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It i s  shown on the b a s i s  of t h e o r y  and e x p e r i m e n t  tha t  i n t e r a c t i o n  b e t w e e n  p a r t i c l e s  p r o d u c e s  
a f r i c t i o n  t o rque  in a r o t a t i n g  f i e ld  o r  a f o r c e  in  a s t a t i o n a r y  f i e ld ,  which  does  not depend  on 
the r o t a t i o n a l  f r e q u e n c y  o r  on the r a t e  of s h e a r ,  r e s p e c t i v e l y .  

The  i d e a  of R o s e n s w e i g  [1] of  u s i n g  " m a g n e t i c  f l u id s , "  i . e . ,  c o l l o i d a l  f e r r o m a g n e t i c s  fo r  a d i r e c t  
c o n v e r s i o n  of  h e a t  into m e c h a n i c a l  e n e r g y  o r  f o r  o t h e r  p u r p o s e s  has  been  r e c e n t l y  fo l lowed  up by  s e v e r a l  
a r t i c l e s  [2-5] which  e x p l a i n  the p h e n o m e n a  r e v e a l e d  in e x p e r i m e n t s  [6-9]:  by an  i n c r e a s e d  v i s c o s i t y  of 
t h e s e  f l u id s  in a m a g n e t i c  f i e ld  ( m a g n e t o r h e o l o g i c a l  e f fec t )  [2, 3] and by  the a p p e a r a n c e  of a t o rque  in  a 
r o t a t i n g  f i e ld  which  wi l l  r o t a t e  the v e s s e l  con t a in ing  such  a f lu id  about  the f i e ld  ax i s  [4, 5, 9]. 

The  a u t h o r s  of [2-5] do not  connec t  t h e s e  two e f f e c t s ,  a l though  both a r e  s i m i l a r  in many  a s p e c t s :  
e ach  is  e x p l a i n e d  by  the g e n e r a t i o n  of m i e r o v o r t i c e s  a r o u n d  p a r t i c l e s  and  e i t h e r  a r o t a t i o n  of  p a r t i c l e s  by 
an  e x t e r n a l  m a g n e t i c  r o t a t i n g  f i e ld  [4, 5] o r  t h e i r  s t r e a m l i n i n g  by  the f lu id  wi th  a v e l o c i t y  g r a d i e n t  q in a 
s t a t i o n a r y  f i e ld  r e s i s t i n g  such  a r o t a t i o n .  In the l a t t e r  c a s e ,  the v e l o c i t y  g r a d i e n t  p r o d u c e s  a c i r c u l a t i o n  
of the  f lu id  a r o u n d  a p a r t i c l e .  In both  c a s e s  the  r o t a t i o n  of  p a r t i c l e s  r e l a t i v e  to the m e d i u m  (or  of  the 
m e d i u m  r e l a t i v e  to p a r t i c l e s )  r e s u l t s  in an a d d i t i o n a l  d i s s i p a t i o n  of  e n e r g y  and the a p p e a r a n c e  of  m a c r o -  
f o r c e s  ( f r i c t i on  to rque  in a r o t a t i n g  fi.eld o r  an i n c r e a s e d  v i s c o s i t y ) .  

Such an a p p r o a c h  does  not  t ake  into accoun t  the  i n t e r a c t i o n  b e t w e e n  p a r t i c l e s ,  which  in a m a g n e t i c  
f i e ld  l e a d s  to the f o r m a t i o n  of p a r t i c l e  c h a i n s  [10] o r i e n t e d  in the d i r e c t i o n  of the f i e ld  and to a change  in 
the m a g n e t i c  s u s c e p t i b i l i t y  [11]. 

In the s t e a d y - s t a t e  m o d e  the c h a i n s  r o t a t e  wi th  the f i e ld  a t  i t s  a n g u l a r  f r e q u e n c y  w. On e v e r y  p a r -  
t i c l e  t h e r e  a c t s  a v i s c o u s  f r i c t i o n  f o r c e  a p p r o x i m a t e l y  equa l  to the Stokes  f o r c e  F i = B ~ r i ,  wi th  B deno t ing  
a c e r t a i n  c o e f f i c i e n t  and  r i deno t ing  the d i s t a n c e  f r o m  the i - t h  p a r t i c l e  to the c e n t e r  of the cha in .  

If r i s  the d i s t a n c e  b e t w e e n  n e i g h b o r i n g  p a r t i c l e s ,  which  d e p e n d s  on the m a g n i t u d e  of s u p e r f i c i a l  
r e p u l s i o n  f o r c e s  b e t w e e n  the p a r t i c l e s  [12], then  r i = i r  i f  t h e r e  is  an odd n u m b e r  of  p a r t i c l e s  and  r i 
= ( i - 0 . 5 ) r  if  t h e r e  i s  an even  n u m b e r  of p a r t i c l e s  in the cha in .  

v/2 

The  s h e a r i n g  f o r c e  a t  the cha in  c e n t e r  is  F(v)  = B~ ~ r i .  The  r e s u l t s  of s u m m a t i o n  fo r  an even  and 

an  odd v a r e  a l m o s t  the s a m e ,  e x c e p t  f o r  the  c o r r e c t i o n  t e r m  - 1 / y  2, arid equa l  to 

F (v) = 1_ Bro)v~" 
8 

In an  a n a l o g o u s  m a n n e r  one f i nds  the f r i c t i o n  t o rque  of a cha in  M t = 2 ~ F i r  i .  

a c c u r a t e l y  wi th in  - 1 / v ,  and the s p e c i f i c  (pe r  uni t  vo lume)  f r i c t i o n  t o r q u e  

�9 ( 1 )  

H e r e  M 1 = (1/12)Bc0r2t~ 3, 
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M =--M1 --n = - - I  nBo~r~v2 ' (2) 
v 12 

where  n is the n u m b e r  of p a r t i c l e s  and n / v  is the n u m b e r  of p a r t i c l e s  p e r  un i t  vo lume .  

The e q u i l i b r i u m  n u m b e r  of p a r t i c l e s  in a cha in  is  d e t e r m i n e d  by the s t r eng th  of the chain .  Unde r  

su r f ace  fo rce s  which act  for  a much  s h o r t e r  d u r a t i o n  than dipole  fo rce s  and in  a s t r o n g  e x t e r n a l  f ield (H 

>> m / r  3) a chain  is  sub jec t  to 

3m 2 
F ( v ) ~ .  r4 , (3) 

where ~ denotes the mean magnetic moment of a particle. In the case of single-domain particles ~a 

= mL(mH/kT), where L is the Langevin function and m is the constant moment of a particle. Combining 

(i), (2), and (3), we obtain 

tn 2 
M _~_ 2n -- (4) /,3 ' 

i.e., the friction torque due to interaction between particles is numerically equal to the specific energy of 

magnetic interaction between such particles and does not depend on B, co, and u. The total friction torque 

M T ~ M -]- Mo, (5) 

includes torque M which is due to the intrinsic rotation of particles and which is a function of B as well as 

of co. According to [9], for instance, Mco = p~uco (p is the particle form factor, ~o is the volume concen- 

tration of particles in the dispersion, and 77 is the viscosity of the medium). 

It follows from (4) and (5) that M = lira MT~ 0, which explains the dependence of the effect on the 
0)~0 

angular frequency of the rotating field. As the radius of action of superficial repulsion forces decreases, 

the interaction torque M increases sharply and, at low frequencies (w 4 i00 sec-1), exceeds M w by a few 

orders of magnitude - the torque Mco having been considered at all only in [2-9] anyway. At n = I0 Ir 

and m ~- 2 �9 I0 -16 erg/Oe, which are usual values for colloidal ferromagneties, the equilibrium distance 
T 

between particles is r = 3.10 -6 cm [ii], ~ = 10 -2 P, and ~o =mn/I s ~ 0.01 (where I s ~- 200 G is the satura- 

tion magnetization of high-dispersion magnetite [13]), in a field of intensity H = i000 Oe and with frequency 
co = 103 see -1 

4.10 - 3 ~  
M T =  2. I016 - - -  L 2 4- 6.0,01.10-2.10~; 

27. I0 -1~ 

mH 2.10 -16.103 
kT 4.10 -~4 5; L _  1 - -  0.2 = 0.8; L 2 ~ 0.64; M T ~ 20 +0.6.  

The f i r s t  t e r m  r e p r e s e n t s  the i n t e r a c t i o n  effect  and the second  t e r m  r e p r e s e n t s  the con t r i bu t i on  of i n t r i n s i c  
p a r t i c l e  ro t a t ion .  The l a t t e r  t e r m  may  be somewhat  l a r g e r ,  owing to the so lva t ion  of p a r t i c l e s  or  the p r e s -  
ence  of a d s o r p t i o n  and ionic  l a y e r s  [7, 8]. 

In a s i m p l e  s h e a r  flow the ve loc i ty  g r a d i e n t  q - w and,  in a m a g n e t i c  f ie ld  p e r p e n d i c u l a r  to the sl ip 
p l a n e s ,  the cha ins  a r e  sub jec t  to the s a m e  f o r c e s  as  in a r o t a t i n g  f ie ld.  U nde r  these  cond i t ions  the f r i c -  
t ion fo rce  due to e n e r g y  d i s s i p a t i o n  in the cha ins  is  n u m e r i c a l l y  equal  to M: 

m ~ 
F s -~ M ~ 2n 7 '  (6) 

Analogously to (5), the tota l  force 

F T =  Fo -F F s -F F E (7) 

or ~T = 70 + ~S + ~E. Here ~S = Fs/q is the structural viscosity, U0 + ~E = T/0(I + P(P + �9 �9 ") is the Einstein- 
fan viscosity in the field [2, 3, 14], i.e., the viscosity of a completely broken down structure [15], and "Q0 

is the viscosity of the medium. If the correction term -I/p is not omitted in (2), then F S = M ~ v2(l-i/v) 

and at large gradients v ~ i, F S ~ 0, and thus ~T ~ rT0 + ~E" It is easy to see that expression (7) agrees 

with the Shvedov-Bingham equation. The inverse proportionality between ~S and q according to Eq. (6) 

has been confirmed by experimental data on the electroviscosity effect [16, 17], which is analogous to the 

475 



M T. 1U -~ 

! 

J 
x---'-" 

x f 

�9 2 

FT.10-~ 
~75 

2 

�9 ~ ~ . . ~  , 

0 ~0 4,o co o, 25 0 isz,, 368 552 q 

Fig. 1 Fig. 2 

Fig. i. Friction torque M T (dyne/cm 2) as a function of the angular 
frequency o) (sec-l) and of the field intensity H (Oe), for a barium 
hexaferrite suspension (~p = 0.115 em3/cm3): i) in spindle oil; 2) 
in octane with a 0.3% trace of oleinic acid; a) at 200 Oe; b) at 400 
Oe; c) a t  800 Oe.  

F ig .  2. F r i c t i o n  f o r c e  F T ( d y n e / c m  2) of b a r i u m  h e x a f e r r i t e  in 
sp ind l e  o i l  ((p = 0.115 cm3/cm3) ,  a s  a func t ion  of  the v e l o c i t y  g r a -  
d i en t  q ( sec  - I )  and of  the  f i e ld  i n t e n s i t y  H (Oe): 1) H = 0; 2) 220 
Oe; 3) 430 Oe; 4) 850 Oe.  

m a g n e t o v i s c o s i t y e f f e c t ,  and by  m e a s u r e m e n t s  of F T and M T on s u s p e n s i o n s  of m a g n e t i c  m a t e r i a l s  (F ig s .  
1, 2, and 3). The  f r i c t i o n  t o rque  in a "rotating m a g n e t i c  f i e ld  was  m e a s u r e d  by  the t w i s t  ang le  of a c y l i n d r i -  
ca l  v i a l  con ta in ing  c o l l o i d a l  f lu id  and s u s p e n d e d  f r o m  an e l a s t i c  s t r i n g .  The  da t a  in [18] on the p e r f o r m -  
a n c e  of  m a g n e t i c  coup l ings  a r e  a l s o  in a c c o r d  with  f o r m u l a  (6), E v i d e n t l y ,  a r e l a t i o n  s i m i l a r  to (6) i s  
v a l i d ,  i . e . ,  the s t r u c t u r a l  c o m p o n e n t  of v i s c o u s  f r i c t i o n  f o r c e s  i s  equa l  to the s p e c i f i c  e n e r g y  of p a r t i c l e  
i n t e r a c t i o n  a l s o  in  the c a s e  of t h r e e - d i m e n s i o n a l  s t r u c t u r e s ,  r e g a r d l e s s  of the n a t u r e  of the i n t e r a c t i o n  
f o r c e s .  

PT" lu - 
M T . 10 -3 

t J 

J 
j J  

�9 ! 

x - - 2  

�9 - - 2  

0 #0 80 ,20 /4,0 Z 2 

F i g .  3. F r i c t i o n  t o r q u e  M T ( d y n e / c m  2) (1, 2, 3) and f r i c -  
t ion  f o r c e  F T ( d y n e / c m  2) (4) as  func t ions  of the s q u a r e  of 
the  m a g n e t i z a t i o n  12 (G) 2 f o r  b a r i u m  h e x a f e r r i t e  s u s p e n s i o n :  
1) in oc t ane  ~p = 0.182 cmn/cm3;  2) in oc t ane  with a 0.3-7o ~ 
t r a c e  of o l e i n i c  ac id ,  ~ = 0 .115cm3/cm3;  3, 4) in sp ind l e  
o i l ,  (p = 0.115 c m a / c m  3. 
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If the  r e s u l t s  of m e a s u r e m e n t s  a r e  r e p r e s e n t e d  in t e r m s  of an MT = M(I 2) r e l a t i o n ,  then an  i n t e r c e p t  
M(0) r 0 w i l l  be noted  on the a x i s  of o r d i n a t e s  (F ig .  3). Th i s  m e a n s  tha t  bonds  b e t w e e n  p a r t i c l e s  a r e  p r o -  
duced  s p o n t a n e o u s l y  too, in the a b s e n c e  of an e x t e r n a l  f i e ld  and wi thout  r e s i d u a l  induct ion .  P a r t i c l e  con -  
g l o m e r a t i o n s  have  a c o m p l e x  s t r u c t u r e  ou t s i de  the f i e ld ,  but  wi th in  the f i e ld  they  s t r a i g h t e n  out into c h a i n s  
which  c o n t r i b u t e  to the t o t a l  t o r q u e  M T i nd e pe nde n t l y  of I. In s o m e  of t h e s e  cha in s  the bond  b e t w e e n  p a r -  
t i c l e s  is  s t r o n g e r ,  a p p a r e n t l y ,  owing to the  a c t i o n  of m o l e c u l a r  coupl ing  f o r c e s .  T h e s e  s t r o n g e r  cha in  
a g g r e g a t e s ,  un l ike  the o t h e r s ,  r e t a i n  t h e i r  s i z e  (the n u m b e r  of p a r t i c l e s  in a chain)  a c c o r d i n g  to (1), i . e . ,  
b e h a v e  t ike  r i g i d  e l o n g a t e d  p a r t i c l e s  and they  c o n t r i b u t e  to the  t o t a l  t o r q u e  M T an  amoun t  p r o p o r t i o n a l  to 
71w. T h i s ,  a s  we l l  a s  the s o l v a t i o n  of  p a r t i c l e s  [6-8] e x p l a i n s  that  (1/~)(dMT/dCo) i s  u s u a l l y  l a r g e r  than  
p~0 a t  a g iven  e o n e e n t r a t i o n  of p a r t i e l e s  ~0. I n s t e a d  of (5), t h e r e f o r e ,  one m a y  w r i t e  

M T = M (0) - -  2n - ~  -~- pq~nm, (8) 

w h e r e  p i s  the a v e r a g e  f o r m  f a c t o r  depend ing  on the n u m b e r  of  p a r t i c l e s  in r i g i d  cha in  a g g r e g a t e s .  

The  f o r m u l a  fo r  F T wi l l  be  m o d i f i e d  a n M o g o u s i y ,  wi th  F(0) = M(0) hav ing  the de f in i t e  s i g n i f i c a n c e  
of  the l i m i t  s h e a r i n g  s t r e s s  o u t s i d e  the f i e ld .  It i s  to be  no ted  tha t  in a s y s t e m  of  s t r o n g l y  i n t e r a c t i n g  d i -  
po le  p a r t i c l e s  ( m 2 / r  3 >> kT,  with k deno t ing  the B o l t z m a n n  c o n s t a n t  and T deno t ing  the t e m p e r a t u r e )  t h e r e  
can  be  no r e g u l a r  d i s t r i b u t i o n  of p a r t i c l e s  in a s u s p e n s i o n  [19] o r  so l  [20]. In th i s  c a s e  

' r )  3 F(O) ~ 2z~ [ r ,  " (9) 

H e r e  Is = mn  and (~)3 = n-1 i s  the a v e r a g e  v o l u m e  p e r  p a r t i c l e .  When 5 = r (un i fo rm d i s t r i b u t i o n  of p a r -  
t i c t e s  o v e r  the vo lume) ,  then (9) b e c o m e s  the w e l t - k n o w n  V o l a r o v i e h - G u t k i n  equa t ion  [19]. Equa t ion  (9) 
a g r e e s  s u f f i c i e n t l y  we l l  wi th  the r e s u l t s  of  m e a s u r e m e n t s  ( see  F i g .  3). The  n o t i c e a b l e  d i f f e r e n c e  b e -  
tween  q u a n t i t i e s  M T and F T m u s t  be  a t t r i b u t e d  to the c ond i t i ons  u n d e r  which  F T was  m e a s u r e d  (in a 
Coue t te  v i s e o m e t e r  wi th  a r a d i a l  m a g n e t i e  f ie ld) ;  n a m e l y  on the s u s p e n s i o n  a e t e d  s o m e  g r a d i e n t  of the 
f i e ld  i n t e n s i t y  which,  a p p a r e n t l y ,  c o m p r e s s e d  the l a y e r  of p a r t i c l e s  in the v i s e o m e t e r  gap whi le  w e a k e n i n g  
t h e i r  coup l ing  to the o u t e r  a c t i v e  i n s t r u m e n t  s u r f a c e .  

F r o m  the e x p e r i m e n t  in a r o t a t i n g  f i e ld  wi th  the m a g n e t o r h e o l o g i e a l  e f f ec t  one can  d e t e r m i n e  the 
e q u i l i b r i u m  d i s t a n c e  r b e t w e e n  p a r t i e l e s  in c h a i n s ,  o r  the  d i m e n s i o n l e s s  d i s t a n c e  r / ~ .  F r o m  the da t a  in 
F i g .  3 we have  

( + ) 3  2d(F-) 
~ n r 3 ~  --  0,167. 

d M  

If the r a d i u s  of a p a r t i c l e  is  much  l a r g e r  than the r a d i u s  of a c t i o n  of  s u p e r f i c i a l  r e p u l s i o n  f o r c e s ,  then 
r ~- 2 a  and n r  2 = 2~o. In a b a r i u m  h e x a f e r r i t e  s u s p e n s i o n  ~o = 0.115, i . e . ,  2~p a p p r o a c h e s  the vMue found 
f r o m  m e a s u r e m e n t s  of  the f r i c t i o n  t o rque .  Thus ,  wi th  the r e l a t i o n s  d e r i v e d  h e r e  one can  qui te  r e l i a b l y  
e s t i m a t e  the r a n g e  of  a c t i o n  of  s u p e r f i c i a l  r e p u l s i o n  f o r e e s  b e t w e e n  p a r t i c l e s .  At  a c e r t a i n  d i s t a n c e  (r  
~- 2 a ) ,  the m a g n i t u d e  of  the  indueed  o r  the r i g i d  e l e e t r i c  d i p o l e  of p a r t i c l e s  can  be  d e t e r m i n e d  f r o m  the 
e l e e t r o r h e o l o g i e a t  e f fec t .  
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