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We have developed Code-B-1 for the prediction of the failure probabilities of the coated fuel
particles for the high temperature gas-cooled reactors (HTGRs) under operation by
modification of an existing code. A finite element method (FEM) is employed for the stress
calculation part and Code-B-1 can treat the plastic deformation of the coating layer of the

coated fuel particles which the existing code cannot treat.

KEYWORDS: High Temperature Gas-cooled Reactor, Coated Fuel Particle, Silicon Carbide,
Zirconium Carbide, Pyrolytic Carbon, Plastic Deformation, Irradiation Swelling, Irradiation
Induced Creep, Pressure Vessel Failure

Present study is the result of “Research and development for advanced high temperature gas
cooled reactor and graphite components” entrusted to the Japan atomic Energy Agency by the

Ministry of Education, Culture, Science, and technology of Japan (MEXT).
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1. Introduction

K. Sawa et al. has developed a pressure vessel failure fraction calculation code for the SiC
TRISO coated fuel particles'-? (Fig. 1). The time needed for calculation is short in this existing
codel:2 because rigid SiC model® is employed in the stress calculation part, however, rigid SiC
model is an approximate calculation method. Then we have modified the existing codel? to a
code system, named as Code-B-1, in which a finite element method (FEM) code is employed
for the stress/strain calculation. Code-B-1 can treat the cases that the 3*d. layer deforms
plastically, as well as the cases which can be treated with the existing codel2.

In this paper, we report on the development of Code-B-1.

2. Details of Code-B-1

Code-B-1 is modified based on the existing codel?. Code-B-1 basically consists of
temperature calculation part, internal pressure calculation part and stress calculation part.
Code-B-1 does not have “failure fraction calculation part”. The original purpose of the
development of Code-B-1 is to treat the ZrC layer4®. On the other hand, there is little
knowledge on the failure of the ZrC layer. We think it is reasonable that the failure fraction
calculation part is added after the accumulation of the knowledge related to the failure of the
ZrC layer. In addition, it is easy to calculate the failure fraction in the same way as the

existing codel?), with some spreadsheet application. Fig.2 shows the flow chart of Code-B-1.

2.1 Temperature calculation part

The temperature distribution in the fuel particle is calculated for each time step with the
one dimensional steady state heat equation in the spherically symmetric system, under the
following conditions.

v" The temperature on the outer surface of the OPyC layer is given in the input
data file for each time step.

v The heat generation density is uniform in the fuel kernel, and is given in the
input data file for each time step.

The heat generation density is set to be 0, when the stresses are calculated under the

condition that the temperature is uniform in the fuel particle.

2.2 Internal pressure calculation part

Internal gas pressure calculation part consists of (1) fission gases and CO gas generation

part and (2) internal pressure part.
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(1) Fission gases and CO gas generation!?
The mole of the gas atoms or molecules released to the buffer layer is calculated in the
same way as the existing codel-?.
The internal pressure is generated from stable gaseous fission products and CO gas due to
excess oxygen by UOzq fission.
n(7) =n ., (7)+n,(7) )
where 7 [s] is the time, 7(7)[mol] is the total number of stable FP noble gas and CO gas

molecules released into the buffer layer at time 7, 7,,(z) [mol] is the number of stable FP
noble gases molecules released into the buffer layer at the time 7 and n,(z) [mol] is the

number of CO gas molecules released into the buffer layer at the time 7.

The number of stable noble gases is calculated by the following equations:

nep(7) =031 F(7)Fy(7) )

6 i l—exp[-n"-7m"- D'"1] 3)

4 4
n -zw

FR (T) =1 ;
' n=1

where F(7) [mol] is the integral fission number at the timet, F,(7) is the release ratio
of the stable fission products noble gas from the fuel kernel at the time t and D’ [/s] is the
diffusion coefficient of stable fission product noble gas in the fuel kernel.

The following diffusion coefficient is employed:
D' =2.1x10"exp[-15200/T]  (4)

where T [K] is the fuel kernel temperature.

The number of free oxygen atoms is calculated by the experimentally obtained equation:
n7) = F(7)-min [£42- 102185007 for; « fr+foru fru]l — (5)
where, 7, [days] =7/(3600x24) is the time, for= 0.4 is formation rate of free oxygen
from UQO2, fr=0.61s fission ratio of U to the total fissions, for,= 0.85 is formation rate of

free oxygen from PuOz and fpy = 0.4 is fission ratio of U to the total fissions.

(2) Internal pressure

The free volume of gas is calculated as following.

Vo= (l_pb/p;)};C)'Vb ®)
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where V' is free volume of the gas in the buffer layer, V, is volume of the buffer layer,

P, is density of the buffer layer and IO;DhyC = 2.2 [g/em?] is theoretical density of the buffer

layer.
The internal pressure P(7)can be calculated by the ideal gas formula or the van der
Waals formula. The temperature distribution in the buffer layer can also be taken into

consideration with the ideal gas formula.
2.3 Stress/strain calculation part

Stress/strain of the IPyC, the 3rd and the OPyC layers are calculated by FEM code
ABAQUS. Elastic deformation, plastic deformation (for the 3rd layer), irradiation induced
creep (for the IPyC and the OPyC layers), irradiation swelling (for the IPyC and the OPyC
layers) and thermal expansion are considered. Irradiation creep strain rate is assumed to be
proportional to the first power of the stress. In addition,

v' The detachment of the boundaries of the coating layers can be treated.

The detachment stress is given for the IPyC/the 3rd layer and the 3rd layer/the
OPyC boundaries, respectively in the input file. The boundary detaches completely,
when the radial stress on the boundary become larger than the detachment stress.

v The IPyC or the OPyC layers can be failed before the 3rd layer is failed.

The failure stress is given in the input file. The coating layer is failed, when the
maximum tangential stress of the coating layer become larger than the failure
stress. The failed coating layer is treated as the vanished layer, in the stress
calculation.

In the existing code, the IPyC and the OPyC layers are assumed not to fail unless
the SiC layer is failed, because it is assumed that the IPyC and the OPyC layers are
supported by the SiC layer which is much stronger than the PyC layer?. In
Code-B-1, the detachment of the boundaries of the coating layer can be treated.
After the detachment, the 3rd layer can not support the PyC layers. Therefore, in
Code-B-1, the IPyC or the OPyC layers can be failed before the 3*d layer is failed.

v The dependence of the stress/strain curve of each layer on the fast neutron fluence

and the irradiation temperature can be treated.
3. An example of the calculation with Code-B-1

Table 1 (including Figs. 3-5) shows the calculation conditions in this section. It should be

noted that material properties shown in Table 1 are not based on the real ones. Fig. 6 shows
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the stress histories calculated with Code-B-1.

The radial stress at the outer surface of the IPyC layer (the stress between the IPyC and
the 3rd layer) reaches 10 MPa, which is the detachment stress (see Table 1), between the
effective full power days (EFPD) of 42.5 and 45 days. Then the radial stresses become zero at
the outer surface of the IPyC layer and the inner surface of the 3rd layer.

The IPyC layer fails when the maximum tangential stress of the IPyC layer reaches 170
MPa, which is the failure stress of PyC (see Table 1), between the EFPD of 650 and 653 days.
Then the radial stress at the inner surface of the 3rd layer becomes equal to the inner
pressure of the fuel particle.

The equivalent stress at the inner surface of the 3rd layer reaches 280 MPa, that is, the
inner surface of the 3rd. layer reaches the perfect plastic deformation region (see Fig. 6), at
the EFPD of about 1010 days. Then the equivalent stress at the inner surface of the 3rd layer
becomes constant nevertheless the inner pressure increases after 1010 days.

Thus it should be concluded that Code-B-1 can treat the elastic deformation of each layer,

the plastic deformation of the 3rd layer, detachment and failure of the coating layers.

4. Conclusion

We modified the existing code for the calculation of the pressure vessel failure fraction of the
HTGR fuel particles into Code-B-1. FEM was employed for the stress/strain calculation part
of Code-B-1.
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Table 1 Calculation conditions.

Kernel diameter um 550
Buffer thickness um 140
IPyC thickness um 25
SiC thickness um 40
OPyC thickness pm 25
Kernel density g/cms3 10.8
Buffer density g/em3 1.15
Irradiation duration EFPD 1100
burnup %FIMA see Fig. 3
1025n/m?2 .
Fast Neutron fluence see Fig. 3
E>0.18MeV
o 1439.2
Irradiation temperature K ) ) )
Uniform in the fuel particle
. (dL/1)/(1025n/m?2), .
PyC swelling rate See Fig. 4
E>0.18MeV
o /MPa/(1025n/m?),
PyC creep coefficient 2.23x 104
E>0.18MeV
PyC Posisson's ratio in creep 0.5
PyC fracture stress MPa 170
modulus of elasticity ot the 3rd layer MPa 4.60 x 105
Poisson's ratio in elasticity of the 3d 0.1
layer '
Stress/strain curve of the 3rd layer See Fig. 5
Failure stress of the 3rs. layer MPa 1000
Detachment stress between IPyC/the
MPa 10
3rd, layer
Detachment stress between the
MPa 10
3rd/OPyC layer
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Fig. 2 Flow chart of Code-B-1.
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