
Compar ison  of exper imenta l  data for  max ima l  l a te ra l  p r e s s u r e s  obtained for  beds of  var ious  re la t ive  
height with r e su l t s  obtained by computat ion using Eq. (2) indicated insignif icant  d i sc repanc ie s  (Fig. 3). T h e r e -  
fore ,  i t  is poss ib le  to r e c o m m e n d  the appl icat ion of the above expres s ion  for  caleulal ions on s t r e s s e s  in ae ra t ed  
loose ma te r i a l  beds during their  forced motion along ve r t i ca l  p ipes .  

N O T A T I O N  

D, d i ame te r  of the pipel ine;  f ,  r e s i s t a n c e  coefficient;  h, loose ma te r i a l  bed height above the piston; n, 
l a t e ra l  p r e s s u r e  coefficient;  o', ve r t i c a l  p r e s s u r e ;  O-b, loose  m a t e r i a I p r e s s u r e  onpipel ine  walls;  w, gas  flow 
f i l t ra t ion veloci ty through the loose m a t e r i a l  bed; Wcr, gas  flow f i l t ra t ion  veloci ty  at  which the f luidization e f -  
fect  fo r  a given m a t e r i a l  begins;  dP/dh ,  p r e s s u r e  gradient  due to gas flow f i l t ra t ion through the loose ma te r i a l  
bed; "Yv vo lumet r ic  weight of  loose m a t e r i a l .  
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P R E S S U R E  L O S S  D U R I N G  F L U I D  F L O W  IN A C H A N N E L  

R O T A T I N G  P E R P E N D I C U L A R L Y  T O  T H E  A X I S  OF R O T A T I O N  

A .  I .  B o r i s e n k o ,  O .  N .  K o s t i k o v ,  
a n d  V .  I .  C h u m a e h e n k o  

UDC 532.501.312 

Resul ts  a r e  p r e sen t ed  which were  obtained in exper iments  to de te rmine  the hydraul ic  r e s i s -  
tance of a channel during i ts  rota t ion around an axis perpendicu la r  to the channel axis .  

In the design of cooling s y s t e m s  for  rotat ing objec ts ,  one needs data on the hydraul ic  r e s i s t ance  of chan-  
nels whose axes  a r e  perpendicu la r  to the axis of rota t ion.  Studies that have been made [1, 2, 3] gave good 
agreement  of  r e su l t s  only for  low r a t e s  of rotat ion where  Coriol is  fo rces  have  a controll ing effect  on flow [4]. 

At high r a t e s  of  rotat ion,  i . e . ,  in the reg ion  where  centr ifugal  fo rces  have a control l ing influence,  con- 
s iderable  d i s ag reemen t  is obse rved  in the data  f r o m  avai lable  exper imenta l  s tudies [2, 5, 6]. Because  of this,  
the p e r f o r m a n c e  of fu r the r  expe r imen t s  is advisable .  

This p a p e r  p r e s e n t s  the r e su l t s  of  a study of p r e s s u r e  loss  in a s t ra ight ,  technical ly smooth channel of 
c i r cu la r  c ro s s  sect ion which i s  a r r anged  perpendicular ly  to the axis of rotat ion,  being a sect ion of a rec tangu-  
l a r ly  shaped rota t ing sys t em,  and which is included in a c i rcula t ion  loop. To p e r f o r m  the e x p e r i m e n t s ,  a spe -  
cial device was constructed with rotat ional  speeds  up to 1000 r p m  having a 130-mm mean  radius  of channel 
ro ta t ion  and a hydraul ic  s y s t e m  which provided the requi red  flow ra t e s  and p r e s s u r e s  of the working medium 
(water and t r a n s f o r m e r  oil were  used in the exper iments ) .  
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F i g .  1. Dependenc e  of  the c o e f f i c i e n t  of  f r i c t i o n  R on 
R e y n o l d s  n u m b e r  Re and r a t e  of r o t a t i o n  f o r  Re = 100-  

1 0 0 0  [ t r a n s f o r m e r  o i l :  a) c e n t r i f u g a l  f low; b) c e n t r i p e t a l  
f low]: 1) n = 0 r p m ;  2) 200 rpm;  3) 400 rpm;  4) 600 r p m ;  
5) 800 rpm; 6) i000 rpm. 

P r e s s u r e  l o s s e s  w e r e  m e a s u r e d  in  a s e c t i o n  of  the c h a n n e l  su f f i c i en t ly  r e m o v e d  f r o m  the e n t r a n c e  (the 
l eng th  of the nonwork ing  s e c t i o n  was  37 channe l  d i a m e t e r s  f o r  both c e n t r i f u g a l  and c e n t r i p e t a l  f lows) .  The  
m a g n i t u d e  o f  l o s s  was  e s t a b l i s h e d  f r o m  the d i f f e r e n c e  in s t a t i c  p r e s s u r e s  in m e a s u r e m e n t  s e c t i o n s .  F o u r -  
po in t  l oops  fo r  p r e s s u r e  takeoff ,  which  w e r e  i n s t a l l e d  in the m e a s u r e m e n t  s e c t i o n s ,  w e r e  connec t ed  by tubing 
to s p e c i a l  r o t a t i n g  p r e s s u r e  t r a n s d u c e r s  o f  the cuff  type ,  the c h a m b e r s  of  which Were connec ted  to p i e z o m e t e r s .  
The f low r a t e  of the w o r k i n g  m e d i u m  th rough  the channe l  was  d e t e r m i n e d  by the v o l u m e  method .  T e m p e r a t u r e  
m e a s u r e m e n t  a t  the  e n t r a n c e  and exi t  o f  the d e v i c e  (to m o n i t o r  i s o t h e r m i c i t y  of  flow) was  a c c o m p l i s h e d  by 
m e a n s  of  t h e r m o c o u p l e s .  The  r a t e  of r o t a t i o n  was  m e a s u r e d  with  an ST-5  s t r o b o t a c h o m e t e r .  

Us ing  the e x p e r i m e n t a l  da t a ,  a r e l a t i o n s h i p  was  c o n s t r u c t e d  f o r  the d e p e n d e n c e  of  the c o e f f i c i e n t  of  f r i c -  
t ion X on the R e y n o l d s  n u m b e r  Re f o r  f low r a t e  at  a f ixed  va lue  of the ra~e of  r o t a t i o n  (the R e y n o l d s  n u m b e r  
for  c i r c u m f e r e n t i a l  v e l o c i t y  Rea~ = wd2/2 v). E x p e r i m e n t s  w e r e  p e r f o r m e d  a t  R e y n o l d s  n u m b e r s  Re  = 100-20,000 
and r a t e s  of  r o t a t i o n  up to 1000 r p m  (Re w m a x  = 840)~ 

The a c c u r a c y  of  the i n s t r u m e n t s  u s e d  m a d e  i t  p o s s i b l e  to make  the fo l lowing  e v a l u a t i o n s  of the  m a x i m u m  
r e l a t i v e  e r r o r  of d e r i v e d  q u a n t i t i e s :  6Re ~ 3%, 6Re w ~ 4.5%, 5~ ~ 12% for  m i n i m u m  f low r a t e s  o f  the work ing  
m e d i u m  and  6Re ~ 4.0%, 5Re  w ~ 4.5%, 6~ ~ 4% for  m a x i m u m  flow r a t e s .  V a r i a t i o n  in the r a t e  of  channe l  ro ta . -  
t ion had  no e f f ec t  on the a c c u r a c y  of  f l o w - r a t e  and p r e s s u r e - d r o p  m e a s u r e m e n t s .  

The e x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in F ig .  1 (oil ,  Re = 100-1000) and F ig .  2 (wa te r ,  Re  = 600-20,000) 
fo r  c e n t r i f u g a l  and c e n t r i p e t a l  f l ows .  

In a n a l y z i n g  the d a t a  ob ta ined ,  i t  i s  n e c e s s a r y  to keep  in mind  the f ac t  that  the e f f ec t  o f  r o t a t i o n  on f low 
i s  d i f f e r e n t  in  the  r e g i o n s  w h e r e  C o r i o l i s o r  c e n t r i f u g a l  f o r c e s  have  a c o n t r o l l i n g  in f luence  [4] wi th  the a m o u n t  
of  i n f luence  of t he se  f o r c e s  on f low depend ing  on the r a t e  of r o t a t i o n  and a l s o  on the i n i t i a l  m o d e  (in the a b s e n c e  
of  ro t a t i on )  of f lu id  mot ion .  

In the  r e g i o n  Re  < 2300, the  i n i t i a l  f low h a s  a p a r a b o l i c  p r o f i l e  and  the d i s t r i b u t i o n  of C o r i o l i s  f o r c e s  o v e r  
a channe l  c r o s s  s e c t i o n  i s  e x t r e m e l y  n o n u n i f o r m .  Thus  C o r i o l i s  f o r c e s  have  a c o n t r o l l i n g  i n f l uence  on  f low at  
low r a t e s  of  r o t a t i o n  in th is  c a s e .  
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Fig. 2. Dependence of the coefficient of fr ict ion 
on Reynolds number Re and rate of rotation for  
Re - 600-20,000 [water; a) centrifugal flow;, b) cen-  
tr ipetalf low].  See Fig.  1 for notation. 

Because of the nonuniformity in the c ross - sec t iona l  plane, a vor tex pai r  is formed which leads to a 
change in the f low-rate  profile;  the profile becomes fuller (flatter) and the velocity gradient near  the wall 
increases .  This gives an increase  in res i s tance  so that such laminar  flow with macrovor t i ces  has a higher 
coefficient of  fr ict ion than purely laminar  flow. Since the intensity of secondary vor t ices  and the inc rease  in 
res is tance  produced by them depend on the rate of rotation, the experimental  data for  a rotating channel are  
described by the relat ion X - A / R e  m (A and m are functions of the number of revolutions). The increase  in 
res is tance in the region where Coriolis fo rces  have a controlling influence is the same for  both centrifugal and 
centripetal flows and is more  strongly e~pressed in the region of higher Reynolds numbers  for  fixed rate  of 
rotation. 

To distinguish the regions where Coriolis or  centrifugal forces  have a controll ing influence [4] when Re 
< 2300, we use the rat io between the centrifugal force at the mean radius of rotation Ray of a measurement  
section and the Coriolis force on the channel axis, F-- 0.2~.~tavd/vRe. 

The experimental  points corresponding to the region where Coriolis forces  have a controll ing influence 
< 1) sat isfactor i ly  fit (Fig. 3) the expression 

= 0.13~45-~ 0.25, (1) 

proposed by V. Shchukin (X is the rat io between the coefficients of friction for  rotating and stat ionary channels; 
NC = R e ~ - / ~  is a cr i ter ion which takes into account the effect of Coriolis fo rces  on flow). This equation was 
based on the data of Trefethen [1] and descr ibes  the l inear  envelope ~'= f (Nc) corresponding to fixed values of 
Reu~ [3]. Our data, like the resul ts  of the experiments  in [3], also include points which depart  f rom the asymp-  
tote (1) and yield a relation of the fo rm ~ = f (Re~). 

Centrifugal forces  have a controll ing influence on flow for  high ra tes  of rotation and initial laminar  flow 
(F �9 1). These same forces  are  controlling when Re �9 2300, since the uniform profi le  of axial veloci t ies  weak-  
ens the intensity of the vor tex pa i r  under these conditions [4]. 
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Fig .  3. Dependence of r e l a t ive  coeff ic ient  of fr ict ion-~ on 
the quanti ty N C = R ~ - - - ~  for  the region where  Cor io l i s  
fo rces  have a con t ro l l ing  inf luence.  See Fig .  1 for  notation~ 

As follows f rom F i g s .  1 and 2, the expe r imen ta l  data for fluid motion toward and away f rom the cen te r  
of ro ta t ion  a r e  somewhat  d i f fe ren t  in the region  where centr i fugal  f o r ce s  have a control l ing influence.  This 
d i f ference  is  evident ly  expla ined by the fact  that centr i fugal  fo rces ,  being d i r e c t e d  along the flow and in oppo- 
s i t ion to i t ,  affect the flow region nea r  the wall  d i f ferent ly .  When the d i r ec t ion  of cent r i fugal  f o r c e s  and the 
d i rec t ion  of flow a r e  the  s ame ,  one can expect  an i n c r e a s e  in flow veloc i ty  in the wall  region;  this leads  to an 
i n c r e a s e  in ve loc i ty  g rad ien t  and f r ic t iona l  r e s i s t a n c e .  With cen t r ipe t a l  flow, cent r i fugal  f o r ce s  fac i l i t a t e  
dece l e ra t ion  of fluid p a r t i c l e s  nea r  the wal l ,  and one can observe  e i the r  a d e c r e a s e  in ve loc i ty  g rad ien t  ( reduc-  
tion of r e s i s t a n c e  in compar i son  with the region where  Cor io l i s  fo rces  have a control l ing influence) o r  s e p a r a -  
tion of flow f rom the wall  and the appea rance  of m a c r o v o r t i c e s  (further  i n c r e a s e  in r e s i s t ance )  depending upon 
p a r t i c l e  flux and flow veloci ty  in the wall  region.  

When Re > 2300, cent r i fugal  f o r c e s  affect  not only average  flow, but a l so  ve loc i ty  pu l sa t ions  ( suppress ion  
of turbulent  pu lsa t ions  by cent r i fugal  f o r c e s  was obse rved  v i sua l ly  [7] and was conf i rmed  [8] by d i r e c t  t h e r m o -  
a n e m o m e t r i c  m e a s u r e m e n t s ) .  The fact  that f r ic t iona l  r e s i s t a n c e  a lso  i n c r e a s e s  when Re > 2300 i s  evidence of 
the g r e a t e r  ro l e  of cent r i fugal  f o r c e s  in the wall  region (change of p ro f i l e  of a ve r a ge  veloci ty)  a s  compared  to 
the d i r e c t  supp re s s ion  of pu lsa t ions  by these f o r c e s .  

The effect  of cent r i fugal  f o r ce s  on pulsa t ion  and average  ve loc i ty  p ro f i l e  l eads  to an i n c r e a s e  in flow s t a -  
bi l i ty  (the c r i t i c a l  value of the Reynolds  number  i nc r e a s e s )  and to a change in the na ture  of the t r ans i t ion  (the 
t rans i t ion  becomes  m o r e  o rde red ) .  

When the fluid moves away f rom the cen te r  of ro ta t ion ,  a smooth t rans i t ion  i s  obse rved  f rom l a m i n a r  
flow and l amina r  flow with m a c r o v o r t i c e s  to turbulent  flow. If one takes  as  the c r i t i c a l  value of the Reynolds 
number  va lues  of Re cor respond ing  to points  where the r e l a t ion  X = f (Re) devia tes  f rom the fo rm k ~- A/Re  m, 
c r i t i c a l  Reynolds numbers  for centr i fugal  flow can be de te rmined  f rom 

= , 0 84 Recr 2300 (I ~- 0.0026 Rej ). (2) 

When Re > R e c r ,  p r e s s u r e  l o s s e s  for centr i fugal  flow in a ro ta t ing  channel a r e  g r e a t e r  than in a s t a t ionary  
channel,  but this d i f ference  d e c r e a s e s  as the Reynolds number  i n c r e a s e s  and the expe r imen ta l  data fo r  s t a t ion-  
ary and ro ta t ing  channels  coincide when Re > 290Re ~ . 

In the case  of fluid motion toward the cen te r  of rotat ion,  the coeff ic ient  of f r ic t ion  for  a ro ta t ing  channel 
obeys a r e l a t i on  of the fo rm ~ = A/Re  m up to i t s  i n t e r sec t i on  with the Blas ius  l ine,  following which the expe r i -  
menta l  points  l ie  on that l ine within the l imi t s  of exper imenta l  e r r o r .  Hence, in this case  i t  i s  advisable  to take 
for Rec r  values  of the Reynolds  number  which co r r e spond  to the points  of in t e r sec t ion  of the line ~ -- A/Re m 
with the Blas ius  l ine:  

Recr= 2300 (I ~- 0.002 Re~.le). (3) 

When Re > R e e r ,  p r e s s u r e  l o s s e s  fo r  c e n t r i p e t a l  flow in a ro ta t ing  channel d i f fer  l i t t le  f rom the loss  in a s t a -  
t ionary  channel .  

For  the region where  cent r i fugal  f o r ce s  have a control l ing influence and Re < R e c r ,  the exper imen ta l  data 
obey the r e l a t ion  

~-~ = 0 0 8 s  Re~176  33 (4) 
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Fig. 4. Dependence of relat ive coefficient of fr ict ion ~ on the 
quantity NC. = ~z2ld/w 2 in the region where centrifugal forces  
have a controll ing influence [a) centrifugal flow; b) centr ipetal  
flow]. See Fig. 1 for  notation. 

for centrifugal flow (Fig. 4a) and the relation 

%--cp --= 0.177 l~e~176 (5) 

for centripetal flow (Fig. 4b). The last  equation does not descr ibe the function ~ for  sma l l  Reynolds numbers  
Re. A comparison of Eqs. (4) and (5) shows that for  small  values of the c r i te r ion  Nc = J l d / w ~  (of the o rde r  
of 1-10), which charac te r i zes  the effect of centrifugal forces  on flow, they yield s imi lar  values of X with Xcf 
being somewhat less than ~ p  for N~ ~ 1 and somewhat g rea t e r  for  N c ~ 10. For  N o ~ 100, ~c f  > X-cp. 

For  the region Re > Recr  and fluid motion away f rom the center  of rotation, the experimental  data fit 
the expression 

~cf = 1 -~ 1,18.10~ Re-"I3N~ 

(6) 

The resul ts  obtained in the region where centrifugal forces  have a controlling influence occupy an in ter -  
mediate posit ion with respec t  to the data in [5, 6]. 

The dependence recommended in [5] yields resul ts  that a re  highly overes t imated  in compar ison with our 
resul ts .  This is evidently explained by the manner  in which the experiment  was pe r fo rmed  in [5] (the exper i -  
ment was ca r r i ed  out with an open a r rangement  for flow of air through a pipe; the res is tance  of the entrance 
and exit  of the rotating pipe affected the resul ts  obtained ~n this case).  This obviously led to the fact that a 
difference was not observed  in [5] be~veen the res i s tances  of  a rotating channel for centrifugal and centripetal 
flows in the region Re < R e c r .  

The qualitative behavior of the relationship X = f (Re), which was obtained for the rotation of a radial 
channel included in a circulat ing fluid loop [6], is s imi lar  to our  data with a differing effect on res i s t ance  in 
the case of centrifugal and centripetal  flows also being obtained for  the region Re < Recr .  However,  the 
quantitative growth of res i s tance  for the case  presented in [6] is less than follows f rom Eqs. (4) and (5). The 
reason for  this may be the insufficient length of the stabilization section in the dewice used in [6] and the location 
of p r e s s u r e  sampling points only along a single channel generator~ 

For  a turbulent flow mode, i .e. ,  for  a relat ively weak effect of rotation on res is tance ,  the data obtained 
by us agree with the resul ts  of [2, 5]. 

Equations (1)-(6) can be used in the design of fluid sys tems for cooling rotating objects when determining 
the res is tance  of straight ,  technically smooth radial  channels of c i rcu la r  c r o s s  section for  Re = 100-20,000 and 
Rew up to 840 (N C = 50-3000, N c = 0.5--100). Fu r the rmore ,  one should consider  what mass  forces  a re  dominant 
in the case under consideration.  
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Additional experiments  should be pe r fo rmed  to reveal the effects of roughness,  mean radius of rotation, 
and distance of initial section f rom axis of rotation on increase  in p r e s s u r e  loss .  

NOTATION 

Re = wd/v, Reynolds number for flow rate; Re~= 0Jd2/2v, Reynolds number for circumferential velocity; 
N c = o~ 2/d/w 2, criterion taking into account the effect of centrifugal forces; N C = Re~r~-dTw -, criterion taking 
into account the effect of Coriolis forces, ~, ratio of the coefficients of friction for rotating and stationary 
channels; w, flow rate; d, channel diameter; v, fluid viscosity; o4 angular velocity; l, channel length; Rav, mean 
radius of rotation of channel; ~, coefficient of friction; Recr, critical value of Reynolds number; F, ratio of 
intensities of centrifugal and Coriolis forces; A, m, constants. Indices: cf, cp, centrifugal and eentripetal flows. 
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A NOTE ON THE THEORY OF THE RANK EFFECT 

V. A. Bubnov, O. G. Martynenko, 
and V. I. Kalilets 

UDC 532.527:532.542 

The possibil i ty of using the equations of motion of a viscous compress ib le  gas in the K a s t e r i n -  
Predvoditelev form,  to descr ibe  the vor tex  effect, is discussed.  

In the theory of vort ical  flows there exist two basical ly different approaches.  The f i r s t  is connected 
with the name of L. Prandt l  who assumed that the origination of a vor tex  takes place in a thin boundary layer ,  
ice., the nature of origination of the vor tex is due to viscosi ty .  

The second approach was advanced by Felix Klein who showed the possibi l i ty of origination of a vor tex  
in an ideal liquid as a consequence of discontinuities occur r ing  in the basic hydrodynamic pa r ame te r s .  The 
idea of Klein was developed by Kaster in  [1] who obtained the equations of the vortex field in an ideal liquid, 
taking into account a discontinuous var ia t ion of the hydrodynamic velocity vector .  A molecular-kinet ic  genera l -  
ization of the equations of Kaster in  for a v iscous  liquid was ca r r i ed  out by Predvoditelev [2, 3, 5]. 

We recal l  that to obtain the equations of motion of a viscous liquid in the fo rm of the Nav ie r -S tokes  equa- 
tions, Maxwell had to introduce two hypotheses [4]: 

1. In a physical ly infinitely small  volume the t ranspor t  veloci t ies  of two colliding molecules  are  equal. 

2. Between molecules  of the gas there ac t  forces  of repulsion whose magnitude is inversely  proportional 
to the fifth degree of the distance between the molecules.  
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