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Introduction

Clad materials are often used in many pressure vessels of nuclear reactors. Heat is generat-
ed in that pressure vessels by absorption of y-rays which emanate from the core of the reactor.
Design of the reactor pressure vessels requires the analysis of the temperature and thermal
stresses due to y-ray radiation. Considerable investigations have been performed on such
problems. The thermal stresses in a hollow circular cylinder due to internal heat generation
were considered by Kraus et al.”), Weil® and Schmidt et al.®). The transient thermal stresses in
a slab due to internal heat generation were analyzed by Goshima et al.®), Singh et al.®-® and
Thomas et al.®). However, all these investigations have dealt with the uniform materials. The
investigation for a clad material due to y-ray radiation has been little given in spite of the
availability for the nuclear reactor design.

In the present paper, we consider an infinite clad slab subjected to transient internal heat
generation decaying exponentially along the slab thickness due to y-ray radiation on a clad
surface, and cooled by convection on both surfaces. The transient temperature and thermal
stresses induced in that clad slab are analyzed by making use of Laplace transform and using the
Green’s function which is the solution for the plane heat source. In the present analysis, it is
assumed that the inertia terms in the equilibrium equations are omitted and the properties of the
material are independent of temperature. Numerical calculations of the temperature and ther-
mal stress distributions are carried out for the case of the stainless-carbon-steel clad material.
The influence of the absorption coefficient, the Biot number and the clad material thickness on
the results are considered.

1. Temperature analysis

Consider an infinite clad slad subjected to internal heat generation due to y-ray radiation and
cooled by convection. It is assumed that the strength of y-ray radiation is constant over the
surface of the plate. Therefore, the present analysis is dealt with as two-dimensional problem.
Fig. 1 show the geometry and coordinate system for this problem. The base material and the
clad material of the clad slab are represented by subscript j=1 and 2 respectively. In the present
analysis, the following dimensionless parameters and notations are used.
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§&=z/h, §=b/h, n=a/h, y=wh, z=1t/h’
B1:H1h/K19 Bzszh/Kz, Kzle/KZ, K=K,/K,
T*=hQ,/K:

where the definitions of symbols are shown in Nomenclature.
Consider the internal heat generation Q;(&, 7) due to y-ray heating, which is represented by

Qi(§, 7)=Qof;(§)H(7) (1)
where H(7z) is the Heaviside step function and f(£) is the distribution of internal heat generation.

Supposing that the clad slab is at initial uniform temperature T;=0O and is cooled by
convection on it’s surface, the initial and the boundary conditions are given as

T,=0 (=12 at z=0 (2)
aaTglz—BlT1 on é&=1 (3)
aa?:Bsz on =0 (4)
T,=T, at €=¢& (5)
KaaTCl:aaTCz at ¢=¢ (6)

We first consider the temperature field T} due to the plane heat source on ¢=# as shown in
fig. 1 with the same initial and boundary conditions as (2)-(6). In this case, Q(&, 7) represents the
heat source per unit time per unit area, and f;(£) can be expressed as

() =d(&—n)/h (7)

where §(§—#) is the Dirac’s delta function. Then, the Fourier’s heat conduction equation is

o’TY 9T} .
o¢ = 0%~ a0y T*6(§— ) H(z) (8)

where



TN

i— (L £=s7=1
1= 19 0<y<e&

and d; is Kronecker delta (6;;=1 for i=j, &; =0 for i+j). Proceeding in a manner analogous to
previous paper™, the solution of (8) (Green’s function), which satisfy the conditions (2)-(6), can be
obtained as follows :

© (l_e-—xrﬁr)

Ti=2% g (52) (mFL(6) (9)
where
L [ KVe(xa)cos((7 — &)xn) + 2 Vi (xa)sin((7 — &)xa), E>7
Chln)= {(Bl/xn)sin((ﬂ—1)xn)—c03((77—1)xn), E<n 10
G'2(7)=K {(B1/xq)sin((# —1)xn)—cos((# —1)xa)} (11)
G (m)=K {costurxs) +-2-sin(xnxa)} (12)
G ()= {(K/x)Vsz(xn)sin((ﬂ—E)kxn)—V%(xn)COS((ﬂ—$)kxn), &<y 13)
2=\ cosenxa) + Ba/(exn)sin(enxs), €>7
Fi (&)= {(Bl/xn)sin((é'—l)xn)—COS((é‘—l)xn), €<n (14)
T LRV (%0)c0s((E — &)%n) + 2 Vo (Xa)sin((E — &)Xn), E> 7
F, (&) = cos(xExa)+ fxz sin(x€x.,) (15)
le(C)ZE—:sin((C—l)xn)—cos«C—l)xn) (16)
Fe, ()= {COS(kan)+Bz/(xxn)sin(ké'xn), E<n# a7
2T UK/ 1) Ve (xa)sin((€ — &) xxn) — Vo (Xa)cos(E— &)xxn), €> 7
Ve (xn)=cos(x&xn)+ ,2: sin(x&Xn)
V3 () = - D2-cos(eE X,) — Sin(eEXn)
! (18)

V¢, (xa) =Kcos((& —1)xn)— KXB

sin((& —1)xn)

V2 ca) = Ksin((£ — xa) + 2t cos((£ ~ Dxa)

and x, are the positive roots of g(x,)=0

KB,B,

xX

g(x)= {(KB,+Bg)cos(x&x)+( — xx)sin(»&x)}
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xcos((§ 1)+ (Kx— 2222 )cos(eg) +(KB2 B,
x sin(x&x)} sin((£—1)x) (19)
g'(x)= dﬁ;}()

Thus we have gotten the Green’s function T'; satisfying eq. (8). Therefore, the temperature
solution T; due to the arbitray internal heat generation (1) with the conditions (2)—(6) can be
obtained by integrating as

3 .
o= [Tt dn+ [T dn G=1,2) (20)

Especially, in case of y-ray radiation, the heat generation distribution f;(#) is represented as
f,(&)=R(n, y)e ¢ (21)

Assuming that the whole heat generation per unit time is equal to the plane heat generation per
unit time, R(y;, y.) must be given by,

Ry, v)=nr./ [n(l—e ") +yple 7 —e )] (22)

Substituting eqgs. (21) and (9) into eq. (20), we can get the solution of the temperature T; due to y
-ray heating as

j 1,2y € < i i i—=
T+ =2R( vy )E;m&n) ;1 {FL5OWL(&)) (=1, 2) (23)
W(§)= [ [Ghnemdy

. G=1,2) (24)
W4(8)= [ [G(memdy

2. Stress analysis

In the clad slab, the thermal stresses are caused not only by the temperature distribution but also
by interactive restraining in construction between clad and base materials. Denoting the inter-
acting force and bending moment per unit length N, and M; respectively as fig. 2, the thermal
stressen caused in the clad slab are given as"®

1_V1 _ Nx 12Ml ( _1+g n
EaT & Tt a—gpé 2z )t
2 1+&m T,
+ o155 - e (25)
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(C—““‘Z‘—)dg

3
=g [7 e—5ac

Considering the clad slab free from external force, the equation of equilibrium is
b , ;

The continuous conditions on the splicing surface, in the x-direction strain and in the z-direction
displacement, are shown as

‘(1—V1) Nx 6M1 n __Tm
- 'E1 {1_—‘;_.4-—(1_5)2}—{—&/1(11 I 1)
_ (1—V2) Nx 6M2 n m
== (——‘g + 2 )+ ap (I, +172) (29)
2a1 1m 12(1—w,) 20 1m , 12(1—Wy) 30
gt a—gpE, M= ¢ "+ 5, M, o Q0

Ny, M;, M; in egs. (25) and (26) are easily determined by egs. (28)—(30).

[e]
X
qu._Mz( R j=2 )MZ—bNx
M

Ny—= ! j:l )Ml——Nx

1
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g

Fig. 2. Interacting force and bending moment
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3. Numerical calculations

Numerical calculations are carried out for the case of the stainless-carbon-steel clad material.
The material constants are shown in table 1. We assumed that the absorption coefficients of ¥
-ray energy are in the relation of uyy=g,=u or yy=y%=1y.

Figs. 3 and 4 show the temperature and stress distributions through slab thickness for various
values of dimensionless time 7, with y=10, B, =0, B,=10 and £=0.2. When z<0.5 the maxi-
mum tensile stress occurs on the splicing surface in the base material (§=£&%°). However, when
7>0.5 the tensile stress show the maximum value at the surface of the clad material (£ =0) and
the maximum compressive stress occurs on the splicing surface in the clad material (6=&°).

Figs. 5 and 6 show the effects of the clad surface convective cooling on the temperature and
stress distributions in the case of B;=0, y=10, z=0.1 and £=0.2. When at least B,<10 the
maximum tensile stress occurs on the splicing surface in the base material (§=£&%°), but when
B,=c0 the tensile stress show the maximum value at the surface of the clad material (£=0).
While, the maximum compressive stress always occurs in the clad material (0 £<£&). Fig. 7
shows the stress variations at the clad surface (£ =0) for various values of B, with B, =0, y=10,
£=0.2. It can be seen that the steady states are reached rapidly with the increase of B,. For
example, when B, =00 the steady state is reached at z>3.

Figs. 8 and 9 show the temperature and stress distributions for various values of dimension-
less y-ray absorption coefficient y, with B,=0, B,=10, z=0.1 and £=0.2. When y= 5 the
maximum tensile stress occurs on the splicing surface in the base material (6=£&*°). However,
when y<1 the maximum tensile stress occurs at the clad surface (¢6=0) and the maximum
compressive stress occurs on the splicing surface in the clad material (§=£&7°). Fig.10 shows the
stress variations at the clad surface (£ =0) for various values of y with B, =0, B,=10 and £=0.2.
It can be seen that when 7 <10 the steady states are reached approximatefy independently of the
value of y.

Finally, figs. 11-14 show the effects of the clad thickness on the temperature and stress
distributions for two cases of z=0.1 and oo, with B, =0, B,=10, y=10. For r=0.1 (fig. 12), when
£=0.1 the maximum tensile stress occurs inside of the base material (£=0.5), but when £=0.2 the
maximum tensile stress occurs on the splicing surface in the base material (¢ =£&*°). While, for
r=oco (fig. 14), when £<0.05 the maximum tensile stress occurs on the splicing surface in the base
material (= £&*°), but when £=0.1 the maximum tensile stress occurs at the clad surface (£=0).
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Table 1. Material constants of clad slab

clad material base material
(G=2) (i=1)
stainless-steel carbon-steel
o 17.9x10°¢ /°C 12.2x10°% /°C
E1 193 GPa 207 GPa
K..| 16.3 W/(mK) 53.4 W/(mK)
Ki 4.4x107% m?/s 14.7x10 ¢ m?/s
V. 0.3 0.3
al
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Fig. 3. Temperature distributions for various
values of dimensionless time z for the case
v=10, B,=0, B,=10 and £=0.2.
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Fig: 4. Thermal stress distributions for various
values of dimensionless time 7z for the case
of y=10, B,=0, B,=10 and £=02.
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Fig. 6. Thermal stress distributions showing
effect of the Biot number B, for the case of
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Fig. 5. Temperature distributions showing
effect of the Biot number B, for the case of
y=10, B,=0, =01 and &£=0.2.
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Fig. 7. Thermal stress variations at the clad
surface for various values of the Biot num-
ber B, with y=10, B,=0 and £=0.2.
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Fig. 8. Temperature distributions showing
effect of the dimensionless absorption co-
efficient y for the case of B,=0, B,=10,
=01 and &£=0.2.
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Fig. 10. Thermal stress variations at the clad
surface for various values of the dimension-
less absorption coefficient y with B, =0,
B,=10 and &£=0.2.
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Fig. 9. Thermal stress distributions showing
effect of the dimensionless absorption co-
efficient y for the case of B, =0, B,=10,
7=0.1 and £=0.2.
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Fig. 11. Temperature distributions showing
effect of the clad thickness & for the case of
7=0.1 with B, =0, B,=10 and y=10.
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Fig. 12. Thermal stress distributions showing
effect of the clad thickness & for the case of
r=0.1 with B, =0, B,=10 and y=10.
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Fig. 13. Temperature distributions showing
effect of the clad thickness & for the case of
r=o00 with B,=0, B,=10 and y=10.
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Nomenclature

=temperature

=thermal stress
=slab thickness
=clad thickness

(x, z) =cartesian coordinates (fig. 1)

a

j

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)
(10)

=location of plane heat source (fig. 1)

=time

=absorption coefficient for y-ray energy
=coefficient of thermal expansion

=Young’s modulus

=thermal conductivity

=thermal diffusivity

=Poisson’s ratio

=coefficient of heat transfer at both surfaces
=heat source density per unit time per unit volume
=dimensionless depth (z/h)

=dimensionless clad thickness (b/h)
=dimensionless location of plane heat source (a/h)
=dimensionless time (Fourier number)

=Biot number at both surfaces

=dimensionless absorption coefficient of y-ray (g;h)
=ratio of thermal diffusivity (»?=1,/x;)

=ratio of thermal conductivity (K=K, /K;)
=1(base material), 2(clad material)
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TRANSIENT THERMAL STRESSES IN AN INFINITE CLAD SLAB
SUBJECTED TO y—-RAY HEATING

Takahito GOSHIMA

Transient temperature and thermal stresses distributions arising in an infinite clad slab
subjected to internal heat generation decaying exponentially along the thickness due to y-ray
radiation are analyzed with the thermal condition of cooling by convention on both surfaces.
Numerical calculations of the transient temperature and thermal stress distributions are carried
out for the case of the stainless-carbon-steel clad material. The influence of the absorption
coefficient, the Biot number and the clad thickness on the results are cosideredz
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