the  flow r e g i m e s ,  we m a y  use  the  p a r a m e t e r  R e e i r c  
o r  the  p a r a m e t e r  c0d/w. 

F i g u r e  1 shows the  r e s u l t s  of i n v e s t i g a t i o n s  of h y -  
d r a u l i c  r e s i s t a n c e  of r o t a t i n g  tubes  c a r r i e d  out by 
Levy  [6] a n d W h i t e  [3] f o r  Re > 2300 in the  f o r m  of 
the  r e l a t i o n  ~ - = f ( w d / w ) .  The coe f f i c i en t  ~0, e n t e r i n g  
into ~, was  d e t e r m i n e d  by the B l a s i u s  l aw.  

The e x p e r i m e n t a l  equ ipmen t  had  t h r e e  s e c t i o n s  of 
tube with  the  s a m e  d i a m e t e r  and a c o m m o n  a x i s :  a 
fixed i n l e t  tube ,  a r o t a t i n g  tube ,  and a f ixed  o u t l e t t u b e .  
In L e v y '  s equ ipmen t  the tube  had a d i a m e t e r  of 82 ram,  
and the l eng ths  of the  in l e t ,  r o t a t i ng ,  and out le t  s e c -  
t ion w e r e  24d, 18d, and 24d, r e s p e c t i v e l y .  The t e s t s  
w e r e  c a r r i e d  out with a i r .  Whi t e '  s equ ipment  had a 
tube  with  i n t e r n a l  d i a m e t e r  of 9.5 m m ,  the  l eng ths  of 
the  in le t  and ou t l e t  s e c t i o n s  ( f rom the  l o c a t i o n  of p r e s -  
s u r e  m e a s u r e m e n t  to the  r o t a t i n g  tube) w e r e  28d and 
100d, and the  length  of the  r o t a t i n g  s ec t i on  was  232d. 
The  t e s t s  w e r e  c a r r i e d  out  in w a t e r .  

In r e d u c i n g  the e x p e r i m e n t a l  da ta ,  the  r e s i s t a n c e  
of the  f ixed  s e c t i o n s  was  e l i m i n a t e d  f r o m  the to ta l  
r e s i s t a n c e  by  c a l c u l a t i o n ,  the  h y d r a u l i c  r e s i s t a n c e  
be ing  e s t i m a t e d  f r o m  the  B l a s i u s  f o r m u l a .  

I t  m a y  be  s een  f r o m  F i g .  1 tha t  wi th  i n c r e a s e  of 
ve loc i t y  of r o t a t i o n ,  the quant i ty  ~- a t  f i r s t  r e m a i n s  
equal  to uni ty ,  and then d e c r e a s e s .  H e r e  g e n e r a l i z e d  
dependence  ~ =f(wd/w) i s  o b s e r v e d  fo r  a t u rbu len t  
flow r e g i m e ,  independen t  of the  va lue  of Re .  The  s h a r p  
dev ia t i on  f r o m  th is  r e l a t i o n  (the dashed  l ines ) ,  which  
o c c u r s  at  n = i d e m  and for  an i n c r e a s e  in the  p a r a m -  
e t e r  cod/w, m a y  be c o n s i d e r e d  as  t r a n s i t i o n  to  a l a m i -  
na r  flow r e g i m e .  

The  c r i t i c a l  v a l u e s  of the  p a r a m e t e r  Re,  d e t e r -  
mined  f r o m  the bend in the  r e l a t i o n  ~-= f ( w d / w ) ,  a r e  
c o m p a r e d  (F ig .  2) with the r e s u l t s  of an i nves t i ga t i on  
of c r i t i c a l  r e g i m e s  in a r o t a t i n g  tube c a r r i e d  out by 
K a s '  yanov  [7]. K a s '  yanov '  s t e s t s*  w e r e  c a r r i e d  out 
in a i r .  The  r e l a t i o n  ~ = f ( R e )  fo r  the  l a m i n a r  r e g i m e  
p roved  to be g e n e r a l  for  a l l  r o t a t i o n a l  v e l o c i t i e s ,  and 
the onse t  of t u r b u l e n c e  was  c h a r a c t e r i z e d  by a s h a r p  
i n c r e a s e  in h y d r a u l i c  r e s i s t a n c e  in c o m p a r i s o n  with 
the l a m i n a r  flow c a s e .  

It m a y  be  s een  f r o m  F ig ,  2 tha t  the  dependence  of 

R e c r i t  on R e t i r e ,  a s  found by m e a n s  of F ig .  1 and a s  
d e t e r m i n e d  in K a s ' y a n o v ' s  tests, i s  in s a t i s f a c t o r y  
a g r e e m e n t  and is  d e s c r i b e d  by the  g e n e r a l  f o r m u l a  

7 16Re~ TM + 2300. (8) Recfit-- " c~sc 

Th i s  f o r m u l a  c o r r e s p o n d s  to the  so l id  l ine in F ig .  2, 
Thus ,  F i g s .  1 and 2 show tha t  tube  ro t a t ion  d e l a y s  

the onse t  of t u r b u l e n c e  and in a t u rbu l en t  s t r e a m  i t  
s u p p r e s s e s  the  d e v e l o p m e n t  of f luc tua t ing  mo t ion  and 

*Reference  [7] g i v e s  no i n f o r m a t i o n  on the d i m e n s i o n  
of the  e x p e r i m e n t a l  t ubes ,  but the  g r a p h s  of ~ = f ( R e )  
ob ta ined  in the  e x p e r i m e n t a l  equ ipment  at  r e s t  in l am~ 
ina r  and tu rbu len t  r e g i m e s  i n d i c a t e  that  the  tube was  
long enough and that  t h e r e  was  no in f luence  of the  i n i -  
t i a l  s ec t ion  on the h y d r a u l i c  r e s i s t a n c e .  

t h e r e f o r e  s u b s t a n t i a l l y  d e c r e a s e s  the  h y d r a u l i c  r e -  

s i s t a n c e  of the  f low.  
A n a l y s i s  of F ig .  1 a l lows  us  to  m a k e  quan t i t a t ive  

conc lus ions  r e g a r d i n g  the h y d r a u l i c  r e s i s t a n c e  of r o -  
t a t ing  tubes  fo r  the t u rbu len t  flow r e g i m e .  F o r  c0d/w _< 
--< 0.25 rotation has no influence on the hydraulic re- 
sistance of the tube (~ = I), and therefore the hydrau- 

lic resistance coefficient ~ is determined by the Bla- 

s ius  law.  
F o r  ~ d / w  = 0 .25 -0 .95  

F o r  cod/w = 0 . 9 5 - 1 0  

( m /~ 
-- 0,865 \ ~ - ~ /  o r  

_ 0 ,281 ( ~ ~o,0s6 
J (9) 

0.273 ( w ) ~ 
I~e ~ ~ . (10) 

F o r m u l a s  (9) and (10) c o r r e s p o n d  to the  so l id  l ines  

on Fig. io 
Figure 3 shows the relationship ~ = fORe), construc- 

ted from the results of investigation of hydraulic re- 
sistance of rotating tubes in laminar flow [7], as well 

as White's test data, which are joined by dashed lines 
on Fig. I. The line "a" corresponds to the Poiseuille 

formula for fixed tubes. 
Figure 3 shows that the test data exhibit considera- 

ble scatter, but no separation of the data points ac- 

cording to rate of rotation is observed. The figure 
shows that the hydraulic resistance of a rotating tube 

under laminar conditions is larger than that of a fixed 

tube. 
The causes of the scatter of the test data were not 

given, but it may be assumed that one cause is vibra- 
tion of the  ro t a t i ng  tube  due to l a ck  of co inc idence  b e -  
tween  the axis  of  the  f ixed and r o t a t i n g  s e c t i o n s .  

The  a v a i l a b l e  t e s t  da ta  on h y d r a u l i c  r e s i s t a n c e  of 
r o t a t i n g  tubes  in l a m i n a r  flow a r e  insu f f i c i en t  for  a 
dependence  to be obta ined ,  and th i s  ques t ion  t h e r e f o r e  
r e q u i r e s  add i t iona l  s tudy .  However ,  for  an e s t i m a t e  
of the  upper  l i m i t  of the  p o s s i b l e  va lue  of the h y d r a u -  
l ic  r e s i s t a n c e  coef f i c ien t ,  for  Re = 2.3 �9 10~-3.5 �9 l0  s, 
we m a y  r e c o m m e n d  the f o r m u l a  

24.1 (11) 
= R e O . 8  ' 

which corresponds to the line "b" on Fig, 3. 

NOTATION 

d is  the  tube i n t e r n a l  d i a m e t e r ;  F is  the  m a s s  f o r c e  
r e f e r r e d  to unit  vo lume;  F* i s  the  m a s s  f o r c e  app l i ed  
to a f lu id  p a r t i c l e ;  A F  is  the e x c e s s  m a s s  f o r c e  (dif-  
f e r e n c e  be tween  the  m a s s  f o r c e s  of two c h a r a c t e r i s t i c  
poin ts  of the sy s t e m)  ; K is  the s i m i l a r i t y  p a r a m e t e r  ; 
Aj i s  the  d i f f e r e nc e  be tween  the i n e r t i a  a c c e l e r a -  
t ions  a t  two poin ts  of the s y s t e m ;  l is  the c h a r a c t e r i s -  
t i c  d i m e n s i o n ;  M is  the  m o m e n t  of m o m e n t u m  of a 
f luid p a r t i c l e ;  n is  the  n u m b e r  of r e v o l u t i o n s  of the 
tube  in uni t  t i m e ;  r i s  the  r a d i a l  c o o r d i n a t e ,  tube  r a d i -  
us ;  Re is  the  Reyno lds  n u m b e r ,  b a s e d  on the mean  
m a s s  ve loc i t y  of the  f luid mot ion ;  R e e i r c  i s  the R e y -  
no lds  n u m b e r  b a s e d  on the c i r c u l a r  ve loc i ty  of f lu id  
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motion; S is the s imilar i ty  parameter ;  u is the c i rcu-  
lar  velocity of the inner surface of the tube; Av is the 
volume of a fluid part icle;  w is the mean mass  veloci- 
ty of the fluid; v is the kinematic viscosity;  ~ = ~/~0;~ 
is the coefficient of hydraulic res is tance  of a rotating 
tube; ~0 is the same for a fixed tube; p is the fluid den- 
sity; w is the angular velocity of rotation of the tube. 
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