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Any change in t empera tu re  T of a continuous medium is accompanied by a change in its den- 
sit~y p ,  which gives r i se  to motion and, in par t icular ,  to sound emission.  This question, which 
has been examined for the usual equilibrium medium, in [1], for instance,  is extended in the 
p resen t  paper  to the case of a nonequilibrium medium. 

By a nonequilibrium medium we mean a medium in which there  occur  p rocesses  of energy ~edis t r i -  
bution among the different degrees of f reedom of the par t ic les  (translational,  internal, chemical),  leading 
to relaxation of the macroscop ic  charac te r i s t i c s  (specific heats Cp and Cv, thermal  conductivity ~, sound 
velocity c). The most  rapid p rocess  is the redis tr ibut ion of energy among the translat ional  degrees of 
f reedom.  The relaxation t ime of this p rocess  70 ~ l / c ,  where ~ is the mean free path. The other energy 
redis tr ibut ion p rocesses  are  much slower.  The effects occurr ing  in a nonequilibrium medium can be 
phenomenologically descr ibed within the f ramework of thermodynamical ly  i r revers ib le  p rocesses ,  where 
the hydrodynamic equations are supplemented with express ions  for the s t r e s s  tensor  of the thermal (q) 
and diffusion (1) fluxes, and also of the sca la r  (chemical) flux through the s train velocity tensor,  the g ra -  
dient T, and chemical  potential p. These expressions are obtained by an appropriate choice of fluxes and 
force f rom the condition of increase  in entropy s, using the Curie principle and Onsager relat ions [2]. 
The sys tem of equations is c losed by the kinetic equation for the nonequilibrium pa rame te r  ~; the der iva-  
tive of the cha rac te r i s t i c  thermodynamic potential with respec t  to ~ is ~ = ~. 

In the l inear simultaneous approximation with zero mean velocity v the equation for production of s 
has the form [2] 

p( Tst ~ ~t~) q-qx=O , (1) 

where the subscr ipts  denote part ia l  differentiation. This equation agrees  with the more  general  equation 
[2] to the accuracy  of the small  nonlinear t e rm proport ional  to #2o Taking as~p the thermodynamic poten- 
tial p roper  in var iables  p, T, and ~ (p is the pressure) ,  we obtain, for p = const, 

T s t - } - ~ t =  Tsr~cTt q-('f  si-}-~t')}-t=%~ Tt +w~ ~t, (2) 

where w is the enthalpy, and the subscr ipt  ~ re fe r s  to the frozen state (the subscr ipt  0 below re fe r s  to the 
equilibrium state). 

For  q and I, ignoring the small  thermal-diffusion correct ion,  we have the expressions [1, 2] 

q = - - •  I=--pD~,:, (3) 

where D > 0 is the coefficient of diffusion. 
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F i n a l l y ,  the  k i n e t i c  e q u a t i o n  fo r  ~ has  the  f o r m  [2] 

9~t + I ~ + M F = O ,  (4) 

w h e r e  M > 0 i s  the  k ine t i c  c o e f f i c i e n t .  F o r  s m a l l  d e v i a t i o n s  f r o m  e q u i l i b r i u m  we p e r f o r m  the e x p a n s i o n  

w h e r e  the  d a s h e s  r e f e r  to p e r t u r b a t i o n s .  

T h e  s y s t e m  of equa t ions  (1)-(5) is  c l o s e d  and c o m p l e t e l y  d e s c r i b e s  the s i m u l t a n e o u s  p r o c e s s e s  of  

hea t  conduc t ion  and d i f fus ion  in a n o n e q u i l i b r i u m  m e d i u m .  

We e s t a b l i s h  r e l a t i o n s  b e t w e e n  e q u i l i b r i u m  and f r o z e n  q u a n t i t i e s .  F o r  the  e q u i l i b r i u m  v a r i a t i o n  of 
~'0 wi th  T we  have  f r o m  (5) 

, \aT ]p,L~ ~ ~ 

Then ,  f r o m  (2) and (3) we ob ta in  

• - -  • = pDTs~]*~ > O, 

(6) 

w h e r e  ~ > 0, in v i ew of t h e r m o d y n a m i c  s t a b i l i t y  [2]. It fo l lows  f r o m  (6) tha t  

%--x~, -- pD. 
Cpo - -  C po~o 

(7) 

I n t r o d u c i n g  the c r i t i r i o n  L = D/ •  [• =~/(OCp) is  t h e t h e r m a l  d i f fu s iv i t y ] ,  we have  f r o m  (6) and  (7) fo r  L 0 < 
1 the  i n e q u a l i t i e s  Loo < L 0 < 1 o r  D < ~0 < • for  L 0 > 1 the  i n e q u a l i t i e s  1 < L 0 < Loo o r  )/oo < • < D, i . e . ,  
L 0 i s  a lways  c l o s e r  to 1 than  L~o. F r o m  the e s t i m a t e  L = (6/5)  ( y / f ) ,  w h e r e  "f i s  the r a t i o  of s p e c i f i c  
hea t s ,  f is  the  k i n e t i c  func t ion ,  equa l  to 5 /2  fo r  M a x w e l l i a n  m o l e c u l e s  and hav ing  a m i n i m u m  v a l u e  o f l . 4 1  
fo r  NH 3 [3], i t  fo l lows  tha t  the  s i t u a t i o n  L 0 < 1, i . e . ,  ~0 < )/~, i s  m o r e  c o m m o n  than  the s i t u a t i o n  L 0 < ! .  

Putting (4) in the form 

~(a a2)o 

w h e r e  

T 1 = p / ( M  ~t.~) > 0 and 

we ob ta in  fo r  g and T the equa t ion  

0 0 2 ) r 
T~ "a7 - -  D~x~ (q + • ~- (q + • = 0. 

F o r  any of the func t ions  u = T,  4, q, and I we have  the  g e n e r a l i z e d  t h e r m a l  c o n d u c t i v i t y  equa t ion  
IT 2 = (Cpoo/Cp0) Tl] 

L (u) := [-r~ (---~- D 02 o 2 ' a  
(s) 

In the  n o n - o n e - d i m e n s i o n a l  c a s e  (0/Sx) 2 can  be  r e p l a c e d  by  the  L a p l a c i a n ;  in  the  p r e s e n c e  of  t r a n s f e r  
0 / 0 t  b e c o m e s  0 / 0 t  + (vV) .  Equa t ion  (8) i s  of  the  fou r th  o r d e r  in c o o r d i n a t e  and,  hence ,  we r e q u i r e  fou r  
b o u n d a r y  c o n d i t i o n s ,  which  can  b e  a s s i g n e d  b o u n d a r y  v a l u e s  of T ,  4, and q, I .  
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We t u r n  ~o the s p e c i f i c  p r o b l e m .  L e t  the  s m a l l  v a r i a b l e  p a r t  of the  t e m p e r a t u r e  of the  p l a n e  s u r f a c e  
! --'6r v a r y  a c c o r d i n g  to  the  l aw Twe i t ,  w h e r e  w is  the o s c i l l a t i o n  f r e q u e n c y .  Then  t e m p e r a t u r e - d i f f u s i o n  w a v e s  

p r o p o r t i o n a l  to  e x p [ i ( k x  - wt)] w i l l  p r o p a g a t e  in the  n o n e q u i l i b r i u m  m e d i u m .  The  d i s p e r s i o n  equa t ion  for  
the  wave  n u m b e r  k i s  o b t a i n e d  f r o m  (8) and has  the  f o r m  

"v~(--i(o+Dk 2) ( -- io)+7~k~-)+(-- i (o+zok2)=O. 

F o r  the  d e c a y i n g  w a v e s  when x ~ oo we have  two s o l u t i o n s  wi th  Im(k) > 0. F o r  p e r t u r b a t i o n  of any va lue  
of  u we have  

2 , i(hlX__ot ) 

The  p e r t u r b a t i o n  a m p l i t u d e s  u' l a r e  found f r o m  the b o u n d a r y  cond i t i ons ,  fo r  which  we t ake  

T' (0, t) ~" -~,o~ = l;~,e , I ' (0,  t) = 0, 

i . e . ,  we a s s u m e  tha t  the b o u n d a r y  s u r f a c e  i s  i m p e r m e a b l e  to the s u r r o u n d i n g  s u b s t a n c e .  The  e x p r e s s i o n s  
! 

T) and ~ l a r e  c o n n e c t e d  by  a r e l a t i o n  d e r i v e d  f r o m  (1)-(3),  

In the  s p e c i a l  c a s e s  w h e r e  T 2 ~ 0 and 0% the g e n e r a t e d  w a v e s  a r e  p u r e l y  t e m p e r a t u r e  w a v e s .  In 
the  g e n e r a l  c a s e  two t e m p e r a t u r e - d i f f u s i o n  waves  p r o p a g a t e .  

F o r  the v a l i d i t y  of the  adop ted  m a c r o s c o p i c  d e s c r i p t i o n  we m u s t  have the i ne qua l i t y  wT 0 << 1, i . e . ,  
in v i ew  of the  known e s t i m a t e  X - e 2 To, we m u s t  have  w << c 2 / •  which  m e a n s  a l o w - f r e q u e n c y  a p p r o x i m a -  
t ion .  On the  o t h e r  hand,  th i s  m e a n s  tha t  the  p e r t u r b a t i o n  w a ve l e ng th  1 / k  - XV~/w << c / w -  the length  of the 
sound  w a v e .  Thus ,  we a r r i v e  at  the  s e p a r a t i o n  of the c o n s i d e r e d  t e m p e r a t u r e - d i f f u s i o n  and h y d r o d y n a m i c  
(acous t i c )  p r o b l e m s  [1]. In p a r t i c u l a r ,  the b o u n d a r y  v a l u e  of v' in the h y d r o d y n a m i c  p r o b l e m  wi l l  be  the  
va lue  of v' when x ~ co in t he  t e m p e r a t u r e - d i f f u s i o n  p r o b l e m .  

T h e  r e l a t i o n s h i p  connec t i ng  U' wi th  T'  and  ~' i s  o b t a i n e d  f r o m  the  con t inu i ty  equa t ion  

SO tha t  when v ' (0 ,  t) = 0 we have  

v' ( ~ ,  t) = i(,) 9T~. T 'dx  -i- 9~ 

The  r e q u i r e d  i n t e n s i t y  of sound  e m i s s i o n  f r o m  uni t  s u r f a c e  i s  [1] 

[ t~<[v(~,t)l~>. 
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In the gene ra l  c a s e  the solut ion has the f o r m  (I2 = - iw) 

'v' ( ~ ,  t) -~ --  ~ T ' ~ e  at 'q + k= t q- (X~ -- Zo) 6/(Ds) (9) 

whe re  

s =  (tlL o - -  t) -? (IIL~ --  1) ~%; 

= ~ / - ~  (~ + e~=i 
k~k~ V ~ - D ~  

When co ~ 0 and 00(9) takes  the f o r m  [1] 

v' ( ~ ,  t ) -~  - -  ~ , o~ 

w h e r e  g = fl x~-has equ i l i b r ium and f r o z e n  va lues ,  r e s p e c t i v e l y .  F o r  p r o o f  of  the l imi t ing  e x p r e s s i o n s  we use  
the r e l a t i o n s  

C,po - -  C po ~ C po C p:~ 

which fol low f r o m  [7], and the t h e r m o d y n a m i c  r e l a t i on  

PTo -- OTto P,~ 

I n t e rp r e t i ng  ~ as the extent  of the c h e m i c a l  r eac t ion ,  we obtain  for  an ideal  gas  

~o - -  ~Jm Qp 
f~  = vcI) - ~ ,  (10) 

where  R is the gas  cons tan t :  v = ~k vk is the ove ra l l  s t o i c h i o m e t r i c  coef f ic ien t  of the r e a c t i o n ;  Qp = 

~ v k W  h is i ts m o l a r  t h e r m a l  ef fec t  when p = cons t ,  

x k is the mole  f r ac t i on  of the componen t  K k. 

The m a x i m u m  value  of [ vl ~ is 

' t 
Ivl (I)max = -4- I G~ v - = - - ~  q- ~ ~ l  , 

whe re  ~k+ = X 0. F o r  ins tance ,  fo r  the d i s soc ia t ion  r e a c t i o n  K 1 + K 2 + K 3 = 0, E x p r e s s i o n  (10) has the f o r m  

~ 1  ~(t--ct)Qp t Q p  

= 2 ~-2 ~< -g- ~--rl' 

where  a is the d e g r e e  of  d i s soc i a t ion ;  Qp = - W  I + W 2 + W 3. 

It  fol lows f r o m  the p r e s e n t e d  e x p r e s s i o n s  tha t  when L 0 ~ 1 and  ,Qp ~< 0 we have ~0 X ~00. Fo r  r e a c -  
t ions involving a f a i r ly  l a r g e  heat  ef fec t  at not  v e r y  high t e m p e r a t u r e s  the d i f fe rence  be tween  ~0 and ~00 
can  be  f a i r ly  app rec i ab l e ,  so tha t  the t e m p e r a t u r e  g e n e r a t i o n  of l o w - f r e q u e n c y  sound ( infrasound)  in an 
e q u i l i b r i u m - r e a c t i n g  m e d i u m  m a y  di f fer  s ign i f i can t ly  in p r inc ip l e  f r o m  that  in an o r d i n a r y  m e d i u m .  This  
is i l l u s t r a t ed  by F igs .  1 a n d 2 , w h e r e  s amp le  r e l a t i onsh ips  be tween  the in tens i ty  of sound and i ts  f r equency ,  
b a s e d  on two d i f fe ren t  a s s u m p t i o n s ,  a r e  shown.  
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