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1. Introduction 

As the discharged burnup of a nuclear fuel in-
creases, several phenomena are of interest. Pellet-
clad mechanical interaction (PCMI) is one of the 
high burnup related concerns. The possibility of 
PCMI during power transients increases due to the 
narrowing gap between the pellet and clad follow-
ing pellet and clad deformation. PCMI is induced 
by a temperature gradient presented in the pellet 
with a higher thermal expansion and lower thermal 
conductivity relative to the clad. Also, the eccen-
tricity between the pellet and clad contributes to 
PCMI especially at a low power. Axial and radial 
deformation of clad could develop. It is understood 
that the clad is deformed by thermal expansion, 
swelling, and creep relaxation of the pellet [1]. Pel-
let with a parabolic temperature gradient deforms 
in the shape of hourglass or wheatsheaf so that 
the contact of the pellet with the clad begins at the 
cusp of the pellet. Although it has not been re-
ported up to now that PCMI directly results in the 
failure of fuel rods, PCMI seems to be a critical 
barrier for extending the higher burnup of a fuel. 

A lot of experimental and modelling studies re-
lated to PCMI have been performed. For exam-
ples, in-pile data were compared with the FEMAXI 
code calculations in which PCMI during a power 
transient occurred [2]. Meanwhile a fuel rod dis-
charged after two cycles in a commercial PWR 
was examined during power ramp tests [3]. The 
overall behaviour of the fuel rod was modelled with 
the METEOR code, and the ridge of the clad sur-
face was evaluated by the TOUTATIS code based 
on a general purpose finite element (FE) code, 
CASTEM 2000. 

A fuel performance code, COSMOS has been 
developed to cope with the high burnup phenom-
ena for UO2 as well as MOX [4]. The COSMOS 
code has been mainly improved in the models re-
lating to the prediction of temperature and fission 
gas release. Since the COSMOS code can deal 
with the one dimensional geometry for a fuel rod, it 
is required to improve or extend it in order to model 
PCMI for which ridge formation should be simu-
lated at least two dimensionally. 

In this study, an extension module based on a 
commercial FE code, ABAQUS has been devel-
oped to provide the function of PCMI modelling for 
the fuel performance code, COSMOS. Detailed 
modelling works are described. In-pile data is used 

to compare the calculations with the measure-
ments. 

 
 

2. Model Description for PCMI 
Evaluation  

PCMI was evaluated by the procedure shown in 
Figure 1. A fuel performance code is required to 
analyze the status of a fuel rod before power tran-
sient occurs. The gap width between the pellet and 
clad is most critical among the parameters ob-
tained from the code, and determines whether or 
not the evaluation of the PCMI is acceptable. PCMI 
due to power transients was simulated by the 
ABAQUS [5] code based on the results of the 
COSMOS code. The simulation procedures were 
divided into input generation, execution and result 
processing. User subroutines in Fortran for the 
ABAQUS code were prepared to describe the ma-
terial and heat transfer models. A series of calcula-
tion works were programmed in Python [6], which 
was adopted as the script language for the 
ABAQUS code. The developed script program can 
directly control the Python object corresponding to 
the ABAQUS keyword and post processing com-
mand, resulting in a flexible environment to simu-
late PCMI even if the dimension of the fuel rod or 
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Figure 1. Procedure for PCMI modelling 
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applied load is changed. The work bordered by a 
dotted line in the Figure 1 is mainly progressed.  

The script program consists of: 
1. The part defining the calculation condition, in-

teraction and load, 
2. The generation of FE mesh, and 
3. Finally the code execution and post processing.  
An axisymmetric FE model is applied to the part of 
the fuel rod as high as a half pellet in the program. 
Radial power depression in the pellet can be con-
sidered by dividing it into up to 10 equal-sized 
rings. Load history as input for the script program 
is passed to the user subroutines in which the 
power history, radial power depression, convective 
heat transfer coefficient, gap conductance, and the 
creep rate for the pellet as well as the clad are de-
fined.  

In order to make it appropriate to model clad 
deformation axially as well as radially due to PCMI, 
there needs not only to be thermo-mechanical 
models for the pellet and clad but also a contact 
model to represent their interaction. 

A thermal conductivity model of MOX devel-
oped by Halden [7] is used. Thermal expansion 
coefficient and yield strength are assumed to be 
identical for UO2 and MOX. Model for the secon-
dary creep rate includes the thermal and irradiation 
effect. Enhanced irradiation creep rate of MOX is 
accounted for by the third term of the UO2 creep 
equation. Thermal expansion is modelled by the 
anisotropic coefficient. Yield strength of Zircaloy is 
known to be saturated by irradiation hardening at 
relatively low neutron fluence. The saturated yield 
strength used is 435 MPa. A half pellet is modelled 
axisymmetrically for the temperature and deforma-
tion evaluation. The quadrilateral bilinear element 
is used for the calculation. Since temperature is 
dependent upon the gap width between the pellet 
and clad during the performance evaluation, the 
temperature or gap width is assumed to be fixed 
for a certain time step or a coupled temperature-
displacement analysis is required. In this work the 
latter is used. Figure 2 shows the boundary condi-
tions for FE analysis. Symmetries at z = 0 and  
r = 0 impose the fixed boundary conditions. Axial 
displacement is coupled on the upper clad surface. 
Forced convection is assumed for a low power 
condition, and the Jens-Lottes correlation is used 
in case of local boiling. Effect of the oxide on the 
outer surface of the clad is considered only in the 
temperature calculation by incorporating it into the 
effective heat transfer coefficient. Heat transfer 
through the gap is modelled by the Ross-Stoute 
equation. 

Mechanical interaction of the pellet with the 
clad during power transient is modelled by a con-
tact model. Hard contact is used for transmission 
of the contact pressure. The relationship between 
the normal contact force and shear force is de-
scribed by Newton’s friction law. The contact prob-

lem is solved by using a penalty method which is a 
default in the ABAQUS code. 

 
 

3. Results and Discussion 

The validity of the PCMI model is examined by a 
parametric study. Clad deformation is calculated 
as a function of the friction factor, creep rate of the 
pellet, and axial compressive force.  

The dimensions of a dished pellet for the para-
metric study are selected to represent typical PWR 
fuel rod: the diameter of 8.27 mm, the height of 
11.9 mm, and the clad thickness of 0.56 mm. The 
diametric gap of 20 µm at room temperature is as-
sumed by considering pellet swelling and clad 
creep-down at a high burnup. Power history shown 
in Figure 3 is used with a maximum linear power of 
29 kW/m. The burnup of the pellet is about 25 
MWd/kgMOX. Table 1 shows the calculation condi-
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Figure 2. Boundary conditions for PCMI modelling 
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Figure 3. Power history for parametric analysis 
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tions. Friction factor, µ, between the pellet and clad 
has been reported in the range of 0.47 to 0.6 [8]. In 
the fuel rod, however, the pellet might experience 
a friction force higher than the product of the nor-
mal contact force and friction factor due to the in-
teraction between the pellets. The parametric 
study is performed for an effective friction factor of 
0.5, 0.75, 1, and ∞. The effect of the axial com-
pressive force over the pellet land is also exam-
ined. It is assumed that the thermal conductivity for 
UO2 and MOX is identical for comparing the calcu-
lated results at the same temperature distribution.  

Figure 4 shows the clad elongation for the 1/2 
pellet model when the variation of power is given 
as in Figure 3. As shown in Figure 4a, the clad 
elongation increases further and the PCMI occurs 
earlier in proportion to the friction factor. The as-
sumption, µeff = ∞, seems to be too severe since 
the clad elongates with the pellet deformation by 
completely sticking between them even if there is a 
slight contact. In the case of µeff = 0.5, the contact 
of the pellet with the clad does not sustain but is 
released at once. This analysis is valid in that the 
clad elongation is almost equal to thermal expan-
sion of the clad. It is identified that for the case 
where µeff = 1, it exhibits clad elongation closer to 
the PCMI experimental result.  

The tendency of relaxation during a power hold 
of 20 hr is well represented by the decrease of clad 
elongation in Figure 4b. Table 2 summarizes the 
magnitude of clad elongations. The clad elongation 
for the UO2 pellet is around 0.34 µm if axial com-
pressive force is not applied and except for µeff = ∞ 
for which even a slight contact might cause severe 
clad deformation. Axial compressive force causes 
higher clad relaxation due to the enhanced creep 
of the pellet. The higher creep rate of MOX than 
that of UO2 results in about a four times larger 
variation of clad deformation relative to the UO2. 

Calculated clad elongation during power de-
crease is inconsistent with the real phenomena in 
which clad elongation should be higher than the 
one caused by thermal expansion.  

Recent MOX experimental data is used to verify 
the developed PCMI modelling. A fuel rod for model-
ling verification was manufactured by the MIMAS 
process and irradiated up to middle burnup at a 
PWR nuclear power plant. It was further irradiated at 
an average linear power of 20 kW/m and up to a 
burnup of about 25 MWd/kgMOX. The purpose of 
the irradiation test was to investigate the thermal 
performance, the fission gas release, and PCMI of 
the MOX fuel rod. Fabrication data of the fuel rod is 
given in Table 3. The fuel rod contained 32 pellets. 
Rod power was controlled by regulating the pres-
sure of 3He in the coil installed in the rig. Power 
ramp took place five times during the irradiation of 
eight days, which was designated as phase 1 to 5. 

From the parametric study under the power his-
tory as shown in Figure 4, µeff = 1 was chosen to 

Table 3. Fabrication data of fuel rod 

Initial fuel OD, [mm] 8.19 
Fuel ID for thermocouple, [mm] 2.5 
Pellet height, [mm] 11.864 
Dish diameter/depth, [mm] 4.9/0.3 
Initial clad OD, [mm] 9.50 
Initial clad ID, [mm] 8.36 
Initial diametric gap, [µm] 170 
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Figure 4. Clad elongation per half pellet during 
power history for parametric study:  
(a) during power increase,  
(b) during power hold 

Table 1. Calculation matrix 

№ Effective 
friction factor 

(µeff) 

Axial force Pellet 

1 0.5 − UO2 
2 0.75 − UO2 
3 0.75 50 MPa UO2 
4 1 − MOX 
5 1 − UO2 
6 ∞ − UO2 

 
Table 2. Changes in clad length during power hold 

№ 1 2 3 4 5 6 
Change in 

clad length, 
[µm] 

0.35 0.33 0.82 1.29 0.34 0.71 
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take into account pellet to pellet interactions. 
Thermal conductivity of the MOX pellet accounts 
for the burnup effect. Based on the irradiation test 
results, the pellet-to-clad gap width was estimated 

for the model input. The combination of Kmox= 0.92, 
a3 = 14 in the MOX thermal conductivity relation 
and a gap width = 20 µm was used for the PCMI 
modelling. Radial power depression in the pellet 
due to the self-shielding of the thermal neutron is 
reflected in the modelling.  

Figure 5 shows the average linear power of the 
fuel rod for verification. Condensed linear power is 
also given for the temperature and deformation 
calculations. Phase 0 with a slight variation at a 
lower power is likely to have a minor effect on the 
temperature and is simply condensed. For power 
condensation during power decrease, linear power 
is decreased down to zero and again increases up 
to the power hold level. This is a limitation of the 
present 1/2 pellet model because the calculated 
clad elongation with power decrease is not rea-
sonable. Total clad elongation of the fuel rod is 
estimated by the product of the clad elongation of 
the 1/2 pellet model, a factor of 2 due to symmetry, 
and the number of pellets. 

The calculated centerline temperature is com-
pared with the measured one. The centerline tem-
perature is directly proportional to the linear power. 
The comparisons show a good agreement with 
maximal difference of approximately 50˚C.  

Clad elongation of the fuel rod is shown in Fig-
ure 6 for phase 1, 3, and 5. The estimated clad 
elongation, as a whole, is similar with the meas-
ured one. For phase 3, it is predicted that clad be-
gan to deform at an elongation about three times 
higher than the measured one. Pellet-to-pellet in-
teraction and axial slip of the pellet are thought 
likely to play an important role in clad elongation 
when the power ramps repeatedly take place. For 
phase 5, the calculated elongation is lower than 
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Figure 7. Clad elongation versus linear power 
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Figure 5. History of average linear power from 

measurement and for calculation 
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Figure 6. Variation of clad elongation during power 

transient 
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the measured one, which might be interpreted as 
the effect of fission gas release which was esti-
mated to begin around 1200°C. At the end of the 
power hold for phase 1, the average Mises stress 
is estimated to be 225 MPa and 34 MPa for the 
clad and pellet land, respectively.  

Variation of clad elongation with linear power is 
shown in Figure 7. The calculation has a similar 
tendency with the measurement. Difference in the 
range of a low linear power is thought to be attrib-
utable not only to early PCMI but also intrinsic 
elongation, 0.02 mm at zero power. Considering 
these effects on the clad elongation, thermal ex-
pansion prior to the development of the PCMI is 
predicted well. However, it can not be considered 
in the present model that the predicted elongation 
remains in the range much lower than the meas-
urement appearing around 24 kW/m in Figure 7. 

 
 

4. Conclusion 

PCMI during power transients for MOX fuel is mod-
elled by a FE method. The PCMI model predicts 
well clad elongation during power ramp and relaxa-
tion during power hold except the fuel behaviour 
during a power decrease. Higher fiction factor re-
sults in the earlier occurrence of PCMI and more 
enhanced clad elongation. The relaxation is de-
pendent on the irradiation creep rate of the pellet 
and axial compressive force. Verification of the 
PCMI model was done using recent MOX experi-
mental data. Temperature and clad elongation for 
the fuel rod can be evaluated in a reasonable way.  

5. Acknowledgements 

The Ministry of Science and Technology (MOST) 
of the Republic of Korea has sponsored this work 
through the Mid- and Long-term nuclear R&D Pro-
ject. The authors would like to thank Mr. Erik Kol-
stad, Halden Reactor Project, for his kind coopera-
tion. 

 
 

References 

[1] M. Ichikawa. Fuel Performance Evaluation 
and Modelling. OECD-HRP Summer School, 
August, 2001. 

[2] K. Ito et al. A Comparison of FEMAXI-III Code 
Calculations with Irradiation Experiments, Res 
Mechanica, 2, 109-121, 1981. 

[3] S. Bourreau et al. Ramp Testing of PWR Fuel 
and Multi-Dimensional Finite Element Model-
ing of PCMI. Int. Topical Meeting LWR Fuel 
Performance, USA, 10-13 April, 2000. 

[4] Y. Koo, B. Lee, D. Sohn, Annals of Nuclear 
Energy, 26, 47-67, 1999. 

[5] ABAQUS Standard and CAE Version 6.2 
Manual, 2001. 

[6] http://www.python.org. 
[7] W. Wiesenack. Assessment of UO2 Conduc-

tivity Degradation Based on in-pile tempera-
ture data. ANS Topical Meeting Light Water 
Reactor Fuel Performance, Portland, USA, 2-
6 March, 1997. 

[8] M. Nakatsuka, Journal of Nuclear Materials, 
96, 205-207, 1981. 

 
 


