
RHEOELECTRIC CONVERTER CALCULATION 
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The problem of steady-state rotation of a cylindrical dielectric rotor wi th  metal 
core within a weakly conductive liquid in an electrlc field is solved. 

Steady-state rotation of a cylindrical homogeneous rotor of dielectric material located 
in a liquid in an electric field was considered in [1-5], since this effect is used in dielec- 
tric motors [5]. Use of a metal core in the dielectric rotor reduces the critical electric 
field value and increases the turning moment of the motor [1]. 

Figure 1 shows a diagram of an infinite cylinder rotating at angular velocity m about 
the z axis in an infinite viscous weakly conductive liquid. The constant external electric 
field is homogeneous at infinity and parallel to the x axis. The outer radius of the rotor 
will be denoted by a2, whlle at is the radius of the inner portion of the rotor formed of 
ideally conductive material. The material forming the annular part of the rotor has low 
electrical conductivity kz and dielectric permittivity ca. In order to determine the condi- 
tions necessary for steady-state rotatlon, lt is necessary to determine the electric field 
in the rotor and liquid, calculate the turning moment, and equate this moment to the viscous 
resistive forces applied to the rotor by the liquid [2-4]. 

In the cylindrical coordinate system r, 8, z, for the electric field we have [2, 3]: 
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~x = O, O ~ r ~ a t .  (3) 

With the assumptions made above and in the absence of both intrinsic equilibrium charge 
and a constant dipole moment within the dielectric, the boundary conditions for Eqs. (i), 
(2) have the form [2, 3]: 

]~ o~ = --Eor cos O, (4) 

,~(a~, O)= ~ ( ~ ,  0), ,~(a~, O)= O, (5) 

co z 

Fig. i. Diagram of composite rotor: i) 
cylindrical rotor section of ideally 
conductive metal; 2) dielectric shell. 
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To s o l v e  Eqs. (1 ) ,  (2) wi th  boundary c o n d i t i o n s  ( 4 ) - ( 8 )  i t  i s  n e c e s s a r y  to  de t e rmine  s i x  
a r b i t r a r y  c o n s t a n t s  A, B, Ca, Da, As, Bs i n  t he  e x p r e s s i o n s  [2 ] :  

(6 )  

(7)  

( 8 )  

A cos 0 B sin O 
= --Eor cos 0 + - -  - - ,  

? r 

As cos 0 B2 sin 0 
r = Csr cos 0 + Dsr sin 0 -~ 

r r 

(9) 

S u b s t i t u t i o n  of  Eq. ( 9 )  in g q s .  (4)-(8) g i v e s  

2~oE#a~ (1 - -  h~)(ks~--eks) 
B = (1 + ' ~ ) [ k s  (1 + h~) + k (I - -  h2)l ~ (10)  

where 

80 [8~ (1 + h z) + ~ (1 - -  hZ)], 
ks(1 + h 2) + k(1 - - h  ~) 

, h = a t  . 

d.:, ( l l )  

The remaining covJstants i n  Eq. ( 9 ) a r e  r e l a t e d  to  B by the  fo l l owing  e x p r e s s i o n s :  

A = 
2 a 2 2 ( a t - -  2)--~oE~o(a~ + a~) ~08C0 B + 

- .  ~ a ~" k Ca~ + d i  

E " 2 2 '~ oa~ [k (a~ - -  a l )  - -  ks (ai + a~)] 

k (a~ - a~) - -  ks (a, 2 + a~) 
(12)  

A.. = .  Aa~ "Eoa~ a~ a~ a~--a~ , Bs='  o ai- -  a~ 

Cs ffi Eoa~--  A , Ds = B 
2 ,> 0 

a~ - -  a2 a i  - a~ 

(13) 

(14) 

The moments of  the  e l e c t r i c  f o r c e s  and the  l i q u i d  v i s c o u s  f r i c t i o n  f o r c e s  p e r  u n i t  
r o t o r  l e n g t h  a r e  equal  to  [2,  3 ] :  

L e =  4ae~Eo B, t V f - - 4 m l a ~ o .  (15)  
2 

S u b s t i t u t i n g  Eq.  (15)  i n  t h e  d y n a m i c  c o n d i t i o n  f o r  e x i s t e n c e  o f  s t e a d y - s t a t e  r o t o r  r o t a t i o n  

L e + ' L V  O' (16)  

we f i n d  ~ and Ee i n  t he  form 

,~  = I~E~, - -  N (ks + kl~) -~ 
Ns~ (~ + ~1~) ~ ' (17)  

E2 (ks + kl~) s c = N (18) 
6 

where 

N = 
~l , [ l =  l - - h z  

8~e (ke~ - -  ~k2) 1 + h - - - - - - - - T  ( 1 9 )  
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Fig. 2. Square of critical external electric field E~ vs quantity 
= (l--ha)/(l + ha), which characterizes ratio of radius ua (ideally 

conductive portion of rotor) to radius aa of composite rotor; h = ut/ 
Ga. 

Fig. 3. Square of angular veloclty ~" of composite rotor vs quantity 
* O 

B for E c < Eo qE c. 

Here E c i s  the  c r i t i c a l  v a l u e  of  e x t e r n a l  e l e c t r i c  f i e l d  i n t e n s i t y ,  which when exceeded cau-  
ses  the  composi te  r o t o r  to  r o t a t e .  

The n e c e s s a r y  c o n d i t i o n s  f o r  e x i s t e n c e  of  s t e a d y - s t a t e  r o t a t i o n  of  the  composi te  r o t o r  
a r e  [2] 

Eo > Ee (D), k18 > k~t~. (20) 

We n o t e  t h a t  a t  B ffi 1 Eqs. (17) ,  (18) t r an s fo rm  to  the  co r r e spond ing  e x p r e s s i o n s  of  a 
homogeneous dielectric rotor [i, 3]: 

9 2 

o0 = ~ (8 + g~)~ ' 

lq (k~ + k)2 

Study of the behavior of the functions ~ = ~(B), E c 
llmitatlons of Eq. (20) reveals that use of a composite rotor leads to increase in ~ and 
decrease in E c only with an appropriate choice of shell (Figs. 2 and 3). In the opposite 
case the velocity and power characteristics of the converter may be degraded. The following 
cases are posslble. 

i. If r > ~, k > ka, then E c (Fig. 2) may be either smaller or larger than E~, since 
the following inequalities are fulfilled: 

( 2 1 )  

(22) 

= Ec (B) i n  Eqs. (17) ,  (18) wi th  the  

E e ~ E  ~ at [ ~ o ~ D < l ,  6o k~_lk; 

Ec>E~ at D<Do. 
(23) 

In  t h i s  c a s e  on the  i n t e r v a l  0 ~ 5 ~ 1 the  f u n c t i o n  Ec(B ) has a l o c a l  minimum a t  B = 8*z: 

E*e(D~) (4Nkk~) '12, D; : k~lk. (24) 

Depending on the  v a l u e  of  B chosen ,  t he  composi te  r o t o r  angu la r  v e l o c i t y  ~ may be 
e i t h e r  h i g h e r  or  lower than the  angu l a r  v e l o c i t y  of  a co r r e spond ing  homogeneous r o t o r  ~o 
(Fig .  3 ) .  

From Eqs. ( 17 ) - ( 20 )  we have the  i n e q u a l i t y  
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Ylg. 4. Square of composite rotor angu- 
lar veloclty-u s vs 8 for E~ < E o  < E. 

~,,~ = 2 N / ~  - -  Z~ =e V z~ - -  4 N ~  ~ > I~ > 0. 
�9 _ _ 2 N k 2  

(25) 

o the homogeneous rotor does not move, while the It follows from Eq. (25) t h a t  a t  Eo ~ E c 
composi te  r o t o r  w i l l  t u r n ,  wh i l e  i n  the  segment 6, ~< 6 ~. 6, ~ w i l l  r e ach  a l o c a l  maxim,-, 

~o~ = ~ * E g -  N ( ~  + kl~*) ~ 
m o  2 (8~. + ~t~*) ~ 

I 

= Egsg~ 2+2~1k ' "1+[~* 

(26) 

The angu la r  v e l o c i t y  of  the  composi te  r o t o r  w i l l  be h i g h e r  than t h a t  of  the  homogeneous 
r o t o r ,  i f  t he  c o n d i t i o n  

- ~ > ~ 0  at E ~  
(27)  

-- [2N (k + ~)(k% - -  ~k~)/(~ - -  8)];/s 

i s  s a t i s f i e d  (Yig. 4 ) ,  Where 6s i s  the  p o s i t i v e  r o o t  of the  e q u a t i o n  

(P~ + NOk~) ~ + (2P~8 + 2ONk~k -- OE0 ~) ~ + ONk~ + F~'~ = 0, (2S) 

F = E~ - N (/~ + k)~, 0 = (~ + 0 ~ .  

According to Eq. (27), at B, < B < Bs the composite rotor will rotate more slowly than 
the corresponding homogeneous one, and will remain motionless at 0 < 6 ~ 61o A similar re- 
gime i s  r e a l i z e d  i f  t he  a p p l i e d  f i e l d  i n t e n s i t y  Zo exceeds  the  upper  c r i t i c a l  v a l u e  E. 

2. I f  r > r > r  k > ks ,  then  to  c a l c u l a t e  the  composi te  r o t o r  pa rame te r s  a l l  t he  
e x p r e s s i o n s  and c o n c l u s i o n s  of  the  p r e v i o u s  s e c t i o n  a r e  v a l i d ,  w i th  the  ang le  d i f f e r e n c e  
t h a t  in  t h i s  ca se ,  E = ~. 

3. I f  c a  �9 r ka > k >  k a e / e a ,  then  E c of  the  composi te  r o t o r  i s  always g r e a t e r  than  Ec, 
the  c r i t i c a l  v a l u e  of  a p p l i e d  e l e c t r i c  f i e l d  f o r  the  co r re spond ing  homogeneous d i e l e c t r i c  
r o t o r .  In  t h i s  case  6L* i n  F ig .  2 l i e s  i n  the  i n t e r v a l  [1, m]. In  t h i s  case  t h e r e  i s  no 
s h e l l  t h i c k n e s s  which w i l l  produce  an i n c r e a s e  i n  speed over  a homogeneous r o t o r .  The curve  
ms(6) (F ig .  4) i s  s h i f t e d  to  the  r i g h t ,  so t h a t  6" i s  l o c a t e d  i n  the  i n t e r v a l  [1, =]. 

We w i l l  o f f e r  examples of  m and E c c a l c u l a t i o n s  f o r  composi te  r o t o r s .  The r o t o r  s h e l l  
will be Plexiglas (ks = i0 -*s ~-* " m-*, r = 2.4) with transformer oil as the liquid (e = 
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2,3. n = 0.032 N �9 sec �9 m -2, k= 10 -9 ~-I. m-~). From Eq. (18) at B = 1 we find that E~ = 
Q 

271.97 �9 i0' V/m. Let E, = E c, so a homogeneous Plexiglas rotor will not move. From Eq. 
(26), for the composite rotor we find h* = 0.703, with maximum angular velocity possible 
at Eo = 271.97" 10 s V/m of ~M= 16.81 sec-', which corresponds to nMffi 160.5 rpm. 

Let us take a porcelain shell (k= = 3 �9 10 -Is ~-i. m-l, e2 ffi 6) with liquid consisting 
of a 27% solution of isopropyl alcohol in toluol (k ffi 1.1" 10-' ~-*" m -~, r ffi 4.82, n = 10 -s 
N" sec" m-a). Now E c~ = 220.27- 10 s V/m, E* ffi 772.05 V/m, i.e., the minimum critical electric 
field value for the composite rotor is 285Ctimes smaller than the critical value for a homo- 
geneous porcelain rotor. If, for example, Ee = 16.05 " 104 V/m, then at h = 0.6, we find 
from Eq. (17) that the homogeneous porcelain rotor will not rotate, while the composite one 
will turn at angular velocity w = 22 sec-*, corresponding to n = 210 rpm. 

NOTATION 

~, angular velocity; kz, k=, resistlvlties of liquid and rotor dielectric shell; ~, ~a, 
dielectric permittivities of liquid and shell material; ~, ~m, ~z, electric field potentials 
in liquid, dielectrlc shell, and ideally conductive rotor core; Eo, applied electric field 
intensity far from rotor; i, discontinuity in normal component of electric field density 
vector on rotor surface; o, electron charge surface density; I(8), convection current on ro- 
tor surface; n, liquid viscosity; Ec, E~, critical value of applied electric field intensity 
for composite and homogeneous rotors; We, angular velocity of homogeneous dielectric rotor 
rotation; E'M, minimum E c value; ~, maximum value of ~; r ffi 8.85416" i0 -I= F/m. 
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