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Stress and lifetirne calculations for first wall and blanket cornponents 

Part I: Crackpropagation in tubes 

In this report the lifetirne of first wall and blanket structures of 

fusion reactors is investigated. The extension of srnall pre-existing 

cracks by the cyclic operation of a fusion reactor seerns to be the 

rnost irnportant failure rnode. The special application of the present 

investigation are tubes acting directly as parts of the first wall and 

affected by various radiation effects. The outer surface is asyrnrne­

trically heated and by cornbination of thermal extension, swelling, 

irradiation creep and internal pressure a cornplex time dependent stress 

distribution results. Crack growth until failure caused by cyclic ope­

ration of the reactor is cornputed by application of fracture rnechanical 
rnethods. 

Spannungs- und Lebensdauerberechnungen für erste Wand- und Blanket­
Kornponenten 

Teil I: Rißwachsturn in Rohren 

Dieser Bericht befaßt sich mit der Lebensdauer der ersten Wand und 

mit Blankets von Fusionsreaktoren. Die Ausbreitung kleiner vorhandener 

Risse durch die zyklische Belastung aufgrund des pulsierenden Reaktor­

betriebs scheint die wesentlichste Versagensursache zu sein. Als spezi­

eller Anwendungsfall dieses Teils der Untersuchung wurden Rohre be­

trachtet, die direkt der Plasmastrahlung und somit unterschiedlichen Be­

strahlungseinflüssen ausgesetzt sind. Durch die unsymmetrische Ober­

flächenheizung resultieren aufgrund der thermischen Ausdehnung, des 

Schwellens, strahlungsinduzierten Kriechens und des Innendrucks kom­

plexe zeitabhängige Spannungsverteilungen. Das durch die zyklische 

Arbeitsweise des Reaktors bedingte Rißwachsturn wird mit bruchmecha­

nischen Methoden bis zum Versagen berechnet. 
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1. Introduction 

The lifetime of the first wall and blanket system of fusion reactors 

can be limited by different failure modes such as excessive plastic 

deformation due to creep, creep rupture, crack initiation and crack 

growth resulting from cyclic loading, wall erosion caused by sputtering, 

or by a combination of these effects. The extension of small cracks -

generated in the welding process during fabrication - through cyclic 

operation of a fusion reactor seems to be the most important failure 

mode. In the past, lifetime calculations were performed, often with 

the help of constrained plates simulating the first wall [1 - 13]. 

As an alternative and a further step in the direction of more complex 

structures, the behaviour of pressurized tubes constrained by bending 

has been investigated. 

The purpose of this investigation is to exhibit the general beha­

viour of first wall and blanket structures, and to obtain information 

about the different influencing factors. The calculations are a basis 

for further, more detailed considerations. A special application of 

the present investigation are tubes acting directly as parts of the 

first wall [14]. Such tubes are exposed for various radiation effects. 

The outer surface is heated by an asymmetrically distributed neutron 

irradiation. This gives rise to a Volumetrie heat component and void 

swelling. In the presence of mechanical stresses also irradiation 

creep will occur. Interna! pressure leads to additive tensile stres­

ses in the tube wall. In addition, sputtering of the surface due to 

bombardment by fast particles has to be taken into account. By combi­

nation of thermal extension, swelling, irradiation creep and internal 

pressure a complex time dependent stress distribution results re­

straining free deformation of the tube because of geometrical boun­

dary conditions. In most cases free bending is impossible. 

Stainless steel SS 316 (20% CW) was chosen as the tube material be­

cause an extended data base is available for this material. Some of 

the material data used were taken from the investigation of Watson 

et al [5,6]; they will not be discussed here. In a further study a 

broader data basis and alternative materials will have to be consi­

dered. 
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The paper is organized in the following way: 

- detailed calculation of temperature and stress distribution, 

- distribution of neutrons, 

- consideration of swelling and irradiation creep, 

- time-dependent change of stresses due to creep and swelling, 

- computation of stress intensity factors and crack growth due 

to cyclic operation. 
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2. Temperature and thermal stresses in tubes 

2.1 Basic equations and boundary conditions 

Whilst stationary temperature distributions in asymmetrically heated 

tubes are well-known from analysis [15], instationary distributions 

are often treated by numerical solution of the equation describing 

instationary heat conduction [16,17], in the last 10 years mainly 

by finite-element analysis [18,19]. In this paper an analytical solu­

tion of this problern will be given. 

The basis of the following calculations is the equation for instatio­

nary heat conduction 

-ae=!l1.cd) 
-1 

( 1 ) 

where T is the temperature, t the time, 1/A the thermal conductivity, 

c the specific heat, and d the density. 

The laplacian is written in cylindric coordinates as 

(2) 

The geometric units are shown in Fig. 1. The boundary conditions 

are given by a constant inner surface temperatur (arbitrarily chosen: 

T = 0) and the heat flux Q at the outer surface. 

(3) 

ar · - (n::R)= -1\.0('f) 
3Q ;I . 

(4) 
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2.1.1 Fourier components of the time-dependent temperature dis­

tribution 

To solve Eq. (1) under boundary conditions given by Eqs. (3) and 

(4) it is usual to carry out a Laplace transformation to elimi­

nate the time dependence. 

If T denotes the Laplace transformation of the temperature T 

'F = }"' T(t)exp(-ptl dt 

0 

one obtains from Eq. (1), considering the initial condition 

T(t=O)=O, 

with q 2 
= p/df.. 

(5) 

(6) 

Since Eq. ( 6) is dependent only on g and l.p , insertion of the 

usual set-up 

(7) 

into Eq. (6) gi ves, after separa tion of both variables, 

(8) 

As the left-hand side is not dependent on ~ and the right-hand 

side does not depend on ~ , both sides must be constants (Y
2). 

From the periodicity of the temperature distribution one can con­

clude that Y must be an integer value (n). 

So the ~-dependency is given by 

From the left-hand side it results 

(1 0) 
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The solutions of this differential equation are the cylindrical 

functions 

( 11 ) 

A syste~ of solutions can be composed by modified Bessel func­
tions of nth order 

B1,B2 =constonts 
( 1 2) 

So, the general solution can be written as 

( 1 3) 

The ~ dependent part of Eq. (13) is denoted Tng 

(14) 

The Laplace-transformed boundary conditions for cos ~ -terms, 

i.e. the only terms of interest in this report, are 

ar 
ag !g =Rl 

0 
p 0 == -t\ 6 

( 1 6) 

If Dn derrotes the nth Fourier component of D, the boundary condi­

tions of the related temperature components become 

( 1 7) 

(18) 
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Substituting Eq. (14) into Eq. (17) yields 

( 1 9) 

and thus instead of Eq. (14) 

(20) 

From the boundary condition (18) one obtains 

: Tn91 = Dpn = ~n(q l (I~(qRlKnlqr) - Inlqrl K~ (q R l ) 
g R n qr 

( 21 ) 

and by combination of Eqs. (14, 19, 21) 

Tno::: Dn . In(q~l) Kn(qr)- In(qr) Kn(qQ) 
J pq I~(qR) Knlqr) -Inlqrl K~(qRI 

(22) 

From the inversion theorem of Laplace transformations it fol­

lows with p ~"; q -ffi>}J=fJ\tat:. 

Dn 
T. =­ns 21'Ti 

r -ioo 

(23) 

In this formula y has to be chosen to be so large that all sin­

gularities of the integrand are lying on the left of y in the 

complex-number plane. The integral (23) can be evaluated by 

application of the residue theorem. 

2.1 .2 Simple pole at /\= 0 

At /\= 0 the integrand possesses a simple pole. With the diffe­

rentiation rules for Bessel functions 

( 24a) 
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and (24b) 

one obtains by use of as.ymptotic representations for low argu­

ments 

(25) 

(26) 

the residue 

Res' = B_. I 0(1J9)K0 (J..1r)-1 0 (,Ur) K 0 (.LJ9) I 
p=O }Jn I~().JR)K0()Jrl-I 0 (JJr)K~(]JR) JJ=O 

:: B.. (Q/r)n_ (r/p) 0 

n (R/r)0+(r/R)0 fo r n > 0' ( 2 7 a) 

Res! = R · ln !9/rl 
)J =0 

for n = 0 
(27b) 

2.1 .3 Zeroes of the nominator 

Further singularities of the integrand are caused by zeroes of 

the nominator N 

The singula.ri ties are lying. in fJ = i o<k 

positive roots of the equation 

(28) 

, whe re o<:' k a re the 

(29) 

Jn and Yn are the Bessel functions of ordern [20]. To calculate 

the redidues a t cx' k the express ions 

are necessary. 
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A langer analysis yields 

dNI =J..!RI1+_n!_ l[I (ttR)K (ttrl-I (ttrlK (fJRl]+}Jr(I~(IJRlK'niJ..lrl-I'niWlK~I}JRl] 
d 2R2 n r- n r- n r n . . 

}J fJ=icl. )J 

(30) 

Application of the functional equation [20] 

leads to 

( 3 2) 

Use of the relation between Bessel functions and rnodified Bessel 

functions 

(33) 

produces 

Thereby the residues are found 

Resl = -e-lCci~tTf' Jn(o<kRlJn(o(krl(Jn(o(k2lYn(o(krl-Jn(o<'krlYn(9 o<'kl) 

o( k o( k [ ( 1-n 2 I o( J R 2 l J ~ ( o( k r l - J~2 ( o( k R ) ] (35) 

Since the value of the integral (23) is equal to the surn of re­

sidues, one obtains for n > 0 
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If n = 0 -i.e. angle independence of T0~ - it results 
(37) 

J, (o<'kR I Jo! ci kr I [Jo! o(kQ I Yo! oc'krl - Jo! o<'k rl Yol o<'kQI] 

o(k[J~(o(krl-J~ (o(k R)] 

The case n = 0 is also treated in [15]. The results are in agree­

ment. The general solution in case of heat flux distributions 

symmetrical to ((J= 0 (only cos-terms!) is given by 

00 

T ( ~, 'P, t l = 2. Tn
9

(<_?, t ) cos n 'f 
n=O 

(38) 

2.2 Temperature distributions 

Since the Fourier components of the temperature are known, any 

possible heat flux distribution symmetrical to ~= 0 can be 
evaluated. 

The procedure will be demonstrated for a heat radiating end­

less strip of width 2a and distance L from the tube centre, 

as shown in Fig. 2. 

The flux contribution of a small strip element with the area 
dF"'is 

dO=C cos,J dF'cosiS-\Ol=CcosiS-Y'l d,_J' s (39) 

For ~~ 0 the whole intensity on the tube surface is given by 

and 

tor :3'
2 
~ ot.. 

tor :1
2 

< cl. 
(40) 
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with ,S.:-arctan a+Rsin'P 
1 1- R cos 'f' 

r3'
2
= arctana-Rsin'f' 

I-R cos V' 

From Eq. (41) it results for Cf= 0 

J. 101 = - arc tan - 0
-

1 1- R 

so we get the maximum intensity 

0 ,J
2 

10 l = arc tan T:R 

Elimination of C in Eq. (40) leads to 

. J QIO) ( 1 + f 1-R )2 ) 112 [ (sin.J: -sino<:' lcos l"- (cos ..J2 - coso( l sin <f ]/2 
Q(~): I 0 2 

l 0 

for 

for 

The Fourier coefficients of this distribution canbe deter­

mined by 

Ö ( 't') cos ( n ~ l d 'f 

( 41) 

( 4 2) 

(43) 

(44) 

In special cases these coefficients can be evaluated analytically. 

2.2.1 Tube in front of a heat radiating semi-infinite body 

This special case is characterised by a + oo, 

The angles become "'I= -7r12 1 J 2 " 7Tt2 , 0(::: 'f- 1!;2 

Introduction into Eq. (43) gives 

Q('f')= 1 Q(0)[(1-sin('f-11/2))cos<.p+ cos(Y>-7T/2lsinl"]=~ Q(O)[l+cos'f'] ( 4 S) 
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The Fourier series has only two terms (Q 0 =0 1 = Qtül/2) and 

evaluation becomes very simple. From Eq. (4) we get the time-de­

pendent temperature distribution. Figure 3 shows the temperature 

distribution for a thick-walled tube with R/r=2 for '= 0,n2 and 

ff. The temperature values are normalised to the temperature of the 

hattest point on the outer surface {~= 0, 9 = R). 

The stationary temperature distribution follows from Eqs. (36) and 

(37) for t + oo 

T (g \O)=QlOlt\.R [lnn/r + 9/r -r/9 cos lf>] 
oo ' 2 J" R/r+r/R 

(46) 

Figure 4 gives a representation of this relation in isotherms. 

2.2.2 Radiation source at an infinite distance from the tube 

This special case is characterised by l + oo • 

Therefore, the angles ~ and Y2 become very small. Because of the 

approximative formulas 

sinlarc tanx l =x 

it results from Eq. (43) 

. 
• { 010) cos ~ Q(Cf)= 

0 

COS X :; 1 

for l'fl ~ 'tr/2 

for IY'I>1T/2 

The Fourier series of this well-known distribution is 

. QlQ) 1Y ~ ,·-1 2 2 ) 
Q = 1r ( 1+2 COS'f' + *' (-l .(2Y+1)(2v-1) COS Y'!f 

The stationary temperature distribution is given by 

Tlo,V'l= 1\~IO)R( 1 Q n- ~/r-r/~ 
~ n "F + 1 Ir + rR cos r,o + 

( 4 7) 

( 48) 

(49) 



- 12 -

Figure 5 represents the corresponding isotherms. The distribu­

tion across the wall is shown in Fig. 6. 

2.3 Thermal stresses in the tube wall 

Thermal stress calculations can be performed by application of 

the temperature results reported in chapter 2.2. This will be 

shown in detail for a tube in front of a heat radiating semi-in­

finite body. To simplify the notations the geometrical data are 

normalised to the inner radius by setting 

r = 1. 

Axial strains and deflections caused by bending moments should 

be prevented, i.e. C = 0. z 
The elastic basic equations are 

E 
ag = (1 +,uH1-2, .. Jl f ( 1-J-d e9 .. f-1 Ecp- (1 .. t-~l o( T J 

a'y.= ( 1 +)Jl~1 _21_J) ((1-j.JlEI" .. f-IE9 -(1 .. plo<'T] 

0: _E_ E 
~'P= 1<-)J )!\!> 

(50) 

where 0 and E are standing for the shear stress and strain, ~ 
Ptr P'P 

the Poisson's ratio, a the coefficient of expansion and E the 

Young's modulus. 

Two equilibrium conditions are given by 

(51) 

The strain components can be expressed by the displacements (u,v) 

in cylindrical coordinates 

e = 1. av + ~ 
'f' 9 a'P 9 (52) 
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Since the temperature distribution is given by a Fourier series 

it can be concluded that the displacements are 

Substitution into Eq. (52) leads to 

t:9 = :} ~ ~n cos n 'f 

Elf= .L2::(nvn +Un) cos n'f 9 n 

E = ..L L ( avn_ :::!JJ - .!l!d.n) sin n'f 
91" 2 n ä9 9 9 

(53) 

(54) 

Introducing Eq. (54) into Eq. (50) and Eq. (51) one obtains a 

system of two coupled differential equations 

v" +v~g -[1+ 2 11-}Jln
2
)v __ n_~u·-n2~u =- ~ 2r:/~nTn 

n 9 1-2}J n 1-2)-l n 1-2tJ n 1-2)-1 (55) 

The solution of this system will yield the displacements and, 

using Eqs. (52) and (50), the related stresses in the tube cross­

section. 

2.3.1 Displacements 

Application of the general set-up 

gives the solution of the homogeneaus form of Eq. (55) 

and 

- I 
u = A1 g + A2:; 

V=Ü 

u = A ~ o2 + Az o-z + ( ~ - A 3)- Al. ln 9 
I 5 -4)J ;y l 3-4)J 

for n = 0 

for n = 1 

(56) 

(57) 

(58) 
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To get the complete solution of Eq. (55) a particular solution 

of the non-homogeneaus system is necessary. It can be evaluated 

by the method of "variation of parameters". 

For n = 0 only a single differential equation follows. Its solu­

tion is 
g 

f T t d~ (59) 

For n = 1 the respective displacements are given by 

1 1 + ,U 1 19 
2 19 

1 I 1 4 1 - 4 )J 2 J J u.=- -(--.. x Tdx + Tdx-- T (1)(-+--- 41no- n ( 6 0) 
I 2 1-f.l 9L 1 1 

8 92 3- 4 }J ~ 5-4 )J ,r 

V = _]_ 1 
+ )J ( _1,.. r~ 2 T d x - /r dx + .1_ T' ( 1 ) (n2

- -b - 4 in o ) ] 
' 2 1-}J 9LI I 8 ) g ::s 

2.3.2 Stresses in the tube wall 

The stresses can be computed by application of Eqs. (54) and 

(50). The unknown constants A1 , A2 , A3 , A4 have to satisfy the 

boundary conditions at the outer and inner surfaces 

( 61) 

For n = 0 we find 

o!E r r/-1 1 
R 9 

ci = I T J df - ~ 2 (T5 dj) go 1-p R2 -1 (i <igV>o:: 0 I 
( 6 2) 

tx' E g2 + 1 R g 
r:f 1 

[ Tf d f + ~ j T~ df- T ] =-- ( R2 -1 92 'Po '1-}J 
I 9 1 

and for n = 1 the following expressions hold 

( 6 3) 
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A =_L~aT(1) 
4 4 1-f-l ag 
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Taking into account the first terms of Eqs. (36) and (37) the 

stationary stress components, after dropping the restriction 

r = 1 (i. e. R--+- R/r and p ___.,. p/r), can be wri tten as 

and 

Then the stresses are given by 

<fg = <f9o + o'S'I cos lfJ 

a'f =o''-1' + a'f' cos 'P 
0 I 

( 6 5) 

O's>'i'=agr
0

+ og'l'
1
s'tn l.f (66) 

For a tube in front of a· heat radiating semi-infinite body 

Q
0 

= Q1 = Q/2. By use of Eqs. (36), (37), (62) and (63) the in-
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stationary stresses ean be evaluated. Figure 7 shows the eireum­

ferential stresses 0~ as a funetion of the normalised time for 

a thiek-walled tube (R =Zr). Maximumstress values are reaehed 

in the stationary ease. Figure 8 represents the stationary stress 

distributions for 0~, 0p' 0P~ and different values of ~. It is 

well known that temperature eomponents T with n > 1 have no in-
n 

fluenee on stationary stresses in tubes [211. So it is possible 

to eompose all stationary stress distributions by use of the eom­

ponents with n = 0 and n = 1. 

Figure 9 shows the eircumferential stresses in a tube heated by 

a radiation souree plaeed at an infinite distanee. 

2.4 Stationary temperature distributions for additional volu­

metrie heating 

Due to the fast neutrons (14 MeV) oceuring in fusion reaetors a 

volumetrie heat produetion in the tube wall has to be taken into 

aeeount. If q is the density of the heat produetion rate the 

stationary heat eonduetion equation ean be written as 

( 6 7) 

A general solution of this equation is not possible. A set-up 

similar to Eq. (7) gives no spearation of the variables g and ~. 

Therefore, only two important speeial eases for q(g,~) are in­

vestigated. Beeause absorption of neutrons in steel is relative . 
small, q ean be eonsidered as independent of g, i.e. 

(68) 

2.4.1 Constant heat produetion in the tube wall 

The simplest assumption is a eonstant heat produetion in the 

tube wall 

q = eonst . 
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This case can be assumed if absorption in the coolant medium 

is also small. Equation (67) can be written 

and because of 

1 a 1 r + 9 
2 1\.q 14 l 

9 a g 

By substitution 

it results 

q :1: f ( lp) 

+ a 2 !T+s> 2~q14l 
a 9z 

ß8=0 

(70) 

(71) 

(72) 

The solution of this equation leads to 8Nin(9/rl. By superimpo­

sition of the solution of Eq. (37) for surface heating and con­

sideration of the boundary conditions in Eqs. (3) and (4) one 

obtains 

( 7 3) 

The relation in Eq. (73) is depicted in Fig. 10 for different 

values of R·q/Q. 

2. 4. 2 <P -dependent heat production in the tube wall 

If absorption in the coolant medium is worth mentioning the 

rear parts of the thin-walled tube will become partially shiel­

ded from neutron radiation. Therefore, an angle dependency of 

q has to be taken into account. The Fourier series of the heat 
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production rate holds 

• 00 • 

q = L q cos ( n \") 
n=O n (74) 

For the temperature distribution one has also to expect a 

Fourier series 

= 
T(g,\"):: Z:: Tn(<;>lcos(nlf) 

n=O 
(75) 

Introduction of Eqs. (74) and (75) into Eq. (67) yields 

(76) 

From the homogeneaus differential equation it results 

1 T. A n B -n 7\ nhom" n9 + n9 for n>O 

for n = 0 

A particular solution of the inhomogeneaus equation 

can be found with the set-up 

Introduced into Eq. (76) i t resul ts in 

and 

1 
Cn = -:::21 n -4 

tor n ,f: 2 

(77) 

(78) 

(79) 

(80) 
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For n = 2 one obtains by the method of "variation of para­

meters" 

(81) 

By superposition of homogeneaus and inhomogeneaus solution~ 

the total solution is given by 

= 8 • 
+ ~ (A l + ~ - ...9lL. n2 ) cos n <p 

n=l n,J ~n 4-n2 ::r 
(ni2) (82) 

From the boundary condition in Eq. (3) at the inner surface 

( g = r) one obtains 

. 
8 = __9_o_ n+2 _ A 2n n . 2 r nr 

4-n 

(83) 

and from the boundary condition in Eq. (4) it can be concluded 

• 1 • 2 
Ao = Oo R + 2 q o R 

6 8 2 1 • 1 A 2=~+r=;z;-+-q 2 (1nR+-2 ) 
2 R R L. 

On 8n 2qn 2-n 
An=--,• -z + -- R nRn- R n n(L.-n2l 

(84) 

By combination of Eqs. (83) and (84) A and B can be deter-
n n 

mined as 

(85) 
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and B Q• R 1 • Rz 1 • z =- ln r - - q ln r + - q r 
0 0 2 0 4 0 

(86) 

For n = 0 the results of Eq. (73) and Eqs. (82, 84, 85, 86) 

are identical. Figure 10 b shows for this case how the shape 

of the temperature distribution changes with increasing por­

tion of volumetric heating. In this representation the value 

Rq /Q = 0 is standing for pure surface heating and Rq /Q + oo 
0 0 0 0 

for pure volumetric heating. 

2.5 Stationary temperature in non-concentric tubes 

In the previous analysis only tubes with concentric circular 

cross sections were examined. For tubes directly affected by 

the plasma a change in tube wall thickness caused by sputte­

ring has to be expected. Wall regions at the front side ( t,Pz 0 ) 

become thinner than regions at the rear side ( ~z fr/2 ). There­

fore, a temperature distribution results which deviates from 

that of concentric tubes. An analytical solution is possible 

in case of an eccentric circular tube. 

2.5.1 Analysis of an eccentric circular tube 

At first a tube situated in front of a radiating half-space is 

regarded. The rate of sputtering should be assumed to be sub­

jected to the same dependency as the heat radiation distribu­

tion so that in a first approximation a nearly eccentric tube 

will result. The correct shape of the tube wall will become 

more complex since sputtering is not only dependent on the in-
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tensity but also on the angle of incidence of corpuscular ra­

diation. Another reason for the occurrence of.eccentric tubes 

results from the intention to build a sacrificial layer in 

regions subjected to high sputtering. The special case of an 

arbitrarily given temperature on the outer surface and T = 0 

on the inner surface is treated in [15]. The geometrical units 

of such a wall are given in Fig. 11 a in bipolar coordinates 

with the focus distance21. The bipolar radii of any point of 

the tube wall are ~ 1 and ~ 2 the corresponding angles 8 1 and 8 2 • 

R1 and R2 are standing for points on the outer circle, r 1 and 

r 2 for points on the inner circle. With the abbreviation 

(87) 

It results for a temperature distribution symmetrical to ~=0 

(88) 

where 
'ir 

0 = 0 

1 
27( I T ( rt' l drt,' 

-1T (89) 
71 

0 = n 
1 

'iT I T ( f1_1 l co s ( n rt,' l d ll,1 

-7( 

are the coefficients in the Fourier series for T(~) in the 

interval -T( to rr. The introduction of polar Coordinates 

(g, ~) with the origin in the centre of the outer circle is 

shown in Fig, 11 b. If the distance of both circle centres 

is D, the dis tance 7Jf of the origin of polar coordina tes 

from the directly adjacent focus of the bipolar coordinate 

system is given by 

(90) 
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and 1 is defined as 

(91) 

The quotients R1/R2 , r 1;r 2 and o to in Eq (88) can be 
.3" 1 .l2 • 

replaced by 

21 = 9 + V92 + lz' -I 

9z 9+~ri+lz' +I 

r ,. + -1 r 2 + 12 ' -I 
!J_ = I 

~ -r-+-r~=r~2=+~121'--+~l 

B.J = R + .J R2 + 12
' - I 

R2 R+~R 2 +1 2 ' +I 

(92.1) 

(92.2) 

(92.3) 

Finally, the dependency between the angles '1 and <f? is deter­
mined as 

Equation (88) is only suitable for a given temperature distri­

bution on the outer surface. For a given heat flux Eq. (88) 

has to be modified. Considering that curves with ~= const are 

reetangular to the outer circle differentiation with respect 
to ~ yields 

(94) 

(93) 
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It should be noted that there is no singularity for n 0 

because 

lim 
n-.0 

n 
n -n x -x 2 ln x 

From Eq. (92.1) one obtains 

d !q,tqzll = 2/R: 

d ~ ~=R 

and with this 

f=~ r1 R2 

(95) 

(96) 

( 9 7) 

The Fourier coefficients bn have to be determined from the 

condition for the heat flux distribution 

. 
1\.Q('P) 

CO 

= ::?::: bn cos nrt 
n=O (98) 

where C are the coefficients of the heat flux distribution n 
in polar coordinates and bn the coefficients in bipolar coor-

dinates. The coefficients an can be replaced by 

(99) 

Finally, one obtains 

'Xn-'X-n b 
T = !o 5 n + J -n n n[ ~R 2 

+ 12 ' - R cos <p] Jt cos ( n f"),) 

( 1 00) 
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where ~ is given by Eq. (93) 

( 101) 

The maximum surface temperature is 

( 102) 

Figure 12 represents isotherms of a thick-walled eccentric 

tube. The heat flux distribution is given by Eq. (47). All 

temperatures are normalised to the maximum surface tempera­

ture T!~=R,'~>=Ol 

2.5.2 Approximation for non-circular tubes 

For more complicate cross sections an analytical solution seems 

impossible. In such cases an approximative method will essen­

tially simplify this problem. We assume that the temperature 

distribution in an arbitrarily shaped tube wall with local 

thickness h( ~) will be equal to the temperature distribution 

in a concentric tube with the same thickness, i.e. the wall 

thickness for an arbitrary point has to be determined and then 

the temperature calculated by application of Eqs. (36), (37) 

and (38). To prove this method of approximation computations 

were performed for an eccentric tube with exact formulae and 

a method of approximationwas applied. Thick-walled tubes with 

high eccentricity were chosen because maximum deviations bet­

ween both methods could be expected. The relative deviations 

6T 
Tmax 

= 
Texact - Taporox 

T(s>=R,'f'=Ülexact 

are depicted in Fig. 13 for (fJ= 0 and lfJ= 1t' and different 

values of r/R and D/R. 
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Since in all cases the deviations are lower than ± 4,0 %, 

the proposed method seems to be a very good a~proximation. 

3. Distribution of neutron radiation in the tube wall 

Neutron radiation affects the thermal state by volumetric heat 

production, gives rise to swelling and irradiation creep, and 

influences the strength data by irradiation embrittlement. 

Therefore, the knowledge of the distribution of neutron radi­

ation in the tube wall is necessary for realistic calculations. 

In practice where the absorption in tube and breeder materials 

is not negligible a complex distributionwill result. 

The path of a neutron beam and its geometrical data are shown 

in Fig. 14. The problern is to calculate the absorption along 

the path components b 1 , b 2 in the tubematerial and a in bree­

dermaterial up to the point ( ~ g ). Introduction of the geo­

metrical quantity 

( 1 03) 

gives 

( 104) 

By application of simple geometrical theorems one obtains 

from the secant theorem for the outer circle, and 

from the chord theorem for the inner circle. 

Combination of Eqs. (104) and (105) yields 

bz = 9 cosf -vr 2 -~ 2 sin 2 ß' 

( 1 OS) 

( 106) 

( 1 07) 
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and frorn Eqs. (104) and (107) one obtains 

( 108) 

Inserting of Eqs. (107) and (108) into Eq. (106) gives 

( 1 09) 

and thereby all path cornponents are known. 

3.1 Distribution in case of parallel neutron radiation 

Because of syrnrnetry with respect to ~= 0 only the right half 

of the tube will be treated. For parallel neutron radiation 

we have to put 

-S=O f3=7T- cp 

For points with 
( 109) 

~2sin 2 fl ::fr 2 it results frorn Eqs. (107) and 

and 

In case of ~z sin2 (3 > r 2 or (p < 7r{2 

b=b 1+b 2 = ~ cost+ lR2-g2sin2p' 
a =0 

( 11 0) 

we obtain 

( 111 ) 

If ~, and ~ 2 are the coefficients of absorption in the 

breeder material and in the tube wall respectively the neutron 

intensity ~ can be calculated by 
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Figure 15 shows the distribution of neutron intensity calcula­

ted by Eq. (112) for ~= r and ~ = R under assumption that 

a 2 -+ 0. 

3.2 Distribution in case of a tube in front of a neutron 

radiating half-space 

The share of radiation at the point ( g,0) coming from a strip 

of the half-space with area dF' is 

dF 'cos" dF 
d$=C s "'=C---s- :Cd,J' ( 11 3) 

The geometrical units can be taken from Fig. 2. In the absence 

of absorbend material, integration with respect to all direc­

tions of incidence gives 

and finally 

7T /2 

~0 = c J d ;r = c fi 
-1r/2 

( 114) 

( 11 5) 

If a beam crosses n absorbent layers with different coeffi­

cients of absorption and ai is the thickness of the i-th layer 

the intensity of neutron radiation is given by 

'ir /2 

rh = . ~0 J e x p [ - ± cx:. a. ( .Y ) ) d .Y 
'I' 1( i=1 I I 

-7T/2 ( 11 6) 
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Introduction of angle f (Eq. (103)) yields 

311/2-'f> 

~ I n cp = _ 0 exp [-~ o<'i ai(pl] dß 
u 1=1 

( 11 7) 
?r/2 -'f 

Applied to the tube with the coefficient ~1 in the breeder 

material and to ~2 in tube wall, this gives 

a) For 9 cos 'P ~ - r 

-arc siri 1. . '9 I exp [- o<'2 (~ cosf3 + ~R2 - ~2 sin2(3 )] d(3 t 

.; -Y> 

arc sinf 

j exp[-o(2(gcosß + JR2 -r/sin2 ~ -2{r'C?sin2p l- 2 o(1 ~r 2 -g 2 sin2 p']dß 

. r -arc s1n§ 

3 27r-'P 

• I exp[-o<'2 (~ cosf3+~R2 -~2 sin 2 (J')] d(3 
arcsinf 

b) For I g cos Y' 1 < r 

( 11 8) 

arc sinf 

'itt/J(tep) = j exp[-o(2(gcosß + JR2 -(/sin2 ~ -2Jr2-t/sin2p )- 2 ot,~r 2 -g2 sin2 p']dß 

][_'f 
2 

3 27r-'P 

+ I exp [- o<'2(~ cosf3 + ~Rz- ~2 sinz{J• )] d(3 
arc sin f 

c) F o r g cos Cf ~ r 

",. tP ( g, Cf) 
/t~ 

11!'- 'f 
2 

= j exp[-o(2(g cosß + JR2 -(:/sin2 ~· 

f-cp 
) ] dß 

( 11 9) 

(120) 

These relations become simple if absorption in the tube wall 

can be neglected relative to absorption in breeder material; 
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i. e. o< 2 < < C>! 
1

. In the following we put 

By introduction of the function 

(!I 

H(A,f-l.ßl = ~ J exp[-A~1- )J 2 sin 2 ~' '] df3' 

0 

the simplified distribution can be written 

a) I f g cos Cf 6 r 

b) I f l9 cos <f' I< r 

g . r Q 7r l 3 'f 1 · r 
~I rbo = H ( 2 at1 r I r I a r c 51 n g l - H ( 2 o( 1 r I r I 2 - 'f - 2 - 2 - 1r a rc SI n 9 

c) If s>cos'P:::r 

( 1 21) 

( 1 2 2) 

( 1 2 3) 

( 1 24) 

The integral, defined in Eq. (121), has tobe evaluated nu­

merically. For a thin-walled tube the intensity distribution 

of neutron radiation in the wall can be represented with an 

acceptable accuracy by the intensity at the inner surface 9= r. 

In. this case an analytical solution of Eq. (121) is possible. 

One obtains 

f> ß 

H(A,1,,Bl = ~ 1 e-flcospl df3' =-1 ~~ 
7r n:O 

0 0 

( 1 2 5) 
( 1 n f3 
-A cosß l dßl = l_ ~ (-Alnj cosnal dfll 

n! 'Ir n:O n! r- 1 
0 
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with the result [22] 

n ?L 

H(t.. 1 f3)=j_ ~ (-/..) {sinp:E: (n-1·-2·y--1) cosn-2Y+lf:? (1-s;2i~)ß 
' ' 1\ n=D n! Y=l (n;-2;y-) + (2-s;2jxl 

(126) 

where n=2ae-s s = {~ so that ~ becomes an integer. 

In Fig. 16 and 17 the intensity distributions calculated by 

Eqs. (122-124) are represented for oe1r = 0.5/1/2 and =. 
In the special case of a strongly absorbing tube content 

( or large inner radius); i. e. o<1r- = , the analytical sol u­

tion becomes very simple, because of 

4> /~0 = 

1 2 · r -- arc s1n n 
7r -;s 

..3...\01 ·r 
2 - rr - 'if' arc s1n 'V 

for 9 cos'f ~ r 

tor g coslf>r 

4. Swelling and irradiation creep 

( 1 2 7) 

Neutron irradiation gives rise to two important phenomena 

of deformation in metals, void swelling and irradiation creep. 

Swelling: 

The basic effect is the displacement of atoms from their 

lattice sites, thus producing vacancies and interstitials. Such 

defects can interact in two ways. Vacancies and interstitials 

can recombine to annihilate each other, or vacancies can nucle­

ate and grow, producing so-called cavities or "voids". By the 

latter process the volume of the material will increase. The 

effect of volume expansion is called "swelling", abbreviated 

S, and given by 

S::b.V/V ( 1 2 8) 



- 31 -

Swelling is dependent on the temperature and the irradiation 

dose ~t • Void swelling is strongly temperature dependent with 

maximum values in the range of 500 - 600°C for stainless steel, 

as can be seen from Fig. 18. The insert in Fig. 18 shows the 

dose dependency schematically. There exists an incubation dose 

~s with an approximately linear dependency. An empirical ex­

pression known from fast breeder technology is ~] 

1 1•eoC('t-<!Jtl)] 
S ( t l = R (<Pt • ot.. In ( <><''t 

1 • e ( 1 2 9) 

2 3 4 1 
R(Tl=0.002 exp [0.042+1.498,8+0.122~ -0.332(3 -0.441(3 

dpa-1 

't 5 =5 (4.742-0.2326(?;+ 2.717(J
2

l dpa , 

afS =0.15 dpa -1 

(3 = ( T - 500 l/100 T in ° C 

Irradiation creep 

A metal subjected to neutron irradiation and non-hydrostatic 

stresses shows an effect of inelastic deformation, the so­

called "irradiation creep". Models were developed to explain 

the mechanisms [23, 24]. 

Neglecting a correlation between irradiation creep and swel­

ling, the creep law can be expressed by 

( 1 30) 

where S .. is the stress deviator, which for thin-walled tubes 
lJ 

becomes 
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s11 = sz = + ( a'z-} a"<pl 

Szz = S'P ':! +(a'lf'- i-a"z l 

s = s e{ 0 
33 9 

The factor of proportionality is 

- 6 - 1 -1 
C::::: 1;5·10 MPa dpa 

( 1 31) 

( 1 3 2) 

for various aus teni tic s tainles s s tee ls [2 5, 26] . In the in­

teresting temperature range of T < 550°C thermal creep can 

be neglected. 

S. Stress development with respect to time 

5.1 Derivation of the differential equations for constant 

operation 

The total deformation E of a volume element in the tube wall 

can be composed by elastic strain Eel' thermal strain Eth' 

creep strain Ec and deformation due to swelling [ 5 , as 

(133) 

and from this results 
t 

Ez = ~z - f1 ~'f + ot T + BI ( cfz - + ~ l d t + -}- S 
0 

t 

E )t> = ~ 4' - fJ ~ + a( T + B J ( a' V' - + a'z ) d t + + S ( 1 34) 
0 

where B = C eil 

The geometrical boundary conditions are 
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Lz = const. over the cross section A; i. e. bending 

strained, 

Ccp = const. over the wall thickness h = R-r; i . e . 

thin-walled. 

In formulas these conditirns can be written as 

C = 1. j C dA' = [ z A z z 
A 

c"' = ~ J elf d g = elf 
h 

is re-

tube is 

( 1 3 5) 

( 136) 

Note that two bars are standing for taking the mean over the 

whole cross section and one bar for taking the mean over 

the tube thickness. 

The equilibrium in the axial and circumferential directions 

is described by 

and 

J C1'z d A' = o'z A = pi r 2 rr 
A 

J cf<p d ~ = o'ep h = p i r 
h 

Combination of Eqs. (134-136) yields 

t 

~ ( ~ - )-l cfcp) • o( T • j [ B ( o'z- r a'~) • + S I d t = 
0 

. t 

~ ( alf - J-1 dz ) • o( T • j [ B ( a~" - t o'z ) • +-S I d t = 
0 

( 1 3 7) 

( 1 3 8) 

( 1 39) 

( 140) 

Differentiation of Eqs. (139) and (140) wi th respect to time 

gives, considering that 

(141) 
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1 • • 1 1. = 1 = 1. 
E (o'z -I-Id) + B (o"z- 2 d'f') + 3 S = Bcr'z -y Bcfy.+ j S ( 14 2) 

-E1 ( Cr'fO- • I CY.. ) + B ( er: - l. er' ) + .L s '::: - E1 I I cY + B cf - .L B c) + l ~ 
rr-'Z 'P2Z 3 1-z 'P2 Z3 

( 14 3) 

From Eq. (142) integration over the tube thickness h results 

in 

(144) 

Separation of Eqs. (142) and (143) yields the systern 

( 14 5) 
t iJ; = q [ ( 1 -% ) ( )J B o'~p- B o; ) + ( + -fJ ) ( B cf\"- !J B o'z ) ) 

1 • • = 1 = 1 "';'-
--- (S-uS) + Bifz-- Be(+- S 

3(1-).l} 1- '2 r 3 

(1_46) 

These two differential equations were solved numerically step 

by step. The calculations were carried out for the state of 

constant operation with data listed in Table 1. The heat flux 

distribution described by Eq. (47) was assurned. The thermal 

computations yield a rnaxirnurn ternperature T = 520°C at rnax 
Cf= 0 and g = R. 

From Fig. 19 the complete history of circurnferential stresses 

can be understood. Nearly imrnediately after the start of 

operation the stress state is given by the surn of therrnoelas­

tic stresses and stresses caused by internal pressure p .. 
l 

Theses stresses relax due to irradiation creep against a 

level given by the internal pressure. After swelling becornes 

noticeable compressive stresses are generated in high ternpe­

rature regions and tensile stresses in low temperature regions 

because swelling at high temperatures is higher than swelling 

at low ternperatures. For high doeses of neutron irradiation a 

stationary stress distribution results. 
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A similar behaviour can be observed for axial stresses repre­

sented in Fig. 20 for 0= 0. The compressive stresses near the 

plasma side become very high because of the completely preven­

ted bending deformations. In a more realistic elastic-plastic 

analysis all compressive stresses in the outer region of the 

tube wall would be reduced due to plastic flow if the effective 

stress exceeded the temperature dependent yield stress. Also 

additional stress redistributions will affect the elastically 

calculated stress distributions. This effect will be small, 

since only in a layer of approximately 15% of the wall thick­

ness and only near ~= 0 the effective stresses exceed the 

yield strength of SS 316 (20 % CW). 

5.2 An analytical solution for the stationary stresses 

The asymptotically reached state of stationary stresses can 

be calculated analytically. This state is characterized by 

( 14 7) 

With this condition Eqs. (145) and (146) can be written 

in a simplified manner 

B<i\P=B~·ts--ts 
m CO 

1 . 1- 1 ... 2. 
+-S+-80:. +-3 S--3 5 

3 2 '~'= 

subscript 110011 is standing for "dose-+ 0011
, 

Taking into account the equilibrium conditions 

d. = p R 
<p i h 

00 

( 14 8) 

( 14 9) 

( 1 50) 

( 1 51) 
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one obtains the stationary stresses 

2 .-
IY. = p R + -r S/ B · h _ f SI B 
!f= B ·1/ B · h 

(152) 

and 

• R 2 .---B 
cf = !_ S /8 1 P + T S/ ·h 2 ~ 

zoo 3 8 1/B + 2 8 1/8 h - T ;:,/8 
( 1 53) 

Because of the proportionalities, Eqs. (129) and (134), 

8 = c ~ 

the quotients S/B become independent of the intensity of 

radiation, and it results 

o' 
__ P· R /h + } c R (T l z 

-- R(Tl 
tpoo ~·1/(jJ 3C 

( 1 54) 

a'. = _1 R (T l + _l_ Pi.R /h + -fc RfT) - _2 R (T l 
z= 3C (/) 1/</J . 2 $. m 3C 

(155) 

Especially for a thin-walled tube we obtain 

( 1 56) 

( 1 57) 
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5.3 Influence of sputtering 

If sputtering is taken into account the wall thickness can 

be written approximately as 

h~h 0 -const.(<l>tl (158) 

where h is standing for the thickness at the beginning of the 
0 

operation. The constant in Eq. (158) has been chosen so that 

dh/dt ~ 2 mm/year. Solution of Eqs. (145) and (146) with this 

variable wall thickness gives the stress development represen­

ted in Fig. 21 for ~= 0. The curves indicated by dotted-dashed 

lines are the extremal stresses without sputtering as shown in 

Fig. 19. For short times, i.e. low dose, there is an identical 

stress state. The reduction of wall thickness at higher dose 

yields a lower gradient of temperature in the wall and, con­

sequently lower thermal stresses. 

As there is a constant internal pressure the vanishing wall 

thickness gives rise to high tensile stresses. Failure occurs 

if the wall thickness tends to zero, and the stresses become 

infinite. Since there is a great uncertainty in knowledge of 

sputter rates this effect shall not be considered in the fol­

lowing sections. 

5.4 Cyclic stresses in the tube wall 

In most fusion reactors the plasma is heated by direct-cur­

rent, with the plasma acting as a secondary winding of a 

transformer. The magnetic field varies with constant slope 

creating a constant current in the plasma. Before the mag­

netic field reaches saturation reactor operation has to be 

interrupted. By this reactor operation becomes cyclic. 

As a consequence of these cycles the thermal stresses change 

periodically. If the burn-off times are lang enough, the tem­

perature in the whole tube wall will become nearly equal to 
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the temperature T of the coolant medium. Due to this tempe­
o 

rature changes !::. T = T - T cyclic thermoelastic stresses 
0 

occur. For shorter interruptions the assumption of complete 

temperature balance in the wall becomes a warst case assump­

tion with respect to crack growth behaviour. 

Figure 22 shows the cyclic stresses for the plasma side and 

the coolant side (note that burn time and refuelling time are 

not on the correct scale!). The maximum values are named a max 
the minimum values a . . The inner surface undergoes maximum m1n 
stress during burning time, the inner surface during refuelling 

time. The occurrence of high tensile peaks at the plasma side 

during refuelling time is of high interest. Those cyclic stes­

ses give rise to the growth of pre-existing cracks. 

6. Calculation of stress intensity factors 

Cyclic stresses are responsible for crack growth. In welded con­

structions pre-existing cracks cannot be excluded because de­

fects can only be detected above a minimum size. The fracture 

mechanical loading quantity characterizing the stress state 

at the crack tip is the stress-intensity factor K. If a is the 

depth of a crack (Fig. 23) and o(x) the stress distribution 

in the uncracked wall, the stress intensity factor for two­

dimensional crack problems is given by the basic equation 

a 

K(a)= jct(x) H(x,a)dx 

0 

( 1 59) 

where H(x,a) is the so-called weight function. In this report 

only continuous cracks (i.e. cracks are as long as the tube) 

have been taken into account, because they are the most serious 

one. Lifetime calculated with such cracks obviously become 

conservative. This means that more realistic cracks with the 

same crack depth, i.e. semi-elliptical cracks, will fail later. 
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In a normalized representation Eq. (159) can be expressedas 

0( 

K: ~ f d(~l h(f,cil d~ (160) 

f= _x_ 
R- r 

0 

o{ = _a_ 
R- r 

Cracks situated at the inner surface can be treated by appli­

cation of the weight function given by Labbens [27, 28] 

where er-= _r_ 
R- r 

m(f/o(, oc) can be expressed by polynomials 

4 
m(f/o(, cx'l = 1 + 2: b.(,Xl (1-l. )i 

j =1 I OC 

whereby 

4 i 4 
b, ( cl. ) = 2: c i o<' b2( cl.) :: 2: d. o(i 

i =0 j :0 I 

4 . 4 
f. oL i b3 ( o() = 2: e· cx'l b4(ocl= 2: 

j = 0 I i =0 I 

( 1 61) 

( 16 2) 

( 16 3) 

The coefficients of the polynomials are known for y= 5 and 

0 = 10. They are listed in Table 2. Unfortunately, the weight 

function of Labbens is only given for inner surface cracks 

and only for discrete values of the ratio (wall thickness/ 

inner radius). In this investigation r= 10 was applied. 

Since no weight function for continuous cracks situated at 

the outer surface is available the crack problern has to be 

simplified. A simple approximation is possible by applica-
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tion of a so-called "edge-crack", i.e. a continuous crack in 

a plane sheet of thickness w = R-r. For outer surface cracks 

the inequality yields 

K. f < K f < K d k 1nner sur ace outer sur ace e ge crac (164) 

(sarne a,o in all three cases) 

so that by application of Kedge crack a worst case approxi­
rnation results. 

The weight function of the edge crack given by Bückner [29] is 

(165) 

2 6 
rnl = c + Cl c( + c2 o/.. 

0 

d + d o( 2 6 
rn2 = + d2 r:J.. 

0 1 

c 0,6147 d 0,2502 
0 0 

Cl 17,1844 dl = 3,2889 

c2 8,7822 d2 = 70,0444 

Equation (165) is valid in the range 0< cX. < 0,5. 

The stress intensity factors for continuous operation are 

plotted in Fig. 24 for inner surface cracks of different 

sizes situated at different locations ~. On account of 

E q . ( 1 6 0) t h e s t r es s in t e n s i ty f a c t o r K c hange s w i t h r e­

spect to the dose in the sarne rnanner as a. 

K decreases with increasing ~ asa result of lower ternpe­

rature gradients. Figure 25 shows a sirnilar behaviour for 

outer surface cracks. 
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Cyclic operation of a fusion reactor causes cyclic thermal 

stresses in the range ~~(~.~~ . Due to these stresses a cyc-

lic stress intensity factor ~K results from Eq. (160). Fi-

gure 26 shows ~K as a function of crack size a and location ~. 

The highest cyclic stresses location is at ~= 0 as has been 

expected. The ~ K-values for inner surface cracks are but slight­

ly higher than ~K-values for outer surface cracks. This is no 

discrepancy with respect to Eq. (164) because inner and outer 

cracks are not influenced by the same stresses. With the in­

equality (164) also taken into account one can conclude that 

deviations caused by the "edge-crack assumption" are negli­

gible. Superposition of K-values during constant operation and 

~K-values due to thermal cycling gives the complete K-behaviour. 

In Fig. 2 7 K l:::. K and the minimum values max' 

are represented. 

K . 
mln K max 

7. Crack growth behaviour 

( 16 6) 

The propagation of cracks in cyclically loaded structures 1s 

mainly a consequence of plastic deformations at the crack tip. 

These deformations and hence the crack growth rate are con­

trolled by ~K. Other crack growth mechanisms caused by static 

load in a corrosive environment shall be excluded. For ~K-con­

trolled crack growth numerous relationships were developed 

since the early 1960's. One of the best-known is the Paris­

equation [30]. 

( 16 7) 

Where da/dN is the crack extension due to one cycle, C and 

n are constants depending on the material and environment. 
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By measurements a minimum 6K-value was found below which no 

crack growth occurs. This value is called the threshold 6Kth• 

Taking into account an acceleration of crack growth rate near 

the critical stress intensity factor Kic a modified Forman 

equation proposed by Speidel ~~ seems to be most effective­

ly adopted. It reads 

1 where 'A = 1_ R 

and f = E (T 1 )/ E(T) is a correction factor to model the tempera-

ture effect caused by the temperature dependent Young's modulus. 

T1 is standing for room temperature. 

For R two cases have to be distinguished: 

1) Crack of the coolant side (inner surface) 

Kth . h . . f f h 1 1 lS t e stress 1ntens1ty actor or t erma stresses on y 

and K notes the stress intensity factor for constant opera-on 
tion ("plasma on"), then 

2) Crack at the plasma side (outer surface) 

Here Kth < 0 

and therefore 

R = Kmin 

Kmax 

The material constants for stainless steels are taken from 

Watson [6] for room temperature and air as the environment 

C1 =3.122·10- 9 m/cycle 

n = 2.95 

K1c= 150 MPa nn 

m = { 1-0.31 R - 1.23 R
2 

1.88 

5.4(1-0.9R·l 

5.4 (1-0.2R l 
M PaYffi' 

R>O 
R<O 

R>O 

R<O 

( 16 9) 
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The tube investigated fails when K reaches the critical 
max 

stress intensity factor Kic' Because of irradiation embrittle-

ment this Kic is not a constant, but decreases with the neu­

tron dose. In the literature different correlations are repor­

ted with Kic always decreasing as an exponential equation. Dif­

ferences can be stated in the occurrence of an asymptotically 

reached limit value. Our calculations were carried out with 

an equa tion [6] 

( 1 70) 
Klc =115exp(-0.25$t) +35 exp(-0.0134<Ptl 

that does not exhibit a limit value. 

The crack growth behaviour is represented in Fig. 28- 31. 

In these diagrams the fluence has been chosen as 22 dpa/year. 

For inner surface cracks shown in Fig. 28 the maximum stress 

intensity factor K decreases for short operation times be-
max 

cause the stresses relax in this region. At higher dose this 

effect becomes overcompensated by increasing crack depth. Fai­

lure occurs when the rapidly increasing curve crosses the 

K1c-curve. As expected, small cracks lead to langer life­

times. From Fig. 29 it can be seen that not only cracks si­

tuated at the inner surface will cause failure but also cracks 

at the outer surface where mostly compressive stresses are 

suspec ted. From varia tions of the angle <p in Fig. 30 and 31 

one concludes a most serious location for fatigue failure, 

namely at p= 0, so that future investigations should be 

restricted to that place. 

An increase of lifetime for reduced tube wall thickness can 

be stated from Fig. 35 because temperature gradients are reduced 
too. 
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8. Summary 

The methodology of lifetime calculations for plasma affected first 

wall components has been treated in case of a pressurized blanket 

tube. The analysiswas carried out in the follo~ing steps: 

- Calculation of the instationary temperature distribution for an 

asymmetrically heated tube with different chosen heat flux distri­

butions. 

- Computation of thermoelastic stresses in the tube wall. 

- Influence of volumetric heat and noncircular tube cross sections 

were taken into account. 

- The influence of irradiation creep and swelling on the development 

of stress distributions were analyzed. 

Cyclic operation gives rise for cyclic thermal stresses and pre­

existing cracks in the tube wall can grow as fatigue cracks. 

In a conservative analysis such cracks were assumed as continuous 

cracks (i.e. cracks are as long as the tube). 

2 - Caused by the high thermal loading (~ 40 W/cm ) and the conser-

vative crack assumption only relative short lifetimes were obtained. 

In a further investigation it is planned to consider more realistic 

cracks as semi-elliptical surface cracks and also crack initiation. 

In case of water cooled tubes crack growth of inner surface cracks 

will be calculated with data given in [32]. 

Also a comparison of different candidate materials will be executed, 

employing the material data of a martensitic steel. 

The treatment of more complex structures will be taken into account 

starting with the actual NET-first wall design. 

The authors wish to thank A. Müller, Univ~rsity of Karlsruhe, 

for carrying out most of the numerical calculations and H. Stamm, 

KfK-IRB/ZSM for helpful discussions. 
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Table 1 

Dimensions (size) ~tid ~drkitig ~dtiditidns 

Surface heat flux Q 40 W/cm 2 

Outer radius R = 10 cm 

Ratio of radii R/r = L1 

Temperature of coolant medium T 350°C 
0 

Internal pressure P. = 100 bar 
l 

Burn time 1 9 minutes 

Refuelling time minute 

Material ss 316 (20% CW) 
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Table 2 

Coefficients for weight function of Labbens 

= 5 = 10 = 5 = 10 

co 1. 52534 1. 99729 eo 2.38462 19.72683 

c, -7.64696 -15.03191 e1 -17.05922 -267.73618 

c2 43.47251 78.59787 e2 60.78644 1156.07329 

c3 -53.85642 -110.27903 e3 -64.32954 -1895.15242 

c4 28.87155 66.66854 e4 12.96156 1024.52402 

do -2.87331 -11.24627 fo -0.79108 -10.72898 

d1 30.99174 153.95536 f1 3.06121 149.79271 

d2 -126.08387 -671.65647 f2 -9.39198 -617.77169 

d3 209.31849 1121.96619 f3 -3.99661 999.26996 

d4 -106.99770 -602.83976 f4 14.22188 -533.71745 
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R 

Figure 1: Geometrie units of the tube wall 
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