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1 Fuel State Monitoring During Power
Operation

The basic means for the fuel state monitoring are
concentrated at the operational chemistry depart-
ment. Their activities are based especialy on follow-
ing the primary coolant activity during cycles in
view of the fact that its value is limited by the main
opertional regulation - "Limits and Conditions" [1].
Other tasks are to identify the fuel damage initiation
phase, and to find a suitable reactor power mode
to restrict the defect development and fission prod-
ucts release to the primary coolant for the rest of
the cycle as well as provide with data necessary for
a correct decision towards a fuel inspection during
the refueling.

1.1 Primary Coolant Gamma Spectrometry
Monitoring

All reactor units are equipped by primary coolant
continuos monitors which can be described as fol-
lows.

The on-line primary coolant gamma spectrome-
try monitor is located under the by-pass pipelines
of the water cleaning system (SVO-1). The spec-
trometry channel consists of a high purity Ge semi-
conductor detector, a multichannel analyzer and a
collimator facility. The collimator was developed
with respect to the water purification technology. It
is adjusted to its both operation modes, i.e. both
with one-loop operation as well as with two loops of
SVO-1 in operation. The collimator has adjustable
widths of the slot and a possibility to monitor sepa-
rately a single SVO loop. The control of the facility
is done remotely and automatically by a computer
program, with the aim to set such a slot that the
dead time is optimal with regard to the instantane-
ous primary coolant activity. The program is im-
plemented directly in the software of the chemistry
department superior computer network. The con-
trol can be done also manually by the operator,
e.g. in case of periodic recalibration.

The system enables to carry out the gamma
spectra measurements within the whole range of
conditions set up by the design, i.e. comfortable
determination of the equilibrium activities of practi-
cally all significant gaseous fission products for
energies from 80 keVio 2 MeVand reaching even
up the level of "Limits and Conditions" for operation.
The sensitivity and accuracy of the measurements
are acceptable.

The measurement of volatile, chemically reac-
tive nuclides is at the steady-state strongly dis-

torted by the sorption on the tube surface at the
measuring point and thus cannot be used to
evaluate tightness of fuel elements during the reac-
tor operation. However, the system enables to
perform comfortable and reliable measurements of
transients. The corresponded effects have direct
impact on a short-time release of the fission prod-
uct cumulated activity into the primary coolant,
when activity can arrise by several orders of magni-
tude (so-called spikes, typically 133Xe, 135Xe, Y 3 1 I ,
132I) and the above mentioned distortion can be
considered negligible. Obtain rates of activity re-
flect the relations inside the damaged fuel element.

On-line activity measurements give reliably indi-
cation of a defect origin with the Xe activity level
of the order of tens kBq/l. The coolant activity in
case of a fully developed deffect can reach up to
3000 kBq/l of 133Xe. All measured activities are cor-
rected to the transport time from the core to the
measuring point (about 300s).

1.2 Gamma Spectrometry Monitoring
Software Package

A special software package was developed at NRI
Rez and CHEMCOMEX Ltd. for processing primary
coolant gamma spectrometry data. Nowadays it is
created by C++ language object-oriented versions
of two programs - KGO and PEPA, which have
been installed into the chemistry information sys-
tem.

The aim of KGO is estimation the number of the
damaged fuel elements and the extent of their
damage based on the instantaneous noble gases
activities during the steady-state reactor operation.
The evaluation is done under these conditions: the
power level is higher than 50% the nominal power
and the reactor has been operated on a constant
power level for at least 5 half-times of 133Xe. The
activities of Xe and Kr, namely 133Xe, 135Xe, 137Xe,
138Xe, 87Kr, 88Kr and 89Kr are used for evaluation of
the number of "leakers". The independence of the
gaseous fission products on local physical-
chemical processes in the primary curcuit, as well
as the variety o half-lives of the measured nuclides
enables to identify defects with various release rate
of cumulated activity into the coolant through a
defect in the cladding. The model considers 3
types of defect (small, medium and large) that are
characterized by the rate release constants. The
code uses the nonlinear regression method to find
such a combination of single types of damaged fuel
elements, that gives the minimum sum of the
squares of the differences between the predicted

VVER REACTOR FUEL PERFORMANCE, MODELLING AND EXPERIMENTAL SUPPORT 29



and measured activity levels. The program esti-
mates the total number of damaged fuel elements
which is relatively stable. The program performs
the classification to individual groups, too. KGO is
activated at each finished measurement (at least
once the shift).

The aim of PEPA is to predict the radiation set-
up development, i.e. the activity levels of cca 20
radiologicaly significant nuclides in the primary
coolant for the assumed reactor power mode. As
an input serve modified (due to their stochastic
character) outputs of KGO in the last week period
of time, and supposed time dependence of power
ramps, coolant pressure and water exchange. The
code solves a system of balance equations for the
selected nuclides. The real time dependence of the
release rate during the transient is approximated by
the set time intervals with constant course. Unac-
ceptable predicted release rates can cause some
modification of the planned power mode (usually
the speed of power increase is lower).

The burnup of damaged fuel element is esti-
mated based on a simple relation between burnup
and the 134Cs and 137Cs activity ratio at a power
ramp. This method is usable only in case of one
large defect or more defects with the same burnup.

2 Fuel State Inspections During
Outages

Based on spike occurences and stabilized activity
level at least 1000 kBq/hor 133Xe or 135Xe, as well
as on by the KGO program fuel leaking element
indications during a fuel cycle the chemistry de-
partment estimates the chance to discover the un-
tight fuel assemblies after the shutdown. Some
safety and economical aspects are also taken in
account for making decision concerning a fuel in-
spection during the outage.

As usual a two-step inspection procedure is
performed:

In the first step the SIEMENS equipment is used
(in-core sipping test). The inspection is done in the
core itself, without moving the fuel. The whole
groups of 8 assemblies, to which the bell is fixed,
are checked step by step. The force causing the
transfer of mass (activity release from the defect) is
the increase of fuel temperature and a small pres-
sure ramp. The presence of a defect is indicated
based on the removed coolant sample activity in-
crease (activity of 1311,137Cs, 134Cs; alpha activity of
239Np). The concrete assembly, causing the signifi-
cant activity increase, is then found with the help of
certain sipping test step combination. The sipping
test enables the inspection of all assemblies of the
core during cca 2 days and to find a group of
"suspected" assemblies.

In the second step a group of "suspected" as-
semblies together with a few unambiguously non-
damaged assemblies are checked by the well-
known standard individual gas-tight can test in the
spent fuel pool. An assembly is excluded from fur-
ther operation when 131I sample activity violates the
limit 3.7-106 Bq/l[1] or it meets 3a statistical test.

3 Fuel Damage Predictions and
Reality

The success of fuel damage predictions during
cycles can be illustrated on two examples from the
operational history of the Qukovany units.

During 5th and 6th fuel cycle of 1st unit the first
signs of untightness occured. On-line activity
monitoring showed microspikes during power
changes. However the fission products activity
levels at the stabilized reactor operation were
deeply under the level quantifiable by the KGO
program. The effect was opened during 7th cycle
when a slow increase of activities of 133Xe and Xe
was observed and after the following power
change the spike became more distinct. After fur-
ther power changes the defect became completely
open and the gaseous fission products activity was
stabilized at the level of 2000 to 3000 kBq/l for
133Xe. At that time the automatic evaluation of the
number of damaged fuel elements varied between
1 and 3, and the burnup estimates based on
134Cs/137Cs activity ratio at the moments of the spike
maximums corresponded to the values character-
istic for the assemblies serving for the second
cycle.

The in-core sipping test performed during the
shut-down before 8th fuel cycle indicated 3
"suspected" assemblies which were situated in
neighbouring positions. Only one of them was con-
firmed as damaged after the inspection in the gas-
tight can. Its burnup complied quite well with the
predicted one (the error was less than 10%). This
assembly was put out of futher operation because
the 131I sample activity was close to the above men-
tioned limit. The higher sipping test results of the
other two assemblies were caused by the influence
of the damaged assembly only.

During 6th cycle of 2nd unit an increase of some
isotopes activities signalized probably a microde-
fect in a fuel element cladding which could not be
surely found by any available method. During 7th
cycle the KGO program evalueted 1 small defect
time to time, the probable burnup of the damaged
assembly corresponded to the third cycle in opera-
tion. The sipping test after 7th cycle discovered no
"suspected" assembly, but in spite of this fact 16
assemblies with the highest activity results were
tested in gas-tight can. Only 2 of them showed the
131I sample activities higher then 104 Bq/I, i.e.
deeply under the limit value. During 8th and 9th
cycles analysis of radiation situation shows that the
defect character remains unchanged at the level of
a small gaseous untightness.

We can state on this occasion that the above
described case of the 1st unit was the only one
during the whole plant history when an assembly
was elimitated from further operation due to its un-
tightness. This fact could be explained by a rela-
tively mild and steady-state mode from point of
view of fuel straining and by high fuel production
quality.
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4 Prevention Against Fuel Danage
Caused by PCI

Another type of software has been developed at
NRI and CHEMCOMEX Ltd. for on-line resp. pre-
liminary analyses of transients that could have in-
fluence on fuel cladding integrity.

A program module PES-Bu is installed in the in-
core monitoring systems at all units. It serves for
on-line evaluation of assemblywise power margins
to the dehermetization of fuel elements as a result
of pellet-cladding interaction during the whole fuel
cycle. It calculates maximal permissible reactor
power increase at the moment. The in-core monitor-
ing system provides with all necessary data (power
and burnup distribution). As an output is obtained a
list of power margins in all symmetry groups of the
core. It can be printed for the personnel on request
or automatically when the critical power level is
reached in any symmetry group. The outputs of
PES-Bu are relevant especially during the hot start-
up after the outage for refueling.

An off-line (on PC/AT at the reactor physics de-
partment) version of the program PES is used for
verification of planned power manoevreings from
the same point of view, i.e. PCI. The verification
with this version of PES is relevant in some special
cases of transients. As an input serve data gener-
ated by the in-core monitoring system (power and
burnup distributions) and its above mentioned on-
line segment PES-Bu (conditioned power distribu-
tion) related to a time point before the transient on
the one hand, and the planned course of reactor
power during the transient on the other hand. How-
ever, such cases of transients don't often occur at
our plant. The results of the verification show in
rare cases a necessity to make a correction of the
planned course of reactor power.

However, we are aware of a decreased reliabil-
ity of gained results due to some uncertainties,
especially of the accuracy of fuel element
"conditioning" and "deconditioning" kinetics de-
scription, the determination of maximal permissible
local power ramp as well as power and burnup 3D
distribution.

Conclusion

In spite of the above mentioned aspects and expe-
rience the utilization of the SW package KGO-PES-
PEPA [2] has been standardized and legalized in a
special operational regulation [3]. It defines
obligatory conditions and rules for activities and
cooperation of interested plant sections in the
process of fuel state monitoring and fuel damage
prevention. We believe it contributes to a more
cultural exploitation of the core from point of view of
fuel integrity maintainance.

We are in our belief that the significance of the
above described means will increase in respect of
the possibility to new modern fuel from different fuel
vendors under strong requirement for high fuel
burn up and of the adaption to a not steady-state
power mode in the future.
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