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A b s t r a c t —Theoretical and experimental results on elastic wave propagation in magnetic nanofluids are pre
sented. The theoretical results are compared with available experimental data on sound velocity anisotropy in 
magnetic nanofluids on various bases. A  detailed description is given, using existing theories, of hydrody
namic modes of magnetized magnetic nanofluids, including new and predicted ones.
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Ferrohydrodynamics is a comparatively new field 
of hydrodynamics, which emerged owing to the syn
thesis of magnetic colloids, called ferrocolloids, fer- 
rofluids, magnetic fluids, and, in recent years, mag
netic nanofluids (M N F s ), since solid ferromagnet or 
ferrimagnet particles have a characteristic dimension 
of d ~ 10 nm [1]. A t  such a size, particles are single
domain and possess a magnetic moment mp =  
(nd3Mp)/6, where Mp is the saturation magnetization 
of the magnet.

To prevent adhesion of particles due to dipole— 
dipole interaction, they are coated with a stabilizing 
layer, for instance, a surfactant, the choice of which is 
determined by the type of carrier liquid. In organic 
nonpolar liquids, one stabilizing layer is used, and in 
polar liquids, layers of various surfactants are used. 
Thus, an M N F  is a multiphase medium, and the mix
ture of the stabilizer and carrier liquid is a dispersion 
medium. In terms of magnetic properties, a weakly 
concentrated M N F  is similar to a superparamagnetic 
gas, the particle interaction in which is determined by
the coupling constant X =  m1p/d3kBT characterizing 
the ratio of the dipole-dipole interaction of contact
ing particles to the energy of heat motion [2]. In 
strong magnetic fields at H >  mp/d3 , particles form 
particle chains parallel to the field [2]. M N F  magne
tization is described by the Langevin formula for a 
paramagnetic gas:

M = nmpL(mH/kBT), L (£,) = coth£, -  2,- 1 .

The magnetization dynamics is determined by two 
fluctuation mechanisms [3]: the Neel relaxation time 
tn  =  T0a -1/2ea, a  =  KVp/kBT as a result of heat fluctu
ations of the magnetic moment direction inside a par
ticle with a volume Vp, the matter of which has an 
anisotropy constant K , and the Brownian time of rota
tional diffusion of the particle itself tb =  3 Vpn/kBT in a 
liquid with shear viscosity p .

In the physics of magnetic nanofluids, of signifi
cant interest is the problem o f interparticle interac
tions and a number of questions relating to it: particle 
aggregation, the character of magnetic ordering, and 
the type of relaxation processes.

Physical acoustic methods are quite sensitive to 
structural features of matter and have a number of 
advantages in comparison to other methods. In partic
ular, acoustic studies are conducted in the volume of 
matter without violating the structure, which makes it 
possible to trace the dynamics of processes occurring 
in matter.

First, we consider the experimental results on the 
acoustic properties of M N F s  in the absence of external 
magnetic field. The first measurements of ultrasound 
velocity in M N F s  were apparently conducted by the 
authors of [4], who established that addition, into a 
carrier liquid, of particles of a magnetic material lead 
to a decrease in ultrasound velocity, and the tempera
ture dependence is determined by the carrier liquid. 
One year later, study [5] appeared, which contained 
only the ultrasound velocity value in kerosene (1275 m/s) 
and in an M N F  based on it (1201 m/s). The results of 
a study by the authors of [6 ] were more substantive; 
they studied the results of the temperature influence 
on the propagation velocity of ultrasound in kerosene- 
and water-based magnetic fluids and established that 
the temperature coefficient of ultrasound velocity in 
kerosene-based magnetic fluids is negative when the 
volumetric content of magnetite varies in the range of 
1 .7 -10 .5 % . In the case of a water-based M N F , the 
maximum on the temperature dependence of ultra
sound velocity was discovered, the position of which 
changed with a change in the volumetric content of 
the magnet; the maximum of the ultrasound velocity 
in magnetic fluids was reached at a temperature lower 
than in distilled water. In [7], the ultrasound velocity 
in a kerosene-based M N F  with various magnetite 
contents was also measured and, in accordance with 
previous studies, it was found that with an increase in

972

mailto:vvs1953@rambler.ru


WAVE PROPAGATION IN  M A G N ETIC N A N O FLU ID S 973

Table 1. Physical properties of a kerosene-based M N F
Sample K0 K 1 K2 K3 K4 K 5 K 6 K7

p, kg/m3 795 879 1018 1103 1240 1325 1565 1767
П x 103 Pa s 1.0 2.53 3.06 3.74 5.5 7.6 19.9 100.6

c, m/s 1320 1290 1215 1194 1150 1137 1098 1084
( a / f ) x 10 15 s2 m- 1 109 380 630 514 906 889 12 10 1997
( a / f ) x 10 15 s2 m- 1 80 184 333 400 475 986 680 880
( a / f ) x 10 15 s2 m- 1 100 190 400 295 330

Table 2. Physical properties of a water-based M N F
Sample B0 B 1 B2 B3 B4 B5 Be

p, kg/m3 999 1022 1058 1104 1140 1197 1197
П x 103 Pa s 1.0 1 . 1 1 1.23 1.51 1.97 2.43 2.48
c, m/s 1486 1477 1468 1445 1426 1420 1419
( a / f ) x 10 15 s2 m- 1 25 133 281 438 472 730 1265
(a/f ~,) x 10 15 s2 m- 1 25 71 84 1.59 185 230 182

the volumetric fraction of magnetite, the ultrasound 
velocity decreased nonlinearly. A  more complete study 
of the concentration dependence of the ultrasound 
velocity in a kerosene-based M N F  was conducted in 
[8 ]. Measurements were performed by the pulse-phase 
method at a frequency of 2.5 M H z . The volumetric 
content of magnetite and the studied samples changed 
in the range of 0—2 7.1% ; the ultrasound velocity 
changed by 2 0 % , and the wave impedance increased 
by almost a factor of 2. Work [9] presented the results 
of systematic studies o f the propagation velocity of 
ultrasound in water-based M N F s , kerosene, and 
transformer oil with variation in temperature in the 
range 293—353 K . In all types of M N F s , it was 
observed that with increasing magnetite concentra
tion, there was a decrease in the absolute value of tem
perature and concentration coefficients of ultrasound 
velocity.

Like in [6 ], a shift of the maximum in the temper
ature dependence of the propagation velocity of ultra
sound in a water-based M N F  was found; the higher 
the magnetite concentration, the greater the shift in 
the maximum in the lower temperature region. The 
first results of studying magnetic fluids by acoustic 
spectroscopy in the range of 3—50 M H z  were pre
sented in [10, 11].  Widening of the frequency range, 
in comparison to earlier works, made it possible to 
discover the relaxation character of ultrasound 
attenuation.

The physical properties of certain magnetite-type 
M N F s  in kerosene (oleic acid was the stabilizer), stud
ied in [10], are shown in Table 1 and correspond to a 
temperature of T  =  293 K . These samples were pre

pared with the aim of determining the concentration 
dependences of the acoustic parameters by dilution 
with kerosene K 0 of concentrated sample K7. The 
ultrasound velocity value corresponds to a frequency 
o f f  =  3.17 M H z . The attenuation coefficient is also 
given for frequencies of f 2 =  32.43 M H z  and f 3 =  
0.6 G H z . The data in the last line of the table are taken 
from [1 2 ].

The ultrasound velocity is determined by the bal
ance between the inertial and elastic properties of the 
medium. In weakly concentrated M N F s , magnetite 
particles coated by a stabilizing shell cause a signifi
cant change in density but do not much affect the con
densability, so that the latter is close to the condens
ability of the carrier liquid. With an increase in con
centration, interparticle interaction intensifies and 
therefore the assumption on the additivity of condens
ability is not satisfied. In the indicated frequency 
interval, the maximum dispersion of ultrasound veloc
ity Ac =  20 m/s was found in sample K 7 at a tempera
ture of 293 K . With growth in temperature, Ac 
decreased, and at T  =  333 K , it was absent within the 
limits of measurement accuracy. We draw attention to 
the fact that at a frequency of 0.6 G H z , the attenuation 
coefficient in the samples with a small volumetric con
tent of magnetite differed insignificantly from the 
attenuation coefficient in kerosene.

The properties of the studied water-based M N F  
samples [11] at T  =  293 K  are given in Table 2.

In samples B x—B 5, the stabilizer was sodium oleate, 
and in sample B6, it was a series of fatty acids; the solid 
phase in all samples was magnetite. It is noteworthy 
that the ultrasound velocity in samples B5 and B 6 were
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alm o st id en tica l w ith in  th e  lim its o f  m easu rem en t 
error, b u t th e  frequency  d ep en d en ces o f  th e  a tte n u a 
tio n  coeffic ien t d iffered significantly; i.e ., th e  a tte n u 
a tio n  coeffic ien t was m o re  sensitive to  th e  M N F  c o m 
positio n . T h is is possib ly  exp la ined  by  th e  specifics o f  
p rep arin g  w ater-based  M N F s, since  m ag n e tite  p a r ti
cles a re  co a ted  by  a  doub le  layer o fvarious su rfac tan ts, 
an d  in  o rd e r to  ensure  aggregate stability, a  second  
layer o f  su rfac tan ts  was added  to  th e  water. In  [13, 14], 
exp erim en ta l resu lts w ere given o n  m easuring  th e  
u ltra so u n d  a tte n u a tio n  coeffic ien t a t seven freq u en 
cies in  th e  range o f  3—40 M H z  in  w ate r-based  M N F s 
Ф =  0.357 a t th ree  tem p era tu res  o f  10, 20, an d  30 °C  in  
th e  absence  o f  ex ternal m agnetic  field. I t  was estab 
lished  th a t th e  u ltra so u n d  a tte n u a tio n  coeffic ien t a /f2 
decreases n o n lin ea rly  w ith  g row th  in  frequency, an d  a t 
a  fixed frequency  it  decreases w ith  increasing  te m p e r
a tu re . T hese  d a ta  c o n firm  th e  results given in  [10].

F o r m ic ro in h o m o g en eo u s m ed ia , to  w h ich  M N F s 
refer, th e re  are  two k n own energy d issipation  ch anne ls 
o f  u ltra so u n d  waves caused  by  tem p era tu re  equ a liza 
tio n  a t th e  bou n d aries  o f  two d ifferen tly  h ea ted  m ed ia  
during  a  perio d ic  change in  th e  tem p era tu re  d ifference 
an d  a  ju m p  in  velocity  due  to  v iscosity  a t th e  c o n ta c t o f  
m ed ia  m oving w ith  a  period ically  chang ing  d ifference 
in  velocity. We co n sid e r a  second  d issipation  ch an n e l, 
calling  it  th e  v iscosity  m ech an ism  o f  u ltra so u n d  a tte n 
u a tio n . A n  analysis o f  th e  app licab ility  o f  th is m e th o d  
to  n o n m ag n e tized  m agnetic  fluids was given in  [15].

L et a  spherica l p artic le  o f  rad ius r w ith  density  p 
m ove a t velocity  v  in  a  resting  liqu id  having  sh ea r v is
cosity  n . We estim ate  th e  re lax a tio n  tim e  t0 re la ted  to  
eq u a liza tio n  o f  th e  liqu id  an d  p a rtic le  velocities. W rit
ing  th e  e q u a tio n  o f  p a rtic le  m o tio n  in  th e  fo rm

4 3 v  c
-  я  r p — = о я  rn  v ,
3 T0

w e o b ta in

T0 = 2 r2 p /9  n .  (1)

T h is is th e  cha rac teris tic  tim e  p a ram ete r d e te rm in ing  
th e  p resence  o f  ad d itio n a l u ltra so u n d  a tte n u a tio n  in  a 
d ispersion  m ed iu m , w h ich  ap p aren tly  was first 
p o in ted  o u t by  th e  au th o rs  o f  th e  rem arkab le  study  
[16]; as was show n in  [15], th e  results [16] an d  subse
q u e n t stud ies [17—19] differed  insignificantly. A d d i
tio n a l a tte n u a tio n  o f  an  u ltra so u n d  wave propagating  
in  a  viscous liqu id  in  w h ich  spherica l partic les o f  a  h e t 
e rogeneous substance  w eigh greater, w ith  a  density  dif
fering from  th a t o f  th e  m ed iu m , th e  sm aller th e  period  
o f  th e  u ltra so u n d  wave in  co m p ariso n  to  re laxa tion  
tim e  t . T h e  m a in  p a ra m e te r  in  th eo ry  [16] is th e  ra tio  
o f  p a rtic le  rad ius r o f  th e  p e n e tra tio n  dep th  o f  a  viscous

wave Sn =  V 2 n / Pf ю , i.e .,

Л  = r /S n . (2)

H ere , pf is th e  density  o f  th e  ca rrie r liqu id ; ю is th e  
cyclical frequency  o f  th e  u ltra so u n d  wave. In  w riting  
th e  e q u a tio n  o f  m o tio n , th e  au th o rs  o f  [16] use  th e  
B oussinesq  fo rm u la  fo r th e  fo rce  o f  fric tio n  ac ting  on  
a  p a rtic le  v ib ra ting  in  th e  u ltra so u n d  wave field. A tte n 
u a tio n  coeffic ien t a  ow ing to  th e  v iscosity  m ech an ism  
ob ta in ed  in  [16] has th e  fo rm

a  = 2 ф aю ( p  -  i ) 2---------- Ш  + -П)---------- , ( 3 )
9 cf Vpf  2 ( 1 + v i ) 2 + i (  1 + w i ) 2

w here

4 = 2 ( 1 + <4 >

H ere , Cf is th e  velocity  o fu ltra so u n d  p ro p ag a tio n  in  the  
ca rrie r liqu id . F o r sm all values o f  v o lum etric  c o n c e n 
tra tio n  ф o f  w eighted  partic les a =  1.

In  th e  foreign  lite ra tu re , [17] is usually  co nsidered  
a  p io n eerin g  w ork  o n  th e  viscosity  m ech an ism . In  this 
w ork, th e  S tokes fo rm u la  is used  fo r th e  force o f  fric 
tio n  ac ting  o n  a  partic le  in  a; it  describes a  spherica l 
p en d u lu m  oscillating  in  a  viscous m ed iu m . A ssum ing 
th a t th e  dissipating  energy  o f  u ltra so u n d  is equal to  th e  
w ork  o f  fric tio n  force, th e  a u th o r  o f  [17] o b ta in ed  th e  
follow ing expression  fo r th e  u ltra so u n d  a tte n u a tio n  
coefficient:

a = ФЮ ( P- _  1
2 c V  -

2 s

2s +

(5)

w here

S = 9 S- (1 + V ), t * = - + 9 S- .
4 r V r 2 2 4  r

It is easy to  see, w ith  a llow ance fo r (2), th a t expres
s ion  (5) co in c id es  w ith  Eq. (3) a t a =  1.

As app lied  to  M N F s, th e  v iscosity  m ech an ism  o f  
u ltra so u n d  a tte n u a tio n  was th eo re tica lly  s tud ied  by 
th e  au th o rs  o f  [18], w ho  in  th e  case o f  spherically  
shaped  partic les o b ta in ed  th e  expression  fo r th e  a tte n 
u a tio n  d ecrem en t:

S* = ф( 1 _ ф)(pp _ P/ ) ют, (6)
2 pp pf

w here
2

т = 2r_Pp(1 - y ) p f 
9 n  p

N o te  th a t th is re lax a tio n  tim e  т differs fro m  (1) by  a 
fac to r o n  th e  o rd e r o f  unity. S ince th e  v iscosity  m e c h 
an ism  o f  u ltra so u n d  energy  d issipation  lies a t th e  base 
o f  th eo ry  [18], it  th e n  seem s exped ien t to  in tro d u ce  
in to  Eq. (6) in  explicit fo rm  d im ension less p a ram e te r  
S d e te rm in ed  by  fo rm u la  (2). A fter e lem en tary  tran s-
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f o r m a t i o n s  w i t h  a l l o w a n c e  f o r  r e l a t i o n  o f  t h e  a t t e n u a 

t i o n  d e c r e m e n t  t o  t h e  a t t e n u a t i o n  c o e f f i c i e n t  a  =  

ю 5 * Д / ,  E q .  ( 6)  t a k e s  t h e  f o r m

a  =  9  ф а  -  ( ^  .  ( 7 )

9 c / ( P /  J

T h i s  e x p r e s s i o n  f o r  t h e  a t t e n u a t i o n  c o e f f i c i e n t  i s  o b v i 

o u s l y  a  p a r t i c u l a r  c a s e  o f  f o r m u l a  ( 3 )  a t  £ ,  < §  1 .  N o t e  

t h a t  i n  t h i s  a p p r o x i m a t i o n  a n d  a t  a  =  1,  i n  [ 20]  e s t i 

m a t e s  a r e  g i v e n  f o r  t h e  c o n t r i b u t i o n  o f  t h e  v i s c o s i t y  

m e c h a n i s m  t o  u l t r a s o u n d  a t t e n u a t i o n  i n  a n  M N F .  

R e s u l t s  [ 1 8 ]  w e r e  r e f i n e d  i n  [ 1 9 ] ,  i n  w h i c h  t h e  f o l l o w 

i n g  f o r m u l a  w a s  g i v e n  f o r  t h e  a t t e n u a t i o n  d e c r e m e n t :

5 *  =  1 m 2 - T — — — ,  ( 8)

2 —  +  s 2
w h e r e

—  =  1  +  d J — t ,  m 1  * =  ф ( p p  -  ,  D b  =  k ,

Р рР /  N  2 * * *

S  =  T - T [  D b  +  (1 +  D x  W - T ] ,  D x  =  k ,  

k T  =  9 — Ё - — .

2 ( 1 -  ф ) р р

A s  w a s  s h o w n  i n  [ 1 5 ] ,  t h e s e  r e l a t i o n s  t r a n s f o r m  t o

D b V - x  =  / Д ,

1 2
-  m - T
2

S = 1 2

= 2 <f) 1  -  ф)2р/( p- -  Л 2,  
9 P ( P/ J

1 +  2(1 -  ф ) Л  + 1 Л ;

t h e r e f o r e ,  e x p r e s s i o n  ( 8)  f u l l y  c o i n c i d e s  w i t h  ( 3 ) ,  b u t  

w i t h  t h e  m o d i f i e d  c o e f f i c i e n t

b
2 '
9 .

1 +  2(1 -  ф ) p  .

p J

C a l c u l a t i o n s ,  p e r f o r m e d  i n  [ 1 5 ] ,  o f  u l t r a s o u n d

a t t e n u a t i o n  w i t h  t h e  h e l p  o f  r e l a t i o n  ( 3 )  h a v e  s h o w n

t h a t  t h e  v i s c o u s  a t t e n u a t i o n  m e c h a n i s m  d o e s  n o t

d e s c r i b e  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  w a t e r - ,  k e r o s e n e - ,  

a n d  d o d e c a n e - b a s e d  M N F s .  T h e  a u t h o r s  o f  [ 2 1 ]  

a t t e m p t e d  t o  e x p l a i n  t h e  v e l o c i t y  d i s p e r s i o n ,  d i s c o v 

e r e d  i n  [ 1 0 ] ,  d u e  t o  t h e  v i s c o s i t y  m e c h a n i s m  [ 1 6 ] .  F o r  

t h i s ,  i n  [ 2 7 ] ,  t h e  p a r t i c l e  s i z e  o f  m a g n e t i t e  w a s  c h o s e n  

s u c h  t h a t  t h e  v e l o c i t y  d i s p e r s i o n  v a l u e  i n d i c a t e d  i n

[  1 0 ]  w a s  o b t a i n e d .  H o w e v e r ,  a t  t h e  p a r t i c l e  r a d i u s  c h o 

s e n  i n  [ 21] ,  u l t r a s o u n d  a t t e n u a t i o n  c a l c u l a t e d  u s i n g  

t h e o r y  [ 1 6 ]  e x c e e d s  t h a t  o b s e r v e d  i n  e x p e r i m e n t s  b y  

a l m o s t  a  f a c t o r  o f  2 ,  w h i c h  w a s  s h o w n  i n  [ 22] .

T h e  m a i n  d i f f i c u l t i e s  i n  a n a l y z i n g  t h e  a c o u s t i c  

s p e c t r u m  o f  e v e n  n o n m a g n e t i z e d  c o n c e n t r a t e d

M N F s ,  w h i c h  a r e  n o n - N e w t o n i a n  l i q u i d s ,  a r e  r e l a t e d  

t o  v i o l a t i o n  o f  t h e  a d d i t i v i t y  o f  t h e  c o n t r i b u t i o n s  o f  

v a r i o u s  u l t r a s o u n d  e n e r g y  d i s s i p a t i o n  m e c h a n i s m s ,  a s  

w e l l  a s  w i t h  t h e  a b s e n c e  o f  e x p e r i m e n t a l  d a t a  o n  t h e  

f r e q u e n c y  d e p e n d e n c e  o f  s h e a r  v i s c o s i t y .  S o ,  f o r  

i n s t a n c e ,  t h e  u s e  o f  s h e a r  v i s c o s i t y  v a l u e s  o b t a i n e d  a t  

s m a l l  s h e a r  v e l o c i t y  l e a d  t o  a n  u l t r a s o u n d  a t t e n u a 

t i o n  c o e f f i c i e n t  t h a t  e x c e e d s  t h e  e x p e r i m e n t a l  v a l u e .  

A s  i s  k n o w n ,  a  s i m i l a r  s i t u a t i o n  t a k e s  p l a c e  i n  p o l y 

m e r  s o l u t i o n s .

W e  n o w  c o n s i d e r  t h e  e x p e r i m e n t a l  r e s u l t s  f r o m  

s t u d y i n g  t h e  i n f l u e n c e  o f  m a g n e t i c  f i e l d  o n  t h e  a c o u s 

t i c  p r o p e r t i e s  o f  M N F s .  T h e s e  r e s u l t s  a r e  q u i t e  i m p o r 

t a n t  f o r  t h e  d e v e l o p m e n t  o f  f e r r o h y d r o d y n a m i c s .  

I n d e e d ,  b y  n o w ,  d e s p i t e  t h e  e x i s t e n c e  o f  a  s i g n i f i c a n t  

a m o u n t  o f  c o n t i n u a l  m o d e l s  o f  n o n c o n d u c t i n g  M N F s  

[ 2 3 ] ,  t h e r e  i s  s t i l l  a  t e n d e n c y  t o  c o n s t r u c t  n e w  m o d e l s  

[ 2 4 — 2 6 ] .  T h i s  i s  b a s e d  o n  t h e  c o m p l e x i t y  o f  t h e  m o d 

e l e d  m e d i u m  a n d  t h e  a b s e n c e  o f  c r i t e r i a  f o r  t h e  a p p l i 

c a b i l i t y  o f  m o d e l s .  I n  t h i s  c o n n e c t i o n ,  s t u d y  o f  t h e  f e a 

t u r e s  o f  p r o p a g a t i o n  o f  s m a l l - a m p l i t u d e  e l a s t i c  w a v e s  

i n  M N F s  o c c u p i e s  a  s i g n i f i c a n t  p l a c e  i n  t h e  d e v e l o p 

m e n t  o f  f e r r o h y d r o d y n a m i c s ,  s i n c e  t h e  r e s u l t s  o f  s u c h  

s t u d i e s  m a k e  i t  p o s s i b l e  n o w  t o  a p p r a i s e  e x i s t i n g  v a r i 

o u s  f e r r o h y d r o d y n a m i c s  e q u a t i o n s  i n  a  l i n e a r  a p p r o x 

i m a t i o n ,  u n d e r  c o n d i t i o n s  o f  r e l i a b l e  e x p e r i m e n t a l  

d a t a ,  o f  c o u r s e .

H o w e v e r ,  i t  h a s  t u r n e d  o u t  h i s t o r i c a l l y  t h a t  i n  o n e  

o f  t h e  f i r s t  e x p e r i m e n t a l  s t u d i e s  o n  m e a s u r i n g  t h e  

i n f l u e n c e  o f  m a g n e t i c  f i e l d  o n  t h e  p r o p a g a t i o n  v e l o c i t y  

o f  u l t r a s o u n d  i n  a  w a t e r - b a s e d  m a g n e t i c  f l u i d  [ 2 7 ]  

c o n t a i n e d  a  m e t h o d i c a l  e r r o r .  A c c o r d i n g  t o  [ 2 7 ] ,  t h e  

c h a n g e  i n  u l t r a s o u n d  v e l o c i t y  u n d e r  t h e  a c t i o n  o f  r e l a 

t i v e l y  w e a k  f i e l d s  ( s e v e r a l  h u n d r e d  g a u s s )  i s  3 0 — 5 0 % .  

T h e s e  d a t a  h a v e  s e r v e d  a s  t h e  b a s i s  f o r  a  n u m b e r  o f  

i n v e n t i o n s ,  f o r  i n s t a n c e ,  o f  v a r i o u s  g e n e r a t i o n s  o f  

d e l a y  l i n e s ,  t h e  b a s i s  f o r  c r i t i c i s m  o f  t h e o r e t i c a l  s t u d i e s  

o n  u l t r a s o u n d  p r o p a g a t i o n  i n  M N F s .  I n  [ 2 8 ] ,  t h e  

m e t h o d i c a l  e r r o r  i n  [ 2 7 ]  w a s  p o i n t e d  o u t  i n  t h e  p r o 

c e s s i n g  o f  e x p e r i m e n t a l  d a t a .  T h e  a u t h o r s  o f  [ 2 7 ]  u s e d  

t h e  p h a s e  m e t h o d  t o  d e t e r m i n e  t h e  c h a n g e  i n  t h e  

u l t r a s o u n d  p h a s e  v e l o c i t y  i n  M N F s  u n d e r  t h e  a c t i o n  o f  

m a g n e t i c  f i e l d ;  t h e  e s s e n c e  o f  t h i s  m e t h o d  i s  m e a s u r e 

m e n t  o f  t h e  p h a s e  s h i f t  b e t w e e n  t w o  h a r m o n i c  s i g n a l s ,  

o n e  o f  w h i c h  p a s s e s  t h r o u g h  a n  a c o u s t i c  c e l l  w i t h  t h e  

s t u d i e d  M N F ,  a n d  t h e  o t h e r ,  t h r o u g h  a  d e l a y  l i n e .  T h e  

p h a s e  v e l o c i t y  o f  a n  u l t r a s o u n d  w a v e  c  i s  r e l a t e d  t o  

s i m p l e  f o r m u l a  w i t h  u l t r a s o u n d  f r e q u e n c y  / ,  p h a s e  Ф 0 ,  

a n d  a c o u s t i c - c e l l  b a s e  l e n g t h  l ,

c  =  2  n / l / Ф .  ( 9 )

H e n c e ,  i t  i s  e a s y  t o  f i n d  t h a t  t h e  r e l a t i v e  c h a n g e  i n  

u l t r a s o u n d  v e l o c i t y  a s

A c  =  Д Ф  

c  Ф 0 ’

(10)

w h e r e  Д Ф  i s  t h e  c h a n g e  i n  t h e  p h a s e  d u r i n g  o v e r l a p 

p i n g  o f  t h e  m a g n e t i c  f i e l d .  T h e  a u t h o r s  o f  [ 2 7 ] ,  u s i n g
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re la tio n  (10), in co rrec tly  chose  Ф0, assum ing  it equal 
to  th e  ph ase  shift ДФ0 o f  th e  ab o v e-m en tio n ed  signals 
in  th e  absence  o f  m agnetic  field ac tio n . As well, th e  
d en o m in a to r  in  th e  fo rm u la  (10) decreases by  2 nn, 
w h ere  n is th e  n u m b e r  o f  w aveleng ths X stack ed  o n  
aco u stic  base  l. To eva lu a te  re c e p tio n , w e tak e  c equal 
to  1430 m /s  and , accord ing  to  [27], l =  9.6 m m , f  =  
2 .44  M H z . T h e  q u a n tity  ДФ 0 w as d e te rm in e d  fro m  
[29] by  th e  sam e  a u th o rs , w h ic h  p roved  to  b e  ~ 8 0 ° . 
C on seq u en tly , resu lts  [27] w ith  th e  a b o v e -m e n 
tio n e d  p a ra m e te rs  w ere  oversta ted  by  a  fa c to r  o f  
1 +  2 я п /Д Ф 0 ~ 102.

In  [4], it was n o te d  th a t no  changes in  p ro p ag a tio n  
velocity  o f  u ltra so u n d  w ere caused  by h o m ogeneous 
an d  inh o m o g en o u s fields o f  up  to  600 E  in  in tensity  
ac ting  o n  a  k e ro sen e-b ased  m agnetic  fluid. T h e  
au th o rs  o f  [9] using  th e  ph ase  m e th o d  (1 M H z) an d  
th e  pu lse  m e th o d  (2.5 M H z), d id  n o t observe changes 
in  th e  p ro p ag a tio n  velocity  o f  u ltra so u n d  in  M N F s 
based  o n  k erosene , w ater, an d  tran sfo rm er oil w ith  a 
ch an g e  in  m agnetic  field s tren g th  to  40 k A /m . In  [30], 
a  s tudy  was c o n d u c ted  o n  m agnetic  field  in fluence  o n  
th e  p ro p ag a tio n  velocity  o f  u ltra so u n d  in  kerosene- 
based M N F s w ith  sa tu ra tion  m agnetization  o f  48 kA /m . 
W ith o u t a  field, th e  u ltra so u n d  velocity  is 1135 m /s . In  
a  m agnetic  field w ith  a  s tren g th  o f  100 k A /m  u n d e r  
co llin ea r po sition ing  o f  th e  w eight v ec to r an d  th e  vec
to r  o f  th e  m agnetic  field streng th , th e  sou n d  velocity  
was cl =  1139 m /s , an d  w ith  o rth o g o n al o rien ta tio n  o f  
th e  in d ica ted  vectors, ct =  1137 m /s . I t was n o te d  in  
[31] th a t in  w ate r-b ased  M N F s w ith  a  vo lum etric  
m ag n e tite  c o n c e n tra tio n  o f  up  to  8%, u ltra so u n d  
velocity  w ith  varia tio n  in  m agnetic  field  s tren g th  from  
0 to  380 k A /m  does n o t ch an g e  in  e ith e r  th e  lo n g itu d i
n a l o r  la titu d in a l d irec tio n  relative to  th e  wave v ec to r 
o f  th e  u ltra so u n d  wave.

T h e re  are  two reasons fo r  su ch  co n trad ic tio n s  in  
th e  d a ta  o f  various studies. F irst, th e  in ad eq u acy  o f  
exp erim en ta l m e th o d s o f  th e  p ro b lem  being  solved. 
So, in  [4, 9, 30, 31], to  d e te rm in e  th e  field  d ep en d en ce  
o f  u ltra so u n d  velocity  in  M N F s, th e  m e th o d  o f  m e a 
suring th e  abso lu te  value o f  u ltra so u n d  velocity  was 
used . N aturally , th e  results o f  su ch  m easu rem en ts  led  
to  th e  co n c lu sio n  o n  th e  absence  o f  m agnetic  field 
in flu en ce  o n  u ltra so u n d  velocity. In  co n trast, ap p lica 
tio n  o f  su ch  m eth o d s seem  q u ite  accep tab le  i f  th e  
results o f  p io n eerin g  study  [27] are  b o rn e  in  m ind .

T h e  m a in  p ro b lem  th a t arose in  m easu ring  m ag 
n e tic  field  in fluence  o n  u ltra so u n d  velocity  was d e te r
m in in g  co n d itio n s  o f  th e  ex p erim en t th a t ensure 
rep ro d u c ib ility  o f  th e  results. T h e  au th o rs  o f  [27, 32] 
w ere th e  first to  e n c o u n te r  th is difficulty; to  overcom e 
it, th ey  p ro p o sed  subjecting  a  m easu rab le  sam ple  o f  an  
M N F  to  p erio d ic  m agnetic  field a c tio n  w ith  a n  in d u c 
tio n  o f  0 .15—0.2 T. However, th e  use o f  th is te ch n iq u e  
in  o u r stud ies o n  th e  u ltra so u n d  velocity  an iso tro p y  
have show n its invalidity, since  th e  thu s o b ta ined  
exp erim en ta l d a ta  h a d  low  reproducibility .

In  [33], th e  d ep en d en ce  o f  u ltra so u n d  a tte n u a tio n  
a t a  frequency  o f  2.25 M H z  in  w ate r-b ased  M N F s w ith  
varia tio n  in  angle h  betw een  th e  w eight v ec to r an d  the  
m agnetic  field  d irec tio n  was stud ied . T h e  a tte n u a tio n  
coeffic ien t was m easu red  fo r a  fixed angle h  w ith  an  
increase  in  m agnetic  field s tren g th  to  2.5 k G . It was 
discovered th a t a t som e angles, a n  increase  in  m ag 
n e tic  field s tren g th  leads first to  a n  increase  in  a tte n u 
a tion ; it th e n  reaches a  m ax im u m  a t H  ~  300 G , a fte r 
w h ich  it  decreases and , passing th ro u g h  a  m in im u m , 
again  increases nonlinearly . However, a t o th e r  angles, 
fo r in stance , a t h  =  70°, th e  a tte n u a tio n  coeffic ien t 
a fte r sw itch -o n  o f  th e  m agnetic  field im m ed ia te ly  
begins to  decrease, an d  a fte r passing th ro u g h  a  m in i
m u m , begins to  increase . F o r a  value o f  H  =  920 G , a 
g rap h  o f  th e  angle d ep en d en ce  o f  th e  u ltra so u n d  
a tte n u a tio n  coeffic ien t is given in  [33]. As a  co n se 
q u en ce  [32], these  d a ta  are  described  by  th e  fo rm ula

a  = 7.8л/(1 + sin2h ) (1 - 2 sin2h  + 1.25sin4h ) ;  (11) 

as well, th e  follow ing fo rm u la  is given:

a = 51 1 -i- 5 s i n h  

T  -  0.5 sin2 h

1 -  2 .145sin2h  + 1.19sin4h' 

1 -  0.5 sin2 h
x

w h ich  app rox im ates th e  angle d ep en d en ce  o f  th e  
u ltra so u n d  a tte n u a tio n  coeffic ien t a t a  freq u en cy  o f  
6 M H z fo r th e  sam e M N F  as in  [33], b u t a t H  =  450 G .

R esults w ere exp lained  in  [34] ow ing to  th e  c o n tr i
b u tio n  o f  two m ech an ism s resu lting  in  a tte n u a tio n  
anisotropy. O n e  was described  by  th e  expression fo r 
th e  a tte n u a tio n  coeffic ien t an d  n em atic  liqu id  crys
tals, an d  th e  o th e r  was th e  v iscosity  m ech an ism . T h e  
a u th o r  o f  [34] p ro p o sed  th a t in  a n  M N F , spherica l 
aggregates fo rm ed  fro m  partic les (w ith  th e  sam e rad ius 
R, w h ich  la te r  arrayed them selves in  a  c h a in  along  th e  
m a g n e tic  fie ld . T h e  fo rc e  o f  f r ic tio n  a c tin g  o n  a n  
agg rega te  w as d esc rib ed  by  th e  S to k es fo rm u la  F =  
—6 n q R (v a — Vf) (v a, Vf a re  th e  v ib ra tio n  velocities o f  
a n  aggregate an d  liqu id  partic les, respectively; n  is th e  
sh ea r v iscosity  o f  th e  ca rrie r liqu id . In  ad d itio n , the  
fo rce  o f  e lasticity  o f  a  c h a in  o f  aggregates in  a  field  was 
in tro d u ced  ad  hoc:

F = - к Д х  sin h , (12)

w here  h  is th e  angle betw een  th e  w eight vec to r o f  the  
u ltra so u n d  wave an d  th e  m agnetic  field  d irec tio n , an d  
Дх is d isp lacem en t o f  th e  aggregate in  th e  u ltra so u n d  
wave. T h e  u ltra so u n d  a tte n u a tio n  coeffic ien t due  to  
th e  v iscosity  m ech an ism  was described  by  expression 
[34]:

3
3n q R ю Van( 6 nnR + P/Kю )/ cf 
( к s in h  -  р аЕю2) 2  + (6 n q R ю )2

(13)
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w h ere  Va is th e  vo lum e o f  th e  aggregate, C/ is th e  u ltra 
so u n d  velocity  in  th e  ca rrie r liqu id , an d  n is th e  n u m 
b e r o f  aggregates in  a  u n it  o f  vo lum e. H en ce , a t к  =  0, 
it  follows th a t

a
3 я г |Л ю 3 УЛ -(6яг|Л  + руУ ю )/c- 

( p a Ую2 )2 + (6 лцЯ ю )2
(14)

T his re la tio n  describes th e  c o n tr ib u tio n  o f  on ly  th e  
v iscosity  m e c h a n ism  o f  a tte n u a tio n  an d  th e re fo re  it 
shou ld  tu rn  to  zero  in  th e  lim iting  case co rrespond ing  
to  equality  o f  th e  densities o f  th e  ca rr ie r  liqu id  p / an d  
aggregate p a. I t  is easy to  see th a t expression  (14) does 
n o t satisfy th is req u irem en t; th ere fo re , fo rm u la  (13) 
shou ld  be  co n sid ered  erroneous.

In  [35], u ltra so u n d  a tte n u a tio n  in  a n  M N F  w ith  
ellipso idal aggregates w ith  a n  o rth o g o n a l o rien ta tio n  
o f  th e  w eight vec to r o f  th e  u ltra so u n d  wave an d  th e  
m agnetic  field d irec tio n  was stud ied . In  ad d itio n  to  th e  
v iscosity  m ech an ism , th e  c o n tr ib u tio n  to  u ltra so u n d  
a tte n u a tio n  due  to  th e  p resence  o f  rep u ls io n  forces o f  
a  d ipo le  n a tu re  betw een  m agnetized  aggregates was 
considered .

U ltra so u n d  a tte n u a tio n  in  a n  M N F, th e  p a rtic le  o f  
th e  solid  p h ase  o f  w h ich  fo rm  th e  ellipsoidal aggre
gates, was co n sid ered  in  [36, 37]. I t  was supposed  th a t 
e llipso idal aggregates have equal size w ith  a  fixed value 
o f  th e  ex ternal m agnetic  field streng th . T h e  d ipole 
m o m e n t o f  a n  aggregate was d e te rm in ed  by  th e  
expression  p  =  4Mpna2 b/3, w h ere  q u an tities a an d  b 
are , respectively, th e  large an d  sm all sem iaxes o f  an  
ellipso idal aggregate; Mp is th e  sa tu ra tio n  m ag n e tiza 
tio n  o f  m a tte r  o f  th e  solid  ph ase  o f  a n  M N F. It was 
supposed  th a t th e  m agnetic  field  s tren g th  was large 
en o u g h  th a t th e  long  axes o f  ellipsoids w ere o rien ted  
a long  th e  m agnetic  field d irec tion . A llow ance was 
m ad e  on ly  fo r forces o f  d ipo le  rep u ls io n  betw een  
neighboring  ellipsoids lo ca ted  a t d istance  l, th e  size o f  
w h ich  depends o n  tem p era tu re , th e  m agnetic  field 
streng th , an d  th e  c o n c e n tra tio n  o f  th e  solid  phase. 
P ro p ag a tio n  o f  a n  u ltra so u n d  wave a t a n  angle o f  h  
tow ard  th e  m agnetic  field d irec tio n  causes a  sh ift in  
e llipsoid  Ax; th e  rep u ls io n  forces due  to  d ip o le -d ip o le  
in te ra c tio n  Fd =  —k Ax  sin  h , w h ere  к  =  6poP2/rc l5, ten d  
to  re tu rn  an  ellipsoid  to  its fo rm er lo ca tio n . T herefo re , 
th e  resto ring  fo rce  (12) in tro d u ced  in  [34] has a  d ipo le  
n a tu re . F o r th e  fo rce  o f  fric tio n  ac ting  o n  a n  ellipsoid  
v ib ra ting  w ith  a  velocity  o f  va w ith  a  vo lum e o f  Va in  an  
u ltra so u n d  wave, th e  S tokes fo rm u la  was used:

F = -  PfVa Td ( va v f)
dt -  P /Va®s( Va -  Vf) ,

w here

T = L + 9 (5 „/b) K  ,

S = 9 (5 „ /b ) K  (1 + (1 /  K) ) (5 „ /a ) K .

T h e  angle d ep en d en ces o f  in e rtia l coeffic ien t L e n te r
ing in to  th e  expression  fo r ad d itio n a l m ass an d  fric tion  
coeffic ien t K o f  a n  ellipsoidal aggregate w ith  ran d o m  
o rien ta tio n  o f  its long  axis relative to  th e  w eight v ec to r 
o f  th e  u ltra so u n d  wave, w ere d e te rm in ed  from  sy m m e
try  n o tio n s by  th e  re la tio n

2 2L = L ||cos h  + Ll sin h ,
2 2K  = K ||cos h  + KLsin h .

Q uan tities Ly, L ±, K ±, K\ a re  given by  th e  fo rm ulas p re 
sen ted  in  [38].

T h e  u ltra so u n d  a tte n u a tio n  coeffic ien t in  a n  M N F  
w ith  ellipsoidal aggregates is d e te rm in ed  by  the  
expression

1 ю
a  = -  Ф

2 cf  ГР

-  1 -
Р /

_-c în
2

PfVa

’-a  + T -  K s M )  2 + S 2
Р/ Ю2 P/VaJ

(15)

It is in te resting  th a t w h en  th e  densities o f  th e  aggregate 
an d  th e  ca rrie r liqu id  a re  equal, fo rm u la  (15) takes th e  
fo rm

1 ю
a  = -  Ф ■

2 Cf ( Pa

( i-c s>in \ 2

+ t -  ■
Pf

кк/sin 
~2 2

S.
+ S2

ю р/Va

T his a tte n u a tio n  coeffic ien t is based  on ly  o n  d ipole 
in te ra c tio n  o f  ne ighboring  aggregates, as a  resu lt o f  
w h ich  th e  v ib ra tio n  velocity  o f  aggregates in  a  sonic 
wave differs fro m  th a t o f  th e  partic les o f  th e  liqu id . 
E xperim entally , su ch  a  s itu a tio n  ca n  tak e  p lace  in  an  
em ulsion  based  o n  a n  M N F. In  a n o th e r  lim iting  case, 
a t к  =  0, i.e ., in  th e  absence  o f  d ip o le -d ip o le  in te ra c 
tio n , expression  (15) co incides in  accu racy  w ith  the  
fo rm ula  fo r th e  a tte n u a tio n  coeffic ien t ca lcu la ted  in  
[39]. In  [40] th e  am p litu d e  o f  th e  signal th a t passed 
th ro u g h  th e  M N F  was m easu red  fro m  th e  m agnetic  
field streng th , an d  it was discovered th a t in  a  n arrow  
range o f  values o f  m agnetic  field streng th , u ltra so u n d  
a tte n u a tio n  sharp ly  increased .

R ecently , th e re  has b e e n  a  ten d en cy  to  study  
changes in  u ltra so u n d  velocity  an d  a tte n u a tio n  in  n o n 
equ ilib riu m  co n d itio n s  due  to  overlapping o f  a  m ag 
n e tic  fie ld  ch an g in g  in  tim e  a t  a  given ra te . So, th e  
au th o rs  o f  [41] m easu red  th e  a tte n u a tio n  co e ffic ien t 
in  a  w a te r-b ased  M N F  w ith  a  c o llin e a r  a n d  o r th o g o 
n a l m ag n e tic  fie ld  o r ie n ta tio n  w ith  v a ria tio n  in  th e  
ra te  o f  m ag n e tic  fie ld  g ro w th  fro m  15 A  m —1 s—1 to  
1.5 kA  m —1 s—1, an d  th ey  ob ta in ed  ra th e r  various field 
d ependences. However, in  th e  m ajo rity  o f  th em , reso -
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n an ce  u ltra so u n d  a tte n u a tio n  was observed, w h ich  
h a d  b een  discovered earlie r in  [40]. T h e  a u th o r  o f  [42] 
experim en ta lly  s tud ied  th e  increase  w ith  a  frequency  
o f  1.6 M H z  u n d e r  m agnetic  field ac tio n  o n  a  w ater- 
based  M N F , w ith  various g row th  ra te s— 16, 48, 136, 
480 A  m -1 s-1— w ith  co llin ea r o r ien ta tio n  o f  th e  m ag 
n e tic  field an d  wave vector. T h e  m ax im u m  m agnetic  
field s tren g th  was 80 k A /m . A t all ra tes o f  g row th  in  
m ag n etic  field streng th , th e  increase  in  u ltra so u n d  
velocity  d id  n o t exceed  25 m /s , b u t th e  s teady -sta te  
value o f  velocity  was estab lished  m o re  rap id ly  a t a 
h ig h e r ra te  o f  g row th  in  m agnetic  field streng th . A n  
in terestin g  tim e  d ep en d en ce  was discovered in  [43], o f  
th e  relative ch an g e  in  u ltra so u n d  velocity  in  a  w ater- 
based  M N F  w ith  a  change in  th e  m agnetiz ing  field to  
530 m T  w ith  various rates o f  its grow th . T h e  observa
tio n  tim e  was d e te rm in ed  by  ach iev em en t o f  th e  in d i
ca ted  m ax im u m  in d u c tio n . It tu rn e d  o u t th a t a t a  ra te  
o f  field  g row th  o f  5.30 m T /m in , th e  u ltra so u n d  v eloc
ity  reach ed  a  m ax im u m  a fte r a n  hour, an d  th e n  it 
b egan  to  decrease over th e  cou rse  o f  th e  en tire  obser
v a tio n  tim e  o f  ~100 m in . A t a  m ax im u m  ra te  o f  field 
g row th  o f  42.4 m T /m in , u ltra so u n d  velocity  increased  
linearly  over th e  cou rse  o f  th e  en tire  m easu rem en t 
tim e  o f  ~10 m in .

In  [44], angle d ep en d en ces o f  th e  a tte n u a tio n  co e f
fic ien t w ere o b ta in ed  fo r a  w ate r-b ased  M N F  w ith  
overlapping o f  th e  ex ternal m agnetic  field, th e  g row th  
ra te  o f  w h ich  was 200 A  m -1 s-1 . T h e  field dependences 
o f  a tten u a tio n  w ere determ ined  a t a  fixed angle h . 
A n iso tro p y  o f  a tte n u a tio n  Д а  =  a ( h )  -  а ( я /2 )  w ith  
g row th  in  th e  m ag n etic  field s tren g th  increased  m o n o - 
tonically, a n d  th e  m ax im u m  value was Д а  ~ 2 m -1 .

T h e  au th o rs  o f  [45] p ro p o sed  a  new  m e c h a n ism  o f  
u ltra so u n d  energy d issipation  in  m agnetized  M N F s 
due  to  v ib ra tio n  o f  two partic les (d im ers) in  a  viscous 
m ed iu m , th e  ch an g e  o f  th e  m e a n  d istance  betw een  
w h ich  h ad  a  re lax a tio n  c h a ra c te r  an d  d ep en d ed  o n  th e  
angle fo rm ed  by  th e  d im er axis an d  th e  wave vecto r o f  
th e  u ltra so u n d  wave. U sing  th is m ech an ism , experi
m e n ta l results [44] w ere explained . T h e  angle d e p e n 
den ce  o f  a  n o rm alized  a tte n u a tio n  coeffic ien t was c a l
cu la ted  by  th e  fo rm ula

а ( Э )  -  а ( я / 2 )  _  2(1 -  ,S')cos2 Э + 3S>'cos4f:- ( ^ )
a (  0) -  а ( я / 2 ) 2 + S

w h ere  S(L, £,) is th e  o rd e r param eter. T h e  r ig h t-h an d  
side o f  th is  expression  is a  nonnegative  fu n c tio n  a t all 
allow able values o f  th e  p a ram ete rs  en te ring  in to  it; 
there fo re , using  th is m ech an ism , it  is im possib le to  
exp la in  exp erim en ta l results [32, 33].

T h e  k inetics o f  s tru c tu ra l changes in  a  k ero sen e- 
based  M N F  lo ca ted  in  a n  inhom o g en eo u s m agnetic  
field was s tud ied  in  [46]. W h en  a  m agnetic  field  is 
sw itched  o n  th a t is co llin ea r to  th e  wave vector, th e  
u ltra so u n d  a tte n u a tio n  coeffic ien t increases slowly, 
reach ing  a  m a x im u m  value w h ich  w eakly depends o n  
th e  field  streng th . F u rth e r  th e  coeffic ien t decreases

insign ifican tly  an d  th e n  again  increased  u p  to  ach iev 
ing a  c o n s ta n t value. W h en  th e  field  was sw itched  off, 
th e  a tte n u a tio n  coeffic ien t to  a  sm aller value in  c o m 
p ariso n  to  its in itia l o n e  in  th e  absence  o f  field. T h e  
s tren g th  o f  H  <  60 k A /m , th e  u ltra so u n d  a tte n u a tio n  
coeffic ien t hav ing  passed  th ro u g h  a  m ax im u m , 
increased  to  th e  value a t th e  m o m e n t th e  field was 
tu rn e d  on.

T h e  tim e  it  takes to  achieve a  m ax im u m  an d  a  c o n 
stan t value o f  a tte n u a tio n  depends o n  th e  field 
streng th , grow ing as it  decreases: a t 118 k A /m , it  is 
~230 s; a t 90 k A /m , ~260 s; an d  a t 60 k A /m , 280 s. 
A  rep ea t o f  th e  results was achieved a fte r in ten se  m ix 
ing o f  th e  liqu id . W ith  rep ea t overlapping o f  th e  m ag 
n e tic  field, a  sharp  m ax im u m  o f  th e  a tte n u a tio n  co e f
fic ien t was observed, sign ifican tly  d epend ing  o n  th e  
m ag n etic  field streng th . F urther, a tte n u a tio n  
decreased  an d , having passed  th ro u g h  a  m in im u m , 
increased  to  a  ce rta in  c o n s ta n t value, also depend ing  
o n  H. T h e  tim e  it  takes fo r a  c o n s ta n t value o f  the  
a tte n u a tio n  coeffic ien t to  be  estab lished  decreases 
w ith  a n  increase  in  m ag n etic  field streng th ; however, 
th is tim e  is sign ifican tly  less th a n  fo r th e  in itia l sam ple. 
S ubsequen t sw itch -ons o f  th e  m agnetic  field w ith  
chang ing  in ten sity  d id  n o t ch an g e  th e  c h a ra c te r  o f  
u ltra so u n d  a tte n u a tio n  behavior. S w itching o ff  th e  
fie ld  led  to  a  d ec rease  in  a tte n u a tio n  to  th e  in itia l 
level w ith in  several seconds, w h ic h  a p p a re n tly  is 
ex p la in ed  by  recess io n  o f  ch a in s  fro m  th e  reg io n  o f  
th e  u ltra so u n d  beam . In  th is  c o n n e c tio n , it  seem ed  
ex p ed ien t to  m easu re  th e  aco u stic  p a ra m e te rs  in  
eq u ilib riu m  c o n d itio n s , w h ic h  allow ed th e  fo rm a tio n  
o f  p a rtic le  ch a in s  a n d  th e ir  d is tr ib u tio n  in  th e  vo lu m e 
o f  th e  liq u id .

T hese  s tru c tu ra l changes a re  d e te rm in ed  by d iffu
s ion  processes, fo r th e  co m p le tio n  o f  w h ich , as it 
tu rn e d  ou t, sufficien tly  large tim e  in tervals are 
requ ired . T h e  specifics o f  M N F s w ere a c c o u n te d  fo r 
by  th e  fact th a t th e  m ag n etic  field was c rea ted  w ith  
p e rm a n e n t m agnets, since  it  h a d  b een  experim en ta lly  
estab lished  th a t th e  h o ld ing  tim e  o f  th e  M N F  sam ple  
in  th e  field, ensuring  rep ro d u c ib ility  o f  results, w ere 
tens an d  h u n d red s  o f  hou rs. To o b ta in  th e  angle 
d ep en d en ces o f  th e  acoustic  p roperties, p e rm a n e n t 
m agnets w ere set u p  o n  a  ro ta tin g  p la tfo rm . T h e rm o 
sta tting  o f  th e  m easu ring  cell was ensu red  w ith  an  
accu racy  o f  +0.05. In  [47] exp erim en ta l results w ere 
p resen ted  o n  th e  an iso tro p y  o f  u ltra so u n d  velocity  an d  
a tte n u a tio n  in  kero sen e- an d  d o d ecan e-b ased  M N F s, 
m easu red  a t a  frequency  o f  2.7 M H z. M ag n etiza tio n  
o f  sam ples was carried  o u t in  th e  field o f  a  p e rm a n e n t 
m ag n e t w ith  a n  in ten sity  o f  2.7 k G  w ith  varia tio n  in  
tem p era tu re  fro m  293 to  333 K.

F igure 1 show s th e  an iso tro p y  o f  velocity  in  a  k e ro 
sen e-b ased  M N F  a t 293 K. T h e  exposure tim e  o f  th e  
sam ple  in  a  m agnetic  field was ab o u t 100 h . F igure 2 
show s th e  d ep en d en ce  o f  th e  an iso tro p y  o f  u ltra so u n d  
velocity  in  a n  d o d ecan e-b ased  M N F  a t 293 K  fo r two
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cases: squares co rresp o n d  to  an  M N F  loca ted  in  a 
m agnetic  field for 10 h , an d  circles, for 200 h.

T h e  freq u en cy  d e p e n d e n c e  of an iso tro p y  of th e  
p ro p a g a tio n  velocity  o f  u ltra so u n d  was m easu red  in  a 
w a te r-b ased  M N F , th e  s tab iliza tio n  o f  co llo id  p a r ti
cles in  w h ich  was ca rried  o u t w ith  so d iu m  o lea te  [48]. 
T h e  m a in  p a ra m e te rs  o f  th e  m ag n e tic  flu id  w ere as 
follow s: sa tu ra tio n  m a g n e tiz a tio n , 12 k A /m ; density, 
1148 k g /c m 3; an d  u ltra so u n d  velocity  in  a n o n m ag n e - 
tized  sta te , 1481 m /s . T h e  values o f  these  pa ram ete rs  
co rresp o n d  to  a tem p era tu re  o f  293 K. B efore m e a 
su rem en ts w ere begun , th e  acoustic  cell w ith  th e  m ag 
n e tic  fluid was k ep t in  a m agnetic  field w ith  a s treng th  
o f  2.7 k G  for ab o u t 50 h , an d  th e n  m easu rem en ts  were 
co n d u c ted . T he experim en ta l results, p resen ted  in  
Fig. 3, co rresp o n d  to  a tem p era tu re  o f  293 K.

As is seen , th e  frequency  d ep en d en ce  o f  an iso tropy  
o f  th e  u ltra so u n d  velocity  m anifests itse lf th e  m ost d is
tin c tly  a t sm all angles 0 . In  recen t w ork [49], th e  
d ep en d en ce  o f  an iso tro p y  o n  frequency  in  w ater- and  
kero sen e-b ased  M N F s was m easured .

F igure 4 show s th e  an iso tropy  o f  th e  u ltra so u n d  
a tte n u a tio n  coeffic ien t. Triangles co rresp o n d  to  a k e r
osen e-b ased  M N F ; m easu rem en ts  w ere c o n d u c ted  at 
333 K  [47]. E x perim en ta l d a ta  d en o ted  by  circles were 
o b ta in ed  for a w ater-based  M N F  w ith  h o ld ing  in  
1 .5 -kG  m agnetic  field for ab o u t 150 h , a fter w hich  
rep roduc ib ility  o f  results was achieved [50]. However, 
w ith  a change in  angle 0 ,  a n o n -s tead y -s ta te  behav io r 
o f  am p litu d e  o f  th e  received signal was observed; on ly  
after 3—10 m in  d id  th e  signal level achieve a c o n stan t 
value, w h ich  was m easu red  in  ex perim en t [50].

T h e  angle d ep en d en ces o f  u ltra so u n d  a tte n u a tio n  
an d  velocity  in  a w ater-based  M N F  d ep en d  o n  th e  
p artic le  c o n c e n tra tio n  o f  th e  m agnet [51]. In  a  1 .5 -kG  
m agnetic  field in  a w eakly co n c e n tra ted  M N F , th e  
u ltra so u n d  velocity  an d  a tte n u a tio n  coeffic ien t m o n o - 
to n ica lly  increase  w ith  an  increase in  angle $ ,  reach ing  
a m ax im u m  a t 0  =  я /2 .  In  a c o n c e n tra ted  M N F  u n d e r 
th e  sam e ex perim en ta l co n d itio n s, these  d ep en d en ces 
have a d irectly  opposite  ch a rac te r [51]. N o te  th a t these  
experim en ta l d a ta  c a n n o t be expla ined  using th e  
a tte n u a tio n  m ech an ism  suggested in  [45].

In  [5], th e  field d ep en d en ces o f  th e  u ltra so u n d  
velocity  an iso tro p y  in  a w ater-based  M N F  w ith  a d e n 
sity o f  1380 k g /m 3, a m agnetite  m ass p artic le  c o n c e n 
tra tio n  o f  40% , an d  sa tu ra tio n  m ag n e tiza tio n  o f  38 m T  
w ere o b ta in ed  for th e  first tim e . T he an iso trop ies o f  
u ltra so u n d  velocity  w ith  a frequency  o f  1 M H z  were 
m easu red  for four values o f  in d u c tio n  o f  th e  m ag n e tiz 
ing field: 50, 150, 250, an d  350 m T  a t a fixed te m p e r
a tu re  o f  293 K. T h e  ch a rac te r  o f  th e  angle d e p e n 
dences relative to  th e  change in  velocity  changed  w ith  
an  increase  in  field. F igure 5 show s th e  ex perim en ta l 
d a ta  (circles) a t B =  50 mT, an d  Fig. 6, a t B =  350 m T  
[52]. T hese d a ta  w ere th eo re tica lly  described  in  [53], 
an d  th e  results o f  ca lcu la tions are show n by  solid  lines 
in  Figs. 5 and  6.

c(Q) -  c(rc/2) _ 103 
c (к / 2 )

Fig. 1. Anisotropy of ultrasound velocity in a kerosene- 
based MNF.

c(Q) -  с(я/2) _ 103 
с(я/2) '

Fig. 2. Anisotropy of ultrasound velocity in an dodecane- 
based MNF.

G enera liz in g  th e  ob ta in ed  experim en ta l results, we 
can  h igh ligh t fou r types o f  angle d ep en d en ce  o f  u ltra 
so u n d  velocity: (1) th e  velocity  reaches a m ax im u m  
w ith  paralle l o rie n ta tio n  o f  th e  wave vecto r an d  m ag-
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0°
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c(0) -  c(n/2) _ 104 
c ( n / 2)

Fig. 3. Frequency dependence of anisotropy of ultrasound 
propagation in a water-based MNF.

a(0) — a(n/2), dB/cm

Fig. 4. Anisotropy of ultrasound attenuation in kerosene- 
and water-based MNFs.

n etic  field d irec tio n , an d  th e  m in im u m  is reach ed  w ith  
o rth o g o n a l o rien ta tio n ; (2) th e  velocity  reaches a 
m ax im u m  also w ith  paralle l o r ien ta tio n  o f  th e  wave 
vecto r an d  th e  m agnetic  field d irec tio n , b u t it reaches 
a m in im u m  a t an  o r ien ta tio n  th a t differs from  o rth o g 
onal; (3) th e  velocity  has a  m ax im u m  at a  ce rta in  o r i
e n ta tio n  differing from  paralle l an d  o rthogonal; (4) 
th e  velocity  reaches a  m ax im u m  w ith  o rth o g o n a l o r i
en ta tio n , an d  th e  m in im u m  is reach ed  w ith  paralle l 
o rien ta tio n .

T herefo re , we can  co n c lu d e  th a t a t least two m e c h 
an ism s m aking  opposite  co n trib u tio n s are responsible 
for th e  an iso tro p y  o f  u ltra so u n d  velocity  in  m agnetized  
m agnetic  fluids.

T hus, th e  experim en ta l d a ta  k n o w n  to  date  o n  
m agnetic  field in fluence  o n  u ltra so u n d  velocity  in  an  
M N F  co n firm  th e  co n c lu sio n  o f  [28] o n  th e  m e th o d i
cal e rro r co m m itted  by th e  au th o rs  o f  [27], since th e  
100-fold decreased  d a ta  [27] agree w ith  th e  d a ta  p re 
sen ted  above. F u rth e r  we co n sid er th e  results o f  th e o 
re tica l stud ies o f  m agnetic  field in fluence  o n  th e  
acoustic  p ro p erties  o f  M N F s.

T h e  re laxa tion  m ech an ism  o f  sou n d  a tte n u a tio n  in  
an  M N F  due to  th e  fin iteness o f  th e  tim e  o f  th e  estab 
lish m en t o f  equ ilib rium  m ag n e tiza tio n  was suggested 
by th e  au th o rs  o f  [54], w ho co n sid ered  th e  case o f  co l- 
lin ea r o r ien ta tio n  o f  wave vecto r o f  th e  so u n d  wave and  
th e  m agnetic  field streng th  an d  o b ta in ed  th e  follow ing 
re la tions o r th e  a tte n u a tio n  coeffic ien t,

a ,  = ^ЦС-- <17)
2 c 0 (1 + ю т )

an d  for sou n d  velocity,
2

2 2 , 4 П Mc = c 0 + ----------------------,
p (  1 + 12 n%L')

w here th e  follow ing n o ta tio n  was in tro d u ced : т =  
tb/(1  +  12nxL '), x  is susceptib ility ; L  is th e  derivative 
o f  th e  L angevin  func tio n ; cx is th e  velocity  o f  sound  in  
th e  h igh  frequency  lim it, equal to

2cад
2

c0 +
4 n M 2

P

H e n c e  it follows th a t th e  m ax im u m  relative change in  
so u n d  velocity  is

2
A c 2 n M  /104
—  = ----- t- • (18)
c0 P c02

F o r an  estim ate , we p u t M  =  100 G , p =  1 g /c m 3, c0 =  
105 c m /s  an d  find  th a t th e  m ax im u m  relative increase 
in  u ltra so u n d  velocity  is 6 x 10-6 .

A t p resen t, th e  m a in  th eo ry  describ ing  th e  dynam ic 
p rocesses in  M N F s is fe rrohydrodynam ics w ith  allow 
ance  for in te rn a l ro ta tio n . In  [55], to  d e te rm in e  th e  
sp ec tru m  o f  e igenm odes o f  an  m N f  having an  in te r-
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с ( Э ) - с ( л /2 )  _ 102 
c (п /2)

c (R ) -  c ( п /  2) _ 102
c (п /2)

Fig. 5. Anisotropy of ultrasound velocity in a water - based Fig. 6. Anisotropy of ultrasound velocity in a water - based
MNF at B =50 mT MNF at B = 350 mT.

nal angular momentum S, the following system of spin and to use the steady-state equation in order to 
equations were used, which was obtained in [56, 57]: determine the internal angular momentum:

p [ + (v V )v ] = -  V p  -  V -( s  -  i q )

+ ( M V ) H  + n A v + —  V X ( S -  I Q ) ,
2 т „

|p  + V (p  v) = 0,
ot

^  + (v V ) M (19)

S + т SV (v • S ) = IQ  + т SM  X H . (20)

Using system of equations (19) with allowance for 
(20), the authors of [55] studied the propagation of 
small perturbations in an M N F  with an internal angu
lar momentum. They established that with orthogonal 
orientation of the wave factor of a sound wave and 
magnetic field intensity H , the velocity and decrement 
of attenuation 8 of ultrasound do not depend on inten
sity, but with parallel orientation of the indicated vec
tors, the rate and decrement of attenuation 8 are given 
by the relations

= -  -1  ( M  -  M e H 1 -  1 M  X S -  M  V v , 
t bV eH  I

—  + (vV ) S = -  -1  ( S -  IQ.) + M  X H  -  S V v ,
dt ts

V x H  = 0, V H  + 4 n M  = 0.

c = c 0 1 + 8 n x(0 ^  т в )
(1 + 4 nxd) 2 + (ю тв) 2_

8 = 8 n (1  + ^ x ^ x C Q u O 2

т в [(1 + 4 nxd  ) 2 + (ю тв ) 2 ]

(21)

(22)

Here, I  is the moment of inertia of particles contained 
in a volume unit of a liquid; т5  is the time of particle 
rotation decay in a viscous liquid; and 2Q  = V  x v . In 
the ultrasound frequency region, the inequality ют5 <  1 
is justified, which makes it possible to ignore particle

So, the sound velocity has a relaxation character, and 
the timescale is determined by the Brownian time of 
orientational relaxation of magnetic moment тв. The 
dependence on magnetic properties is determined by 
the static x and differential xd magnetic susceptibili-
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ties. Introducing notation т =  тв/(1 + 4nxd), we 
rewrite the above-mentioned relations in the form

c
c 0

1 + 2 n M 2 ю2т 2
2 s i 2 2 \

p Co (1 + ю тв)J
(23)

2 n M 2 ю2т
3 , л 22, 

p Co (1 + ю т )
(24)

The obtained attenuation coefficient (24) corre - 
sponds in accuracywith (17). The relative increase in 
sound velocity in the high frequency limit ют >  1 cor
responds to (18). For further explanation, the Alfven
frequency QA =  V x / 4 p H k  found in [55] is of interest; 
as well, the authors note that in fact there is no Alfven 
branch in a magnetic fluid due to strong attenuation. 
Therefore, frequency Q.A only characterizes interac
tion modes of various type. Nevertheless, we write the 
expression for the propagation velocity o f an Alfven 
mode:

The magnetostrictive mechanism o f anisotropy of 
ultrasound velocity was considered in [59], where the 
following relation was obtained, which describes the 
anisotropy of sound velocity:

2c 2
Co +

4 я М 2 ~ 

P -
cos2 b , 

o-
from which follows

(30)

A c

Co

2 я М 2 ~
2

P C0 L
p Г й х
x ^ p

cos2 b . 
o-

(31)

Note that formula (3o) leads to an increase in ultra
sound velocity due to magnetostriction, which contra
dicts the conclusion of [58]. The maximum value of 
the relative increase in ultrasound velocity determined 
by relation (31) at b =  o coincides with (18).

In [6o], the following relation was the result of the
oretical study of magnetic field influence on the sound 
propagation velocity in an M N F :

ca = H  (25)
The authors of [58] especially emphasized the 

importance of experimental and theoretical study of 
the anisotropy of the acoustic properties of magnetic 
fluids, since precisely study of the anisotropy of acous
tical properties allows one to make a substantiated 
choice between the following two equations of magne
tization motion for an ideal M N F :

— ' + ( v -V )  M  + 1 M  x ( V x  v) = o , (26)
d t 2

and

—  + V x ( M  x v) + v(V  - M ) = o . (27)

I f  magnetization changes in accordance with (26), 
then the dependence o f sound velocity on magnetic 
field is determined by the expression

C = Cn _■.H o
8 я

( 2 + Y)
d p
d

+ Yp d j -
d p '

(28)

which contains the contribution due to be magneto
striction effect:

2 2

2C 2 _  YjHo[ Г dP  
o 8 я  L ^dp

+ p
T

d 2p

d p ' T-l
(29)

Here y  =  Cp/C V and p is magnetic permeability. As is 
seen from (28), the sound velocity in this case is isotro
pic. If  Eq . (27) is justified, then the sound velocity 
should be anisotropic, and with collinear orientation 
of the wave vector and magnetic field direction, it is 
described by expression (29), and with orthogonal ori
entation, by expression (28).

2C 2
Co -

p M 2
p

(32)

which predicts the maximum value of the relative 
decrease in ultrasound velocity, coinciding in modulus 
with (18).

The authors of [61], using the theory that uses (26) 
to describe the magnetization motion, highlighted the 
following relation to take into account the effect of the 
magnetic field on ultrasound velocity:

2C 2
= Co -

p M
p x

'( p d -
> x d p 1 + x

■cos b

_  Г p p ^ x V
^ 2 x d p 2̂ ’

(33)

which according to its estimate gives a relative change 
in sound velocity significantly smaller than 1o-4.

The analogy of magnetic fluids to nematic liquid 
crystals was first used in [62]. The role of a director in 
the case of an M N F  was played by a unit vector 
directed along the magnetization vector. However, in 
contrast to liquid crystals, in the equation of director 
motion, the inertial component was taken into 
account, which in the final analysis resulted in the 
existence within this theory of so-called natural reso
nance, the frequency ofwhich is ю̂, =  J m oH / 1 , where 
mo is the magnetization density, I  is the density of the 
moment of inertia, and H  is the magnetic field 
strength. Another characteristic time parameter 
appeared in theory [62] as a result of allowance, in the 
equation o f director motion, o f the rotation moment 
caused by the viscosity and determined with the vis-
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c o s i t y  c o e f f i c i e n t s  o f  t o r s i o n  i n  v e l o c i t y  g r a d i e n t  y 1 a n d  

у 2 ( X  =  y 1/ y ) .  T h e  t i m e  o f  r e l a x a t i o n  o f  d i r e c t o r  f l u c t u 

a t i o n s  т  i s  g i v e n  b y  t h e  f o r m u l a  т  =  y 1/ m 0H .  T h e  

d e p e n d e n c e  o f  s o u n d  v e l o c i t y  o n  t h e  s i z e  a n d  d i r e c t i o n  

o f  m a g n e t i c  f i e l d  m a g n e t i z a t i o n  i s  d e s c r i b e d  b y  t h e  

r e l a t i o n

f

c = c0 1 + ф
X y j ю

p 0 c 0

1 -
2 \ю
2

ЮоУ

X < ю т

Y f
1 -

i\eg-
2

ЮоУ

2 -\
2 2  

+  ю  т

s i n  2 h

( 3 4 )

F o r  t h e  a t t e n u a t i o n  c o e f f i c i e n t ,  t h e  f o l l o w i n g  e x p r e s 

s i o n  w a s  o b t a i n e d  i n  [ 6 2 ] :

ю

ю

X  у 1 ю

- 2  = Ф 2
8 РоСо

2 \
1 -  Ю-

2
ю0У

X < ю т

1 -
2\(Ю_
2

ЮоУ

2 -\
2 2  

+  ю  т

s i n  2h .

( 3 5 )

A c c o r d i n g  t o  t h e  a u t h o r  o f  [ 6 2 ] ,  a t  ю т  >  1 ,  f r o m  ( 3 4 )  

i t  f o l l o w s  t h a t  t h e  r e l a t i v e  i n c r e a s e  i n  u l t r a s o u n d  v e l o c 

i t y  i s  10- 4— 10- 5 .

A n  a n a l o g y  o f  a  m a g n e t i c  f l u i d  t o  a  n e m a t i c  l i q u i d  

c r y s t a l  w a s  a l s o  m a d e  b y  t h e  a u t h o r  o f  [ 6 3 ]  w i t h  t h e  

a i m  o f  o b t a i n i n g  f e r r o h y d r o d y n a m i c  e q u a t i o n s  w i t h  

a n  i n t e r n a l  a n g u l a r  m o m e n t u m .  H o w e v e r ,  i n  t h i s ,  a  

t o t a l l y  u n s u b s t a n t i a t e d  a s s u m p t i o n  o n  e q u a l i t y  o f  

p a r a m e t e r  X  t o  z e r o  i s  m a d e ,  t h e  c o n s e q u e n c e  o f  

w h i c h  w a s  t h e  d i s a p p e a r a n c e  o f  a n i s o t r o p y  o f  t h e  

a c o u s t i c  p r o p e r t i e s  o f  a  m a g n e t i c  f l u i d  w i t h i n  t h e  

f r a m e w o r k  o f  t h e o r y  [ 6 2 ]  ( s e e  a l s o  ( 3 4 )  a n d  ( 3 5 ) ) .  I n  

a d d i t i o n ,  t h e  a u t h o r s  o f  [ 6 3 ]  i n t r o d u c e d ,  w i t h o u t  s u b 

s t a n t i a t i o n ,  t h e  F r a n k  m o d u l u s  ( t o r s i o n  m o d u l u s )  f o r  

a  m a g n e t i c  f l u i d .  S t u d y  [ 6 4 ]  c o n t a i n s  t h e  o p p o s i t e  

c o n c l u s i o n :  t h e r e  a r e  n o  t o r s i o n  m o d u l i  i n  a  m a g n e t i c  

f l u i d ,  a n d  p a r a m e t e r  X  Ф  о .  I n  [ 6 4 ]  y e t  a n o t h e r  s y s t e m  

o f  f e r r o h y d r o d y n a m i c  e q u a t i o n s  w a s  i n t r o d u c e d  p r e 

c i s e l y  t o  e x p l a i n  t h e  a n i s o t r o p y  o f  t h e  a c o u s t i c a l  p r o p 

e r t i e s  o f  a  m a g n e t i c  f l u i d .  I t  i s  s u p p o s e d  t h a t  a  c h a i n  o f  

m a g n e t i c  p a r t i c l e s  i n  a  m a g n e t i c  f i e l d  p o s s e s s e s  e l a s t i c  

p r o p e r t i e s  c h a r a c t e r i z e d  b y  e l a s t i c i t y  c o e f f i c i e n t  x * .  

T h i s  e l a s t i c i t y  a r i s e s  o w i n g  t o  b a l a n c e  o f  f o r c e s  a c t i n g  

b e t w e e n  p a r t i c l e s ,  n a m e l y :  d i p o l e - d i p o l e  i n t e r a c t i o n

r e s u l t s  i n  p a r t i c l e  a t t r a c t i o n  t o  e a c h  o t h e r ,  a n d  t h e i r  

r e p u l s i o n  o c c u r s  d u e  t o  t h e  p r e s e n c e  o f  s u r f a c t a n t  

s h e l l s  o n  t h e  p a r t i c l e  s u r f a c e .  T h e  r e s u l t s  o f  [ 6 4 ]  

r e d u c e d  t o  t h e  f o l l o w i n g  e q u a t i o n s  f o r  a n g l e  d e p e n 

d e n c e s :  u l t r a s o u n d  v e l o c i t y ,

2c 2
Со +

2
X * то 4

Ро
c o s  h ,

a n d  a t t e n u a t i o n  d e c r e m e n t ,

5 =
2

X*m Q

р оСо ютт
c o s  h .

( 3 6 )

( 3 7 )

H e r e ,  т т  d e n o t e s  t h e  t i m e  o f  r e l a x a t i o n  o f  m a g n e t i z a 

t i o n ,  a n d  т о  d e n o t e s  t h e  m a g n e t i z a t i o n  d e n s i t y .  A  n e w  

h y d r o d y n a m i c  m o d e  i n t r o d u c e d  i n  [ 6 4 ]  i s  o f  i n t e r e s t ,  

w h i c h  t h e  a u t h o r s  c a l l  m a g n e t o e l a s t i c i t y ;  i t  p r o p a g a t e s  

a t  a  v e l o c i t y  o f

v  =  m 0 J  x * / P f .  ( 3 8 )

T h u s ,  t h e  t h e o r e t i c a l  r e s u l t s  l i s t e d  a b o v e  o n  t h e  

i n f l u e n c e  o f  m a g n e t i c  f i e l d  o n  u l t r a s o u n d  v e l o c i t y  d i f 

f e r  f r o m  e x p e r i m e n t a l  r e s u l t s  b y  t h r e e  o r d e r s .  I n  t h i s  

c o n n e c t i o n ,  a  n e w  a p p r o a c h  t o  f e r r o h y d r o d y n a m i c s  

w a s  p r o p o s e d ,  b a s e d  o n  t h e  c o n c e p t  o f  f r o z e n - i n  o f  

m a g n e t i z a t i o n .  T o  d e r i v e  f e r r o h y d r o d y n a m i c  e q u a 

t i o n s ,  t h e  g e n e r a l i z e d  p r i n c i p l e  o f  v i r t u a l  d i s p l a c e 

m e n t s  f o r  c o n t i n u o u s  h e a t - c o n d u c t i n g  m a g n e t i z e d  

m e d i a  w a s  a p p l i e d  i n  t h e  f o r m u l a t i o n  o f  V . V .  T o l m a -  

c h e v  [ 6 5 ] :

5 (  U -  T 0 S  +  p 0 V  +  W )

r  f  ( 3 9 )

=  I P (  f 5  *  Q i  ) d V  +  I  ( F i 5  ) d a .

V dV
G i v e n  v a r i a t i o n a l  e q u a t i o n  i s  s a t i s f i e d  f o r  a  c o n t i n u o u s  

b o d y  o f  v o l u m e  V  l i m i t e d  b y  s u r f a c e  d V  p l a c e d  i n t o  a  

t h e r m o s t a t  w i t h  t e m p e r a t u r e  T 0 a t  a  f i x e d  e x t e r n a l  

p r e s s u r e  p 0 a n d  i s  j u s t i f i e d  w i t h  r a n d o m  v i r t u a l  s h i f t s  

5 * q i  f r o m  a  p o s i t i o n  o f  e q u i l i b r i u m .  H e r e ,  U ,  S ,  W  

d e n o t e  t h e  i n t e r n a l  e n e r g y ,  e n t r o p y ,  a n d  m a g n e t i c  f i e l d  

e n e r g y ,  r e s p e c t i v e l y ;  f  r e p r e s e n t s  v o l u m e t r i c  f o r c e s ;  

a n d  F r e p r e s e n t s  s u r f a c e  f o r c e s .  S y m b o l  5 *  s t a n d s  f o r  

L a g r a n g e  v a r i a t i o n .  T h i s  p r i n c i p l e  m a k e s  i t  p o s s i b l e  t o  

i s o l a t e  f r o m  a m o n g  p o s s i b l e  v i r t u a l  s t a t e s  o f  a  c o n t i n 

u o u s  b o d y  t h a t  s t a t e  w h i c h  i n  f a c t  i s  e q u i l i b r i u m  u n d e r  

t h e  g i v e n  e x t e r n a l  c o n d i t i o n s .  A  d i s t i n c t  f e a t u r e  o f  t h e  

i n d i c a t e d  v a r i a t i o n a l  p r i n c i p l e  i s  c o n s i d e r a t i o n  o f  t h e  

f i n i t e  v o l u m e  o f  a  c o n t i n u o u s  b o d y ,  w h i c h  m a k e s  i t  

p o s s i b l e  t o  o b t a i n  e q u i l i b r i u m  c o n d i t i o n s  n o t  o n l y  i n  

t h e  v o l u m e ,  b u t  a l s o  o n  t h e  s u r f a c e .

T h e  f e r r o h y d r o d y n a m i c  e q u a t i o n s  w e r e  i n t r o d u c e d  

f o r  t w o  l i m i t i n g  c a s e s .  O n e  c o r r e s p o n d s  t o  t h e  a s s u m p 

t i o n  o n  e q u i l i b r i u m  m a g n e t i z a t i o n  o f  a  m a g n e t i c  f l u i d  

[ 66] ;  i . e . ,  t h e  r e l a x a t i o n  t i m e  o f  m a g n e t i z a t i o n  t o  a n  

e q u i l i b r i u m  v a l u e  w a s  a s s u m e d  t o  b e  i n f i n i t e l y  s m a l l .
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T h e  o b t a i n e d  e q u a t i o n s  c o i n c i d e d  w i t h  t h e  e q u a t i o n s  

o f  q u a s i - s t e a d y - s t a t e  f e r r o h y d r o d y n a m i c s .  H o w e v e r ,  

i n  d e r i v i n g  t h e s e  e q u a t i o n s ,  a  n e w  c o n d i t i o n  o f  t h e r 

m o d y n a m i c  e q u i l i b r i u m  o f  a n  M N F  i n  a n  e x t e r n a l  

m a g n e t i c  f i e l d  H  w a s  o b t a i n e d :

p r o c e s s e s ,  i n  p a r t i c u l a r ,  f i n i t e n e s s  o f  t h e  r e l a x a t i o n  

t i m e  т  o f  m a g n e t i z a t i o n  o f  a  m a g n e t i c  f i e l d  t o  a n  e q u i 

l i b r i u m  v a l u e .  I n  t h i s  c a s e ,  e q u a t i o n  o f  m o t i o n  o f  m a g 

n e t i z a t i o n  ( 4 3 )  c h a n g e s  d u e  t o  t h e  a d d i t i o n  o f  t h e  

r e l a x a t i o n  t e r m

H  = ( 4 0 )  p —  =  p ( m • V )v +  H —3-!-- .  ( 4 4 )

d t  т

w h i c h  m e a n s  t h a t ,  i n  t h e  s t a t e  o f  t h e r m o d y n a m i c  

e q u i l i b r i u m  i n  t h e  n e i g h b o r h o o d  o f  a n y  p o i n t  o f  t h e  

l i q u i d ,  t h e  m a g n e t i c  f i e l d  s t r e n g t h  i s  e q u a l  t o  t h e  t h e r 

m o d y n a m i c  e q u i l i b r i u m  s t r e n g t h ,  d e t e r m i n e d  b y  t h e  

r e l a t i o n

H e q (41)

T h i s  c o n d i t i o n  o f  m a g n e t i c  e q u i l i b r i u m  i n  e s s e n c e  

r e p r e s e n t s  t h e  g e n e r a l  f o r m  o f  t h e  m a t e r i a l  e q u a t i o n  

f o r  t h e  e l e c t r o d y n a m i c s  o f  a  c o n t i n u o u s  m e d i u m  w i t h  

a l l o w a n c e  f o r  i t s  t h e r m o d y n a m i c  p r o p e r t i e s .  I n d e e d ,  

u s i n g  t h e  k n o w n  f u n c t i o n  o f  s p e c i f i c  i n t e r n a l  e n e r g y  e ,  

f r o m  t h e  c o n d i t i o n  o f  m a g n e t i c  e q u i l i b r i u m  f o l l o w s  

t h e  r e l a t i o n s h i p  b e t w e e n  m a g n e t i z a t i o n  o f  t h e  

m e d i u m  a n d  t h e  m a g n e t i c  f i e l d  s t r e n g t h  [ 66] .  A  s i m i 

l a r  r e s u l t  w a s  o b t a i n e d  i n  d e s c r i b i n g  t h e  d y n a m i c  p r o 

c e s s e s  o f  m a g n e t i z a t i o n  o f  a n  M N F  [ 2 4 ] .  A  s i m i l a r  

i n t e r p r e t a t i o n  o f  t h e  m a t e r i a l  r e l a t i o n  f o r  d i e l e c t r i c s  

w a s  g i v e n  i n  [ 6 7 ] .  A n o t h e r  l i m i t i n g  c a s e  c o r r e s p o n d e d  

t o  t h e  a s s u m p t i o n  o f  f r e e z i n g  m a g n e t i z a t i o n  i n t o  a  

m a g n e t i c  f l u i d  [ 68] ;  h e r e ,  t h e  r e l a x a t i o n  t i m e  o f  m a g 

n e t i z a t i o n  o f  a  m a g n e t i c  f i e l d  t o  a n  e q u i l i b r i u m  v a l u e  

i s  i n f i n i t e l y  l a r g e .  T h e  e q u a t i o n  f o r  f r o z e n - i n  o f  m a g 

n e t i z a t i o n  h a s  t h e  f o r m

—  = ( M  • V )v  -  M  V  • v,
d t

( 4 2 )

w h i c h  w i t h  a l l o w a n c e  f o r  t h e  c o n t i n u i t y  e q u a t i o n  c a n  

b e  r e w r i t t e n  f o r  a  s p e c i f i c  m a g n e t i z a t i o n :

d m
d t

(m • V )  v . ( 4 3 )

N o t e  t h a t  e q u a t i o n  o f  m o t i o n  ( 2 7 )  a p p l i e d  i n  [ 5 8 ]  i s  

t h e  e q u a t i o n  o f f r o z e n - i n  o f  m a g n e t i z a t i o n  a n d  a f t e r  s i m 

p l e  t r a n s f o r m a t i o n s  c o i n c i d e s  w i t h  ( 4 2 ) .  E q u a t i o n  ( 4 3 )  i n  

f o r m  a n d  a c c u r a c y  c o i n c i d e s  w i t h  t h e  e q u a t i o n  o f  f r o 

z e n - i n  f o r  a  s p e c i f i c  i n t e n s i t y  o f  a  m a g n e t i c  f i e l d  i n  a n  

i d e a l  l i q u i d  w i t h  i n f i n i t e  c o n d u c t i v i t y  [ 6 9 ] .  T h e  p h y s i 

c a l  g r o u n d s  f o r  i n t r o d u c i n g  t h i s  l i m i t i n g  c a s e  w a s  

d e s c r i p t i o n  o f  d y n a m i c  p r o c e s s e s ,  i n  p a r t i c u l a r ,  u l t r a 

s o u n d  p r o p a g a t i o n  i n  a n  M N F .  U s i n g  t h e  d a t a  o f  

T a b l e s  1  a n d  2 ,  w e  c a n  c o n f i r m  t h a t  u l t r a s o u n d  a t t e n 

u a t i o n  a  a t  w a v e l e n g t h  k  s a t i s f i e s  t h e  i n e q u a l i t y  a k  <  1;  

t h e r e f o r e ,  t o  t a k e  i n t o  a c c o u n t  t h e  i n f l u e n c e  o f  e x t e r 

n a l  m a g n e t i c  f i e l d  o n  u l t r a s o u n d  v e l o c i t y ,  a n  a p p r o x i 

m a t i o n  o f  a n  i d e a l  l i q u i d  w a s  u s e d .  A  c o m p l e t e  s y s t e m  

o f  e q u a t i o n s  w a s  g i v e n  i n  [ 7 0 ]  f o r  a  m a g n e t i c  f l u i d  w i t h  

f r o z e n - i n  m a g n e t i z a t i o n  w i t h  a l l o w a n c e  f o r  d i s s i p a t i v e

T h e  s y s t e m  o f  e q u a t i o n s  d e s c r i b i n g  a n  i d e a l  n o n 

c o n d u c t i n g  M N F  o f  d e n s i t y  p  w i t h  f r o z e n - i n  m a g n e 

t i z a t i o n  M  =  p m a n d  w h i c h  m o v e s  a t  v e l o c i t y  v 
i n c l u d e s  t h e  f o l l o w i n g  e q u a t i o n s  [ 68] :

d p  +  ^ ( p j  =  0
d  t  d x j

p ¥  = -  ¥ + ( ^  -  h ) ¥ ¥ + M‘ t f ,и t и x- dXj dx^

d m (

d t

= mj
dv[

' д X,- ’
d  s  d s  n  
— + v  —  = 0,
d t  d x  i

( 4 5 )

0 ? = de
d m{ P  =  l p

2 de

p,s

0  =
d xd

V 2 P  = 4n d ( p mj>
5 x

T h e  l a s t  t w o  e q u a t i o n s  o f  t h e  s y s t e m  a r e  t h e  m a g n e t o 

s t a t i c  M a x w e l l  e q u a t i o n s ,  w h e r e  P  i s  t h e  s c a l a r  p o t e n 

t i a l  o f  t h e  m a g n e t i c  f i e l d .  T h e  s y s t e m  i s  c l o s e d  b y  

a s s i g n i n g  t h e  f u n c t i o n  o f  s p e c i f i c  i n t e r n a l  e n e r g y  e  =  

e ( p ,  s ,  m) .  I n  [ 7 1 ] ,  t h e  H a m i l t o n i a n  f o r m  o f  t h e s e  

e q u a t i o n s  i s  g i v e n .

W i t h  l i n e a r i z e d  s y s t e m  o f  e q u a t i o n s  ( 4 5 ) ,  t h e  

h y d r o d y n a m i c  m o d e s  o f  a n  M N F  w i t h  f r o z e n - i n  m a g 

n e t i z a t i o n  w e r e  o b t a i n e d  [ 7 2 ,  7 3 ] .  E x p a n s i o n  o f  t h e  

i n t e r n a l  e n e r g y  n e a r  t h e  b a c k g r o u n d  s t a t e  h a d  t h e  

f o r m

e (p , s , m ) =  e 0 +  P i m m ,  +  a k m k p ,  ( 4 6 )

w h e r e

ak =  -  (  d 2e

2 m k d s
P h e n o m e n o l o g i c a l  c o e f f i c i e n t s  p ,  a n d  a k  c h a r a c t e r i z e  

t h e  m a g n e t o e l a s t i c  a n d  m a g n e t o s t r i c t i v e  p r o p e r t i e s ,  

r e s p e c t i v e l y .  I n  s o l v i n g  l i n e a r i z e d  s y s t e m  ( 4 5 ) ,  t h e  

e x t e r n a l  m a g n e t i c  f i e l d  i s  a s s u m e d  t o  b e  d i r e c t e d  a l o n g  

t h e  z  a x i s ;  t h e r e f o r e ,  i n  t h i s  g e o m e t r y ,  t e n s o r  p ,  i s  d i a g 

o n a l  w i t h  t h e  c o m p o n e n t s  p x x  =  p x x  =  p ± ,  p z z  =  p y ;  v e c 

t o r  a h a s  t h e  c o m p o n e n t s  a x  =  a y  =  a ± ,  a z  =  a y .  I t  

t u r n e d  o u t  t h a t  i n  a n  M N F  w i t h  f r o z e n - i n  m a g n e t i z a -
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tio n , fast an d  slow m ag n eto so n ic  waves an d  A lfven- 
type waves can  propagate .

T h e  p ro p ag a tio n  velocities o f  fast cf  an d  slow cs 
m agnetoson ic  waves are d e te rm in ed  by th e  fo rm ula

cf,( S )

=  -C W (1 + B! -  A! + 7 B2 + B3 -  2A 1 + A2 -  D). (47)
42

T h e  p lus sign co rresponds to  th e  velocity  o f  a  fast m ag 
n e to so n ic  wave, an d  th e  m in u s sign, to  a slow one. 
T his fo rm ula  has b een  w ritten  for a  change in  angle S  
in  th e  lim its from  0 to  90°. H e re , th e  follow ing n o ta 
tions w ere in tro d u ced :

B1 = a 1 (1 + P) cos2 S ,

B 2 = [ 1 -  a 1 (1 -  p )c o s2S ] 2, p = p | |/p ± ,

B 3 = a 1 (1 -  P )s in 22 S , a 1 = m0P±/c 0 , 

a 2 = p 0 m 0 a  ̂  /  c 0, a  = a  ц /  a  ̂ ,

A 1 = 2a2( sin S  + a  cos S )  cos S ,

2 2 2 A2 = 4 a 2 (1 + a  ) cos S ,

3
D  = 4 a 1 a2(1 -  p ) (  s in S  -  a  cos S )  cos S .

T h e  p ro p ag a tio n  velocity  o f  an  A lfven-type wave is 
d e te rm in ed  by th e  re la tio n

ca = m qT P ^  cos S . (48)

In  th e  exam ined  A lfven-type waves, m ag n etiza tio n  
oscillates in  co n tra s t to  an  A lfven wave p ropaga ting  in  
th e  liqu id  w ith  in fin ite ly  large conductiv ity  in  w h ich  
th e  in tensity  o f  m agnetic  field frozen  in to  a  liqu id  
oscillates.

In  th e  lim it o f  zero  m ag n etiza tio n , from  (47) it fo l
lows th a t a  fast m agnetoson ic  wave passes to  a  c o m 
m o n  sou n d  wave, an d  th e  velocity  o f  a slow m ag n e to 
sonic wave an d  an  A lfven-type wave tu rn  to  zero . F ig 
ure 7 shows the qualitative character o f  the angle 
dependences o f  ultrasound velocity in  an  M N F  predicted  
by  th e  p re se n t theory . To ca lcu la te  from  fo rm u la  (47) 
th e  velocity  o f  a  fast m ag n e to so n ic  wave, th e  fo llow 
ing p a ra m e te r  values were used: c0 =  105 c m /s , p0 =  
1 g /c m 3, m 0 =  20 G . C urve 1 describes th e  u ltra so u n d

c(&) - c(n/2) 103
c(n/2) '

Fig. 7. Theoretical angle dependences of ultrasound 
velocity.

velocity  an iso tropy  due only  to  th e  m agnetoelastic  
m ech an ism  (Рц =  p± =  106 g /c m 3); curve 2, due  only  to  
th e  m agnetostric tive  m ech an ism  (ay =  a ± =  5 x 106 E 
c m 3/g ); an d  curves 3 a n d  4 are  th e  resu lt o f  th e ir  c o m 
b in ed  m an ifesta tio n  a t th e  in d ica ted  p a ram ete rs— as 
well, curve 4 was o b ta in ed  a t рц =  106 g /c m 3, p± =  5 x 
106 g /c m 3. It is easy to  see th a t th e  p resen ted  q u a lita 
tively d ifferen t th eo re tica l angle d ep en d en ces o f  u ltra 
sound  velocity  w ere observed experim entally . T hus, 
th e  an iso tro p y  o f  th e  elastic  p ro p erties  o f  M N F s 
results from  b o th  an iso tro p y  o f  th e  m agnetostric tive 
p roperties an d  an iso tropy  o f  m agnetoelastic  in te ra c 
tion .

F igure 8 shows a  co m p ariso n  o f  experim en ta l 
results [14] w ith  those  ca lcu la ted  by re la tio n  (47) for a  
fast m agnetoson ic  wave (solid  curve) a t th e  follow ing 
param eters : c0 =  1.4356 x 105 c m /s , p 0 =  1.166 g /c m 3, 
M0  =  14.7 G , рц =  3.5 x 105 g /c m 3, p± =  9 x 105 g /c m 3.

In  th e  case o f  th e  d e te rm in in g  ro le o f  m agn eto e las
tic  in te rac tio n , for in stan ce , in  Fig. 8, expression  (47) 
for th e  p ro p ag a tio n  velocities o f  m agnetoson ic  waves 
takes th e  fo rm

f  2 Л 2 5 2 2
c = c -cf,( s) = r- 1 + ^  ( 1  + P) ± 1 + ^ ( P  -  1) + 4 ^  (1 -  p ) sin2 S

c0 ) 4 c0 ) c20
(49)
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c, m/s

Fig. 8. Anisotropy of ultrasound velocity in a water-based 
M NF at H  = 8 kA m-1.

th e  p ro p a g a tio n  velo c ity  o f  a n  A lfv en -ty p e  wave is 
d e te rm in e d  by  (48). A t & =  0, th e  p ro p a g a tio n  v e lo c 
ities o f  slow  m a g n e to so n ic  a n d  A lfv en -ty p e  waves 
c o in c id e :

Cs = Ca = m j e l  • (50)

I t  is im p o rta n t th a t th e  p ro p ag a tio n  velocities o f  slow 
m agnetoson ic  an d  A lfven-type waves decrease, b u t in  
a d ifferen t way, w ith  an  increase in  angle &, an d  a t & =  
n /2 , these waves do  n o t p ropagate . I t is necessary  to  
take  th is in to  a c co u n t w h en  experim en ta lly  checking  
th e  suggested theory. N o te  th a t fo rm ulas (25) an d  (38) 
are qu ite  close in  s tru c tu re  to  (50), b u t in  th e  fram e
w ork o f  th e  considered  theory, a wave w hose velocity  is 
d e te rm in ed  by expression  (25) is a n  A lfven-type wave, 
an d  a wave w hose velocity  is d e te rm in ed  by re la tio n  
(38) is a slow m agnetoson ic  wave. We also p o in t o u t 
[74], in  w h ich  th e  ex istence o f  a transverse wave in  an  
u n com pressed  M N F  was p red ic ted , th e  velocity  o f

w h ich  was d e te rm in ed  by a re la tio n  co inc id ing  w ith  
(25). In  [75], th e  eigenvectors were ca lcu la ted  fo r th e  
hyd rodynam ic  m odes o f  an  M N F , in  w h ich  on ly  th e  
m agnetoelastic  m ech an ism  was tak en  in to  acco u n t, 
an d  it was show n th a t an  A lfven-type wave is tra n s
verse, an d  fast an d  slow  m agnetoson ic  waves are m ixed 
p lan e-p o la rized .

T h e  p red ic ted  slow  m agnetoson ic  wave in  an  M N F  
has n o t b een  fou n d  to  date.

However, th e  au th o rs  o f  [76] discovered experi
m en ta lly  th e  p ro p ag a tio n  o f  fast an d  slow  waves in  a 
m agnetized  suspension  consisting  o f  glycerin  an d  
spherical iro n  partic les. T hey  discussed th e  discovered 
slow  m agnetoson ic  wave using th e  B io t theory, w hich  
describes wave p ro p ag a tio n  in  a p o ro u s body  sa tu ra ted  
w ith  th e  liquid . T he fallibility o f  th is  ex p lan a tio n  by 
th e  B iot th eo ry  was p o in ted  o u t in  [77], since a slow 
wave p ropagates on ly  w hen  th e re  is an  ex ternal m ag
n e tic  field, an d  th e  au th o rs  offered  a n o th e r  ex p lan a
tio n  o n  th e  ex istence o f  a slow wave using a th eo ry  th a t 
th ey  h ad  developed  earlie r [64]. A ccord ing  to  [64], in  
a m agnetic  fluid, th e re  shou ld  exist a new  elastic m o d e  
due to  long itu d in a l v ib ra tions in  chains o f  m agnetic  
partic les, an d  it shou ld  n o t be a hyd rodynam ic  m ode, 
since a b o u n d ary  frequency  exists low er th a n  w hich  
th is m ode  is n o t excited . E x p erim en ta l results [76] 
w ere described  in  [73] using th e  th eo ry  o f  wave p ro p a 
ga tio n  in  a m agnetic  fluid w ith  fro zen -in  m ag n e tiza 
tion . T h e  suspension  s tud ied  in  [76] was p rep ared  by 
ad d itio n  o f  spherica l iro n  partic les to  g lycerin , th e  size 
o f  w h ich  were in  th e  lim its o f  3 - 2 5  ^m . T h e  m easuring  
cell w ith  th e  suspension  was p laced  in to  a m agnetic  
coil, th e  c u rre n t force in  w h ich  varied  from  0 to  35 A. 
T h e  angle was equal to  zero . T he m easuring  cell had  a 
d iam ete r o f  3 cm , an d  its leng th  varied from  0 to  
60 cm . In  th e  absence o f  a m agnetic  field, on ly  a fast 
m agnetoson ic  wave was observed. T he values o f  th e  
p ro p ag a tio n  velocities o f  fast an d  slow m agnetoson ic  
waves, as well as th e  m agnetic  field s treng th  a t w hich  
th ey  w ere m easu red , w ere d e te rm in ed  from  th e  g raphs 
o f  [76]. T hese d a ta  are given in  Table 3.

To apply  re la tio n  (50), it is necessary  to  b ea r in  
m in d  th e  d ep en d en ce , given in  [76], o f  th e  iro n  p a r ti
cle co n c e n tra tio n  in  th e  reg ion  o f  th e  acoustic  ch an n e l 
o n  th e  size o f  th e  m agnetic  field streng th . T h e  ex ist
ence  o f  such  a d ep en d en ce  ca n  be exp la ined  by  m a n i
festa tion  o f  th e  force o f  d ip o le -d ip o le  repu lsion  o f

Table 3. Properties of a magnetized suspension
H, G 60 130 180 250 310 370 430 490

cs, m/s 35.5 38.5 40 42.5 44.5 45.5 46.5 47.5
Cf, m/s 1320 1560 1680 1740 1760 1800 1820 1850
фек 0.167 0.113 0.090 0.072 0.064 0.059 0.056 0.054
m, G  cm3/g 121.5 96.7 83.7 71.5 65.2 61.3 59.0 57.6
p± X 10-3, g/cm3 0.85 1.56 2.28 3.53 4.67 5.51 6.22 6.80
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neighboring  p a rtic le  chains; as well, w ith  a n  increase  
in  th e  s tren g th  o f  th e  m agnetiz ing  field, th e  leng ths o f  
ch a in s  increase  an d , consequently , th e  fo rce  o f  re p u l
s ion  betw een  th e m  increases. A ccord ing  to  [76], an  
ana ly tica l expression  describ ing th e  d ep en d en ce  o f  th e  
vo lum etric  c o n c e n tra tio n  o f  partic les in  th e  reg ion  o f  
wave p ro p ag a tio n  o n  the  m agnetic  field  s tren g th  has 
th e  fo rm

Фch = (Ф -  Фsat) exp  (-dH) + фи1,

w h ere  ф ^  =  0.052, d =  0.0091 G -1 [76]. T h e  density  o f  
th e  suspension  was ca lcu la ted  fro m  th e  fo rm u la  p =  
(1 -  Фвя1)Р£ +  ФsatPFe, w h ere  pFe =  7.88 g /c m 3, pg =
I .  261 g /c m 3 are  th e  densities o f  iro n  an d  glycerin , 
respectively. To estim ate  th e  specific m ag n etiza tio n , 
th e  sim ple fo rm u la  m =  фл М У р was used. H ere , Ms =  
1714 G  is th e  sa tu ra tio n  m ag n e tiza tio n  o f  iron . W ith  
th e  use o f  (50), th e  values o f  p a ram ete rs  p± w ere d e te r
m in ed , w h ich  proved to  be  two to  th ree  orders low er 
th a n  fo r th e  M N F . E stim ates  show  th a t in  a n  M N F , 
th e  p ro p ag a tio n  ra te  o f  a  slow m ag n eto so n ic  wave is o n  
th e  o rd e r o f  cs — 100 m /s . I t  is possib le th a t su ch  a  sm all 
velocity  o f  these  waves is th e  very reaso n  th a t slow 
m ag n eto so n ic  waves have still n o t b een  fo u n d  experi
m entally.
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