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A swelling resistant austenitic steel, PNC316, is candidate cladding tube material of the first core of
demonstration Sodium-cooled fast reactor (SFR). The irradiation behavior of the annular mixed oxide
(MOX) fuel pin with PNC 316 cladding was evaluated by a fuel performance analysis code CEDAR
developed in JAEA.

The fuel temperature profiles, fuel and cladding deformation profiles, and radial temperature
distribution at EOL were evaluated. Those results show that the fuel pin keeps its integrity at least up to

100GWd/t of peak burnup and 2.0x10*'n/m*(E>0.1MeV) of peak neutron dose.
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1. Introduction

Sodium-cooled Fast Reactors (SFRs) are considered to be promising next generation reactors with

D2)

superior safety, sustainability and economic competitiveness. In case of its demonstration reactor

construction in 2020's, candidate cladding tube material of the first core of the reactor will be swelling

3 although basic fuel pin specifications such as oxide fuel, large

resistant austenitic steels such as PNC316,
diameter of fuel pin and annular pellet are not modified from future fuel pin concept with cladding tube for
high burnup.”

In this work, to investigate the irradiation behavior of the annular MOX fuel pin with PNC316 cladding,
some calculations of irradiation performances of the fuel pin were conducted by a fuel performance

analysis code CEDAR developed in JAEA.
2. Outline of CEDAR

A pellet type MOX fuel performance analysis code "CEDAR" (Code for Thermal and Deformation
Analysis of Reactor fuel pin) was used.® This code has been developed by JAEA. CEDAR is an R-Z
system code that has been verified by results obtained from irradiation tests in experimental reactors such
as Joyo; the range of burnup is ~130GWd/t, of LHR is ~440W/cm, and of cladding inner surface
temperature is ~923K. CEDAR models the thermochemical and mechanical behaviors of a fuel pin during
irradiation using 10 axial nodes, each having 26 radial nodes, 20 of which are for the fuel region and 6 for
the cladding region. Mass transports in the axial direction are not taken into consideration, except for
gaseous fission products released into the gas plenums and fuel-cladding gap. The stress-strain analysis
procedure based on the generalized plane strain is applied to the mechanical analysis, and the finite
difference analysis procedure is applied to the thermochemical analysis. Table 1 shows the evaluated

behaviors. Figures 1 and 2 show the geometrical model and flow chart of CEDAR, respectively.

3. Calculation conditions

Table 2 shows fuel specifications and irradiation conditions for this investigation. A fuel pin having
annular type MOX pellets with the PNC316 cladding was taken for this investigation. This fuel pin had a
lower and upper gas plenums. The irradiation time was taken as 1,150days which corresponds to 2.0 X
10”n-ecm™(E>0.1MeV) of peak fast neutron dose as a reasonable peak dose of swelling resistant austenitic
steel claddings. The maximum local burnup was evaluated to be around 100GWd/t. The coolant inlet
temperature was taken as 668K. Calculations were conducted at the following 5 axial positions; X/L = 0.9,
0.7, 0.5, 0.3, and 0.1. Axial distribution conditions at BOL and EOL of LHR and cladding midwall
temperature are shown in Fig. 3 and Fig. 4, respectively. Time dependent LHRs and cladding midwall

temperatures at each axial position of the calculations are shown in Fig. 5 and Fig. 6, respectively.

_1_
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These conditions are based on the current results of feasibility studies on a commercialized fast reactor

cycle system in Japan.”

4. Results and discussions

Figures 7 through 11 show the time dependent variation of evaluated fuel temperatures at each axial
position. Figures 12 through 16 show the time dependent variation of evaluated fuel outer radii and
cladding inner radii at each axial position. The fuel temperatures are below 2500K through the irradiation
duration and have enough margin to fuel melting temperature. And looking at the temperature histories,
temperatures at X/L = 0.7, 0.5 and 0.3 increase in the duration of end of irradiation. This is due to the
cladding swelling. Figures 13, 14 and 15 show that cladding inner radii increase in the end of life duration
due to cladding swelling at around 2 X 10*n+cm™?(E>0.1MeV) of neutron dose.  This leads to the increase
of fuel-cladding gap width which is indicated by the difference of fuel outer and cladding inner radii in the
figures. However, the fuel centerline temperature increase is not significant to unacceptably decrease the
margin to fuel melting. Figures 17 through 21 show the radial distribution of fuel and cladding
temperatures at each axial position. Temperature profiles in the fuel show parabolic shape as usually seen
in the oxide nuclear fuel in fast reactors. Fuel pin temperature calculation results show no unexpected
anomalies as far as fuel thermal behavior is concerned.

Figure 22 shows the time dependent variation of evaluated pressure on the cladding inner surface. The
pressure increases with irradiation time due to the fission gas accumulation in the fuel pin and reaches
around 40 kgf/cm2, which is less than half of high burnup design. As already indicated in Fig.12 through
16, contact between fuel and cladding is not expected through the irradiation duration for whole axial
position of the fuel pin. Calculation result shows that mechanical load of the cladding is not significant.

Figure 23 shows the evaluated cladding deformation after the irradiation. Calculated diameter change
shows peak deformation of the cladding at the axial center of fuel column where the fast neutron dose is
high. The maximum diameter change is about 1.5% del.D/D and its predominant source is cladding
swelling by neutron irradiation. Contribution of irradiation creep is not significant since mechanical load
on the cladding is only fission gas pressure due to the absence of fuel-cladding mechanical interaction.

The cladding diameter increase is considered to be acceptable level to keep fuel pin integrity.
5. Conclusion

Some calculations of irradiation performances of the fuel pin were conducted by a fuel performance
analysis code CEDAR developed in JAEA to investigate the irradiation behavior of a fuel pin with
austenitic cladding and annular MOX fuel pellets.

The fuel temperature profiles, fuel and cladding deformation profiles, and radial temperature distribution
at EOL were evaluated. Those results show that the fuel pin keeps its integrity at least up to 100GWd/t of
peak burnup and 2.0 X 10%n- cm'z(E>0. IMeV) of peak neutron dose.

_2_
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Table 1 Behaviors evaluated by CEDAR

Evaluated fuel behaviors

Temperature distribution

Stress-strain state

Restructuring (pore migration)

Fission gas release

Pu migration

Oxygen migration (O/M ratio distribution)

Chemical reaction between fuel components and FPs in the fuel-cladding gap
(JOG formation and its effect on gap conductance)

Swelling

Hot-pressing

Creep deformation

Cracking

Evaluated cladding behaviors

Temperature distribution
Stress-strain state

Void swelling

Creep deformation
Cladding wastage

Creep damage
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Table 2 Designed fuel specifications and irradiation conditions

Item Unit Value
Fuel Type Annular pellet
Inner diameter mm 2.6
Outer diameter mm 8.74
Density %TD 95
Pu cont. (including MA) wt.% 19.3
O to M ratio - 1.95
Fuel colum length mm 1000
Plenum upper mm 100
lower mm 1100
Cladding | Material PNC316
Inner diameter mm 8.98
Outer diameter mm 10.4
Thickness mm 0.71
Irradiation duration day 1150
Max. LHR W/em 403
Max. Cladding midwall temperature K 897
Max. Neutron fluence(>0.1MeV) n/cm’ 2.0E23
Max. Burnup ( local position ) GWD/t 91.5
Coolant Material Sodium
Inlet temperature K 668
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