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The equilibrium condition of a solid spherical particle in a turbulent 
flow is considered. A relation between the rotational velocity of the 
inner cylinder and the critical velocity of the ascending flow in an 
annular channel is obtained for the range of Reynolds numbers 10 3 - 5 �9 
�9 10 4, 

t ic (gl  = 1.61 g /cm 3) and a l u m i n u m  (Pl = 2.6 g/era3). 
T h e  spheres  we re  placed in the gap between the cy l in -  

de r s  be fore  the e x p e r i m e n t s  began .  

When the inner cylinder rotates, the motion of an 

ascending flow in an annular channel is no longer 

translational, but helical with the helix angle depending 

on the rate of rotation of the inner cylinder. Figure 1 

shows photographs of the structure of the turbulent 

flow in such a channel. 

In order to visualize the flow structure of pure wa- 

ter we used a mixture of ch~orobenzene, refined min- 

eral oil, and white mineral pigment. 

It is known [1-7] that at a mean axial flow velocity 

v z = 0 rotation of the inner cylinder of an annular 

channel with rl/r 2 = 0.4-0.95, where r i and r 2 are the 

radii of the inside and outside cylinders, respectively, 

c r e a t e s  a t angen t i a l  ve loci ty  prof i le  with a w e l l - e x -  
p r e s s e d  flow core  moving  at  the a l m o s t  cons tan t  ve-  
loci ty vq~ and occupying up to 80% of the channel  width.  
In the t u rbu l en t  r e g i m e  v~ is  about 0.4 t imes  the t a n -  
gent ia l  ve loci ty  at the su r face  of the inne r  cy l inde r  

When axial  mot ion  is  s u p e r i m p o s e d  on this  flow, v~~ 
the t angent ia l  component  vq~ of the mean  r e s u l t a n t  ve -  
loci ty v~ d e c r e a s e s  with i n c r e a s e  in the r a t io  Vz/V~ 
and may r each  a va lue  of the o rde r  of 0.2v~01 [2, 3]. 
This  is  due to the i n t e r a c t i o n  of the two flows and the 
fo rma t ion  of a new flow with m o r e  in t ense  t u r b u l e n c e .  
In view of the nonlinearity of the equations describing 

such processes, the flow interaction does not reduce 

to the simple addition of intensities of turbulence. The 

axial flow acts on the rotational motion of the liquid 

and deforms the tangential velocity profile, making it 

fuller, which leads to an increase in the frictional 

force at the surface of the inner cylinder. 

This reasoning is fully applicable only until Taylor 

eddies are formed in the gap. Taylor eddies occur in 

the annular gap at v q~i/Vz > 8-10 and relative gap widths 

r/r 2 of the order of 0.4-0.8 [i]. 
As our experiments at v~. /v z < 20 have shown, the 

presence of Taylor eddies re~luces v~ by a further 

10-15%. 
In order to study the equilibrium conditions of 

spherical particles in an annular channel with rotation 

of the inner cylinder we performed experiments on an 
apparatus consisting of two vertical, coaxial, hydrau- 

lically smooth cylinders 1300 mm long, of which the 
inner aluminum cylinder rotated while the outer trans- 

parent plastic cylinder was fixed. 
We investigated the case of a Newtonian liquid flow- 

ing over spheres of diameter d = 4 mm made of plas- 

Fig. i. Structure of single-phase turbulent flow 

in an annular channel with rotating inner cylin- 

der: a) helical turbulent flow, Re z = 6.7 �9 103, 
Req~ = 104; b)the same, Rez = 6. 103, Re~ = 

= 104 ; c) transition from helical flow to flow with 
Taylor eddies, Re z = 1.4 �9 i04, Re(p = 8. i04; 

d) axially moving Taylor eddies, Rez = 3 �9 102, 
Re~0 = i04. 

The Reynolds number of the spiral flow varied in 

the range i0~-i04. The experiments were performed as 

follows. The rate of rotation of the inner cylinder vq~ I 

was fixed. By gradually increasing the flow of water 

we created a steady lift force just sufficient to suspend 

the selected particles in the flow. The critical velocity 

was assumed to have been reached when the particles 

occupied the space between two marks 0.05 m apart in 

the middle of the experimental section. The position 

of the particles in the channel was determined visually. 

It should be noted that at vqh = 0 the particles exe- 

cuted a random oscillatory motion between the marks, 

while at v~01 > 0 they also moved in the horizontal plane 

along a circle close to the walls of the outer cylinder 

with a certain mean velocity vq~ a = 2~ r/t, where r ~ 

r 2 - d/2 is the radius of curvature of the particle 

trajectory, and t the time required for it to make one 

revolution in the horizontal plane. The value of vea 
was determined experimentally. 

The experimental data show that rotation of the in- 
ner cylinder has an important influence on the lift force 

exerted by the ascending flow. By increasing the rate 

of rotation it is possible to suspend the particles st 
a mean axial flow velocity Vz much lower than the ve- 

locity determined from the equation for the particle 

e~uilibrium condition: 

vz =t  as, 
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w h e r e  G o i s  the  weight  of the  p a r t i c l e  in a m e d i u m  of 
de ns i t y  P2, and C w is  the  d r a g  coe f f i c i en t  in the t u r b u -  
l en t  r e g i m e .  

A so l id  p a r t i c l e  in an annu la r  channel  i s  ac t ed  upon 
by:  the  weight  of the  p a r t i c l e  in the  given m e d i u m  Go= 

d a 
- -  (P~--P2)g ( s p h e r e s ) ;  the  c e n t r i f u g a l  f o r c e  d i -  

6 
r e e t e d  at any given m o m e n t  in a d i r e c t i o n  n o r m a l  
to the  p a r t i c l e  t r a j e c t o r y ;  a f o r c e  due to the  r a d i a l  
p r e s s u r e  g r a d i e n t  in  the  gap; the  i n e r t i a  f o r c e  F 1 = 
=dv~o/dt; the C o r i o l i s  f o r c e ;  and the d r a g  due to 
flow p a s t  the  p a r t i c l e s  at the  r e s u l t a n t  v e l o c i t y  ve0, 
fo r  a s p h e r e  P , =  c=p,_d~v~o= kv~~ Since the  r a d i a l  
p r e s s u r e  g r a d i e n t  i s  s m a l l  [7-9] ,  the c e n t r i f u g a l  f o r c e  

~1 ~)2 

F2 = -6- d3 (Pl - -  P~) ~r u s u a l l y  p r e v a i l s .  

The  d i r e c t i o n  of th i s  f o r c e  i s  n e a r l y  r a d i a l .  Under  
the  in f luence  of th i s  c o m p l e x  t h r e e - d i m e n s i o n a l  s y s t e m  
of f o r c e s  the  mo t ion  of a p a r t i c l e  in the t u r b u l e n t  flow 
is  r a n d o m :  i t  now a p p r o a c h e s ,  now m o v e s  away f r o m  
the wal l  a t  c e r t a i n  m o m e n t s ,  e x p e r i e n c i n g  the d e c e l -  
e r a t i n g  ac t ion  of the  wal l  and the l a y e r s  of l iqu id  n e a r  
the  wa l l .  

Th i s  type  of i n t e r a c t i o n  i s  o b s e r v e d  in c y c l o n e s .  
I so l a t ing  the  m o s t  i m p o r t a n t  f a c t o r s  d e t e r m i n i n g  

the e n t r a i n m e n t  of p a r t i c l e s  in the  ax ia l  d i r e c t i o n ,  we 
wi l l  a v e r a g e  the  mot ion  of the  p a r t i c l e s  in t i m e  and 
n e g l e c t  r a d i a l  d i s p l a c e m e n t s  and the f o r c e s  ac t ing  in 
tha t  d i r e c t i o n ,  i . e . ,  we wil l  c o n s i d e r  the  f o r c e s  and 
v e l o c i t i e s  ac t ing  in a p lane  t angen t i a l  to  a c y l i n d r i c a l  
s u r f a c e  of s o m e  r a d i u s  r c h a r a c t e r i z i n g  the mean  po-  
s i t ion  of the  p a r t i c l e  in the  annu la r  s p a c e .  We a l so  
ne g l ec t  r a n d o m  f luc tua t ions  of the  p a r t i c l e  ve loc i ty ,  
i .  e . ,  we a s s u m e  that  d v / d t  = 0. We s e l e c t  a C a r t e s i a n  
coo rd ina t e  s y s t e m  with o r ig in  at  the c e n t e r  of the 
particle and consider its equilibrium conditions in 
averaged motion along a helical line (Fig. 2a). 

For Pl >p2 the force G o is directed vertically down- 
ward. Averaging the effect of the decelerating impulses 
we can estimate them by means of a certain constant 
f o r c e  P~ which in the  g e n e r a l  e a s e  has  v e r t i c a l  and 
t angen t i a l  c o m p o n e n t s .  When G o and the l i f t  f o r c e  b e -  
come  equal ,  the  p a r t i c l e  m o v e s  th rough  the annu la r  
space  in the h o r i z o n t a l  p lane ,  and for  th i s  c a s e  the 
v e r t i c a l  componen t  of the  d e c e l e r a t i n g  f o r c e s  m a y  be 
taken equal  to z e r o .  

The ve loc i ty  v e c t o r  d i a g r a m  for  th i s  c a s e  is  shown 
in F i g .  2b. The t r a n s l a t i o n a l  flow ve loc i ty  i s  equal  to 
the  ve loc i ty  of the flow c o r e  in the  annu la r  s p a c e  V e - -  

= V z + V~.  
Above ~t was shown that  the  abso lu te  ve loc i ty  of a 

p a r t i e l e  in the  flow V ~ can be  d e t e r m i n e d  by  o b s e r v -  ~0. 
ing i t s  mot ion  in the  annu la r  channe l  under  e ~ u i l i b r i u m  

conditions. The particle velocity relative to the flow 
Vq~ 0 is equal in magnitude and opposite in direeion to 
the vector difference of Vg and V~a. The vertical com- 
ponent Vz0 of the velocity Ve0 for equilibrium condi- 
tions is opposite to Vz, and the tangential component 

V(p0= V~ - V ~ a .  
I t  i s  c l e a r  f r o m  the d i a g r a m  tha t  for  any g iven  v a l -  

ue of V z i t  i s  p o s s i b l e ,  by i n c r e a s i n g  Vcp (and hence  
Ve0) , to i n c r e a s e  the l i f t  f o r c e  e x e r t e d  by the flow in 
the  v e r t i c a l  d i r e c t i o n .  At  a g iven t angen t i a l  ve loc i t y  
the  l i f t  f o r c e  r e a c h e s  i t s  m a x i m u m  va lue  when the 
p a r t i c l e  i s  c o m p l e t e l y  d e c e l e r a t e d ,  i . e . ,  when V~ = 
= Ve0,  and i t s  m i n i m u m  va lue  when V~0 = 0. 

In [10] i t  was  e r r o n e o u s l y  p r o p o s e d  to d e t e r m i n e  
the l i f t  f o r c e  fo r  a f l a t  p l a t e  in the  annu la r  gap  of a 
d r i l l i n g  with  ro t a t i ng  d r i l l  p ipes  not f r o m  the r e l a t i v e  
t angen t i a l  ve loc i ty  of the  p a r t i c l e ,  but  f rom the  p e -  
r i p h e r a l  ve loc i ty  of the  s u r f a c e  of the  d r i l l  p i p e s .  
M o r e o v e r ,  the  s p e c i a l  c h a r a c t e r i s t i c s  of the mot ion  of 
a pla~e in a he l i c a l  flow noted l a t e r  in [11] we re  not  
t aken  into accoun t .  

Our e x p e r i m e n t s  a t  Vz/V~l = 0 . 0 4 - 0 . 4  gave  v~ = 
= (0.35-0.4)v~o,,  and v, ._ ~ 0:5v~, ~ 0 .2v~ . 

r~ "YCe "~ Wi " 
Thus, v = 0 2v or in general form v ^ = nv~,.. 

It m a y  be a s s u m e d  tha t  the  va lue  of the coef f ic ien t  n 
depends  on the  shape  of the p a r t i c l e s ,  t h e i r  s i z e ,  the 
r a t i o  of t h e i r  s i z e  to the width of the  gap  6,  the  p a r -  
t i c l e  c o n c e n t r a t i o n ,  and the condi t ions  of i n t e r a c t i o n  

of v ~ t  and v z. 
F o r  the  e q u i l i b r i u m  s t a t e  of the  p a r t i c l e  we w r i t e  

On the o the r  hand,  e q u i l i b r i u m  i s  a l so  r e a c h e d  in 
the a b s e n c e  of ro t a t i on  of the  l iquid ,  by i n c r e a s i n g  the 
ax ia l  v e l o c i t y  v z.  At the  c r i t i c a l  ve loc i t y  v ,  the  s~me  
p a r t i c l e  i s  ac ted  upon by the  f o r c e  

R~. = kv$. (2) 

Equat ing  (1) and (2), a f t e r  t r a n s f o r m a t i o n s  and a l -  
lowing fo r  the  fac t  tha t  

s i n c t  ~ -  ~)z 

we obta in  

V~,v~ - n- < ( ~ - 1  v.~ 71 ~ - -  l, (3) 

w h e r e  v~ i s  the  t angen t i a l  ve loc i t y  at  the s u r f a c e  of 
the  inner  c y h n d e r  at  whmh p a r t i c l e s  c h a r a c t e r i z e d  by 
g iven  va lues  of v ,  and n wi l l  be in e q u i l i b r i u m  at  v z < 
< V , .  

I ' , = L Y ,  

' .... ; , - "  " ~  t =  ' % 

b vg ------v,~ 

Fig .  2. D i a g r a m  of f o r c e s  (a) and v e l o c i t i e s  (b) for  a p a r t i c l e  in 
an a scend ing  flow through an annu la r  channel .  
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Fig .  3. E q u i l i b r i u m  of p a r t i c l e  in an annu la r  
channel  a s  a funct ion of vq0l/Vz: 1) c a l c u l a t e d  
f r o m  Eq. (3)  fo r  n = 0.15; 2) the s a m e ,  0.17; 
3) the s a m e ,  0.20; a ,b )  s p h e r e s  4 m m  in 
d i am.  wi th  p,  equal  to 1.61 and 2.6 g / c m  a, 

r e s p e c t i v e l y .  

The  g r a p h  ( see  Fig~ 3) of v~0i/v z v e r s u s  v, /v z i n -  
d i c a t e s  su f f i c i en t ly  c l o s e  a g r e e m e n t  be tween  the ex -  
p e r i m e n t a l  da ta  and the c a l c u l a t e d  c u r v e s  b a s e d  on Eq.  
(3) at  v a r i o u s  va lue s  of n. 

The  change  of flow s t r u c t u r e s  shown in F ig .  i does  
not have  much effect  on the  n a t u r e  of the  r e l a t i o n s h i p  

be tween  v~0l/v z and v . / v z  . 
The  d r a g  coe f f i c i en t  of s p h e r i c a l  p a r t i c l e s  m a y  be 

a s s u m e d  cons tan t ,  which  i s  v a l i d  on the i n t e r v a l  

Redo = v~o d'~ = I 0 ~ -  103. 
In our  i n v e s t i g a t i o n  Ree0 v a r i e d  be tween  10 a and 

5. 10 4 . 

In the general case the coefficient c w is variable 

and depends on Reg0. Then expression (3) is written as 

v~, _ ! ] / / /  c~(Re.)  ( v,  ]4 1 " (4) 
v z n (c~) 2 (Re..0) \ v z / 

The p r o b l e m  is  one of c o n s i d e r a b l e  p r a c t i c a l  i m -  
p o r t a n c e  in connec t ion  with the  r e m o v a l  of r o c k  d e b r i s  
f rorn b o r e  ho le s  and the o p e r a t i o n  of cyc lone  e q u i p -  

meat. 
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