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I t  is  shown that in viscous  heat  conductive f e r romagne t i c  liquids with infinite conductivity 
under  defini te t he rma l  condit ions,  sl ightly damped and undamped t e m p e r a t u r e  and magne to -  
hydrodynamic  waves  a r e  propagated .  The  lengths and f requencies  of the undamped waves  
a r e  found. The physica l  mechan i sm of the i r  exci tat ion is d i scussed .  

I t  has  been es tab l i shed  in [1] that  s l ightly damped t e m p e r a t u r e  and viscous  low-f requency  waves a r e  
p ropaga ted  in a viscous  heat  conducting fluid in p e r m a n e n t  gravi ta t ional  and special  t e m p e r a t u r e  fields. It  
has been es tab l i shed  success fu l ly  in [2] that the f requency band and lengths of waves  which can be propagated  
with a sma l l  damping d e c r e m e n t  is broadened in v i scoe las t ic  Maxwell ian fluids. Because  of the in terac t ion  
between the magnet ic  m o m e n t  pe r  unit  volume of fluid and the external  magnet ic  field in f e r romagne t i c  
fluids, an  i m p r o v e m e n t  in the c h a r a c t e r i s t i c s  of the sl ightly damped t e m p e r a t u r e  and magne tohydrodynam-  
ic waves  should a lso  be expected.  The p r e s e n t  pape r  s tudies this question. 

Le t  us fo rmula te  the s y s t e m  of equations desc r ib ing  the nons ta t ionary  convect ive heat  exchange p r o -  
c e s s e s  in vs icous  heat  conducting f e r romagne t i c  fluids with infinite conductivity in external  magnet ic  fields:  

div B = O, 

OrB ~ rot Iv • B], 

B = ~oH + M, 

M = M ( H ,  7), 

Otp + div (pv) = O, 

,% 

pcp(OtT + v v T  ) = ~,AT, 

[(P, P, T )=O.  

(i) 
(2) 
(3) 
(4) 

(5) 

(6) 

(7) 

(s) 

Since we shall  hencefor th  examine smal l  ampl i tude waves ,  the t r a n s p o r t  coeff icients  were  cons idered  
constant  in der iv ing (1)-(8), and energy  d iss ipa t ion  due to v i scos i ty  and the magne toca lor ic  effect  was ne -  

glected.  

A s y s t e m  of governing equations was obtained in [3] for  a non-conducting incompress ib l e  fluid. Ques-  
tions of the s tabi l i ty  of the plane f ree  su r face  of a f e r romagne t i c  fluid in a magnet ic  field have been examined 

in [4-6l. 

L e t  us cons ider  the propagat ion  of smal l  pe r tu rba t ions  in a mechanica l  equi l ibr ium background in a 
nonideat f e r romagne t i c  fluid with infinite conductivity,  in a homogeneous p e r m a n e n t  magnet ic  field H 0 d i -  
r ec ted  a long the x ax i s ,  when a constant  t e m p e r a t u r e  gradient  VT 0 = Y d i rec ted  along the y axis  is p r e s e n t  

in the fluid. 

A gradient  M 0 is built  u p i n  the mechanica l  equi l ibr ium s ta te  in the fluid because  of the dependence 

M(T) 
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Following the known method of analysis  [7], let  us a s sume 

H = H o + h ,  P = P o + P ' ,  P = P o + P ' ,  T = T o + 0 ,  v =/= 0. 

We shall conduct the fur ther  investigation in a f i rs t  approximation,  i .e. ,  we shall neglect  the products of 
the small  quantities h, p ' ,  p ' ,  0, v. Let  us examine the one-dimensional  problem and let us consider  them 
to depend nil on x and t. In this approximation 

(0M) 
I t  = II o "b hx and/14 = M o q-  [Bih x -~ ~0 ,  ~l = ~ Ho.r: 

Neglecting the anisotropies  of the medium, we assume the vectors  B, M, and H to be parallel .  Then 

and 

1 
M = Mo-- --9o ~1 ) h~Mo Mo Mo 

Mo 

Limiting ourse lves  to the analysis  of t r ansve r se  velocity per turbat ions ,  let  us depict the sys tem (1)-(8) a c -  
cording to the components:  

(~,o + f~l) o~,h~ + fJ~o~,o + (~..V/Ho) h~, = O, (9) 
(~0 + ~1) athx + ~ot0 + v~vy = 0, (10) 

athy = Hoaxvy , (Ii) 

poOpu = BoO.by ~ laox [82 (~o + 2~) -I- (34o -J- So) %] ?h~ + ~t~-' [2[1~ + ~ (M o + Bo) ] ~ -t- ~102xv~, (12) 

ao + vo. = .a lo,  (13) 

where o l = ( 8 2 M / 8 T 2 ) H 0 ,  T0and ~r 2 = (02M/8H 0T)H-,T . Let  us consider  M to be a l inear function of the 
temperature ,  a s  i s  valid for  smal l  changes .  Then and : # Z2/M0. 

Per turba t ions  of the Z-component  of the magnetic field and of the velocity a r e  propagated in the form 
of Alfven waves;  hence,  we shall not consider  them. 

To c la r i fy the  phys ica lp ic tu re  of the p rocesses  which occur ,  let  us f i rs t  consider  an ideal fluid, i .e. ,  
le t  us put • = ~ = 0 in (12) and (13). Then the components hy, Vy, and 0 sat isfy a wave equation of the form 

u~a~e % 0 ,  (i4) a~o~-- :~ ~ ~ 2 

where  = 2 2# / op o. 

The propagation of t r ansverse  fluctuations in hy and Vy in a conducting fluid placed in a magnetic field 
can be given a graphic physical  interpretat ion [7]. It follows from (2) that 

d t (B/p) = [(B/p) V ] V, 

where 

d t = a t + (v v). (15) 

This is the condition of "freezing" the lines of force of magnetic field induction in the fluid, i .e. ,  this means 
that each line of force is displaced together with the fluid par t ic les  thereon. Therefore ,  every t r ansver se  
shift in the fluid causes  a t r ansve r se  shift in the line of forces  which, because of the elastici ty of the line 
of force ,  s ta r t s  to be t ransmit ted along it as a wave. Hence, each line of force of the magnetic field induc- 
tion can be likened to a s t r ing along which small  t r ansver se  oscil lat ions a re  propagated. If we deal with a 
fe r romagnet ic  medium, then a force [8] ~oiV(MB) acts  per  unit volume of this s t r ing,  and we obtain the 
osci l lat ions of a s t r ing  subjected to external forces .  P a r t  of this force #fflVfMoB0) is equilibrated by the 
p r e s s u r e  gradient  ~P0 in the state of mechanical  equilibrium. The res t  of this force is fm = 2yfl2po 10 and 
is a s t imulat ing force.  It follows from (7) that dtT = 0 in an ideal fluid, which yields the condition of 
"freezing" of the i so therms in the fluid in the same sense as the "freezing" of the lines of magnetic field 
induction. Therefore ,  the i so therms  and the lines of force of magnetic field induction a re  in terre la ted,  
and the fo rmer  take on the elast ici ty of the lat ter .  Hence, the propagation of t r ansve r se  oscillations over 
the lines of force of magnetic, field induction causes propagation of oscil lations over the i so therms at  the 
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s a m e  v e l o c i t y ,  a s  i s  d e s c r i b e d  by (14). T h e r e f o r e ,  we  ob t a in  the  p r o p a g a t i o n  of t e m p e r a t u r e  w a v e s .  B e -  
c a u s e  of  the  p r e s e n c e  of  the s t i m u l a t i n g  f o r c e ,  i t  can  be  e x p e c t e d  tha t  u n d a m p e d  w a v e s  wi l l  be  p r o p a g a t e d  
u n d e r  d e f i n i t e  cond i t i ons  in  a f e r r o m a g n e t i c  f luid in the  p r e s e n c e  of  v i s c o s i t y  and  h e a t  conduc t iv i ty .  The  
e n e r g y  l o s s e s  in  th i s  c a s e  wi l l  be  m a d e  up b e c a u s e  of  the  m a g n e t i c  f i e ld  e n e r g y .  

T a k i n g  a c c o u n t  of  v i s c o s i t y  and hea t  c o n d u c t i v i t y ,  the  t e m p e r a t u r e  p e r t u r b a t i o n  s a t i s f i e s  the  fo l lowing  
wave  equa t ion  

w h e r e  

r = ~0 (3 - -  ~},HolMo)/2 (ix o + f3 O, 

co~ (1 - -  c*) ~r * 

ico - -  ~ k '  

f r o m  which  the  d i s p e r s i o n  equa t ion  

2 i o  ( i~  - -  ~k ~) + U~  k + o~ 

(16) 

- 0 ,  ( 1 7 )  

fo l lows  for  the  s o l u t i o n  in  the  f o r m  of  the  p l a n e  wave  exp i ( k x - w t ) .  

In  t h i s  c a s e  (7) y i e l d s  dtT = X A T ,  and  the  i s o t h e r m s  a r e  a l r e a d y  not  " f r o z e n "  in  the  s e n s e  u n d e r s t o o d  
e a r l i e r .  Now a p h a s e  sh i f t  e x i s t s  b e t w e e n  the  t e m p e r a t u r e  c h a n g e s  and the  f lu id  p a r t i c l e  d i s p l a c e m e n t ,  
wh ich  i s  n o t 0 o r  ~.  A f o r c e  

[~ = - -  2r~ '  ~V [0 - -  a) 0 + ~ (2 - -  a) g] ,  

now a c t s  p e r  un i t  v o l u m e  of  f lu id ,  w h o s e  c h a n g e  i s  d e t e r m i n e d  by the  c h a n g e  in  0 and  y.  T h e r e f o r e ,  a p h a s e  
sh i f t  e x i s t s  b e t w e e n  the change  in f o r c e  and the  f lu id  p a r t i c l e  d i s p l a c e m e n t ,  fo r  a d e f i n i t e  va lue  of which  
the  w o r k  p e r f o r m e d  by  th i s  f o r c e  c a n  be  p o s i t i v e .  In f a c t ,  i f  the  p a r t i c l e  d i s p l a c e m e n t  v a r i e s  a c c o r d i n g  to 

the  l aw  

g = a cos (kx  - -  cot), a > O, 

and  the  f o r c e  a c c o r d i n g  to the  l aw  

[ = F cos ( k x  - -  cot + ~p) - b cos (kx - -  cot) 4- c sin ( kx  - -  cot), 

then  the w o r k  of  th i s  f o r c e  p e r  un i t  t i m e  i s  A = f~r; ~r = O t y ,  and  the  m e a n  w o r k  p e r  p e r i o d  i s  

T 

t A = T -1 [.ddt = acco 
2 

o 

If  the  p h a s e  sh i f t  w e r e  a m u l t i p l e  of  r ,  e = O, the  m e a n  w o r k  p e r  p e r i o d  of  th i s  f o r c e  would be  z e r o ,  and  
for  e > 0 wh ich  c o r r e s p o n d s  t o a p h a s e s h f f t  f r o m  r to 2~r i t  i s  p o s i t i v e .  In  o u r  c a s e ,  if  

then  i t  fo l lows  f r o m  (13) tha t  

y = a 'e  -k ,*  cos ( k l x  - -  cot) ~ a cos ( k l x  - -  cot), 

o v a  [~ (k,~ - k~) s in (k ,x  - or) - (co - 2•  cos  ( k l x - -  cot) ] .  
0 = - -  • (k~ - -  k~) ~ + (co - -  2 •  

A v i s c o s i t y  f o r c e  fB = ~a2xY a c t s  p e r  uni t  v o l u m e  of  f lu id ,  and  i t s  m e a n  w o r k  p e r  p e r i o d  i s  

T 

4 ,  = r - 1  [,[tdt  --- - -  ~ 

0 

w h e r e  k l and  k 2 a r e  found f r o m  t h e  s o l u t i o n  of the  d i s p e r s i o n  equa t ion  (17) and  only  t h o s e  v a l u e s  of  k 1 and k 2 
s a t i s f y i n g  the i n e q u a l i t y  Ikl ] > Ike I have  any  p h y s i c a l  m e a n i n g  s i n c e  o t h e r w i s e  the  m e a n  w o r k  p e r  p e r i o d  of 

the  v i s c o s i t y  f o r c e s  would  be  p o s i t i v e .  

The  m e a n  w o r k  p e r  p e r i o d  of  the m a g n e t i c  f i e ld  f o r c e  fm equa l s  

1 P0co~ aeco' (1 - -  a) • (k~ - -  k~) A-~ = ~ • (k~ - -  ~2)~ + (co _ 2 • 1 7 6  
2 

and  i s  p o s i t i v e  fo r  1 - a  > 0. If  B =/z0/zrH, then  a = (1 /#  r)  < 1 for  f e r r o m a g n e t s ,  and th i s  cond i t ion  is  s a t i s -  

fled. 
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On the ave r age ,  the v i scos i ty  and magnet ic  field fo rces  p e r f o r m  the work 

A,~ + A, = p0a~o ~ (k~-- k~) ~, (k~ -- k~)~-+ (co -- 2• "~ -- ~ ' (18) 

per period. 

i. For a negative value of this expression (the work of the magnetic field forces is less than the work 
of the viscosity forces), damped wave propagation should be expected. 

2. When Am + AB = 0, waves with constant amplitude should be propagated. 

3. When ~m + AB > 0, the amplitude of the waves should grow. 

Indeed, it is easy to obtain from the dispersion equation (17) (by putting k = k I + ik 2 and equating real 
and imaginary parts to zero) that 

k/~,= 2u~ [ ';] 
Since k 1 = 2 v / ~  > 0, then k 2 > 0 upon compl iance  with condition 1, which co r r e sponds  to a damped 

wave,  k 2 = 0 upon compl iance  with condition 2, andthe wave ampl i tude is constant ,  and k 2 < 0 upon compl iance  
with condition 3, and the wave  ampl i tude grows,  as  should have been expected f rom the p reced ing  reasoning.  

Fo r  k 2 = 0 the d i spe r s ion  equation (17) yields  

k~ = 2~ (v + u) + 4• ~ (~ + ~)' ~ (v + • 

co' = U ~ ~ 

I t  should be noted that taking account  of the gravi ta t ional  field fo rce  can s t rengthen the r e su l t s  ob-  
tained above,  i .e . ,  under  definite conditions the gravi ta t ional  field can a lso  supply energy  to the wave. 

B , H  

M 

P0 

T , p , p  

~ , ~  

p 

o) 
k 

0x = 8 / 0 x ;  
U s = BO/ 

N O T A T I O N  

a r e  the magnet ic  field induction and intensity vec to r s  in the fluid; 
is the magnet ic  m om en t  vec tor  pe r  unit volume of fluid; 
is the magnet ic  pe rmi t t iv i ty  of vacuum;  
is  the fluid veloci ty  vec to r ;  
a r e  the fluid t e m p e r a t u r e ,  densi ty ,  and p r e s s u r e ;  
is the coeff icient  of fluid conductivity;  
a r e  the f i r s t  and second fluid v i scos i t i e s ,  r e spec t ive ly ;  
a r e  the coeff icients  of fluid heat  and t e m p e r a t u r e  conductivity;  
is the kinematic fluid viscosity; 
is the wave frequency; 
is the wave number; 

is the Alfven veloci ty.  
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