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The n o n s t a t i o n a r y  t w o - d i m e n s i o n a l  p r o b l e m  of the theory  of heat  conduc t ion  in a t w o - l a y e r  plate  
with a s e p a r a t e d  s ec t i on  is solved in the case  of hea t ing  one of the s u r f a c e s  by a n o r m a l l y  d i s -  
t r i bu ted  s o u r c e .  

To inves t iga te  p a r a m e t e r s  which e n s u r e  the m o s t  effect ive  d e t e r m i n a t i o n  of the qua l i ty  of c o m p o n e n t s  by 
the ac t ive  t h e r m a l  me thod ,  we c o n s i d e r  the n o n s t a t i o n a r y  t w o - d i m e n s i o n a l  p rob lem of heat  conduc t ion  for a two- 
l a y e r  plate with a de fec t  in the form of a s e p a r a t e d  por t ion  on the boundary  of the l aye r s  when one su r f ace  of 
the plate  is being heated by a mov ing  n o r m a l l y  d i s t r i b u t e d  s o u r c e .  

S t a t e m e n t  of  t h e  P r o b l e m  

An idea l ized  mode l ,  with a good a c c u r a c y ,  d e s c r i b i n g  the bas ic  phys i ca l  p r o c e s s e s  in the case  of a t h e r -  
m a l  check,  r e p r e s e n t s  a t w o - l a y e r  plate of length L (Fig. 1) and th ickness  H 1 + H 2 fo rmed  of two l aye r s  of m a -  
t e r i a l s  with d e n s i t i e s  Pt and P2, spec i f ic  heats  c~ and c2, and t h e r m a l  conduc t iv i t i e s  ~'l and k 2. The homogeneous  
l a y e r s  have e v e r y w h e r e  an  ideal  t h e r m a l  con tac t  (in the y = H 1 plane) which is d i s t u r b e d  at a c e r t a i n  d i s t ance  
f rom the edge (from x = x 1 to x = x 1 + D), where  an in f in i t e ly  thin i so la t ing  l a y e r  of d i m e n s i o n  D is loca ted .  On 
the uppe r  su r f ace  of the plate there  m o v e s ,  with ve loc i t y  v, a heat  s o u r c e  which e n s u r e s  a passage  through this 
s u r f a c e  of a heat  flux with a c e r t a i n  d i s t r i b u t i o n  

q = q0 exp [--  k (x 0 + x - -  o021 . (1) 

The choice of such a d i s t r i b u t i o n  of the hea t  flux f rom the sou rce  into the body c o r r e s p o n d s  tc the ac tua l  
cond i t ions  of a t h e r m a l  check  of t w o - l a y e r  componen t s  in the mode of s c a n n i n g  the i r  s u r f a c e .  In this  case  the 
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F ig .  1. The mode l  of a t w o - l a y e r  
plate with a s e p a r a t i o n  r eg ion  being 
c o n s i d e r e d .  
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Fig.  2. T e m p e r a t u r e  prof i les  on the sur face  of a plate ,  
obtained in the moving coordinate  s y s t e m  fo r  d i f ferent  
values  of the delay t ime 73 (T, ~ x, cm); a) the case  of 
the su r face  being heated: 1) T 3 = 20; 2) 40; 3) 80; 4) 160; 
5) 380 sec ;  b) the case  of the opposite su r face :  1) T 3 = 
40; 2) 80; 3) 120; 4) 170; 5) 200 sec .  

sou rce  and the r a d i o m e t e r ,  r igidly connected with one another ,  move with a constant  veloci ty along the sur face  
of the component .  In view of a num ber  of spec ia l  f ea tu res  of the rma l  check,  in a ma jo r i ty  of cases  the heating 
is c a r r i e d  out by an extended s t r ip  source ;  at the s a m e  t ime,  the dis t r ibut ion of heat  flux, for  sources  used in 
rea l i ty ,  into the body in the d i rec t ion  of scanning is descr ibed  by a normal  law [1]. Moving a f t e r  the source ,  
the r a d i o m e t e r  r e g i s t e r s  the t e m p e r a t u r e  profi le  of the loaded o r  the opposite su r face  of the component .  The 
defects  exis t ing in the component  a re  revealed  f rom the anomal ies  of the sur face  t empe ra tu r e  dis tr ibut ion being 
regis  te red.  

The basic equation, desc r ib ing  the dis tr ibut ion in such a body, in the Ca r t e s i an  (x, y, t) coordinate  sy s t em 
has  the fo rm 

0 [  0 1 

for x, y belonging to the region G = (0 -< x -< L, 0 -< y -< H i + H2}. 

The boundary conditions have the form 

OT 
- - =  f (x, y, t) op (3) 

for x, y belonging to the boundary points (G/G). 

On the boundary separating two materials (with the exception of the defect region) the condition 

mus t  be fulf i l led.  On the defect  port ion we a s sume  the condition of ideal isolat ion 

(0b (~ = = 0. (5) 
] 2 

We represent the function f(x, y, t) in the form 

/ ~  0 everywhere on the boundary except 
O ~ x ~ L ,  y = O ;  

i (x, y, t ) =  (6) 
e x p [ - - k ( x o + x - - v O  ~] for O ~ x . ~ . L ,  y = O .  

Such boundary conditions re f lec t  the heat ing p rocess  of the component  being checked,  by a source  moving along 
the su r face  with veloci ty  v, with a no rma l  d is t r ibut ion of flux into the body; this co r r e sponds  to the actual  p ro -  
ce s s  of the rma l  check of a wide c lass  of t w o - l a y e r  components .  When solving the problem we neglect  heat  ex-  
change between the body and the su r round ing  medium over  the remaining por t ions .  
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Fig. 3. Dependence of the d i scovery  cr i te r ion  A 1 = AT/T for  the surface being heated on 
the delay time T 3 = L/v (73, sec).  

Fig. 4. Dependence of d i scovery  c r i te r ion  A 2 for  the surface opposite to that being heated 
on the delay time T 3 (T3, sec).  A 2 = IATI /T- -  IATI. 

In the role of the initial condftion we choose the following: 

T(x, y, t : 0 ) = T  ~  

In our case it was assumed that T o = 0. 

N u m e r i c a l  A l g o r i t h m  f o r  S o l v i n g  t h e  P r o b l e m  

The probtem under considerat ion was solved numerical ly .  In the role of a numerical  algorithm for  
real izing the solution of the problem on a digital computer ,  we applied the method of fractional s teps,  with a 
locally one-dimensional  scheme [2,3].  Here the space (x, y, t) was replaced by a grid space wh(ih~, jh2, 7n), 
while the sought continuous function T(x, y, t) was replaced by the grid functions T[~. Since the coefficient of 
thermal  conductivity, density,  and specific heat in our  ease are represented by pieeewise-continueus functions 
of the coordinates  {[h.(x, y), p(x, y), c(x, y)] E Q0}, for the numerical  solution it was neces sa ry  to choose a di- 
vergent  scheme,  i .e. ,  a scheme which would not violate, because of a break in the functions ~.(x, y), p(x, y)) 
c(x, y), the conservat ion laws of the phenomenon under consideration.  

After  making Eq. (2) d imensionless ,  breaking it up according to the computation scheme chosen,  and r e -  
placing it by the difference analog [3], the problem reduced to the solution of the algebraic system 

Tn+l/2 Tn.+l/Z__T n. T'~+I,'~ __ 2T'/+1/2 4- i-[-1,i t] t] i--1 ,]' 
- -  ~ i j  

h~ (7) 

T:: I -- r:.~+~/~ 1 { T';,72 , -- T% ~I T=. +I- T.n-~ 1 
tl  is ~,1--1 

whe re 
i,i 

a~j = • ( x ,  V)  ' 
i , ]--I  

~(x, y) is the coefficient of thermal  diffusivisity,  and T~; +~/2 is the value of the tempera ture  at  the grid point 
(ihl, jh2) at the time instant tn + T/2 .  

L . I  

Grouping the te rms  of Eqs. (7), we can represen t  them in the form of the algebraic sys tem of equations 

Ai ~ T~+~,~? _ Bi J T~-~ /2 + Ci i T,,+~ /2 = _ Dii ,  i+1 , i  
(8) 

EiJ Tn+lt,i-1 - -  F~j TT+I _L, Gd T~+)_ 1 = __ l i i ,  

whe re 

z~ 2• 
A U = i h  - ~ ;  B i i - -  h~ ' C i j =  A~j; D ~ j =  T'~]; 
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a~j "r 'r . n+ -_1 
Ei~ = ~ ; Fi i = - ~  (a~,j+ i -~- ai j ) ;  Gi j  - -  a*'t+--~-l"rh2 2 , l , i  = T i i  2 

The s o l u t i o n  of  the s y s t e m  (8) was  c a r r i e d  out by the s t a n d a r d  t r i a l - r u n  m e t h o d ,  with the d i r e c t i o n  of  

t r i a l - r u n  b e i n g  a l t e r e d  in s u c c e s s i o n .  

The s c h e m e  c h o s e n  a l l o w s  us to ob t a in  the fo l lowing  a c c u r a c y  of so lv ing  the n u m e r i c a l  p r o b l e m :  

e(x, y ) ~  I~ T (x, y, t) - -  T~..,I I Io = A(h~ + x), 

w h e r e  A is found,  f o r  e x a m p l e ,  by the m e t h o d  of s u b d i v i d i n g  the s t e p  h o r  by m e a n s  of an a p r i o r i  e s t i m a t e  [3]. 

The  c a l c u l a t i o n s  w e r e  c a r r i e d  out  f o r  v a r i o u s  v a l u e s  of L, H~, H 2, D, ~.i, c i ,  Pi, q0, k, v, x 0. F o r  e x a m p l e ,  
in one of the c a s e s  we took L = 25 e ra ;  H 1 = H 2 = 0.5 cm;  D = 1.0 cm;  k s = 0.41 W/m . d e g ;  Pl = 1.84 "103 kg/m3; 
c t = 1.44 "103 J / k g ' d e g ;  ~ = 0 . 2 2 W / m ' d e g ;  02 = 1 .12 .103  kg/m3; c 2 = 1.43 "103 J / k g . d e g ;  q0 = 3.0 �9 10 ~ W/m2; 

v = 1 . 0 " 1 0  -2 m / s e e ; k = l . 0 " 1 0 3 m - 2 ; x  0 = - 4 . 1 0  - 2 m .  

When c o n s i d e r i n g  the c a s e  of t h e r m a l  c h e c k  of t w o - l a y e r  c o m p o n e n t s  by m e a n s  of an ID r a d i o m e t e r  r i g i d -  
l y  f i x e d  to the m o v i n g  s o u r c e ,  which i s  one of the m o s t  e f f e c t i v e  m e t h o d s  of c h e c k  [1], we have to a n a l y z e  the 
t e m p e r a t u r e  d i s t r i b u t i o n  in a m o v i n g  c o o r d i n a t e  s y s t e m  whose  o r i g i n  is  l o c a t e d  a t  the c e n t e r  of the hea t ing  
s p o t .  Such d i s t r i b u t i o n s  on the s u r f a c e  b e i n g  h e a t e d  in the c a s e  d e s c r i b e d  a b o v e  a r e  p r e s e n t e d  in F i g .  2a fo r  
po in t s  of the m o v i n g  a b s c i s s a  ax i s  a t  v a r i o u s  d i s t a n c e s  L '  due to d e l a y  f r o m  the c e n t e r  of the he a t i ng  s p o t .  
E l i m i n a t i n g  the cond i t i ons  of d i s c o v e r y  of s e p a r a t e d  p a r t s  fo r  the c o m p o n e n t ,  when the s o u r c e  and the r a d i o m -  
e t e r  a r e  l o c a t e d  on the s a m e  s i d e ,  f r om the c r i t e r i o n  A 1 = & T / T  0 = (T l -  T0 ) /T  0 (T l i s  the t e m p e r a t u r e  of the 
s u r f a c e  above  the s e p a r a t e d  p a r t ;  T O is  the t e m p e r a t u r e  of the s u r f a c e  above d e f e c t - f r e e  p a r t s )  (F ig .  3) ,  we 
f ind  tha t  the m o s t  e f f e c t i v e  d i s c o v e r y  of s e p a r a t i o n ,  fo r  the p a r a m e t e r s  of t h e r m a l  c h e c k  c o n s i d e r e d ,  i s  p o s -  

s i b l e  when the d e l a y  t i m e  T 3 = L ' / v  is  about  200 s e c .  

Such t e m p e r a t u r e  p r o f i l e s ,  c a l c u l a t e d  f o r  the c a s e  of t w o - s i d e d  check ,  i . e . ,  w h e n t h e  r a d i o m e t e r  i s  l o c a t e d  
on the o t h e r  s i de  f r o m  the s o u r c e  of h e a t  e n e r g y ,  a r e  p r e s e n t e d  in F i g .  2b f o r  d i f f e r e n t  T 3. E s t i m a t i n g  the c o n -  
d i t i o n s  of d i s c o v e r y  of d e f e c t s  in  th is  c a s e  a c c o r d i n g  to the c r i t e r i o n  A 2 = [ A T 1 / ( T 0 - I A T [ )  (Fig .  4), w e f i n d  that  

the  d i s c o v e r y  of d e f e c t s  i s  i m p r o v e d  u n d e r  the cond i t i on  73 ~ 0. 

The r e s u l t s  of the a n a l y s i s  show tha t  both f o r  o n e - s i d e d  and f o r  t w o - s i d e d  checks  the d i s c o v e r y  of d e -  

f e c t s  is  i m p r o v e d  as  the c o e f f i c i e n t  of c o n c e n t r a t i o n  of the s o u r c e  i n c r e a s e s  ( F i g s .  3 and 4).  

The r e s u l t s  of the  s o l u t i o n  of the p r o b l e m  e n a b l e  us to c a r r y  out the a n a l y s i s  f o r  the c o m p o n e n t s  be ing  
c h e c k e d  wi th  v a r i o u s  t h e r m o p h y s i c a l  c h a r a c t e r i s t i c s  of the c o n s t i t u e n t s ,  with v a r i a t i o n  of the  t h i c k n e s s  of e ach  
of the l a y e r s  and d i m e n s i o n s  of the d e f e c t .  C a r r y i n g  out  the c a l c u l a t i o n  u n d e r  the cond i t i ons  v = 0, x 0 = - L / 2  
and k = 0, we have  a p o s s i b i l i t y  of a n a l y z i n g  the p o s s i b i l i t y  of c h e c k  in the c a s e  w h e r e  the c o m p o n e n t  has  a un i -  
f o r m  d i s t r i b u t i o n  of hea t i ng .  This  is of i n t e r e s t  when the t e m p e r a t u r e  f i e ld  is  r e g i s t e r e d  by  a h i g h - s p e e d  

t h e r m o s c o p e  and a " T e r m o p r o f i l ' , "  i n s t r u m e n t .  
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N O T A T I O N  

a r e  the r e c t a n g u l a r  c O o r d i n a t e s ;  

is  the  t i m e ;  
m the s p e c i f i c  h e a t  f lux; 
t s  the  m a x i m u m  s p e c i f i c  h e a t  f lux; 
m the f low c o n c e n t r a t i o n  c o e f f i c i e n t ;  
, s  the  a b s c i s s a  of  the i n i t i a l  p o s i t i o n  of the s o u r c e ;  

m the t e m p e r a t u r e ;  
,s  the n o r m a l  to the s u r f a c e .  
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