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ABSTRACT

A full length rod irradiated at Tsuruga unit 1 was refablicated to short length rods, and rod inner
pressure gauges were re-instrumented to the rods. Re-irradiation tests to study the fission gas release
during power change were carried out by means of BOCA/OSF-1 facility at the JMTR. In the tests,
steady state operation at 40kW/m and power cycling operations between 20 and 40kW/m were
conducted for the same high power holding time, and the rod inner pressure change during the tests
was measured. The rod inner pressure increase was observed during power change, especially during
power reduction. The rod inner pressure increase during a power cycling depended on the length of the
high power operation just before the power cycling. The fission gas release during power reduction
is estimated to be the release from fission gas bubbles on the grain boundary caused by the thermal
stress in the pellet during power reduction. When steady state operation and power cycling were
repeated at the power levels of 30, 35 and 40kW/m, the power cycling accelerated the fission gas
release compared with the steady state operation.

1. INTRODUCTION

In order to reduce fuel cycle cost and the amount of spent fuel, increase of the discharged burnup

of the fuel assemblies in LWR has been pursued step by step in Japan and other countries. It

sometimes takes long time to attain high burnup for test rods at a test reactor, and the re-irradiation test

of spent commercial fuel is also preferable from the view point of the irradiation conditions during

base irradiation. Therefore, the JMTR has developed re-irradiation test method at BOCA/OSF-1

facility by means of re-instrumentation to perform fuel irradiation test at high burnup. The increase

of fuel burnup means the increase of fission gas accumulation, and the increase of fission gas release

may result in the increase of inner pressure of fuel rod. Fission gas release during power change of

CANDU fuel was studied by Notley and MacEvan(l). They observed inner pressure increase during

power change, and attributed this inner pressure increase to fission gas release caused by thermal
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stress. Kogai et al.(2) performed load following tests and observed inner pressure increase during

power change. They attributed the inner pressure increase to the fission gas release from fission gas

bubbles on grain boundary. They proposed that the maximum fission gas contained at grain

boundary is controlled by static pressure in the pellet due to PCMI, and that fission gas release from

fission gas bubble at grain boundary occurs during power reduction caused by the reduction of static

pressure in the pellet. Rawland et al.(3) also performed fuel irradiation tests under load following and

simulated Automatic Frequency Control (AFC) operation. These tests used small gap rods, and the

effects of power change on fission gas release of large gap rod have not been studied yet.

Therefore, the fission gas release of large gap rod during power change was studied at the JMTR

by means of re-instrumentation of rod inner pressure gauge to the fuel rods irradiated in a commercial

reactor.

2. EXPERIMENTAL METHODS T a b l e ' Specification of shortened rod

A 7x7 BWR type rod irradiated at
Tsuruga unit 1 reactor up to
22MWd/kgU was used for the test.
Detailed PIE results on the sibling rods
were reported in literature'4'.
Puncturing test and non-destructive tests
were performed on the rod. Then, five
rods of about 40 cm length were cut
from the flat power profile position
between the spacer of the full length rod
at the hot laboratory in JAERI, and some
pellets were removed from both ends of
the short rods.

Then new end plugs were welded at both ends of the
short rods, and the rod inner pressure gauge was welded at
one end of the each short rod. Arc charge was used to
perforate the wall between the rod inner pressure gauge
and the rod plenum. The specification of the four rods
used in the tests is listed in Table 1.

The rod was installed in BOCA(Boiling Water
Capsule) and reirradiated in OSF-1 at the JMTR. The
details of in-core part of BOCA/OSF-1 are shown in Fig. 1.
The power of the rod was measured by coolant
temperature increase between the inlet and outlet of the
OSF-1, which had been calibrated by a heater capsule just
before the irradiation tests. The accuracy of the power
calibration was estimated within ± 5%. The power of
the rod was controlled by pressure change of He-3 gas
contained in the screen in OSF-1 just around the BOCA.

The principle of the tests is comparison tests of

• cladding outer diameter
• cladding thickness
• pellet diameter
• gap width
• stack length
• density
• enrichment
• burnup
• initial grain diameter
• FGR during base irradiation

14.3mm
0.81 ± 0.08mm
12.37 ± 0.03mm
310 nm
229-315 mm
94-95 %TD
2.79 %
22.5-25.6 MWd/kgU
~ 5 n m
~ 0.4%

t J

inlet TC

BOCA capsule

quick connector

(socket)
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shroud in-core tube outlet TC

Figure 1. Details of in-core part of

BOCA/OSF-1.
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fission gas release under different operational modes. The main modes are steady state, power
cycling, and daily load following operations. The maximum power level and the total operation time
at that power level in each operation mode were adjusted to the same values for comparison. Beside
that, one rod was used to investigate the effects of power level on fission gas release during power
change.

3. TEST RESULTS
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Figure 2 shows the rod power and rod inner pressure change during steady state operation. The
rod was conditioned at 20 kW/m for several hours, and the rod power was increased stepwise up to
40.5 kW/m and kept for 84 h. The rod inner pressure increased gradually during high power period,
and the inner pressure suddenly increased stepwise during power reduction after the high power period
as shown in Fig.2. The
initial diameter gap of this
rod was 310 /i m. The
inner pressure at the
maximum power level
increased continuously as

shown in Fig.2, and such a a rj. 6 i / U 30
continuous increase of
inner pressure suggests that
the gap was open even at
the maximum power level.
Therefore, the rod inner
pressure increase during
power reduction is
estimated to be caused by
fission gas release from
pellet inside and not by the
opening of the closed gap
during power reduction.

The rod power and
the rod inner pressure
change during a power
cycling test are depicted in
Fig.3. The rod power was
increased stepwise from 20
kW/m to 40.5 kW/m, and
then the rod was irradiated
under power cycling mode.
The rod inner pressure
increased during power
cycling, especially during
rod power reduction. The

72 96
Time ( h )

Figure 2. Rod inner pressure change during steady state operation.
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Figure 3. Rod inner pressure change during power cycling operation.
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pressure increase at power cycling depends on the length of the high power operation period just

before power reduction and long high power operation period resulted in large pressure increase at

power reduction as shown in Fig.3. At the end of the test, power cycling of short interval was
repeated, and the inner pressure increase
during each power reduction was gradually 3 5

getting small with time.

A simulated daily load following
operation test was also carried out. The
rod power was kept at 40.5 kW/m during
high power operation and at 20 kW/m
during low power operation. The load
follow operation mode was 14h-lh-8h-lh
type simulating the daily load follow
concerning time, but the rod power during
high power operation was considerably
higher than that at a commercial reactor.
The rod inner pressure increased during
high power operation and during power
reduction, and the tendency was similar to
the power cycling test, mentioned above.

These three modes were repeated two
times using the same rods, respectively.
The rod inner pressure changes are plotted
in Fig.4 as a function of the total holding
time at 40 kW/m. The inner pressure of
steady state rod increased
continuously during high
power operation and also
increased stepwise at power
reduction after the first and
the second tests and at the
unscheduled shutdown of the
reactor. The inner pressure
of the power cycling rod
showed stepwise increase at
power reduction. The inner
pressure of load following rod
also showed stepwise increase
during power reduction.

To study the effects of
the rod power level on fission
gas release during power
cycling, one of the shortened
rods was irradiated in BOCA

Figure 4. Rod inner pressure change under different
operational modes as a function of holding
time at 40 kW/m.
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Figure 5. Rod inner pressure change during power cycling operation

at different power levels(30,35,40k\V7m).
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in the mode shown in Fig. 5. The rod power level was increased stepwise from 30 kW/m to 40kW/m,
and steady state operation and power cycling operation were repeated at each power level as shown in
Fig.5. Total holding time at each high power operation during power cycling was 22 h and same as
that during steady state operation. The inner pressure gradually increased and pressure increase was
more prominent at the higher power level. The pressure increase during power cycling is larger than
that during steady state operation at each power level.

4. DISCUSSION

In the present test, the rod inner pressure increased during power change, especially during power
reduction. Such inner pressure increase during power reduction is expected to occur due to the
opening of the closed gap or reduction of PCMI in case of a small gap rod. In a small gap rod, the
gap closes at high power operation and the fission gas, released from pellet to gap, cannot reach
plenum or pressure gauge during high power operation. On the other hand, under strong PCMI, the
maximum amount of fission gas accommodated on the grain boundary depends on the compressive
stress in the pellet, and fission gas is released during power reduction due to the decrease of the
maximum amount of fission gas accommodated on grain boundary. However, the rods used in the
present tests have large gap of 310 nm and the PCMI is estimated to be very small even at the high
power level of 40 kW/m by means of the calculation of fuel analysis code. Therefore, the inner
pressure increase during power reduction is
estimated to be caused by the fission gas
release which originated from the pellet
inside during power reduction irrelevant to
PCMI.

The second feature of the inner
pressure increase during power reduction is
the dependence of the pressure change on
the holding time just before the power
reduction as shown in Fig.3. The pressure
increase during power reduction after a
long holding period at high power is larger
than that after short holding time. The
estimated fission gas release from the inner
pressure increase are shown in Fig.6. The
fission gas release occurs stepwise at power
reduction in each mode, however, generally
the rate of the fission gas release is
proportional to the square root of the time
held at 40 kW/m. These dependencies on
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time dependencies also suggest that the

fission gas release during power reduction
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Figure 6. Estimated FGR under different operational
modes as a function of total time operated
at 40 kW/m.
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boundary, because the amount of the fission gas arrives at grain boundary is almost proportional to the
square root of the holding time at high power and some parts of the fission gas on the grain boundary
seems to be released at accelerated release rate during power reduction.

A possible explanation of fission gas release during power reduction is as follows:

During the base irradiation, fission gas is generated in the pellet and diffuses through the grain to
grain boundary. At high power operation, grain growth occurs and the fission gas is swept out and
accumulated at grain boundary. The fission gas bubbles on the grain boundary grow gradually and
interlinkage of fission gas bubbles result in the formation of open porosity and fission gas release.
The stress around pellet center at high power is compressive, and it decrease gradually during holding
time at high power due to relaxation or creep of pellet at high temperature. At power reduction, the
stress around pellet center changes from compressive to tensile due to temperature decrease, and the
tensile stress at grain boundary may promote the fission gas bubble growth or bubble interlinkage on
the grain boundary. Micro cracks through the grain boundary or formation of open porosity may
occur, and the fission gas released from grain boundary bubbles into the free volume in the rod is
estimated to result in the inner pressure increase during power reduction.

The fission gas release rate during power cycling operation was larger than that during steady
operation between 30kW/m and 40kW/m. A possible reason of the difference may be as follows:

The fission gas in the bubbles on the grain boundary is released during power reduction due to
thermal stress, and the gap conductance of the rod decreases due to the fission gas release. Then the
pellet temperature increases and the diffusion of fission gas becomes fast. This results in the increase
of fission gas, which reaches at grainboudary bubble or microcrack.

The fission gas release during power reduction was prominent at high power such as 40 kW/m.
In case of commercial reactor, the rod power is lower than the power level of the present test, and
generally decreases with burnup, and the fission gas accumulation rate on the grain boundary is
relatively small. Therefore, the power cycling in commercial reactor may have minor effects on
fission gas release of the fuel rod.

5. CONCLUSIONS

Re-irradiation tests of spent fuel to study the fission gas release during power change were

carried out by means of BOCA/OSF-1 facility at the JMTR. Prominent inner pressure increase was

observed during power change, especially during power reduction. Power cycling operation

accelerated the fission gas release compared with steady state operation at the high power levels

between 30 and 40 kW/m. The fission gas release during power reduction is estimated to be caused

by the release from fission gas bubbles on the grain boundary due to thermal stress during power

reduction.
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