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Abstract

In fce next few years KrJko Nuclear Power PUnt (NEK) will change steam generators. In addition to steam generator replacement, the power
increase (uprating) and modernization program will be undertaken to optimize plant performance with the most economic benefit over the planned
operating period for Ate plant In tois article, tte activities related to power uprating are described, Le. bow power uprating reflects on the auclear
and therroo-hydraulic reactor core design and safety analyses. The design calculations and safely analyses will be performed to determine if
adequate margin exists for operation at tie proposed power and temperature conditions. These analyses will also identify any plant modification*
that are required or operating limitations that might be imposed during operatic* at uprated power conditions. This includes also revision of
design, licensing and operating documentation that are affected by the change in operating conditions.

1. Introduction

The present plugging level of steam generators (SG's) in the NEK plant is about 13 percent
(average for both SG's). Detailed safety analyses1-1 have shown that plant can operate at full power
up to 21 percent plugging level. However, maintaining the SG's present plugging level is very
expensive and time consuming. Therefore, it was decided to replace the present SG's with new
SG's with better technical performances which will allow plant power increasing (uprating) from
1882 MW(t) to 2000 MW(t). The SG improvement lies not only in the choice of a corrosion-
resistant new material (Inconel 690 TT), but also in the selection of improved heat transfer
characteristics of the SG's (change the SG tubes bundle array from a square pitch to a triangular
pitch) to allow a proposed power uprating. The proposed program intended to support power
uprating and SG replacement (SGR) is divided in three phases.

The first phase of the program, aiming the feasibility of power uprating, taking opportunity of the
future SG replacement, is already finished. The Uprate Feasibility Report1 has been shown that
proposed power uprating could be achieved without requirements for large hardware
modifications of the plant systems and components. However the new safety analyses are
necessary to demonstrate plant safety, verify normal operation performance (including fuel
management flexibility), and confirm the mechanical integrity and lifetime of systems and
components.

The objective of the second phase is to demonstrate the capability of the NEK plant to operate
under new operating condition defined in the first phase. In this phase, limiting safety analyses,
mechanical designs, and functional requirements will be identified and reanalyzed at the uprated
power conditions. These analyses also will identify any plant modifications that are required or
operating limitations that might be imposed during operation at uprated power conditions. These
activities will be included in an Engineering Report that summarizes the effort performed, results
and conclusions, and recommendations to resolve all issues at uprate conditions.

The third, implementation phase of the program will include completion of all remaining work as
well as documentation of the work performed during the program. This phase will include a
review and analysis as necessary of any remaining safety issue, mechanical design and systems
operations that is affected by the change in operating conditions. It will include also revision of
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design, licensing and operating documentation that are affected by the change in operating
conditions.

In this article the main activities regarding nuclear, thermal-hydraulic, fuel management and safety
analyses related to plant power uprating and SGR are described. Also the activities related to safety
and auxiliary systems verification and nuclear steam supply systems (NSSS) and components
structural analyses are shortly described.

2. NSSS operating parameters

The plant operating parameters which are used as a basis for the evaluations in the Uprate
Feasibility Report3 are given in Table 2.1, where they are compared to the parameters of the
original design.

Table 2.1: NSSS operating parameters related to power uprating

Parameters

NSSS Total Power [MW(t)]
Reactor Power [MW(t)]
Thermal Design Flow [m3/s]
Reactor Coolant Pressure [MPa]
Reactor Coolant Temperature [°C]
Zero Load Temperature [°C]
Core Outlet [°C]
Vessel Outlet [°C]
Core Average [°C]
Vessel Average [°C]
Vessel/Core Inlet [°C]
Steam Temperature [°C]
Steam Pressure [MPa]
Steam Flow [ton/s]
Feedwater Temperature [°C]
Gross Electrical Output (MW(e)]

Original
Design

1882
1876

12.011
15.5

291.7
325.9
324.3
307.8
305.9
287.5
279.2
6.34
1.029
221.1
664.4

Power
Uprating

2000
1994

12.011
15.5

291.7
328.2
326.7
309.2
307.2
287.8
280.6
6.48
1.103
223.9
706.8

Table 2.1 presents preliminary NSSS operating parameters. The set of best estimate NSSS
operating parameters will be finalized in the first step of the implementation phase taking into
account final steam pressure and steam flow calculated by the SG supplier based upon the final
reactor coolant average temperature (TAVO), the best estimate reactor coolant flow and the best
estimate SG performance data. A new best estimate reactor coolant flow will be derived based
upon pre-replacement plant measurements and best estimate pressure loss data for the new SG at
0 percent tube plugging. A minimum measured and thermal design primary flows with uncertainty
will be deducted which will be used in the accident analyses.

It should be also emphasized that accident evaluations consider a NSSS power of 2040 MW(t),
reflecting the impact of the 2 percent uncertainty on calorimetric power measurement.
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In addition, the concept of an operating window will be considered for new uprated operating
conditions through the performance of critical analyses. This window is intended to provide
boundaries considering various limitations such as:

- turbine wide open valve characteristics
- SG limits (heat transfer, moisture carryover, hot leg temperature, primary/secondary

pressure difference)
- core protection limits (Departure from Nucleate Boiling (DNB), linear power

density)
- protection system limitations
- the maximum percentage of SG tube plugging to be considered, etc.

3. Description of the activities

Power uprating results in an apparent decrease in plant safety margins with respect to the design
criteria (Loss of Coolant Accident (LOCA), DNB, linear power density, etc.). Hence, an analysis
of the nuclear, thermal-hydraulic and fuel rod design as well as the limiting accidents with respect
to these criteria has to be carried out, using improved methodologies and computer codes
compared to those used in the original design, in order to demonstrate adequate safety and
operating margins.

A prerequisite for uprating the power level to 2000 MW(t) NSSS output without large
modifications in safety systems is to use a less restrictive decay heat curve than in the current
Updated Safety Analysis Report (USAR)' analyses. For most accident analyses, the more realistic
decay heat curve (ANSI/ANS-5.1, version 1979 + 2a) will be used, except for those accidents
where 1001150.46, Appendix K, explicitly requires the use of ANSI/ANS-5.1, version 1971 plus
20%).

3.1 Fuel activities

The nuclear fuel currently used in NEK plant is Westinghouse Standard 16x16 fuel with
VANTAGE 5 characteristics: high burnup (about 45 GWD/MTU), axial blanket and Integral Fuel
Burnable Absorber (IFBA). Since one objective of fuel management is to keep feed (fresh) batch
size for each cycle at minimum, the fuel management will have to change to accommodate the
extra energy production in the core at the uprated conditions. Increased enrichments, from the
present average 4.0 percent to about 4.5 percent U-235 and, discharge burnup (~ 50 GWD/MTU
for fuel assembly and ~ 60 GWD/MTU for fuel rod) will be required. In order to give priority to
maximizing the corrosion resistance and operating temperature range, change of Zircaloy-4
cladding with ZIRLO™ cladding is under consideration. In any case, corrosion analysis will be
performed for uprated conditions for representative power histories to determine the maximum
coolant temperature conditions allowable with respect to clad and guide thimble corrosion criteria.
Also, detailed fuel rod design analyses for the uprated conditions will be performed to establish
the feasibility of the proposed fuel operation at the uprated core condition. Design criteria which
will be addressed include: fuel rod internal pressure, clad stress/strain, clad flattening,
corrosion/hydrogen pickup, clad fatigue, and fuel rod growth. Input data for fuel rod design will
be generated during core nuclear design.

Additional goal of power uprating analysis is to keep the fuel management flexibility at present
level or to improve it This means that total core peaking factor, FQ, and nuclear enthalpy rise hot
channel factor, F ^ should have the current values (FQ = 2.34, FaH = 1.53 (without uncertainty))
or higher. Preliminary analysis has shown3 that uprated cores can be designed to meet the current
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peaking factors limits. For power distribution, moderator temperature coefficient (MTC) control
and to maintain the boron concentration in reactor coolant at acceptable levels, EFBA burnable
absorber will be utilized.

3.2 Nuclear design

For the purpose of nuclear design analyses, a detailed three-dimensional 12 and 18 month
equilibrium cycle core models will be developed using the appropriate licensed computer codes.
Using these models, a detailed shutdown margin (SDM) calculation will be performed to
determine if adequate SDM exists at the uprated conditions. Preliminary analysis has shown' that
this will only be possible if the steamline break (SLB) accident is performed to lower the current
SDM requirement of 2000 pern. For operational modes 3 (hot standby), 4 (hot shutdown), and
5 (cold shutdown), the variable shutdown margin in Technical Specification5 will be verified by
analysis of uncontrolled boron dilution accident to specify the amount of boron required to ensure
that there is 15 minutes available for the operator actons before a loss of shutdown margin occurs.
In addition, all reload safety analysis checklist (RSAC) parameters will be evaluated to determine
if limits can be met at the uprated conditions.

The following is a list of RSAC calculations which will be performed for the power uprating and
SG replacement program:

- MTC calculations
- Kinetic calculations
- Rod ejection calculations
- Dynamic dropped rod calculations
- Rod control cluster assembly (RCCA) misalignment calculations
- SLB calculations
- Shutdown margin
- ¥M calculations

As already mentioned, two equilibrium cycles (12 and 18 months) and low leakage fuel
management strategy will be used. In order to keep the reactor vessel neutron fluence at
acceptable level, the radial neutron leakage will be minimized by locating as many low reactivity
fuel assemblies (one or two cycles depleted) in peripheral locations as possible while still satisfying
peaking factor limits.

The current NEK operating strategy, constant axial offset control (CAOC) with a ± 5% delta flux
band width, will be also used at the power uprate conditions. Therefore, representative axial power
shapes will be generated for the equilibrium cycle and the LOCA FQ envelope will be verified using
representative shapes. The chopped cosine design axial power distribution for normal operation
will be verified using these representative axial power shapes and the axial offset penalty functions
in the over temperature delta temperature (OTDT) protection setpoints will be verified or
modified. This work will be performed for the highest RCS TAVG and lowest RCS flow in the
operating window.

3.3 Thermal and hydraulic design

In the current NEK USAR the thermal and hydraulic design and analysis has been performed using
WRB-1 correlation' and Improved Thermal Design Procedure (ITDP)7. To maximize the margin
to the DNB ratio (DNBR) limits, the limiting DNBR for uprated conditions will be determined
based upon WRB-1 or equivalent DNB correlation and statistical combination of plant parameters
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and correlation uncertainties, using the approved statistical thermal design procedure such as
Revised Thermal Design Procedure (RTDP)' or equivalent. To support the RTDP methodology
application, a plant specific uncertainty analysis of the reactor power, reactor coolant flow,
primary coolant temperature and pressurizer pressure will be performed.

Core limits and axial offset limits will be generated for the OTDT reactor trip. Dropped rod limit
lines and the maximum allowable F ^ for rod misalignment will be calculated to determine whether
the DNB design basis can be met at the uprated conditions.

To determine the maximum allowable F ^ (the target value is 1.60 (without uncertainty)), valid
for the complete operating window, the following procedure will be used: First, at the operating
point with the low reactor coolant system (RCS) flow and high RCS TAVG in the operating
window, the maximum F ^ will be obtained by an iterative process using the following scheme:

- Assume a high F ^
- Generate core limits
- Generate core protection diagram
- Perform the limiting DNB accident analyses (spectrum of rod withdrawal at power

(RWAP) at limiting power level and complete loss of reactor flow)
- If margin to DNBR is to high or to low, choose next guess for F iH, and repeat the

same cycle.

After that, starting from maximum F ^ determined in above iteration process, and assuming a
constant minimum DNBR, a similar calculation will be done at three additional operating points
in operating window, each time by performing the analysis of the RWAP accident. Then, a
diagram of variable F ^ = f(RCS flow,TAVO) can be derived by linear extrapolation. This would
thus maximize the F ^ limit not only at the low RCS flow/high TAVO point, but also throughout the
operating window, and would also ensure roughly constant DNBR margin and constant operating
margin in the operating window.

3.4 Safety analyses

All the analyses performed in the scope of uprate and SG replacement will be done in accordance
with R.G. 1.70, Rev. 3. We do expect that a majority analyses will be repeated and some minor
portion only evaluated. USAR, Chapter IS will be rewritten and the scope of information and data
presented will be as in the SNUPPS plants.

From the scope of safety analyses of most interesting ones are large break LOCA (LB-LOCA)
accident and DNB transients. As was already stated, the power uprate can be achieved by better
performance of new SG's and using new approved less conservative methods to show the available
margins in limiting physical parameters (LOCA, DNB, peak cladding temperature (PCT), etc.)

For LB-LOCA the dilemma is wether 10CFR50.46 limits can be respected by applying old
Appendix K requirements and models. The option that is available is so called Statistical Best
Estimate methodology for LB-LOCA analysis, either based on strict new Appendix K (1988
revision) requirements, or using so called SECY 83-472' approach. The new evaluation model
according to SECY 83-472 consists of using the best estimate computer code associated with the
most probable values of the plant parameters, so called realistic model, augmented only with the
required features of old Appendix K. In the SECY-83-472 approach, a PCT is calculated at a 95
percent probability level with 95 percent confidence (95/95 PCT). Another calculation is
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performed in which all of the features required by old Appendix K are incorporated into best
estimate code. The PCT calculated using this model would serve as the licensing basis calculation
provided the results was higher than the 95/95 PCT calculation and remained below 1204 °C
(2200 °F) limit. According to SECY 83-472 guidelines, the licensing PCT calculation should be
performed with the nominal values of the plant parameters since their uncertainties have already
been accounted for in the 95/95 PCT calculation. Moreover, a statistical assessment of uncertainty
is not intended to have been done every time the method is applied.

Under the revised regulation, 10CFR50.46 Appendix K (1988 revision), the 95/95 PCT calculated
by the best estimate methodology can be used for licensing basis. Prerequisite for this approach
are:

- Specific code uncertainties has to be developed by comparing the code prediction to
a wide range of experiments which test the code models and correlations over the
range of thermo-hydraulic conditions expected in a postulated LOCA.

- Development of a methodology to address the uncertainties in the plant parameters
(which are set at their "best estimate" levels), the accident boundary conditions, and
the accident initial conditions. A so called "bounded" approach was adopted and
accepted by European Safety Authorities to support plant licensing.

Which methodology will be applied for NEK plant is not yet decided. In any case, in order to
demonstrate that the existing ECCS meets regulatory requirements at the proposed operating
conditions, LB-LOCA analyses will be performed in order to determine the maximum acceptable
value for FQ (the target value is 2.45) resulting in PCT of i. 1204 °C. The limiting break discharge
coefficient and limiting power shape will be analyzed in the frame of the verification of new
operating conditions, and the best estimate RCS TAVO and the lowest RCS flow will be addressed.
Also, the hydrogen production and accumulation, being impacted by the uprating, will be
reanalyzed.

Small break LOCA (SB-LOCA) will be reanalyzed for the spectrum of break sizes using the
corresponding licensed computer code. A skewed to the top axial power shape, maximizing linear
power in the upper regions of the reactor core will be assumed. The goal of this analysis is to relax
or delete the third line segment of the K(z) curve. The analysis will be performed for the limiting
RCS TAVO, assuming the lowest RCS flow.

In order to firmly demonstrate acceptability of the power increase, it is also necessary to reanalyze
the non LOCA accidents. The analysis of DNB related accidents is already described, and for non
DNB accidents, the limiting heatup accidents (feedwater line break and loss of main
feedwater/station blackout) will be analyzed to verify that the respective acceptance criteria are
met. At the same time, this will demonstrate the adequacy of the existing auxiliary feed water
(AFW) system capacity.

To evaluate the radiological consequences for the uprate conditions, mass inventories, mass
releases and fission products source terms will be determined, incorporating the revised feedwater,
main steam and SG mass inventories. The dispersion and offsite doses will be calculated for the
several major accidents (LB-LOCA, main steam line break (MSLB), SG tube rapture (SGTR),
etc.). For each accident, a conservative (licensing basis) and realistic case will be analyzed,
including iodine spike sources.
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3.5 Plant operating maneuverability justification

Using the best estimate plant operating parameters, the full load rejection transient, the ±10% step
load change and the ±5%/min. ramp load change will be analyzed for both beginning of cycle
(BOC) and end of cycle (EOC), at the highest RCS TAVO and lowest RCS flow in theoperating
window, in order to verify that for these transients the adequate margin are maintained to the
various reactor trip setpoints and opening of the pressurizer and secondary power operated relief
valves (PORVs) and safety valves. The control system setpoints will be adjusted if required to
improve plant operating maneuverability for the uprated power conditions. The acceptance criteria
for these transients are that there should be no reactor trip and no actuation of the primary and
secondary PORVs.

3.6 Safety and auxiliary systems verification

The increase of plant rated power also results in a reduction of the margins concerning design
criteria related to the capacity of the RCS, the secondary system and the containment. The main
reason for this reduction is that the primary-side energy to be removed by the engineered
safeguard systems, actuated under accident conditions (ECCS, pressurizer and SG safety valves,
containment spraying, etc.) will in fact be increased. For all safety and auxiliary systems the detail
evaluation, and if required also the analyses, will be performed to show that these systems are
capable to assure the capacities used in the transient and safety analyses. If the existing system
performance assumed in the analyses will not be adequate then the possible modifications will be
proposed and during the SG replacement program also implemented in the field.

3.7 NSSS systems and components structural integrity analysis

Structural integrity analyses and evaluations will be performed to demonstrate that the short and
long term structural integrity of the various components of the NSSS (reactor vessel, reactor
internals, control rod drive mechanism, pressurizer, reactor coolant pump, reactor coolant piping
and auxiliary class 1 lines) and containment are not adversely impacted during operation at uprated
power conditions and with new SG's. These evaluations will address any changes in hydraulic lift
forces as well as any changes in component temperature distribution during steady state and
transient conditions. Critical (sensitive) zones in the NSSS components will be identified for which
the new operating conditions are believed to modify significantly the component stress and/or
fatigue usage factors, such that they may become limiting. Consequently, both stress limits and
fatigue criteria will be addressed to demonstrate that the NSSS components remain in compliance
with the regulatory codes, standard and design bases for the new operating conditions. The design
stress reports will be revised, if required.

For NEK plant a leak-before-break (LBB) feasibility study has been performed for the reactor
coolant loop piping. This study will be completed and updated for new SG's and new operating
window. It is expected that this study will essentially demonstrate that no break can occur in the
reactor coolant loop piping but at most a leak which can be detected in due time. The application
of LBB methodology allows to eliminate considerations of dynamic effects associated with a LB-
LOCA.

Containment building pressure and temperature response to both MSLB and LOCA accidents will
be evaluated. Due to higher power (energy) level and possibly increased primary system inventory,
LOCA mass and energy releases will have to be recalculated. It is expected that the use of new
models for calculation of the mass and energy releases and the use of a more realistic decay heat
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curve wiU compensate for the penalties on containment peak pressure due to power uprating and
replacement SG's.

The changes in neutron fluence and thermal transients resulting from the proposed uprating are
expected to affect reactor vessel integrity. Consequently, overall reactor vessel integrity, and
heatup and cooldown curves will be revised.

4. Licensing activities

The documents which will be prepared and included in the license process are the summary report,
revised USAR and revised Technical Specifications. However, as we expect a large amount of
questions raised by the licensing authority about the safety analyses, especially in case of change
the methodology of analysis compared to those of the current USAR, technical descriptions and
validation reports for models and methods and referenced documents will have to be probably
included to support licensing process. We hope that all licensing issues will be addressed and
solved in due time with the Slovenian Nuclear Safety Administration, and that the plant restart
after power uprating and SG replacement will be authorized.

5. Conclusion

The uprating and modernization of NEK plant which, according to present plan will be undertaken
by year 2000, is presented. It is believed that new safety analyses will demonstrate the possibility
of 6.3 percent power increase after replacement of SG's, and that the overall investment will be
cost-effective.
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