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

P U M P I N G  E F F E C T  U N D E R  R E D U C E D  P R E S S U R E  

A. V. Lykov, Z. P. Shul'man, 
B. I. Purls, G. Z. Plavnik, 
I. V. Prokhorov, and B. I. Smirnov 

UDC 53Z.58:532.526.75 

Analyzed are  the resul ts  of a study concerning the centripetal  air pumping effect under r e -  
duced pressure .  

In 1946 Weissenberg  has noted that, if a vesse l  containing a high-viscosi ty  polymer solution rotates  
about its axis while a s ta t ionary disk with a glass tube fitted intoi ts  center  hole approaches the upper f ree 
surface of the liquids the liquid will r i se  in the tube, i.e., at the center  of the disk there will appear a 
positive excess  p ressure .  

Earlier, Reiner [1] observed an effect in air which paralleled in its manifestations the Weissenberg 
effect. In [2] he ascribed this effect of centripetal pumping to the viscoelastic properties of air. These 
properties can be comprehensively interpreted with the aid of the mechanical model shown in Fig. 1 [2]. 

The model includes a Maxwell component consisting of a spring and a dashpot coupled in series. One 
end of this combination is fixed, the other end moves at a constant velocity. In addition, this model in- 
cludes two springs aligned at some angle to the directions z and 9. The first spring is under compression, 
the second one is under tension. When point a is displaced downward at a constant velocity, then b moves 
downward by only an infinitesimal distance (represented by a deformation D0z ). This produces a de- 
formation Dzz in the z-direction and a deformation D00 in the 0-direction. As a result, there appear a 
compressive stress Szz and a tensile stress S00. The Reiner theory is based on the following rheological 
equation for  a fluid: 

where the subscr ip t  0 indicates a deviator.  

The deformation is made up of two components: an elast ic  one (reversible) 

D,z = S/2~ (2) 

and a viscous one ( irreversible)  

D~sr ~ I ~  ~ Sd'c. 
J 

On the basis  of Eq. {1) Reiner  tr ied to explain the centripetal  pumping effect also known as the Reiner 
effect. Taylor  and Saffman [3] explained this effect  by the imprec is ion  of the experiment.  Star t ing with the 
fundamental Nav ie r -S tokes  equation, they have shown that this effect can occur as a resu l t  of a) a small  
e r r o r  in the s ta tor  or ro tor  perpendicular i ty  with respec t  to the axis of rotation, or b) axial vibrations of 
the rotor .  

In these cases  the to ta l  exces~ p res su re  would be 
a) z ] 

a )  P ~ e ~ - -  , ( 3 )  
h4 P0 
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Fig. 1. Modified model  of a Maxwell body: 1) com-  
p re s s ion  spr ing;  2) tension spring;  Dzz ) contract ion;  
D00 ) elongation. 

co 2 1 
b) P.~c~ z h--T--, p-~-, (4) 

where  cz and e are  functions of the appara tus  geome t ry  and design but are  independent of P0. 

It has been  shown in [7] that when the gap is wide (h _> 50 ~) and the p r e s s u r e  is  low, however,  a 
Re iner  effect  is observed  which cannot be explained in the light of the T a y l o r - S a f f m a n  hypothesis  (ac- 
cording to which this effect  would be smal l ) .  

According to the new theory  of mechanics  by Truesde l l  [4], the nonlinear equation of the v iscous  
0 0 

s t r e s s  tensor  Sij includes a t e r m  which is propor t ional  to the quantity ~Dij / p with l~ij denoting the shear  
0 

r a t e  tensor .  This  d imens ion less  quantity has been s ince called the Truesde l l  number  Tr  (Tr = ~7. D i j / P ) .  

Considering a Maxwell d is t r ibut ion of molecule  ve loc i t ies ,  one can show that the Truesde l l  number  
is  propor t ional  to the Knudsen number  and the Mach number:  

2 KnMa. (5) Tr = T 

It  follows f r o m  the Truesde l l  theory that, when Tr  ~- 1, the cent r ipe ta l  effect  will also occur  in 
gases .  It may  be accompanied by a high Kn number  or  by a high Ma number .  

A s im i l a r  conclusion follows f r o m  the Predvodi te lev  theory  [5, 6], according to which the t r a n s f e r -  
able ve loc i t ies  of molecu les  v a r y  along the path of their  "f ree  motion, n Under  this assumpt ion  the Navier  
- S t o k e s  equation t r a n s f o r m s  into 

( 1 - - ~ ) ( V . v ) V - - ~ V d i v V = F - -  1 Vp + ~ V ~  v +  ~lu graddivV, (6) 
P P P 

where  ~ denotes the continuity coefficient  and Pd is the Predvodi te lev  number .  

Fo r  a Maxwell ian gas the Predvodi te lev  number  is  

pd~]~]  = 3 KnMa, (7) 
2 

and, consequently,  
9 

Pd ~ Tr, 
4 

i .e. ,  the Predvodi te lev  number  is p ropor t iona l  to the Truesde l l  number .  

(S) 
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Fig. 2. Distribution of excess p ressu re  along the radius of the 
in terdisk  gap: a) under normal  a tmospher ic  p r e s su re  in the am-  
beint medium P0 = 1.013 �9 105 N / m  2 = 760 mm Hg and at n 
= 15,000 rpm: 1) h = 15 p; 2) 10/z; 3) 7.5/z; b) under reduced 
ambient p re s su re  P0 = 5.33 �9 103 N / m  2 = 40 mm Hg and at n 
= 15,000 rpm" 1) 100 p; 2) 80 #; 3) 60 g. 

The Reiner  effect can be analyzed by the Truesdel l  averaging method. If the t ransferable  velocit ies 
v a r y  within an infinitesimal physical volume, as has been assumed in the Predvoditelev theory, then the 
Nav ie r -S tokes  equation must  contain average quantities designated here  by brackets  ( ) .  

In this case the Nav ie r -S tokes  equation becomes 

1 ~ (g + 8-P) ndcr, (9) div((  pVV > ) = - - V  ( P >  q-div < ~ > -k (9F> q---~- 
, j  
q 

where n is the unit vector normal to surface cr and ~ is the unit tensor. 

Thus, the modified Navier-Stokes equation (9) includes an additional term proportional to the force 
which is exerted by the gas at above the hydrostatic pressure and which is higher than any external force. 
If the disks are separated by a distance comparable to the free path of the molecules, therefore, then the 
quantities in the momentum transfer equation must be averaged. It is necessary to bear in mind here that, 
if I is the characteristic length within the volume over which velocity V has been averaged, then the con- 
dition 

~<</, 

must  prevail  (~ denoting the f ree  path length of the gas molecules).  

The Reiner  effect must  be explained, therefore ,  beginning with the nonlinear re lat ion between the 
s t r e s s  tensor  and the s t ra in  rate  tensor,  which is equivalent to introducing the Predvoditelev number or 
appropriately averaging the quantities in the momentum t ransfer  equation. These additional t e rms  may be 
considered to be pa ramete r s  of the Reiner  effect. 

The test  apparatus and the tes t  procedure  have been descr ibed in [7]. Small gaps between s ta tor  , 
and ro to r  were measured  with special ly designed miniature inductive t ransducers .  The sensi t ivi ty of the 
measur ing  c i rcui t  was 10-12 m V / g .  The tests  were performed with a gap h _> 50 g. In this case,  accord -  
ing to formulas  (3) and (4), perturbations due to design imperfect ions in the apparatus are  reduced to a 
minimum. 

The radial  p r e s su re  distributions in the interdisk space are shown in Fig. 2 for var ious values of 
the gap with h, under normal  and under reduced pressure .  As can be seen here,  the peak excess p r e s -  
sure  shifts toward lower p re s su res  of the ambient medium along the disk radius and it occurs  at a distance 
(0.5-0.6) r f rom the disk axis. 

/~m(O) 
Sl m (0) 
D 

N O T A T I O N  

is the deviator of the strain rate tensor; 
is the deviator of the stress tensor; 
is the deformation; 
is the shear modulus; 
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~? is the viscosity coefficient of the liquid; 
~- is the time; 
h is the gap; 
w is the angular velocity of the rotor;  
P0 is the ambient pressure;  
AP is the excess pressure  of the air; 
V is the velocity; 
~v is the coefficient of bulk viscosity; 
F is the external force; 
p is the density; 
V is the volume; 

is the free path length; 
r is the disk radius. 
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