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Abstract

It is very important to investigate the behaviors of the material parameters governing PCI fuel failure
during power ramp because PCI fuel failure is considered to be related to the operationg limits of
power reactors. In this study, the behavior characteristics of the material parameters such as hoop
stress, hoop strain, ridge height, creep strain rate and strain energy in cladding were studied as a
function of the operating paramters such as power shock and ramp rate. The FEMAXI-TV fuel rod

performance analysis code was used for this study.
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1. Introduction

Many in-reactor power ramp tests have been per-
formed [1] to investigate the PCI (Pellet-Cladding In-
teraction) mechanism and its failure criteria. This is
because the PCI fuel failure is considered to be related
to the operating limits of power reactors. Many inves-
tigators have also performed [2] out-of-pile tests to
determine the PCI fuel failure criteria, which are, for

the most part, given in terms of material parameters
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such as stress, strain rate and the corrosive element
concentration. The out-of-pile test results, however,
cannot be applied directly in analyzing in-reactor test
results because there is no way,in the out-of-pile tests,
to reflect the neutron irradiation effects and the instan-
taneous stress changes imposed on fuel cladding due
to power changes. In reality, most fuel designers use
empirical correlations statistically developed as a func-
tion of operating parameters such as power shock,
ramp rate, burnup and ramp terminal level to predict
the PCI fuel failure in ractors [3-7]. These empirical
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correlations have some restrictions in their application
to various fuel and irradiation conditions. For instance,
the empirical correlations statistically developed using
in-reactor test results for the PCI fuel failure cannot
be extended to mechanistic analysis on the effect of
fuel design parameters on the PCI fuel failure. This
description points out that PCI fuel failure should be
analyzed by means of material parameters rather than
operating parameters. Nakajima and Sim [8] showed
in their analysis on Studsvik Power-Ramp Test results
by the FEMAXI- [V fuel rod performance analysis code
that PCI fuel failure was explained much better by
material parameters than by operating parameters. The
use of the material parameters to predict PCI fuel
failure in reactors requires the threshold value of each
parameter; above the threshold value PCI fuel failure
is considered to occur. Much effort was concentrated
on the determination of the threshold values. However,
they cannot be applied directly as mentioned above
because most of them were found through out-of-pile
tests. It seems to us that for adequate use of the
out-of-pile test results in the determination of the
threshold values of the material parameters, the rel-
ation between the material parameters and the ope-
rating paramters under power ramp conditions should
be investigated.
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2. Thei Behaviors of the Material Parameters

According to Nakajima and Sim {8], the material
parameters governing PCI fuel failure are hoop stress,
creep strain rate, strain energy and corrosive element
concentration at the cladding ridge. A sensitivity study
was performed using the FEMAXI-IV computer code
to investigate the behavior characteristics of these pa-
rameters as a function of the operating parameters
under power ramp condition. The FEMAXI-IV code
had been proven to be a reasonable one for the analysis
of fuel behaviors under fast transient conditions like
power ramp by the comparison of its prediction with
Studsvik power Ramp Test results [8-9]. For the sen-
sitivity study, a typical PWR fuel rod was chosen (refer
to Table 1), which was assumed to be base irradiated
to the burnup of 24,700 MWD/MTU with the average
linear heat rating of 23kW/m. since Sim [2] revealed
in his analysis of in-reactor power ramp test results
that the PCI fuel failure was significantly affected by
the fuel rod conditions prior to power ramp-for exam-
ple, cladding ridge height and ovality, etc - power shock
was defined in this study as ramp terminal level minus
contact power to reflect the influence of the previous
fuel rod conditions. The contact power is considered
to be the linear heat rating at the beginning of fuel-

cladding contact during power ramp.

Table 1 Data used in the sensitivity study

Fuel rod data
fuel rod type
fuel outer diameter
fuel grain size
cladding type
cladding outer diameter
diametral clearance
stack length
plenum length
initial pressure
Irradiation data
coolant pressure
coolant temperature

average linear heat rating

burnup prior to ramping

PWR

9.15mm

6.0 #m
stress-relieved Zry-4
10.75 mm

150 p#m

320 mm

32 mm

2.25 MPa

14.5 Mpa

300 ¢

23 kW/m

24,700 MWD/MTU
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Fig.1 shows the variations of increments in maximum
cladding hoop stress, maximum cladding hoop strain
and cladding ridge hight as a function of the power
shock and ramp rate. As shown in Fig. 1, the increments
in the maximum cladding hoop stress and strain inc-
rease rapidly with the power up to 24kW/m and cease
from increase with the power shock higher than 24kW/
m. The increment in the cladding ridge height also
increases with the power shock up to to 24kW/m, but
decreases with the power shock higher than 24kW/
m, as shown in Fig.1. The cease from increase in the
cladding hoop stress and strain at the higher power
shock indicates that the thermal expansion in fuel pellet
and the relocation of fuel crack fragments occurred
maximally, and stress relaxation in cladding occurred.
Fig. 1 also shows that the ramp rate hardly affects the
cladding hoop stress and strain. Fig.2 shows the var-

iations of increments in the creep strain rate and strain
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energy at the cladding ridge as a function of the power
shock and the ramp rate. As shown in Fig.2, the inc-
rement in the creep strain rate at the cladding ridge
increases with the power shock up to 16kW/m, dec-
reases with the power shock higher than 30kW/m. The
increment in the strain energy at the cladding ridge
gradually increases with the power shock uo to 16kW/
m. This corresponds to the power shock range showing
the first increase in the cladding creep strain rate. The
increment rapidly increases with the power shock in
the range of 16-24kW/m. This corresponds to the
power shock range showing the decrease in the clad-
ding creep strain rate. This decrement again gradually
increases with the power shock higher than 24kW/m.
This corresponds to the power shock range showing
the saturation of the cladding hoop stress and strain.
Fig2 also shows that the ramp rate significantly affects
the cladding creep strain rate and strain energy.
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3. Discussion

The sensitivity study described in Chapter 2 indicates
that the operating parameters affect the material
parameters in three regions as follows. Region 1 (power
shock in the range of 0 to 16kW/m in Figs 1 and 2)
is characterized by rapid increases in the hoop stress,
hoop strain and creep strain rate at the cladding ridge,
by rapid increase in the cladding ridge height, and
by the gradual increase in the strain energy at the
cladding ridge. This region is considered to be gove-
med by the differences in thermal expansion between
UQ, pellet and Zircaloy cladding, and by the relocation
of the cracked pellet fragments. Region [ (power
shock in the range of 16 to 24kW/m in Figs 1 and
2) is characterized by rapid increases in hoop stress,
hoop strain and strain energy at the cladding ridge,
by rapid increase in cladding ridge height, and by
decrease in creep strain rate at the cladding ridge.
This region is considered to be governed by the
phenomena related to Region T and also governed
by the swelling difference along the UO, pellet due
to thermal feedback. The thermal migration of fission
gas release from intragrain to grain boundary and the
growth of fission gas bubbles on grain boundary of
the fuel pellet are accelerated by higher temperatures
due to poor heat transfer at the middle height of the
pellet, leading to a higher swelling rate at the middle
height of the pellet as a consequence. It is noted here
that the ends of the fuel pellet keep the hard contact
with the cladding more than the mid-points of the
fuel pellet, because of the hourglassing of the pellet
ends. This hard contact at the pellet ends increases
local gap conductance, and therefore, lowers the
temperature level at the pellet ends more than that
at middle height of the pellet, where relatively soft
contact is kept with the cladding. Due to this difference
in the temperature level along the pellet length, the
local swelling rate at the pellet ends appears to be
lower than at the middle height of the pellet. The
decrease in the creep strain rate at cladding ridge in
Region II stems from the lower swelling rate at the
pellet ends.
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Region I (power shock higher than 24kW/m in
Figs 1 and 2) is characterized by saturation in hoop
stress and strain at the cladding ridge, by decrease in
cladding ridge height, by decrease and increase in creep
strain rate at the cladding ridge and by the decelerated
strain anergy at the cladding ridge. The increase in
creep strain rate at the cladding ridge means that the
thermal feedback effect, discussed above, is eliminated
at much higher powers because the contact between
the middle points of the pellet and the cladding becom-
es harder. This almost equivalent swelling rate along
the fuel pellet makes the cladding ridge height lower.
This lowered ridge height suppresses the stress and
the strain concentration at the cladding ridge. From
this fact Region III is considered to be governed by
the accelerated thermal expansion difference between
UO, pellet and Zircaloy cladding, and also by stress
relaxation,

In Chapter 2, the ramp rate was described not to
affect the cladding hoop stress and strain. This is in
accord with the previus result [2] of the author. After
re-examination of Studsvik Power Ramp Test results,
the author concluded that PCI fuel failure strongly
depends on both the condition of fuel rods prior to
power ramp and power shock and that ramp rate af-
fects PCI fuel failure less than power shock. This des-
cription may give background on the use of the thres-
hold stress concept for the analysis of PCI fuel failure
during power ramp.

4. Conclusion

The behaviors of the material paramters affecting
the PCI fuel failure during power ramp was investigated
as a function of the operating parameters by FEMAXI-
IV fuel rod performance analysis code. This study in-
dicates that the power shock greatly affects the material
parameters such as hoop stress, hoop strain, creep
strain rate, ridge height and strain energy in cladding.
The ramp rate hardly affects the hoop stress hoop strain
and ridge height, but affect is made on the creep strain
rate and strain energy. This description was found to
be congistent with the experimental results. Ths sensi-
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tivity study also indicates that the operating parameters
affect the material parameters in three regions; a re-
gion (Region 1) goverened by the different thermal
expansion between UQ, pellet and Zircaloy cladding
and the relocation of the cracked pellet fragments, a
region {Region II) governed by the effects described
above and also by the swelling difference along the
UO; pellet due to thermal feedback, and a region
(Region [II) governed by the accelerated thermal
expansion difference between UQ, pellet and Zircaloy
cladding and also by stress relaxation.
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