CALCULATION OF THE NONSTATIONARY TEMPERATURE
FIELD IN A TWO-LAYER PLATE WHEN HEATED BY

A MOVING SOURCE IN THE PRESENCE OF
INHOMOGENEITIES ON THE CONTACT SURFACE

OF THE LAYERS

A. A. Yanshin, Yu. A. Popov, UDC 536.21
and S. D. Tseitlin

The nonstationary two-dimensional problem of the theory of heat conduction in a two-layer plate
with a separated section is solved in the case of heating one of the surfaces by a normally dis-
tributed source.

To investigate parameters which ensure the most effective determination of the quality of components by
the active thermal method, we consider the nonstationary two-dimensional problem of heat conduction for a two-
layer plate with a defect in the form of a separated portion on the boundary of the layers when one surface of
the plate is being heated by a moving normally distributed source.

Statement of the Problem

An idealized model, with a good accuracy, describing the basic physical processes in the case of a ther-
mal check, represents a two-layer plate of length L (Fig. 1) and thickness Hy + H, formed of two layers of ma-
terials with densities p; and p,, specific heats ¢, and ¢,, and thermal conductivities A, and A,. The homogeneous
layers have everywhere an ideal thermal contact (in the y = H, plane) which is disturbed at a certain distance
from the edge (from x =x; to x = x, + D), where an infinitely thin isolating layer of dimension D is located. On
the upper surface of the plate there moves, with velocity v, a heat source which ensures a passage through this
surface of a heat flux with a certain distribution

g = gyexp [— k (x, + x — vi)’]. (1)

The choice of such a distribution of the heat flux from the source into the body corresponds to the actual
conditions of a thermal check of two-layer components in the mode of scanning their surface. In this case the

Fig.1. The model of a two-layer
plate with a separation region being
considered,

Moscow Institute of Electronic Machine Construction. Translated from Inzhenerno-Fizicheskii Zhurnal,
vol. 31, No. 4, pp. 721-726, October, 1976. Original article submitted September 30, 1975,

This material is protected by copyright registered in the name of Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part
of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
microfilming, recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $7.50.

1223



b,
r ] & \ | /
: 1 A 4
a ) |
]
15 H — i — 5
: 7| ¢ '
| —\
E—— i Ne———1 . ' 2
—_— Loy J \\lI
) TN 7| ? \Y/
IR =i
:L ga’ 5 15 03

Fig., 2. Temperature profiles on the surface of a plate,
obtained in the moving coordinate system for different
values of the delay time 75 (T, °C; %, cm); a) the case of
the surface being heated: 1) T3 = 20; 2) 40; 3) 80; 4) 160;
5) 380 sec; b) the case of the opposite surface: 1) 7, =
40; 2) 80; 3) 120; 4) 170; 5) 200 sec.

source and the radiometer, rigidly connected with one another, move with a constant velocity along the surface
of the component. Inview of a number of special features of thermal check, in a majority of cases the heating
is carried out by an extended strip source; at the same time, the distribution of heat flux, for sources used in
reality, into the body in the direction of scanning is described by a normal law [1]. Moving after the source,
the radiometer registers the temperature profile of the loaded or the opposite surface of the component. The
defects existing in the component are revealed from the anomalies of the surface temperature distribution being
registered.

The basic equation, describing the distribution in such a body, in the Cartesian (x, y, t) coordinate system
has the form

2
c(x, y)p(x, y)%lt‘ =7\,()C, y)—g;c—}—%[}»(x, Y)gg] (2)

for x, y belonging to the region G= 0 =x= L, 0 =y = H +H,).

The boundary conditions have the form

%Z;;:f(x) Y, t) (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

xl(a—T) — M(‘E for Ty, =T, @
ap )1 \9p /2
must be fulfilled. On the defect portion we assume the condition of ideal isolation
oT
(-Gl
aP 1 ap /2
We represent the function f(x, y, t) in the form
0 everywhere on the boundary except
' 0<CaL, y=0
fe, 9 )= o ®)

% expl—A(x,+x—uvtyy for 0L, y=0.
1

Such boundary conditions reflect the heating process of the component being checked, by a source moving along
the surface with velocity v, with a normal distribution of flux into the body; this corresponds to the actual pro-
cess of thermal check of a wide class of two-layer components. When solving the problem we neglect heat ex-
change between the body and the surrounding medium over the remaining portions.
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Fig. 3. Dependence of the discovery criterion A, = AT/T for the surface being heated on
the delay time 7, = L/v (14, sec).

Fig. 4. Dependence of discovery criterion A, for the surface opposite to that being heated
on the delay time 7; (14, sec). A, = |AT|/T— |AT].

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

T (x, y, { = 0) =T° = const.
In our case it was assumed that T% = 0.

Numerical Algorithm for Solving the Problem

The problem under consideration was solved numerically, In the role of a numerical algorithm for
realizing the solution of the problem on a digital computer, we applied the method of fractional steps, with a
locally one~-dimensional scheme [2, 3]. Here the space (x, y, t) was replaced by a grid space wy(ihy, jh,, ),
while the sought continuous function T(x, y, t) was replaced by the grid functions T{l-. Since the coefficient of
thermal conductivity, density, and specific heat in our case are represented by piecewise-continuous functions
of the coordinates {[A (x, y), p(x, V), c{x, y)] € QO}, for the numerical solution it was necessary to choose a di-
vergent scheme, i.e., a scheme which would not violate, because of a break in the functions Afx, y), p(x, y),
c(x, y), the conservation laws of the phenomenon under consideration.

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

1/2 +1/2 1/2 +1/2
Terie—ry o TP — 2T 2 4 TR
- i 2 !
T h1 (7)
Tn+] — Tn+1 /2 i Trz 1 Tn—H Tn—H Tn+1
7 R/ S P S Rl A 7 T A 3Y it}
T h2 I, j+1 hz i hz ’

where
i
—1
4 = [_1 5 _d_y_] :
hZ P %(x’ y)
i

(X, y) is the coefficient of thermal diffusivisity, and Tnﬂ/2 is the value of the tempe rature at the grid point
(ihy, jh,) at the time instant ty + 7/2.

Grouping the terms of Eqs. (7), we can represent them in the form of the algebraic system of equations

Az'j T?jll,/j? _— B Trz—}-l/? + C Tr1+l/_2 — __D”’ ( )

8
Ey oty — Fy ToH Gy Trtl, = — 1y,

where

A;="% By="T, C =4y Dy=Tu

tJ — * 14 15 i1
B nt g

1225



a;;T T a, T 1
22 = M iy = — P AN J— ird+1 . - —
Ej B’ Fy e (@351 +ay); Gy = —*—’hg iy L= T,-,' 2.

The solution of the system (8) was carried out by the standard trial-run method, with the direction of
trial-run being altered in succession.

The scheme chosen allows us to obtain the following accuracy of solving the numerical problem:
ex, Y 1T, y H—TF||p =AM} + ),
where A is found, for example, by the method of subdividing the step h or by means of an a priori estimate [3].

The calculations were carried out for various values of L, Hy, Hy, D, Aj, ¢j, 04, 95, kK, v, X;- For example,
in one of the cases we took L = 25 cm; H, = H, = 0.5 cm; D = 1.0 cm; A; = 0.41 W/m -deg; p; = 1.84°10° kg/m’;
¢y = 1.44-10% J/kg-deg; A, = 0.22W/m-deg; p, = 1.12-10° kg/m?; ¢, = 1.43 " 10° J/kg-deg; qq = 3.0 - 10* W/m?;

v =1.0-10~2 m/sec; k =1.0°10° m™%; x, = —4-10"% m.

When considering the case of thermal check of two-layer components by means of an ID radiometer rigid-
ly fixed to the moving source, which is one of the most effective methods of check [1], we have to analyze the
temperature distribution in a moving coordinate system whose origin is located at the center of the heating
spot. Such distributions on the surface being heated in the case described above are presented in Fig. 2a for
points of the moving abscissa axis at various distances L' due to delay from the center of the heating spot.
Eliminating the conditions of discovery of separated parts for the component, when the source and the radiom-~
eter are located on the same side, from the criterion A; = AT/T; =(Ty— T /T (T, is the temperature of the
surface above the separated part; T,is the temperature of the surface above defect-free parts) (Fig. 3), we
find that the most effective discovery of separation, for the parameters of thermal check considered, is pos-
sible when the delay time 7, = L'/v is about 200 sec.

Such temperature profiles, calculated for the case of two-sided check, i.e., whenthe radiometeris located
on the other side from the source of heat energy, are presented in Fig. 2b for different 7;. Estimating the con-
ditions of discovery of defects in this case according to the criterion A, = |AT|/(Xy—|ATY) (Fig. 4), we find that
the discovery of defects is improved under the condition 73 — 0.

The results of the analysis show that both for one-sided and for two-sided checks the discovery of de-
fects is improved as the coefficient of concentration of the source increases (Figs.3 and 4).

The results of the solution of the problem enable us to carry out the analysis for the components being
checked with various thermophysical characteristics of the constituents, with variation of the thickness of each
of the layers and dimensions of the defect. Carrying out the calculation under the conditions v = 0, %, = -L/2
and k = 0, we have a possibility of analyzing the possibility of check in the case where the component has a uni-
form distribution of heating. This is of interest when the temperature field is registered by a high-speed
thermoscope and a "Termoprofil'," instrument,

NOTATION
X,y are the rectangular coordinates;
t is the time;
q is the specific heat flux;
dp is the maximum specific heat flux;
k is the flow concentration coefficient;
Xq is the abscissa of the initial position of the source;
T is the temperature;
p is the normal to the surface.
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