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We solve the inverse  problem which consis ts  of the determinat ion of the intensity distribution of 
a heat source  f rom the t empera tu re  at the boundary of a semiinfinite medium, and of the de te r -  
mination of the cor responding  t empera tu re  field. 

The study of the t he rma l  phenomena,  which occur  when e lect romagnet ic  and acoust ic  fields interact  with 
var ious  continuous media,  is of  a considerable  scientif ic and prac t ica l  in teres t  because of the possibili ty of 
increas ing the efficiency of exploration and development of oil deposits [1], obtaining unique information by 
nondestructive methods [2], drying cap i l l a ry -porous  mate r ia l s  [3], passage through frozen soils [4], etc. 

The resu l t s  of exper imenta l  studies show [3] that, in addition to the fact that the vhf e lect romagnet ic  and 
acoustic fields separa te ly  p romote  the drying p roces s ,  they also complement  each other.  The combination of 
acoustic interact ion with vhf heating inc reases  the drying ra te  by 30-35% in compar ison with the drying p r o -  
cess  without an acoust ic  field [3[. 

At the present  t ime, exper iments  on the hf e lec t romagnet ic  and acoustic interact ions have been car r ied  
out using the model  of product ive o i l -bear ing  layer  [5]. It was noted in [5] that the increase  of the hf heat and 
mass  t r ans fe r  in an acoust ic  field can c lear ly  be explained by the fact that the dependence of the hf heating on 
the heat-conduction coefficient  becomes  more  pronounced.  

It follows f rom physical  a rguments  that the effect of the joint interaction of the e lect romagnet ic  and 
acoustic fields should manifes t  i tself  by a change in the charac te r i s t i c s  of the layer ,  e.g., in the hea t -conduc-  
tion coefficient,  d ie lectr ic  permeabi l i ty ,  and the tangent of the angle of die lectr ic  losses .  In par t icular ,  as the 
die lect r ic  permeabili ty and the tangent of the angle of dielectr ic  losses  depend not only on the frequency 
but also on t empera tu re  and the density of the medium and, as  is known [6, 7], in an intense acoustic field the 
density of the medium and the t empera tu re  change, one should expect a change of pa rame te r s  of the e l ec t ro -  
magnetic  field. 

It is difficult to theore t ica l ly  desc r ibe  the effects associa ted  with the joint propagation of hf e l ec t romag-  
netic and acoustic waves,  and to study the space - t i m e  t empera tu re  distribution. This is because in the ca l -  
culation of the t empera tu re  fields, one needs to introduce the intensity of thermal  sources ,  which is determined 
by the distribution of the e lec t romagnet ic  field in the medium. It should be noted that to find the distribution 
of the e lec t romagnet ic  field is ex t remely  difficult due to the absence of a solution of the Maxwell equations 
which includes the dependence of the e lec t r i c  proper t ies  on the pa rame te r s  of the intense acoustic field. In 
other words,  to determine the c~Jantity of heat r e l eased  by a unit volume per unit t ime, it is neces sa ry  to solve 
a sys tem of coupled equations of thermodynamics ,  hydrodynamics ,  and e lec t rodynamics  which include the 
equations of continuity, equations of motion, the energy conservat ion,  equation of state,  and the Maxwell equa- 
tions. 

It should also be noted that, at the present time, there is no general theory of wave interaction (with or 
without taking into account dispersion) in saturated porous media which are the physical analogues of the pro- 
ductive oil-bearing layer. 

A number of works [8-11] analyzed some problems of interaction of the electromagnetic and temperature 
fields in dielectric media which are caused by the temperature dependence of the parameters of the medium. 
For example, Rikenglaz [8] found the electric and temperature fields in a semiinfinite dielectric with small 
losses and arbitrary temperature dependences of the parameters of the medium, on which there is incident a 
plane monochromatic vhf wave. The particular case of linear temperature dependence of the damping coefficient 
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of the electromagnet ic  field (the remaining p a r a m e t e r s  of the medium being constant) was discussed in [9]. 

Common to all works [8-11] is the assumption that the heat conduction of the medium is negligibly small ,  
i.e., the adiabatic approximation. 

To investigate some features of the interaction of hf e lec t romagnet ic  and acoust ic  fields with saturated 
porous media, it is necessa ry  to include the contribution f rom the heat t r ans fe r  by heat conduction. It is 
also of interest  to solve the inverse  problems,  taking into account the above per turbat ions .  

In the present  work we solve the inverse  problem which consis ts  of determinat ion of the intensity d is -  
tribution of a heat source from the t empera tu re  at the boundary of the layer ,  i .e. ,  at the face, and of the c o r -  
responding tempera ture  field in a die lectr ic  with small  losses  which fills the semiinfinite space x >- 0. Examples 
of these media are oi l -  and wa te r - sa tu ra ted  rocks ,  bituminous slates,  sulfur,  etc. 

When there is no interaction between the e lec t romagnet ic ,  acoustic,  and t empera tu re  fields, i.e., in the 
linear approximation, the t ransformat ion  of the energy of the hf e lec t romagnet ic  waves into the thermal  energy 
resu l t s  in the decay of the power density of the plane e lec t romagnet ic  wave according to 

1 E~ 
P(x)  = ~ -  Re [E.H*] = --2z exp (-- 2ax). (1) 

Here E, H are  the intensities of the e lec t romagnet ic  fields. The a s t e r i sk  denotes the complex conjugate of a 
vector .  For  dielectr ics  with small  losses ,  a = w4"ctg 6/7to; E0, amplitude of the intensity of the monochromat ic  
electromagnetic  field at x = 0; ~o, cyclic frequency; z, wave res i s t ance  of the medium; and k0, wavelength of 
the e lectromagnet ic  waves in vacuum. 

It can be shown f rom the solutions of the Maxwell equations that, in general ,  the heat r e l eased  in a unit 
volume per unit t ime during the interact ion of the hf e lec t romagnet ic  and acoust ic  fields with a die lectr ic  with 
small losses ,  taking into account the t empera tu re  dependence of  the e lec t r ica l  p a r a m e t e r s  of the medium, is 
given by the expression 

q (x, t) = 2~z { ~  exp (--  2ax) r (t). (2) 

The function ~o(t) is subject to determination.  

In accordance  with expression (2), the t empera tu re  distribution in the medium is charac te r ized  by an 
equation of the form 

OT 02T - - a - - - l -  q , t>~O, O ~ . ~ x < o o .  (3) 
Ot  Ox ~ cp 

This equation will be solved under the following conditions: 

T(0, x) = To, (4) 

T( t ,  oo )=To ,  OT(t, oo) _ O' 
Ox (5) 

OT (t, O) _ 0 ,  
Ox (6) 

T( t ,  O) = f(t). (7) 

In expressions (3)-(7), f(t) is a given function in the c lass  C 1, and f(0) = T 0. 

Thus, we have an inverse  problem which consis ts  of determinat ion of the intensity of a heat source as 
a resul t  of hf heating in an acoustic field, f rom a given t empera tu re  at the boundary of the layer  which is m e a -  
sured experimentally.  It is known that s imi lar  problems a re  not co r rec t ly  formulated.  However,  this is not 
important  for our purposes .  

If q~(t) is known, the solution of the direct  problem (2)-(6) can be writ ten in the form 

t 

= G (t - -  T, x, ~) - -  exp (--26t~) qD (~) d~, 
. . . .  ZcD 
0 0 

(s) 
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where 

1 { [ (x--~)~ ] + exp [ (x+~)  2 ]} 
G(t, x, ~)--2 1/-~-~ exp 4at 4at 

is Green 's  function of the second boundary problem for the heat-conduction equation at a semiaxis .  

By putting in (8) x = 0 and using (7), we obtain 

;qD (~) dT 1 E z 
,} ]/aa~(t--~) exp 4a(t--~c) 2r d~ = f,(t), 

0 0 

zcp 
h (t) = If (t) - T01 ~E~, 

go(t): 
We evaluate the inner integral and obtain the following integral  equation of the f i rs t  kind for the function 

t 

' K  (t - -  ~) ~ (~) & = f~ (t) 
�9 (9) 

with the kernel K ( t ) = e x p  (4a~2t)erfc(2ct]/at). the solution of this equation is easi ly found by means of 
Laplace t rans form,  and has the form 

[ (t) = ~e--~- f '  (t) + - -  

t 

2 ~ V ~  f t'(~) ~]. 
V~- J Vv--; 

0 

(10) 

We shall now clar ify which natural conditions must be satisfied by the functions go(t) and f(t). Clear ly ,  
at the initial moment of t ime (t = O) we have the following relat ion 

q = a  e~ exp (-- 2ax). 
Z 

(11) 

Consequently, in view of (1), we must  put go(0) = 1. F rom (10) we then find 
T 0. These two requi rements  are satisfied by, e.g.,  a function of the form 

~E~ t + f ( t ) =  T o +  zcp q~(t)tz' 

where r is an a rb i t r a ry  smooth function. 

In the simplest  ease when $(t) - O, we have 

if(o) = ~xE o / zcp .  In addition, f(O) = 

f (t) = To + z-70-- t ,  (12) 

and the corresponding go(t) will be 

q0 ( t )=  1 + -  4~V~F 
V~ (13) 

In general ,  T(t, x) can be found from the formula 

T(t, x)-- To-- 
t ; { [x--4aa(t--,)] [x+4act(t--T)]} 

aE2~ exp[4aa2(t--~)] e x p ( 2 a x ) e r f c [ 2 ~ a a ( - ~ - ~ )  j - -exp(2ax) erfc 2V-a(t--~)  
2zcp o cp (~) d~, 

(14) 

where go(t) is given by (10). 
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T A B L E  1. I n c r e a s e  of  the  Reduced  T e m p e r a t u r e s  O 1 and  O 2 (~  
(W/m2)) a t  the  B o u n d a r y  of  the  L a y e r  a s  a F u n c t i o n  o f  the  E x t i n c -  
t ion  C o e f f i c i e n t  o f  the  E l e c t r o m a g n e t i c  Wave  (m -1) 

- -  a . = o , o l  6rn "i - ' ~ z = o , 1  m "~ 

t,h 
O l . l O - '  0 2 . 1 0 - '  8, % 0 1 . I 0  - 4  0 ~ . 1 0  - 4  6, % 

2,4 0,263 01262 0,19 1 , 104 O, 102 2,0 
12 2,93 2,92 0,31 1,17 1,14 2,8 
23 8,29 8,25 0,53 3,39 3,27 3,9 

120 94,6 93,3 1,4 40,23 36,97 8,8 
240 270,9 265,6 2,0 118,45 105,33 12,4 

o 4"0 80 oL./0 -3 

t 9 0 /  = 

F i g .  1. L o g a r i t h m  of  the  r e d u c e d  t e m p e r a -  
t u r e  a s  a funct ion of the  e x t i n c t i o n  c o e f f i c i e n t  
of  the  e l e c t r o m a g n e t i c  wave  in the  m e d i u m  
for  the  fo l lowing  d i s t a n c e s  f r o m  the s o u r c e :  
x = 0 ( c u r v e  1) and 2 m  ( c u r v e 2 ) .  The  quant i ty  

x 10 -~ i s  p lo t t ed  in un i t s  m -1. 

App ly ing  the u s u a l  m e t h o d s  [12] one can  show tha t  f o r m u l a  (10) i s  i ndeed  a so lu t ion  of  Eq.  (9). C a l c u l a -  
t i ons  of  r e d u c e d  t e m p e r a t u r e s  O l=  [T(t, x)--To]/(2E~/z) f r o m  f o r m u l a  (14) unde r  cond i t ion  (13) and 02 for  the  
c a s e  r  = 1 w e r e  c a r r i e d  out on a c o m p u t e r ,  wi th  a p p l i c a t i o n s  to o i l -  and w a t e r - s a t u r a t e d  s a n d s t o n e s  wi th  
p a r a m e t e r s  Cp = 653 k c a l / m  3 �9 ~ a = 3.675 �9 10 -3 m2}/h [13], and for  e x t i n c t i o n  c o e f f i c i e n t s  of  the  e l e c t r o m a g n e t i c  
wave  equa l  to 0.016,  0.036, and  0.1 m -1. 

The i n c r e a s e  of  t e m p e r a t u r e s  | and  @ 2 a t  the  b o u n d a r y  of  the  l a y e r ,  i . e . ,  for  x = 0, which a r e  g iven  in 
Tab le  1 s h o w s t h a t  the  c o n t r i b u t i o n  of  the  e f f e c t s  of i n t e r a c t i o n  of the  e l e c t r o m a g n e t i c  and a c o u s t i c  f i e l d s  in 
the  m e d i u m  i n c r e a s e s  with t i m e .  The  r e l a t i v e  i n c r e a s e  of the  t e m p e r a t u r e s  8-- (Ol--O2)/O1 i s  l a r g e r  f o r  
l a r g e r  ex t i nc t i on  c o e f f i c i e n t  of  t he  e l e c t r o m a g n e t i c  w a v e .  F o r  e x a m p l e ,  fo r  ~ = 0.1 m -1 and t = 240 h, the  
quan t i t y5  i s  12.4%, b u t f o r  (~ = 0.016 m -1, i t  i s  only  2%. 

F i g u r e  1 which  shows  the  d e p e n d e n c e s  log 01 = f(~) fo r  x = 0 and x = 2 i n d i c a t e s  tha t ,  with i n c r e a s i n g  ~ ,  
the  d i f f e r e n c e  b e t w e e n  the  c u r v e s  i n c r e a s e s .  Th i s  a g r e e s  with the  e x p e r i m e n t a l  d a t a  [14], and  in p a r t i c u l a r  
with the  fac t  t ha t  a t  the  b o u n d a r y  of a l a y e r  in an a c o u s t i c  f i e l d ,  the  t e m p e r a t u r e  i s  s o m e w h a t  l o w e r  than  when 
the l a y e r  i s  a b s e n t .  In the  depth  of the  l a y e r ,  h o w e v e r ,  i t  i s  s o m e w h a t  h i g h e r .  

Thus ,  the  r e s u l t s  of t h e o r e t i c a l  i n v e s t i g a t i o n s  c o n f i r m  tha t  one of the  p h y s i c a l  r e a s o n s  for  the  above  
f e a t u r e s  of the  i n t e r a c t i o n  of e l e c t r o m a g n e t i c  and  a c o u s t i c  f i e l d s  wi th  d i e l e c t r i c s  i s  the  d e c r e a s e  o f  the  e x t i n c -  
t ion  coe f f i c i en t  of the  e l e c t r o m a g n e t i c  wave  in the  a c o u s t i c  f i e ld  ( i . e . ,  the  e l e c t r o m a g n e t i c - a c o u s t i c  e f fec t ) .  

The r e s u l t s  of t h i s  s tudy  can  b e  u s e d  to j u s t i f y  the  m e c h a n i s m  of the  jo in t  i n t e r a c t i o n  of  the  e l e c t r o -  
m a g n e t i c  and a c o u s t i c  f i e l d s  wi th  d i e l e c t r i c  m e d i a .  

N O T A T I O N  

T, t e m p e r a t u r e ,  ~ x ,  d i s t a n c e ,  m;  P ,  power  d e n s i t y  of a p l ane  e l e c t r o m a g n e t i c  wave ,  W/m2;  ~ ,  e x t i n c -  
t ion  coe f f i c i en t  of the  e l e c t r o m a g n e t i c  wave ,  l / m ;  e,  r e l a t i v e  d i e l e c t r i c  p e r m e a b i l i t y ;  t an  5, t angen t  of  the  
ang le  of d i e l e c t r i c  l o s s e s ;  a ,  e f f e c t i v e  t h e r m a l  c onduc t i v i t y  of the  m e d i u m ,  m 2 / s e c ;  c,  s p e c i f i c  hea t ,  J / m  3 - ~ 
p,  d e n s i t y ,  kg /m3;  G, G r e e n ' s  funct ion;  6, r e l a t i v e  t e m p e r a t u r e  i n c r e a s e ;  t ,  t i m e ,  sec ;  and Re(f(x)) ,  r e a l  p a r t  
of the  c o m p l e x  funct ion  f(x).  
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