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1. Introduction

The effect of external mechanical constraints on the peak cladding strain of U-10Mo monolithic plate
was investigated through a FEM based simulation of a 3D model representing L1P756 mini-plate during
irradiation.

Figure 1 — 3-D model of L1P756 mini-plate
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Figure 2 — Schematic of axial section of L1P756 showing the different sections: Clad, fuel foil and Zr liner (dimensions in mm)
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Figure 3 — Dimensions of L1P756 as used in the simulations [1].

2. Simulation and Model Setup

2.1 Simulation model

The irradiation history of L1P756 mini-plate consists of five steps: Startup, ATR cycle 146A, transition
from cycle 146A to 146B, ATR cycle 146B, and finally the shutdown (see [1] for details of the irradiation

history).

The following are list of the main models which were implemented in the simulations:

(i) model for thermal conductivity degradation of the fuel material [2],
(ii) gaseous swelling model [3],

(iii) irradiation induced creep model [4],

(iv) model for the fuel swelling due to fission products [3]

Details on the coolant channel model are presented in reference [5].



2.2 Simulation approach

Simulation of the irradiation stage of L1P756 via FEM requires implementation of various boundary
conditions (B.C.) either to mimic the actual irradiation setup (e.g. the rails holding the mini plate in the
reactor core) or to satisfy certain simulation and/ or mathematical requirements (e.g. pseudo rigid body
model (PRBM)”, prevent body rotation ... etc). Figure 4 shows the different B.Cs. applied in the original

3D model prior to the present study.
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Figure 4: Boundary conditions applied to the original 3D model to simulate irradiation of L1P756 plate

Table 1 — List of boundary conditions and mechanical constraints applied to the 3D model of L1P756

Description / constrain

Boundary condition

Left rail B. C. Represent the actual constrain on how the plate is being hold in the reactor
core: Uy=Uz=0.0

Right rail B. C. Represent the actual constrain on how the plate is being hold in the reactor
core: Uz=0.0

Inlet PRBM Pseudo rigid body model at the coolant inlet side of the plate: Ux=Uz=0.0

Outlet PRBM Pseudo rigid body model at the coolant inlet side of the plate: Ux=Uz=0.0

Fixed PRBM Pseudo rigid body model at the left corner of coolant inlet side of the plate to
prevent part rotation: Ux= Uy = Uz=Rx =Ry =Rz=0.0

Mid-SYM Fixed mid plane of symmetry — no displacement along thickness direction: Uz
=0.0

’ Hereby and after will be referred to as PRBM.




According to the boundary conditions listed above and recalling that the major deformation of the plate
occurs along the thickness direction (i.e. along the z-axis), the only available surfaces to apply additional
mechanical constraints are the two free surfaces at the coolant inlet and outlet sides of the monolithic
plates as shown in Figure 5.

Fixed outlet surface

Figure 5: Free surfaces at coolant inlet and outlet sides highlighted in red where external mechanical will be applied

The applied mechanical constraints on the free surfaces imply that the displacement deformation of
these surfaces along the coolant flow direction (i.e. along the x-direction) equals zero (Ux= 0.0).

3. Results and Discussion

3.1 Strain profile of cladding with mechanical constraints

The cladding strain profiles during the different stages of irradiation (start up, cycle 146A, transition
between 146A and 1468, cycle 146B, and shutdown) were tracked with mechanical constraints applied
and compared to the corresponding profiles of the original model. The strain was described in terms of
the equivalent plastic strain to consider any permanent strain/ deformation induced by the mechanical
constraints.



Figure 6: Equivalent plastic strain in cladding at the end of startup up stage in the original 3D model of the plate (top) and
with the coolant inlet and outlet surfaces mechanically constrained (bottom).

According to the strain profiles shown in Figure 6, the applied mechanical constraints at the coolant inlet
and outlet sides caused the peak cladding strain to increase from 8.56E-03 to 2.41E-02 (difference ~
0.0155) at the end of startup stage. Although the peak cladding strain is apparently localized in the
vicinity of the applied mechanical constraints, the overall equivalent plastic strain in higher everywhere
else compared to the corresponding original model.

By the end of irradiation (i.e. shutdown), the difference in maximum equivalent plastic strain between
the original 3D model and the corresponding one with mechanical constraints dropped from 0.0155 to
0.0143 (~ 9% less) as shown in the Figure 7.
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Figure 7: Equivalent plastic strain (mm/mm) in cladding at the end of shutdown stage in the original 3D model of the plate
(top) and with the coolant inlet and outlet surfaces mechanically constrained (bottom).

For further analysis, the variation of the peak cladding of the two models over the different irradiations
cycles as well as the difference in peak cladding strains are shown in Figure 8 and 9 respectively.
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Figure 8: Variation of peak clad strain over the irradiation stage of L1P756 monolithic plate in RERTR-12
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Figure 9: Difference in peak cladding strain between the two models over the irradiation stage



The data shown in Figure 8 indicates that the difference in peak cladding strain between the original
model and the mechanically constrained one is highest at the beginning of irradiation and becomes
minimum just by the end of irradiation cycle 146A. Finally, it saturates to be about 0.0143 till the end of
irradiation.

Moreover, the variation in the difference in peak cladding strain as shown in Figure 9 indicates that the
initial cladding strain induced by the mechanical constrained was “partially” relived (about 8% less) by
the end of the irradiation cycle 146A.

Obviously, the mechanical constrained applied in this case resulted in a permanent plastic strain in the
cladding of about 0.0143 which is about 3.5% of the peak cladding strain computed for the original
model (maximum equivalent plastic strain of 0.4058).

3.2 Asymmetric mechanical constraints

Due to the asymmetrical geometry of the L1P754 monolithic plate along the axial direction (i.e. the
coolant flow direction), other states of mechanical constraints were investigated by preventing axial
displacement at the coolant inlet and outlet sides separately.

With mechanical constraints applied to the coolant inlet side, minimal change in the peak cladding strain
was observed when compared to the original model as shown in Figure 10.

Figure 10: Equivalent plastic strain in cladding at shutdown with mechanical constraints applied only at the coolant inlet side
showing peak cladding strain 0.4037.



When mechanical constraint was attempted at the coolant outlet side, the numerical solution
encountered severe convergence problem due to excess deformation/ strain at large number of nodes
and solution convergence was judged unlikely.

Recalling the geometry of the monolithic plate under investigation (see Figure 2), the cladding material
content is higher toward the coolant inlet side compared to the coolant outlet side which explains the
capability of the model to accommodate the excess strain induced by the mechanical constraints when
applied to the inlet side. Similarly, the failure to accommodate the plastic strain induced by the
mechanical constraints being applied at the coolant outlet side is attributed to the limited cladding
material content in this region.

3.3 Relaxation of boundary conditions

As mentioned earlier in this reports, the boundary conditions applied to the L1P756 model are either to
mimic actual mechanical state (fixtures, constraints ... etc) of the plate or to satisfy physical and/ or
mathematical considerations (rigid body, rotation ... etc). In this subsection, the corresponding strain
field of cladding following relaxation of some of the B.Cs listed in Table -1.

When the three PRBM B.C. were suppressed, an increase of about 1.4% in peak cladding equivalent
plastic strain was observed while suppression of the mid-symmetry plane B.C. caused less than 0.5%
increase in the peak cladding strain.
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Figure 11: Equivalent plastic strain in cladding at shutdown with all PRBM boundary conditions being suppressed



Compared to the 3.5% increase in peak cladding strain with mechanical constraints, it is worthwhile to
consider the implementation of PRBM boundary conditions to avoid over estimating the simulated peak
cladding strain.

4. Summary

The impact of mechanical constraints on the peak cladding strain was investigated by simulating
different states of mechanical constraints on the 3-D model of L1P756 monolithic plate. With symmetric
mechanical constraints applied at the coolant inlet and outlet sides, an early increase in peak cladding
strain was observed by the end of irradiation cycle 146A followed by partial strain relief during the rest
of the irradiation course. By the end of irradiation, the cladding section accumulated permanent plastic
strain of about 0.0143 which represents 3.5% of the peak cladding strain without any mechanical
constraints applied.

The influence of the symmetry of the mechanical constraints was examined by applying constraints
separately at the coolant inlet and outlet sides. With the coolant inlet side being constrained, minimal
change in peak cladding strain was observed which indicates that the major contribution to the increase
in peak cladding strain with symmetric mechanical constraints comes from the constraint applied at the
coolant outlet side. This observation was confirmed by the failure of solution convergence when
mechanical constraint was applied solely at the coolant outlet side due to severe deformation at large
number of nodes. It is suggested that the observed mechanical response of the L1P756 monolithic plate
to the asymmetric mechanical is mainly due to the asymmetric cladding material content along the axial
direction of the plate (i.e. along the coolant flow direction). Thus, it is worthwhile to notice that the
mechanical response of monolithic plates to mechanical constraints is highly dependent on the applied
constraints as well as the plate geometry itself.
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