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Solutions of the equations of nonlinear high- intensi ty  nonstat ionary heat and mass  t r a n s f e r  of the s imple 
wave type are  invest igated.  The appearance of heat-  and m a s s - t r a n s f e r  shock waves is predicted.  The 
conditions of convers ion  of s imple  into shock waves  are  discussed.  A method is proposed for de te rmin ing  
the the rmophys ica l  p rope r t i e s  of m a t e r i a l s  f rom the s t ruc tu re  of the s imple  waves.  

[11: 
We cons ider  the hyperbol ic  equation of nonstat ionary high- intensi ty  heat and mass  t r a n s f e r  proposed by Luikov 

c3~T OaT 
O .c~ = ~ Ox ~ , (1) 

where  T is the t e m p e r a t u r e  in h e a t - t r a n s f e r  p r o c e s s e s  or the concentra t ion in mass  t ransfe r ,  x is a coordinate,  T is 
the t ime,  and w r is the ra te  of propagat ion of heat or  mass .  To be specific,  in what follows we consider  heat-  
propagat ion p r o c e s s e s .  The argument  is equally applicable to mass  t r a n s f e r  processes~ 

The ra te  of heat propagat ion is given by the express ion  

w~ = cw~ (2) 

and depends on the thermophys ica l  p rope r t i e s :  the specif ic  heat c, the density of the medium 3', the the rmal  
conductivity ~., and the heat -propagat ion  t ime constant 7 r or re laxat ion t ime. If Wr is constant, then Eq. (1) is a l inear  
hyperbol ic  equation with constant coeff ic ients  and d e s c r i b e s  the propagat ion of the rmal  waves in the medium at a finite 
ve loc i ty  w r.  The genera l  solution of Eq. (1) r ep r e sen t s  two t rave l ing  waves 

T = f~ (x - -  Wr ~) + f~ (x + w,  "~), (3) 

propagat ing without d is tor t ion  of the prof i le  at constant ve loc i t i e s  Wr in opposite direct ions~ The specif ic  form of the 
a r b i t r a r y  functions f l  and f2  defining the wave shape is found f rom the boundary conditions by the methods of 
mathemat ica l  physics .  

Since the the rmophys ica l  p rope r t i e s  X, c, Y, 7r may be functions of t empera tu re ,  the coordinates ,  t ime,  etc.,  
in the genera l  case  Wr may depend in a complex fashion on many var iab les .  

wr=wr T, Ox ' 0 ~ '  x, �9 . . . . .  (4) 

There fore ,  in the genera l  case,  Eq. (1) is a nonl inear  equation of heat and mass  t r a n s f e r  for intense nonstat ionary 
p roces se s ,  

We consider  Eq. (1) without making any assumptions with r e spec t  to Eq. (4). Whatever  the form of Eq. (4), Eq. 
(1) can be reduced to a sys tem of ord inary  d i f ferent ia l  equations by the methods of the theory of c h a r a c t e r i s t i c s  [2, 3]. 
Equation (1) is complete ly  equivalent  to a sys tem of two fami l ies  of cha rac t e r i s t i c s :  

1) the c h a r a c t e r i s t i c s  of the f i r s t  family 

d x  = + w f l  ,c (5) 

with the conditions 
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2) the  c h a r a c t e r i s t i c s  of  the second family 

with the conditions 

dT~ = w r i T . ;  (6) 

dx  = - - -  Wrd-~ (7) 

dT,: = - -  w r i T , .  (8 )  

By c o v e r i n g  the f ie ld  with a su f f i c i en t ly  dense  ne twork  of c h a r a c t e r i s t i c s  of the f i r s t  and second f a m i l i e s ,  f r o m  
known boundary  condi t ions  we can  find the so lu t ion  of  (1) at any point  of the f ield,  if  such a so lu t ion  ex i s t s .  The 
equa t ions  of  the c h a r a c t e r i s t i c s  [(5)-(8)] can be Used fo r  the e f f e c t i v e  c a l c u l a t i o n  of the t h e r m a l  waves  for  any r e l a t i o n  
(4). 

E x a m i n i n g  s y s t e m  (5) - (8) ,  we note that  in the n o n l i n e a r  c a s e  if  the p ropaga t i on  v e l o c i t y  of the t h e r m a l  wave  
depends  only on T x = d T / d x ,  i . e . ,  

wr = wr(Tx) ,  (9) 

condi t ion  (6) does  not depend on Eq. (5) and can be i n t e g r a t e d  s e p a r a t e l y ,  which g ive s  the f i r s t  i n t eg ra l  

w h e r e  ~ is a cons tan t  of  i n t e g r a t i o n  tak ing  d i f f e r e n t  v a l u e s  for  e a c h  c h a r a c t e r i s t i c  (5). 

(~o) 

S i m i l a r l y ,  condi t ion  (8) d o e s  not depend on c h a r a c t e r i s t i c  (7), and i t s  i n t e g r a t i o n  g i v e s  ano the r  f i r s t  i n t eg ra l  

(11) T ,  + J" w r (T , )  d T x  = T1, 

w h e r e  V is  a cons tan t  of  i n t e g r a t i o n  d i f f e r e n t  fo r  e a c h  c h a r a c t e r i s t i c  of the second f a m i l y  (7). 

Thus ,  in the g iven  c a s e  the p r o b l e m  has  been  r educed  to the i n t e g r a t i o n  of two o r d i n a r y  d i f f e r e n t i a l  equa t ions  (5) 
and (7) with condi t ions  (10) and (11). I n t eg ra t i ng  (5), we find 

x = wr(Tx)  �9 + F I ( T ) ,  (12) 

w h e r e  F 1 is an a r b i t r a r y  funct ion  of T. I n t e g r a t i o n  of (7) g i v e s  

(13) 

where F 2 is an arbitrary function of T. 

x = - -  w r iTs) �9 + F2 (7"), 

Equat ion  (12) wi th  condi t ion  (10) and Eq. (13) with condi t ion  (11) f o r m  two f a m i l i e s  of so lu t ions ,  which by analogy 
with g a s d y n a m i e s  [4, 5] m a y  be ca l l ed  t r a v e l i n g  w a v e s  of f in i te  ampI i tude  o r  s i m p l e  w a v e s  of hea t  and m a s s  t r a n s f e r .  

Under  c e r t a i n  condi t ions  the s i m p l e  w a v e s  of f in i te  amp l i t ude  of the t h e o r y  of hea t  and m a s s  t r a n s f e r ,  l ike  w a v e s  
of  f in i te  a m p l i t u d e  in a gas  [4, 5] o r  in n o n l i n e a r  e l e c t r o d y n a m i c s  [6, 7], m a y  be t r a n s f o r m e d  into shock  w a v e s  of hea t  
and m a s s  t r a n s f e r .  We c o n s i d e r  the cond i t ions  unde r  which  s i m p l e  w a v e s  a r e  c o n v e r t e d  into shock  waves ,  a s s u m i n g  
r e l a t i o n  (9). To be spec i f i c ,  we s e l e c t  a wave  p ropaga t i ng  in one d i r e c t i o n ,  fo r  example ,  in the  p o s i t i v e  d i r ec t i on .  'The 
p r o p a g a t i o n  v e l o c i t y  of a s i m p l e  wave  at any point  is  d e t e r m i n e d  by the t e m p e r a t u r e  g r a d i e n t  

dx 
- -  = ~,~ ( T ~ ) .  ( 1 4 )  
d~ 

If the t e m p e r a t u r e  g r a d i e n t  is  such  that  when d T / d x  changes  in the t h e r m a l  wave  the  p r o p a g a t i o n  v e l o c i t y  w r 
d e c r e a s e s ,  subsequen t  s i m p l e  waves  do not o v e r t a k e  the p r e c e d i n g  ones,  and s i m p l e  w a v e s  a r e  p r o p a g a t e d  in the 
n o n l i n e a r  m e d i u m .  If, h o w e v e r ,  the change in t e m p e r a t u r e  g r a d i e n t  is such  that  subsequen t  t r a v e l i n g  s i m p l e  waves  
have  p r o p a g a t i o n  v e l o c i t i e s  g r e a t e r  than those  of the p r e c e d i n g  waves ,  they  o v e r t a k e  the l a t t e r ,  as  a r e s u l t  of which 
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shock heat and m a s s  t r a n s f e r  waves are  formed.  

As dis t inct  f rom (14), it is poss ib le  to cons ider  a more  genera l  case of re la t ion (4), for which Eqs. (5)-(8) are  
also valid. Thus, assuming that 

~r = wr (73, (15) 

f rom Eq. (5) for a given t e m p e r a t u r e  prof i le  it is also poss ible  to a r r i v e  at the concept of shock waves,  if a change of 
t e m p e r a t u r e  T leads to an inc rease  in the propagat ion veloci ty  of the t he rma l  wave. 

To study the s t ruc tu re  of the the rmal  shock wave it is f i r s t  neces sa ry  to specify the form of re la t ion  (7). In 
general  form, this  re la t ion  can obviously be r ep resen ted  as an in tegrodi f ferent ia l  equation, and by invest igat ing its 
solution, using (5)-(8),  we can de t e rmine  the s t ruc tu re  of the the rmal  shock wave. Thus, the most  important  p rob lem 
is to es tab l i sh  the specif ic  re la t ionships  of the ma te r i a l  c h a r a c t e r i s t i c s  (4). 

If we instantaneously apply to the end of a rod made of heat-conduct ing ma te r i a l  with nonlinear  p rope r t i e s  a 
t empera tu re  or  heat flux of finite magnitude, then a s imple  centered wave t r ave l s  along the rod (it is assumed that 
shock waves are  not formed).  If in a ce r ta in  sect ion we r e g i s t e r  the quanti t ies  T7 = T~-(T) and T x = Tx(r  ) as functions 
of t ime,  then f rom Eqs. (5) and (6) for the cen tered  wave we can wri te  

where  f (x, z) is a ce r ta in  function of t ime.  
propagat ion veloci ty  of the the rmal  wave. 

X 
w, - , (16) 

dT.~ (x) 
~r-- - -  ~ ( x ,  x), (17) 

dT~ (~) 

Equations (16), (17) may be regarded as a parametric representation of the 
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