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The e f fec t  of an e l e c t r i c  f ield on the r h e o l o g i c a l  b e h a v i o r  of di lute su spens ions  with r ig id  e l -  
l ipso ida l  d i e l e c t r i c  p a r t i c l e s  :is ana lyzed .  

On the b a s i s  of the s t r u c t u r a l - c o n t i n u u m  a p p r o a c h ,  the au tho r s  in [1, 2] have de r i ved  the rheo log i ca l  
equa t ions  of  s ta te  fo r  di lute su spe ns i ons  with r ig id  e l l ipso ida l  {ellipsoid of revolu t ion)  p a r t i c l e s ,  c o n s i d e r -  
ing not only the i r  ro t a t i ona l  Brownian  m o v e m e n t  but  a l so  the e f fec t  of ex t e rna l  f o r c e  f ie lds  on the i r  k ine-  
m a t i c  o r i en ta t ion .  A bas ic  di f f icul ty  in us ing  these  equa t ions  fo r  p r a c t i c a l  ca lcu la t ions  is the n e c e s s i t y  of 
f inding the d i s t r ibu t ion  funct ion of o r i en t a t ion  ang les  of  the ro ta t ion  axes .  In s e v e r a l  o ther  s tud ies  [3-7] 
this  d i s t r ibu t ion  funct ion was  d e t e r m i n e d  with the aid of  a s y m p t o t i c  expans ions  in p o w e r s  of the p r e s u m a b l y  
s m a l l  p a r a m e t e r s  K/D r and (Xt-•  these  r e s u l t s  be ing  of l i t t le i n t e re s t ,  however ,  i n a s m u c h  as  
the sa id  p a r a m e t e r s  m a y  not be s m a l l  whe re  the rheo log i ca l  b e h a v i o r  u n d e r  r e a l  f low condi t ions  of a s u s -  
pens ion  with n e a r l y  Newtonian c h a r a c t e r i s t i c s  is c o n c e r n e d .  

In this s tudy we will  u se  P e t e r l i n ' s  me thod  [8], which y i e lds  the d i s t r ibu t ion  funct ion a l so  for  c a s e s  
o t h e r  than those c o n s i d e r e d  in [3-7]. We will  use  a l r e a d y  known ca lcu la t ions  fo r  the ef fec t ive  v i s c o s i t y  
and the n o r m a l  s t r e s s  d i f f e r e n c e s  as  funct ions  of the s h e a r i n g  r a t e  and of the f ield in tens i ty .  

Le t  us c o n s i d e r  a s imple  s h e a r  flow: 

o~ = vz = 0, v,j = Kx, K = const 

of a su spens ion  with r ig id  d i e l ec t r i c  e l l ipso ids  in an e l e c t r i c  f ield with the in tens i ty  

E., = E cos cz, Ey = E sin a, E~ = 0, E = const. 

The  d i s t r ibu t ion  funct ion F,  in s p h e r i c a l  c o o r d i n a t e s ,  s a t i s f i e s  the fol lowing equa t ion  [8]: 

OF DrAF - -  div (o)F). (1) 
Ot 

The equat ion o r  o r i en t a t ion  [1, 2] y i e lds  for  our  ca se  the fo l lowing componen t s  of angu la r  ve loc i ty  

c% = ~ = K (I + Rcos2(9)-- • sin2(9', 
2 (2) 

o) e = 6 = K R  s i n 2 ( p s i n 2 0 +  • "l �9 4 - ~ (  + cos 2 (9') sin 20. 

As  in the c a s e  E = 0 [8], we will  a l so  seek  h e r e  the solut ion to Eq.  (1) in the f o r m  of an a s y m p t o t i c  
expans ion  in p o w e r s  of the p a r a m e t e r  R whose  abso lu te  value is not  l a r g e r  than uni ty:  

F ((9', O) = Ri a,o,iP~, ~ (cos 0)+  (a,m,j cos 2mqJ+b,~m,j sin 2m(9') P~n(cos0) . (3) 
" =  = n = l  r n = l  

In se r t i ng  (2) and (3) into (1), we obtain  the fol lowing r e c u r r e n c e  r e l a t i ons  fo r  the coef f i c ien t s  of e x -  
pans ion  (3) when ~ F / 0 t  = 0: 
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Fig .  1. C u r v e s  of  v, fl ,  and f2 
v s a f o r :  1) a = 0 ;  2) a = v / 4 ;  0 2 q 6 
3) a = 7r/2. F ig .  2. C u r v e s  of  v vs  ~ .  

/ 

w h e r e  

- -  n (2n + I) a,,o, j = ~ cos 2aA (n, 0, l - -  I; b) ~ ([~ + o" sin 2~z) A (n, 0, ] - -  I; a) + ~ C (n, o, i I; a), 

b,~o, 1 = 0, 

2n (2n + I) anm, l ~ crmb,, m,t = cr cos 2~x [ A (n, m, ] ~ 1; b) 

+B(n ,  m, 1--1;  b)]+(~-t-~sin2a)[A(n,  m, ] - - 1 ;  a) 

- l - -~C(n,  m, / - - 1 ;  a), m,.]~l ,  a)] 

crma,,,~ n ~ 2n (2n + 1) b,,m,j = --  ~ cos 2~ [A (n, m, i - -1;  u) 

a)l + (1~ + cr sin 2a)[A(n,  m, / - - 1 ;  b) - -B(n ,  m, ] - - 1 ;  b) l - l -~-~C(n,  m, ] - -1 ;  b), ~ n ~n ~ ' m ~ 1--1;  

a o o , o =  2~ fi - - ~ ;  A(n, re, i; x) 

-- 41 [ (2n +l)(2n--2m--3)(2n---2m--2)(2n~2m--1)(2n~2m)(4n_3) (4n ~ 1 )  

3 (2n ~ 2m ~ 1 )  (2n ~ 2m) (2n + 2m + 1) (2n -l-2m.-.,L2)Xnm+x,j 
>< x,,_,m+~,j+" ( 4 n - - l )  (4n +3)  ' 

+ 2n (2n + 2m + l )  (2n + 2m +2)  (2n + 2m -]-3) (2n + 2m + 4) 
(4n -1-3) (4n +5)  

B (n, m, l; x ) = l  [ 2 n + l  
(4n - -  3) (4n - -  1) xn-a m-l,~ 

3 2 Yn +lm-l"f ] ; 
(4n --1)  (4n + 3) xam-a'i - -  (4n + 3) (4n + 5) 

C(n, m, ]; x ) =  ( 2 n + l ) ( 2 n ~ 2 m - - 1 ) ( 2 n ~ 2 m )  
(4n - -3)  (4n - -  1) x,_am, j 

4n ~ + 2n ~ 12m 2 2n (2n + 2m + 1) (2n -1- 2m + 2) 
-k (4n ~ 1) (4n + 3) x,,,.,~-- (4n + 3) (4n + 5) x.+~,.,j. 

Xn+Im+l,.t] ; 

On the b a s i s  of the r h e o l o g i c a l  equa t ions  of  s t a t e  fo r  the g iven  m e d i u m  [1, 2] and with the a id  of a 
c o m p u t e r ,  f o r m u l a s  (4) y i e ld  the e f f ec t i ve  v i s c o s i t y / ~  =/z0(1 + Cv) and the n o r m a l  s t r e s s  d i f f e r e n c e s  Tyy  
- T z z  = p0~Kf I and T x x - T z z  = p0~Kf 2. The  r e s u l t s  of  c a l c u l a t i o n s  fo r  v, fl ,  and f2 a s  func t ions  of a and ot 
a r e  shown in F ig .  1, with/3 = 0.8 and a / b  = 10. The  da shed  l ine r e p r e s e n t s  the c a s e / 3  = 0. The  c u r v e s  in 
F ig .  2 r e p r e s e n t  v a s  a funct ion  of ( ~ - x 2 } E 2 / D r f r  f o r  a / b  = 10, ~ = 0, and t~ = 0 (curve 1) o r  t~ = ~r/2 
(curve  2). 
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Fig.  3. Curves  of u, fl, and 
f2 vs angle q~ (degrees) .  

In all  c a se s  the v i scos i ty  of a suspens ion d e c r e a s e s  with higher  
shea r ing  r a t e s .  

Dilute suspens ions  with r ig id  (and d ie lec t r ic )  e l l ipsoids  in an e l ec t r i c  field exhibit  non-Newton,an be -  
hav ior  even when the rota t ional  Brown,an m ovemen t  of pa r t i c l e s  is negligible.  

In the case  of "floating" p a r t i c l e s  (when the equation of or ienta t ion 
has a s t a t i o n a r y  solution), the re la t ion  found in [10] for  u as a function of 
the "floating" angle q~ (when pa r t i c l e s  f loat  in the plane of shear )  and the 
rheologica l  equat ions of s ta te  der ived  for  the case  in [1, 2] can be used  for  
ca lcula t ing the re la t ions  for  fl and f2, as shown in Fig.  3 for  a / b  = 10. 

Thus,  the superpos i t ion  of an e l ec t r i c  field on a shea r  flow of a di -  
lute suspens ion  with r ig id  d ie lec t r i c  e l l ipsoids  wilt change the k inemat ic  
or ienta t ion  of the suspended p a r t i c l e s  and this may ,  depending on the di -  
rec t ion  of the field, r e su l t  in an i nc r ea se  or  a dec r ea se  of the effect ive 
v i scos i ty .  

The v i s c o s i t y  of the suspens ion d e c r e a s e s  as the e l e c t r i c  field 
p a r a l l e l  to the flow (a = 7r/2) i n c r e a s e s  (the field a ids  the or ienta t ion  
of suspended p a r t i c l e s  along the s t r e a m  lines);  when the field is  p a r a l -  
lel  to the v i s c o s i t y  grad ien t  (a = 0), then the effect ive v i s cos i t y  in-  
c r e a s e s  fast .  

N O T A T I O N  

a = K /Dr ;  
= (•l-x2)E2/Drfr;  

K is the shear ing  ra te ;  
D r is the rota t ional  diffusivi ty;  
f r  is the coeff icient  of ro ta t ional  f r ic t ion;  
• and X2 a re  the pr inc ipa l  values  of the d ie lec t r i c  suscept ib i l i ty  along the axis  of rota t ion of an 

e l l ipsoid  and along the no rma l  to i ts  d i rec t ion  of the field, r e spec t ive ly ;  
Ex, Ey, and E z a r e  the components  of the e l ec t r i c  field intensi ty,  in Ca r t e s i an  coordina tes  OXYZ; 
E 2= E2x + E~ + E2x; 
v x, Vy, and v z a r e  the components  of veloci ty;  
F is the d is t r ibut ion function; 

is the 
R = ( a 2 - b 2 ) / ( a  2 + b2); 

2a is the 
2b is the 
~0 is the 

plane;  
0 is the 

is the 

P2n 

#o 

Tij 
u, fl, and f2 

angular  veloci ty  of an el l ipsoid;  

length of the axis  of ro ta t ion  of an e l l ipsoidal  pa r t i c le ;  
equa tor ia l  d i a m e t e r  of an e l l ipsoidal  pa r t i c le ;  
angle between the OX axis  and the p ro jec t ion  of the axis of ro ta t ion  on the OXY 

angle between the OZ axis  and the axis  of rotat ion;  
angle between the OX axis  and E__ 

a r e  Legendre  po lynomia ls  of the f i r s t  kind; 

a r e  a s soc ia t ed  Legendre  polynomia ls ;  
is the dynamic  v i scos i ty  of the solvent;  
is the v i scos i ty  of the suspension;  
is the volume concent ra t ion  of suspended pa r t i c l e s ;  
is the s t r e s s  tensor ;  
a re  functions of ~, /~, a ,  a / b .  

1o 

2. 

3. 

LITERATURE CITED 

P. B. Begoulev and Yu. I. Shmakov,  Inzh . -F iz .  Zh., 2..33, 88 (1972). 
Yu. I. Shmakov,  P. B. Begoulev,  and Yu. V. Pr ida tchenko,  in: Heat  and Mass  T r a n s f e r  [in R u s -  
sian],  Vol. 3, Minsk (1972), p. 422. 
V. N. Pokrovsk i i ,  Usp.  Fiz .  Nauk, 10_..55, 625 (1971). 

765 



4. N. Saito and T. Kato, J. Phys. Soc. Japan, 1_.22, 1393 (1957). 
5. S . T .  Demetriades, J. Chem. Phys., 29, 1054 (1958). 
6. S. Ikeda, ibid., 38, 2839 (1963), 
7. G . S .  Argyropoulos, Trans. Rheolog. Soc., 9, 57 (1965). 
8. A. Peterlin, Z. Phys., i11, :232 (1938). 
9. R . S .  Allan and S. G. Mason, Proc. Roy. Soc., Ser. A, 267, 62 (1962). 

10. C . E .  Cheffey and S. G. Mason, J. CoUoid. Sci., 2._0, 330 (1965). 

766 


