
THE REVIEW OF LWR OPERATING EXPERIENCE IN UKRAINE

A. AFANASffiV, A. PROTOPOPOV
State Department on Nuclear Energy,
Ukraine

minium

XAO103044

Abstract

Most probably that in Ukraine the WWER-1000 reactors will generate up to 93-96% of all NPPs electric power
and about 40-50% of the total electric power production for the period often years (2000-2010). The operating
experience of Ukrainian NPPs with WWER-1000 is 137 reactor — years. At the beginning of 1999 a total
quantity of the fuel assemblies (FAs) discharged during all operational time of 11 reactors was 5819 (110 fuel
cycles). Economical improvement is reached by increase of fuel burnup using some of FAs of 3 annual fuel
cycles design in 4-th fuel loading cycle. The main problem of core operation of the last years have been
consisted in incomplete rod control cluster assembly (RCCA) insertion. There were RCCA jammed at
intermediate position or RCCA drop time was longer than required 4 sec. The compensatory measures
realization has allowed decreasing the probability of incomplete RCCA operation. As a result of compensatory
measures (excluding some cases) RCCA drop time problem was almost solved. Periodic measurements of
RCCA drop time are not necessary. The cost, allowable time of operation, and possibility of inexpensive
disposal are the main consumer features of RCCA. In order to increase RCCA lifetime it is required to replace

the bottom (300-500 mm) n/a absorber B4C by unswelling n/y absorber (Hf, Dy2TiO5 or In + Cd + Ag) and to
use cladding material that will be more stable to radiation embrittlement.

1. INTRODUCTION

In Ukraine there are fourteen water-cooled power reactors in operation (11 WWER-1000,
2 WWER-440 and 1 RBMK-1000) with a total installed capacity of 12880 MW(e). It makes
25% of the total installed capacity of the electric power stations. Four WWER-1000 units are
under construction. In 1999 NPPs produced 72,072 x 109 kW.h of electricity (42,1% of the
country electricity). The share of electricity produced by NPPs constantly increases because
of the economic crisis and the fact, that electric power production by the NPPs is much
cheaper than that of the thermal power plant station (Fig.l). It is most probable that the
WWER-1000 reactors in Ukraine will have been generated up to 93-96 per cent of all NPPs
electric power and about 40-50 per cent of the total electricity produced during 2000-2010.

For the electricity utility today operating an existing nuclear power plant, economic
optimization means minimizing the costs of producing electricity, based on a high degree of
plant reliability, operational flexibility and maximum fuel utilization. This will include the
costs of spent fuel management.

2. EXPERIENCE OF FUEL OPERATION

2.1. Fuel Cycle Economical Improvement

The WWER reactor units operating now were designed for base-load operation in the
common electric system of the former Soviet Union. Originally, according to the design, the
WWER-1000 power reactors were operating in 2 annual fuel cycle using the fuel of 3.3%
enrichment, the burnup limit of which is 38 MWd/kgU. By the year 1989 3 annual fuel cycle
was calculated and supplied by fuel. According to the decision of the chief reactor designer ,
the reactors started operating in 3 annual cycle using the fuel of 3.6+4.4% and 4.4%
enrichment. The design burnup limit of the fuel is up to 49 MWd/kgU. After the split up of
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the USSR and of its energy systems it became impossible to implement the design duration of
the fuel cycles and to hold the planned refuellings in spring and summer periods. The average
WWER-1000 FA burnup in 3 annual fuel cycle in Ukraine is essentially lower than designed.
The fuel utilization is ineffective (Fig. 2 — burnup distribution in the unloaded FA).

It was decided to use some of FAs for the forth year of operation for the purpose of higher
burnup, better fuel utilization, flexibility of core layout solutions that allows to vary the
duration of the fuel cycles. Up to 1997 significant experience of the so-called experimental-
industrial FAs operation in 4 annual fuel cycles was gained. It allowed the chief designer of
the reactor and FAs to change design limits for the FAs:
- Total FAs operational time in the reactor was extended from 21000 up to 28000 hours;
- The allowed amount of FAs in the core, which are operated in the 4-th year is 36.

Figure 2 shows burnup distribution in the unloaded FAs. Analyzing fuel loadings of
Ukrainian reactors it is possible to state, that the use of some FAs in 4 annual fuel cycles has
allowed to increase unloaded FAs average burnup from 38-39 MWd/kgU up to
41,5 MWd/kgU. It leads to a reduction of the fuel cycle costs by 10%.

2.2. Fuel pin failure

The fuel reliability should be considered in the context with the purpose to increase fuel
burnup. At the beginning of 1999 a total quantity of the FA discharged during all time of
operation of 11 reactors was 5819 (110 fuel cycles). 194 of them were identified as leaking.

Basing on the data of Ukrainian WWER-1000 FA operation we can state, that the probability
of FA leaking detection after first, second, third and fourth year of operation will be
distributed as follows:
• after the first year of operation — 42/194 = 21,6%
• after the second year of operation — 65/194 = 33,5%
• after the third year of operation — 76/194 = 39,2%
• after the fourth year of operation — 11/ 194 = 5,7%.

Electric power production in Ukraine
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FIG. 1. Electric power production in Ukraine (TPS+HPS — Thermal and Hydro Power
Plant).

40



Burnup Distribution of Discharged Ukrainian WER-1000 FAs (3,6+4,4)% & 4,4%
enrichment during all time of operation (1992-01.01.1999). Number of Fuel cycles-

58, number of FAs-2273. 786 FAs used in four annual Fuel cycles.
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FIG. 2. FAs burnup distribution of Ukrainian WWER-1000.

However presented statistics is not correct for determination of fuel burnup influence on fuel
pin failure rate, because the average share of tested FA after the first and second year of
operation is 30-50%, after the third year of operation -60-80% and after the fourth year of
operation -90-100%. ( The rejection criterion of leaky FA is the value of iodine-131 activity
=1-10 Ci/L in water of testing system.).

Detection of leaky spent fuel is put into practice under requirements of "Instruction for
detection of the fuel rods tightness of WWER-1000 reactors (0401.00.00.000 DNG).
Instruction was issued by Russian competent institutes, OKB Gidropress and Russian
Research Center "Kurchatov Institute" respectively.
hi the most of fuel cycles the primary circuit coolant activity was about (1-5)* 10"5 Ci/L
iodine. The safety limit of 1.5* 10"2 Ci/L iodine when the reactor must be shut down, has
never been reached.

hi 1998 the chief designer of the reactor and FAs changed (strengthened up) the safety limit
of iodine primary coolant activity from 1.5*10"2 Ci/L iodine to 5*10"3 Ci/L iodine, and
introduced new operational limit. The operational limit is equal to 1.0* 10~3 Ci/L iodine.
However the rejection criterion of leaky FA (I131 activity >l-10 "̂  Ci/L in water of testing
system) remains the same. This obliges the technical manager of NPP to use more
conservative approach in FA failure determining and FA unloading ahead of schedule.

Fig. 3 show the time evolution of the average fuel pin failure rate (FPFR). The average FPFR
is defined as follows:

41



FPFR = NFA/NA*312
NFA — the number of leaking FAs during a one year period.
NA — total quantity of FAs in reactors.
312 — number of pins in assembly. It is assumed that the leaking assembly has only one
leaking pin.

Summarizing the presented data we can state that the increase of Ukrainian WWER-1000 fuel
burnup has not worsened fuel reliability.

Fuel pin failure rate (FPFR) for fuel rods of Ukrainian WWER-1000
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FIG. 3. Fuel pin failure rate for fuel of Ukrainian WWER-1000.

3. THE FURTHER FA IMPROVEMENT

It is necessary to implement advanced uranium- gadolinium (UO2-Gd2Os) fuel assemblies
with Zr alloy guide tubes (GT) and Zr alloy spacer grids (SG) for continuous improvements
of WWER-1000 fuel utilization. It is expected to improve fuel assembly dimensional stability
and to save uranium consumption by increasing uranium utilization.

3.1. The experimental industrial utilization of the advanced fuel

Ukrainian NPPs have been operating advanced fuel assemblies with Zr alloy-110 and Zr
alloy-635 guide tubes (GT) and Zr alloy-110 spacer grids (SG) since 1995. According to the
calculations the substitution of the steel by Zr alloy in materials of guide tubes and spacer
grids increases the fuel utilization efficiency by 8.2%. Advanced fuel implementation allows
to increase fuel burnup by 5-7%.
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3.2. Results of the NPP site post irradiation inspection

During inspections of FAs with Zr GTs and SGs which have completed 3 cycles the
displacement of SGs was revealed, hi some FA the displacement was revealed after 2 fuel
cycles. Structurally SGs were not reliably attached to GTs. Displacement of SGs happened in
case where the fuel burnup exceeded 25-27 MWd/kgU.

4. SAFETY PROBLEMS OF REACTOR OPERATION UNDER INCOMPLETE RCCA
INSERTION

In 1992 -1993 almost at all WWER-1000 of Ukraine, Russia and then in Bulgaria incomplete
RCCA insertion (i.e. RCCA stuck in intermediate position), RCCA drop time exceeds 4s
(design time) have been revealed. The program of additional quarterly measurements of
RCCA drop time was developed and implemented, hi the case of RCCA operation violation
(and when there was no chance to cease one) the unit had been transferred to the operational
mode with three loops coolant circulation and with preliminary power reduction to 67% of
^"nominal-

The following units of Ukraine were transferred to the 3 loop operational mode:
- Zaporozhye NPP's unit 1; fuel cycle # 7 and 8; Generation loss-2,1* 109 kW hour;
- Zaporozhye NPP's unit 3; fuel cycle # 7, 8 and 9; Generation loss-3, 3* 109 kW hour;

SU NPP's unit 2; fuel cycle # 7; Generation loss-1, 0* 109 kW hours.

In 1993 the chief reactor designer had calculated the neutron-physical and thermal hydraulic
characteristics of reactor core for the RCCA drop time up to 10 sec, keeping in mind the case
when all RCCA are inserted except the most effective RCCA. It was shown that requirements
of regulatory safety documents were met. However, the results obtained were not used to
cancel operational restrictions according to a conservative principle.

Fuel Assembly (FA) Bow is the main reason of incomplete RCCA insertion during reactor
core operation.

In order to reduce probability of incomplete RCCA insertion and in order to decrease size of
FA bow, to ensure the reactor's safe operation the following compensatory measures have
been performed during the scheduled repairs in 1993-1997:

- Modification upgrading of the bundle safety tubes (BST) in order to correct BST
position and to correct axial compression of FA;

- Drilling of RCCA drivers bars in order to reduce force of hydrodynamics friction during
the input of RCCA in the reactor core;

- Utilization of the new designed heavier RCCA with gafnium or titanat of dysprosium in
Rovno NPP and Zaporozye NPP and RCCA driver bar with increased dead load;

- Organizing the core loading pattern with advanced FA with zirconium (Zr-Nb and
Zr-Nb-Sn-Fe alloy) guide thimbles and grids and with increased (comparatively with
initially designed) FA head spring gain.

It has allowed to decrease the probability of incomplete RCCA operation and allows us to
reduce FA bow in reactor core step-by-step. On Figure 4 (the example of a Z NPP-2) the
curves of RCCA drop time change for the period between 1993 and December 1999 are
presented.
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As a result of compensatory measures (excluding some cases) RCCA drop time problem was
almost solved (Table 1). Periodic measurements of RCCA drop time are not necessary.
Indicated measurements are to be conducted at the moments of non-scheduled reactor
shutdown as well as during the reloading activities.

TABLE I

Operating characteristic

average RCCA drop time
\t average)

number of RCCA with drop
time x > 4s
number of stuck (jammed)
RCCA

Before the implementation of
compensatory measures

3,3s

200

28

After the implementation of
measures

2,49s

14

0

Currently it is proved, that the increase of fuel burnup under compensatory technical measures
implementation does not worsen FA bow situation. Analysing the WWER-1000 and PWR
operational experience we may state that, at present we possess a more detailed and complete
information on evolution of a FA bow and measurement of RCCA insertion for WWER-1000
than for PWR.1'2'3
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F/G. ^. Measurement of RCCA drop time at Zaporozhe-2.

5. EXPERIENCE OF CR AND RCCA OPERATION IN UKRAINIAN WWER-1000

The RCCAs of a reactor control protection system (CPS) are the most important elements of
the reactor maintenance safe operation, which ensure control of reactor core power level and
fast reactor core transfer from initial condition to sub critical condition during the accident.
Share of RCCA in fuel reloading cost is 1-1,2%. However for CR materials choice it is
necessary to take into account a possibility of inexpensive RCCA recovery or disposal.
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5.1. The selection of RCCA design and materials

In the former USSR the Moscow manufacturing plant of polymetals (MPP) was the designer
and manufacturer of CR for almost all reactor types. The carbide of boron (B4C with a natural
mixture of isotopes) was selected as an absorber material because of being accessible, cheap
and quite effective material. The stainless steel 06 XI8 N10T ( C < 0,06%, Cr-18%, Ni-10%,
Ti < 1,0%) was selected as a CR clad material.

5.2. The first result of improved RCCA based on combination absorber — HT-B4C
basis operation

The cost, allowable time of operation, and possibility of inexpensive disposal are the main
consumer features of RCCA. hi order to increase RCCA lifetime it is required to replace the
bottom (300-500 mm) n/a absorber B4C by unswelling n/y absorber (Hf, Dy2TiO5 or hi +
Cd + Ag) and to use cladding material that will be more stable against radiation embrittlement
(according to the researches, as the calculation data of the thermal neutrons flux density above
reactor core has appeared to be below actual).

12 RCCAs with combined Hf-B4C absorber had been designed, manufactured, accepted by
the interdepartmental commission, and in 1997 were loaded in WWER-1000 of Rovno NPP
for the operation on the joint decision of GOSKOMATOM and with participation of
Kurchatov institute, RIAR and chief reactor designer — OKB GP. Cr-Ni alloy EP-630Y (Cr-
42%, Ni-56%, Mo-1%), which has high corrosion stability (resistance) in a water
environment and has high plasticity during a long period of irradiation, was used as a cladding
material.4

Differential and integral RCCA worth characteristics were measured at the time of RCCA
insertion by using a reactivity meter. RCCA movement were made step by step from upper
position (H = 100%) down to lower position (H = 0%) by step of 5%.

The results allow to conclude:
- Integral worth characteristics of RCCA with Hf and of RCCA without Hf are almost the

same;
- At the moment of 20% insertion integral efficiency of lower part of RCCA with Hf was

24% less than that of ordinary RCCA;
- At the moment of 10% insertion efficiency of RCCA with Hf was equal to 0,53-0,58

against the ordinary RCCA efficiency (calculated value was 0,8);
- At the moment of reactor scram total RCCA worth was equal to 8,7% and exceeded the

calculated value (7,5%).

In order to clarify the reasons of low Hf efficiency in existing RCCA it's useful to perform
calculation of:
- Burn up effect (neutron spectrum influence),
- Research geometry effect on RCCA lower part efficiency,
- Research RCCA lower part position (above reactor core) effect on efficiency

Safety analysis of RCCA with Hf as CG.

When RCCAs with Hf are used as SG all safety requirements are met.
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It is necessary to note, that for last 15-20 years were also other problems, which were solved
or are solved now.

The steam generator (SG) collector was found to be the weakest element of the reactor
coolant boundary. There were 15 SGs replaced at Zaporozhe NPP and South-Ukraine NPP for
the 1988-1992 period. One of them was repaired at the plant and not replaced5'6.

The SG damages where caused by the cracks formation, hi 16 WWER-1000 SGs the cracks
where developed in cold collectors during operation. In three cases damages were indicated
by increasing of the steam generator water activity. In the rest of cases the damages were
detected visually during scheduled inspection.

The Instrumentation and Control System (I&C) projects were created in late 60-ths and
implemented in 70-ths, so they have become outdated already. The available I&C which have
been working at Ukrainian NPPs don't provide information display. They haven't interface
designed for peripheral equipment switching on.

On some NPP units I&C have exhausted its term resources (have been working longer than
projected lifetime). Such Systems have 20 years project lifetime but some of their separate
components haven't more than 10 years (ionizing chambers, neutron detectors, pressure and
temperature transducers, etc.). The Control and Protection Systems (CPS) exhausted their
term resources up as well.

The new project of improved I&C was developed by Khartron Co. (Kharkov, Ukraine). There
are detectors, instruments, gears and other equipment all necessary for project realisation,
produced by industry of Ukraine, Russia and by some other countries as well. The pilot
project is being implemented at Zaporizhia NPP nowadays. Also the Safety Parameter
Display System is being introduced at all Ukrainian NPPs with participation of Khartron Co.
and Westinghouse Electric Co.

The I&C upgrading plan has made up and its gradual implementation began.

6. CONCLUSIONS

The main problem of core operation of the last years consisted in incomplete RCCA insertion
because of FAs bow in reactor core. As a result of compensatory measures (excluding some
cases) RCCA drop time problem was almost solved. Periodic measurements of RCCA drop
time are not necessary. Indicated measurements are to be conducted at the moments of non-
scheduled reactor shutdown as well as during the reloading activities. Implementation of the
given technical measures allows to reduce FA bow in reactor core.

The use of a hafnium as the material for the control rods (CR) under appropriate price policy
can give certain economic advantages to Ukrainian NPPs. However additional researches are
needed to confirm the specific CR physical characteristics and reliability.

The experience of WWER-1000 FA operation and principal results of the irradiated FAs
examination allow to accept the possibility of further fuel burnup increase. Fuel reliability is
satisfactory.
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The further improvement of FAs is necessary. That will allow to reduce the front- end fuel
cycle cost (specific natural uranium expenditure), to reduce amount of spent fuel and,
consequently, the fuel cycle back- end costs, and to increase the fuel burnup.
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