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SUMMARY

A new computer program for stress calculations has been developed which is a simplified
version of the very versatile but time consuming Walther model. The only simpiification
is the assumption of a quasi rigid siliconcarbide Tayer which is aliowable. A new
method was established for calculating failure fractions directly for an unlimited number
of particle parameters having a statistical distribution using the new stress program. It
requires relatively low computation times which makes it a useful tool for iterative
calculations in particle optimization.



1. Introduction

The fuel particles of the HTR consist of small spherical pyrocarbon (PyC) and siliconcarbide
(SiC) coated fuel kernels. High stresses may be induced into the coatings during irradiation
due to the fission gas pressure, the irradiation induced dimensional changes of the PyC Tay-
ers and the kernel swelling.

In order to optimize the fuel particle with respect to its mechanical performance it is desi-
rable to have a madel which calculates the stresses in the coatings during irradiation. Se-
veral models !1]]2| have been established for this purpose. The model used at KFA up to

now was established by H. Walther L3J L4| . It calculates coating stresses in particles with
plain PyC coatings (BISO) as well as such with an additional SiC interlayer (TRISO).

The stresses in the coating of a particle batch at a certain burn-up have a statistical di-
stribution because of the fact that the make-up parameters of the particle have statistical
distributions due to fabrication. With this stress distribution and the distribution of the
coating strength a failure fraction of the particles under service conditions can be calcu-
lated as a function of burn-up [5] . The ontset of detectable failure i.e. the burn-up where
the fission gas release exceeds a value of 10_5 of the produced fission gasses, and the rate
of its increase has to be calculated.

In order to calculate the stresses and failure rates, different models have been developed:

The Walther model plus a Monte Carlo method used up to now: In the Monte Carlo method random
numbers are used for generating combinations of statistically distributed particle parameters
With this method any arbitrary statistical distributions may be employed for an unlimited

number of parameters. A number of at Teast 104 runs of the stress model is necessary to find
failure fractionsas low as 10'4. With the Walther model this reguires much computer time.

This stress model was simplified with the aim of reducing the computer running time and still
retaining the main features of the Walther model.

The new Rigid $iC stress model: This model is the simplified version of the Walther model.
The simplification was possible under the assumption the SiC Tayer being geometrically stable
Measurements performed at KFA [6] showed that this is allowable as the SiC Young's modulus
is more than ten times higher than that of the PyC layer. The model assumes spherical geome-
try and not a plain one as other simplified models [7] do. The gain in computer time is a
factor of 100. ’

The Law of Error Propagation method: This method was applied as an alternative to the Monte
Carlo method to calculate the stress distribution. An additional gain factor of ~100 in com-
puter time is achieved by this method. There is no Tower 1imit to the calculated failure ra-
tes, and no scatter in the results as in the Monte Carlo method.
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2. The new calculation models
In the following, the Rigid SiC model and the Error Propagation model are described,
2.1 The Rigid SiC model

The coated particle (see fig. 1) consists of the fuel kernel (200 - 800 Jum in diameter) sur-
rounded by a porous PyC Tayer (30 - 100 /um thick) (the so called buffer layer which has to
accomodate the fission gasses and fission recoils) and some outer layers. I restrict myself
to particles with an inner and outer dense PyC layer each ~40 /um thick and a SiC interlayer
~ 35 Jum thick. The combination of these three layers acts as a pressure vessel for the gas-
ses and diffusion barrier for the solid fission products. It is the tangential stress in the
SiC that determines the particle service 1life [@ . If this stress becomes higher than the

SiC strength the particle breakes and the fission products are released. This should happen
sufficiently later than the particle service time.

In the Rigid SiC model the stress in the SiC layer is built up by three components. The stress
is calculated analytically and separately for each component in spherical geometry. These
three components are:

a) The fission gas plus a possible CO pressure in the buffer transmitted through the inner
dense PyC layer to the SiC layer.

b)  Stresses coming from the irradiation induced dimensional changes in the dense PyC layers

such as shrinkage or swelling in radial and tangential direction (Sf,St) and the creep
described by a linear creep Taw with creep coefficient c.

c) A stress resulting from contact between the swelling kernel and the buffer layer.

For the mathematical derivation of these three components the stress-strain relations, the
equilibirium and compatibility condition in spherical geometry given in ref. [9] are used.

?
The radial stress acting at the inner surface of the SiC Gir(f3) due to the gas pressure Pg
was derived, it is (see fig. 2)

6:(*3)= F(ﬁ/f:_ IP')"PE'I (1)

(/u is Poisson's ratio of the dense PyC, Fps y: see Fig. 1).

The radial stresses acting at the inner and outer surface of the SiC due to shrinkage and
creep of the adjacent dense PyC-layers are

Gic(-ﬁ): F({Z/T} ! Srléblcl V) (@)
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G‘:C(Tﬂ).:' F(ﬂ-/{‘ ' STIStl C,V> (3)

N .
Si‘ and Sl: are the differentials of 5* and 5t with respect to the fast neutron dose T v
is the Poisson ratio in creep

For the determination of the fission gas volume and the gap width between kernel and buffer,
the radial displacement of the inner surface of the inner dense PyC layer u,(rz) is derived,
it is

w(t) = F(%, S¢ 5,,¢,T Pa) (4)

With Wy, the radial displacement of the kernel surface due to kernel swelling, we get for
the gap width g (see fig. 2).

9= 9o Uy +w(h) (%)

Yo is the initial gap which is calculated assuming that the buffer shrinks very fast up to

its theoretical density at the start of irradiation. When kernel and buffer come into contact
. L] . . .

we have (jé O . The radial stress (‘5:.l (ﬁ) at the inner surface of the SiC thus arises

KB({3> F(TI r T} EB\ E’Py(- l/L)'ﬂ (6)

EPY“ EB are Young's moduli for the dense PyC layer and the buffer layer. The Poisson ratio
/u was assumed to be equal in both layers.

As G:B(ﬁ) may be high even for a smaH g we must allow for a small displacement aw
of the SiC layer. If we write eq. (6) B =7 ~g the radial d1sp1acement of the SiC layer
surface au. is calculated with the thm shell formula AW = ‘Z.Y's Q/ElEs =T
This has to be added to g. ( Eg;¢ is Young's modulus for the SiC layer).

The fission gas volume consists of the kernel porosity plus the accessible fraction of the
buffer, the thickness t of which is

s¢ \
E=T,-7 +u (T,_)—U.K (7)
The tangential SiC stress was calculated w1th the thm sheH formuta fr‘om the effective ra-
fi
dial stress G—f‘; which is the sum of G'f(fj) B; (3, 5 (ﬂq)and ET (\{‘3) As the cal-

culated stresses depend on the radial displacements and these again on the stresses, the SiC
stress has to be calculated in an iterative way.
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2.2 The Law of Error Propagation model for calcuTating failure fractions using the stress
model

An alternative to the Monte Carlo method for the calculation of failure fractions is the
application of the Law of Error Propagation. There are two restrictions in the application:
the statistical parameter distributions must be according to Gauss and the stress must be a
linear function of each parameter under consideration. This method was first proposed by

D. Martin [ld - I have extended this method and treat it in a different way such that it
may be applied to a wide range of different particle types and reactor conditions. The cumu-
Tative probability for the stress & in the SiC, W(B), is

W(E) = 0.5erfe [1;1 Gf] ®)

(G {is the mean stress for the mean values of all statistically distributed parameters X..x,
")QV‘VL the standard deviation of &) . The Error Propagation Law is applied in n by

[ N '
1 ‘] Z,(% 1) (9)

In fact the stress & does not fulfill the condition for eq. (9) to be a linear function of
the buffer thickness t. Therefore the stress as function of buffer thickness is subdivided
into Tinear parts with the buffer thickness increment At as shown in fig. 3. Over each in-
crement the function G(b)is represented by the tangent G'th in t. The mean stress for the
part of the curve represented by 5'(t') is Bl(t':E)Eff (t being the mean buffer thickness)

is inserted into eq. (8) giving now the correct stress distribution. T and v are calcu-
lated for each increment.

For the strength G of the SiC a Weibull distribution T(3) was assumed
5"
Py = 1- ew[th 0-5(5—;/- (10)

E; being the median strength and m the Weibull parameter. Typical values measured at KFA -@]
for G and m are 350 MN/m2 and 7. The differential of P ( G ) with respect to & is H (G).
The failure rate as a function of burn-up F (b) can be calculated by a convolution of W (5,%)
with

Flo) = J(\AMsz)' (5o (11)
4]

The derivation of eq. (1), (2)s (3), (4) and (6) will be presented in detail
in a Jiul - Report.
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Fig. 1 Coated Particle with a SiC Intermediate layer before irradiation
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Fig 3 Stress in the SiC layer & plotted versus buffer thickness t. & (t')

is the tangent on & (t) in t
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