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ABSTRACT
The objective of the activity described in this paper was to develop "frozen and qualified"
nodalization of the NPP Krsko (NEK) for the large thermohydraulic code. A procedure to developed
qualified nodalization for the safety analysis, as well for the operational transients has been
introduced. Nodalization development and qualification process tightly involved NPP Krsko
personnel, in order to develop plant nodalization suitable for the operational use, and to assure that
the model will present up-to-date plant.
The experience gained in the use of the large thermohydraulic codes identified three basic conditions
that should be fulfilled for the correct use of the large thermohydraulic codes:

• Used code should be frozen and qualified through international assessment program;
• Developer of the nodalization should be qualified to the use of the chosen code;
• Nodalization of the plant should be properly qualified.

.Qualified plant nodalization has been developed in three stages:
1. Build-up of the qualified plant data base;
2. Development of the plant nodalization, or so called base input deck;
3. Qualification of the nodalization.

1 INTRODUCTION
Thermal-hydraulic system codes are complex tools developed to estimate the transient behavior of
light water nuclear power plants during off-normal conditions. The United States safety authority that
sponsored the work until late '60s developed the first generation of these codes. Since that time,
different research groups over the world have started with the development of their own codes. In
early '80s, the second generation codes were proposed and they differ from the first generation codes
due to the number of balance equations that they solve (six instead of three), to the sophistication of
the constitutive models and of the adopted numerical methods. The capabilities of modern computers
have been fully exploited during the years.
Computer code RELAP5/MOD2 cycle 36.05 [1], has been chosen as frozen and qualified version of
the large thermohydraulic code for the development of the mathematical model of the NEK. The same
version has been made operative on PC - Pentium by Faculty of Electrical Engineering and
Computing, Zagreb FER), and used for over a decade, including separate test and integral test
facilities calculations, as well as plant calculations.
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For the purpose of NEK transient/accident analyses mathematical model has been developed with the
predefined fidelity of the plant physical parameters (geometry, thermalhydraulic parameters, control
and protection system set points, etc). Model has been subjected to the intensive revision process,
both within the NEK, FER and by outside organizations [2], [3].
In the future, the purpose in the use of the RELAP5 NEK model may be quite different, ranging from
safety or design calculations to just the understanding of the transient behavior of a simple system.
Specific examples of objectives for developing and using of the RELAP5 code are:

- the evaluation of the safety margins,
- verification of the safety impact of the plant modifications,
- optimization of EOP (Emergency Operating Procedures),
- uprating the reactor power,
- training of the plant operators,
- demonstration of the compliance between nuclear regulatory goals and status of existing plant,

etc.
Large thermalhydraulic codes such as RELAP5 can predict reactor transient scenarios as realistically
as possible by approximating the physical behavior with some accuracy. Information on inaccuracy
comes from the code assessment and validation process, and some of the reasons for the code
inaccuracy can be outlined:

- closure equations are empirical and are valid for a generally restricted ranges of parameters
developed under strict assumptions (e.g. steady state or fully developed flows) that may not
correspond to the scenarios of interest,

- the averaging process (transformation of a three-dimensional space into a series of one-
dimensional nodes "understandable" for the code numerical scheme) may introduce unrealistic
approximations in the process of nodalization development,

- interactions among the several closure equations inside the code, may also produce unphysical
results even in a limited number of situations,

- engineering judgement and peculiar user choices that are widely present throughout the input,
although valid for the most of the transients analyzed, can produce unphysical results in certain
transient scenarios, and lead to the use of code outside validation domain.

Based on the above discussion, it can be concluded that in the number of the different transient
scenarios RELAP5 code and NPP Krsko model adequacy will have to be justified. Based on the
today's practice, two general approaches are possible:
• So called "expert" approach, where in each situation in which analyst is not capable to verify

the results of the calculation being analyzed, an expert opinion is requested. For example, this
approach has been followed in the CSAU methodology, [4]. Up-to-date experience has shown
that in this case engineering judgement as possible source of errors is not reduced (if not
expanded), and economic price could become unacceptable considering number of different
transients that have to be analyzed.

• Second approach is to have "qualified" nodalization and "qualified user" that ensure correct
use of the code and the NPP model within the prescribed limitations, with minimum need for
expert opinion. This type of approach is used in UMAE methodology, [5].

In order to have reliable results from the analysis, NEK RELAP5 model has been developed
following the second approach, according to which a nodalization can be retained as qualified when:

- has a geometrical fidelity with the involved plant,
- is reproducing the nominal measured steady-state condition of the plant,
- shows a satisfactory behavior in time-dependent conditions, that is according with the time-

dependent data of any test performed, or if available, of any actual transient in the nuclear
power plant.

Basic conditions that have been followed in the development of the nodalization were:
- used code is frozen and qualified through wide, international assessment and experimental

program;
- developer of the nodalization had necessary internationally verified experience in the use

of the chosen code;
- nodalization of the plant has been submitted to the qualification process;
- users of the nodalization will be properly trained for the use of the code model.
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2 NODALIZATON SET-UP
Planning and the preparation of the model for the analysis followed a predefined procedure that
reduces possibilities for the errors and misuse of the codes. The result of such a procedure is
"qualification process" and "qualified nodalization" that can be used for LWR analysis with high
degree of confidence. The procedure for the development of the "qualified nodalization" has been
split in the following steps:

1. development of the verified data base related to the plant nodalization set-up;
2. set-up of the plant nodalization (input deck for the nominal steady state conditions);
3. qualification of the nodalization.

Such a procedure has been already performed in the case of NPP Krsko nodalization, according to the
following criteria:

a) controlled plant documents were used only;
b) traceability of each reference has been maintained in accordance with the plant

documentation database;
c) QC/QA program for nodalization development has been fulfilled;
d) developed database has been independently reviewed and verified.

Plant nodalization has been developed according to the predefined list of requests:
a) the developed nodalization should be suitable for any kind of transient;
b) geometrical and material fidelity with the system should be preserved as close as

possible;
c) logic for normal and off-normal operating conditions should be included.

The first step in the activity to set up the nodalization aimed at the complete knowledge of the plant,
i.e., not only the geometrical data, but also the operating systems and the operating conditions. It was
necessary to define the degree of details of the nodalization, taking into account the code restrictions.
The number of nodes in model was governed by the complexity of the plant, requested accuracy,
allocated memory and available CPU time. The lengths of the adjoining in general do not differ more
than twice, and are between 0.5 and 1 m as recommended in [6]. However, this has not been strictly
respected in the cases where detailed nodalization was needed (shorter volumes in the pressurizer
plenum and reactor vessel) and in the parts of the system where thermalhydraulic response is of no
crucial importance for the analyses (longer volumes). All relevant assumptions for the development
of the nodalization are reported in [7] as a part of the plant database and in accordance with the plant
QA/QC program. In the frame of above discussion, NEK. nodalization consists of 301 control
volumes and 332 control junctions. The number of mesh points in the heat structures was kept 5 to 7
for the passive structures. In order to accurately simulate heat conduction with high thermal gradient
the number of mesh points in the active core heat structures is 16 and in the SG U-tube structures is
10. The total number of mesh points is 1514.
The containment and the atmosphere were simply modeled to provide approximate backpressure for
LOCA calculations. The containment control volume was initially filled with steam in order to avoid
excessive CPU-time consumption for the calculation of the noncondensabiles behavior. Heat capacity
of the internal containment structures has been taken into account, as well as the heat conduction to
the atmosphere.
To conclude, the development of the nodalization aimed to the fulfillment of the following general
criteria:

- mass error < 5 % of the nominal reference value,
- core heat transfer area error < 0.1% of the nominal reference value,
- SG U-tube heat transfer area error < 0.1% of the nominal reference value,
- all flow paths modeled.

According to the mentioned assumptions the plant nodalization has been developed. The scheme of
the plant nodalization for the RELAP5/MOD2 code is presented in Figure 1. The parameters of the
nodalization are reported in Table 1.
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3 NODALIZATION QUALIFICATION
In the frame of the plant model or plant input-deck set-up, engineering judgement is normally used to
a wide extent. In order to reduce a possibility for the errors, as a part of "qualification process", a
procedure for the nodalization set-up and management has been established. Complex procedure for
the qualification of the nodalization, such as one described in [8], Figure 2, has been adopted.
Therefore, qualification of the nodalization has been divided in two separate processes:

a) steady state qualification;
b) on-transient qualification.

3.1 Steady-State Qualification
In addition to the requirements already mentioned, and in order to achieve the qualified steady state
conditions a set of criteria must be fulfilled, like for example those proposed in [9] and specified in
Table 2.
The nodalization is qualified at steady-state level against data available from nominal stationary
conditions measured in the simulated system. To this aim:
a) relevant geometrical parameters of the facility (e.g. volume, heat transfer area, elevations,

pressure drops distribution etc.) are compared with the input data and the differences among
them must be acceptably small. The adopted acceptability criteria are reported in the first part
of Table 2;

b) the nominal steady state conditions are simulated with a code running (a hundred seconds time
interval is considered acceptable to reach correct steady state values); significant parameters
are selected and compared with the measured results. A parameter is considered as significant
when it is of major relevance in determining the plant behavior and can be reliably measured.
The adopted acceptability criteria for this step are reported in the second part of Table 2.

In the case of realistic plant control systems, for the proper evaluation of the steady state calculation,
the relevant parameters should show stability for the enough long period of time, like 20000 seconds
with 200 seconds of artificial steady state control. Chosen period of time has been set up so that
possible steady state instabilities of real plant system control can be detected. During steady state
qualification, the flow friction coefficients that are originally calculated from a typical handbook were
tuned to achieve desired pressure drops. The results of the steady state qualification for the NPP
Krsko nominal conditions are reported in Table 3. The trends of all relevant plant parameters during
the 200 seconds (when artificial control is active) and after 20000 sec (during which realistic plant
systems are active) remain within prescribed criteria. It should also be noted that the level and
pressure control actions become negligible before the end of steady state calculation.

3.2 On-Transient Qualification
The transient qualification phase is also called final qualification and demonstrates that typical
measured transient conditions are correctly reproduced by the calculation.
The on-transient qualification is performed for the following reasons:

some error types entered during the nodalization set-up can be detected only after performing
transient calculations;
the reproduction of the experimental transient conditions requires several "particular choices" by
the user. The "particular choices" are all the interventions made on the input-deck, as a
consequence of the analysis comparison between plant records and the calculated data.

Qualification at transient level presumes that the nodalization is tested in time-dependent conditions
reproducing the available experimental or real plant transients. This phase also includes the procedure
to qualify the code predictions through the comparison with the actual transient data using the suitable
"transient acceptability criteria". At the present only qualitative evaluation methods were used for the
purpose of the NPP Krsko nodalization qualification. The demonstration of the quality of the
nodalization at the transient level, before application to the reference calculation, involves at least one
among the following steps:
a) compare results of the nodalization with experimental data different than those object of the

reference calculations, in the case of NPP Krsko this are the plant measurements from the
surveillance procedures or operational transients;
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b) compare the results of the nodalization with calculations data coming from a previously qualified
nodalization;

c) perform a "Kv scaled" calculation aiming at the comparison between the nodalization
performance and experimental data in another facility (proper scaling factors must be adopted to
fix initial and boundary conditions).

Current NPP Krsko nodalization used step a) for the on-transient qualification, [10]. For that purpose,
a number of operational transients (stuck open PRZ spray valve, inadvertent closure of the MSIV,
inadvertent isolation of the main FW control valve, turbine trip) have been calculated. Also, ECCS
part of the nodalization has been used in the calculations of the operational test (full flow verification
tests for the check valves in SI and RHR lines, SI accumulator discharge check valves flow test). The
results of on-transient qualification analysis are reported in plant documents and available for the
future use in the plant. Reports contain not only the information on the compliance of the
mathematical model with the measured data, but also observed deficiencies and restrictions of the
model.

4 CONCLUSION
A detailed NEK model with all major control systems (except rod control system) for the
RELAP5/mod2 computer code has been developed and independently reviewed by two outside
organizations not directly involved into the development process. Development and the qualification
of the model have been documented in the number of the plant documents that are available as the
part of the plant database.
Steady-state and on-transient qualification of the developed nodalization proved that the NEK
RELAP5 model has been developed with necessary fidelity of geometrical and operating parameters.
Also, reproduction of the qualification transients verified suitability of the developed model for a
calculation of a number of operational transients.
Since NPP Krsko initiated .Modernization project that includes SG replacement, power uprate and
development of plant specific full scope simulator, the developed and qualified plant model will be
extensively used for independent verification of applicable safety analysis and qualification of plant
specific full scope simulator for design bases accidents. At the same time model will serve as
database for RCS system model development for the simulator. The model will also be used in
different licensing activities - issues, evaluation of safety margins, as well as for different engineering
activities such as verifications of plant modifications and plant transient analysis.
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Figure 1 RELAP5/MOD2 NEK nodalization
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Figure 2 Nodalization qualification process

Table 1 Parameters of RELAP5/mod2 NEK nodalization

PARAMETER
1. NUMBER OF NODES
- primary side
- secondary side
-total

2. NUMBER OF JUNCTIONS
- primary side
- secondary side
-total
3. NUMBER OF HEAT STRUCTURES
- primary side
- secondary side
-total
4. NUMBER OF MESH POINTS
- core slabs
- steam generator slabs

5. NUMBER OF CONTROL VARIABLES
6. NUBER OF TRIPS
- variable
- logical
-total

VALUE

221*
79

O

301

237
95

332

198
69

271°
1514

16
10

418

188
176
364

* including ECCS system
° containment included
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Table.

1
2
3
4
5
6
7

8
9

10

(*)
il
12
13
14
15
16
17
18
19
20
21
22
23
24

2 Cnteria for nodalization qualification at the steady state level
QUANTITY

Primary circuit volume
Secondary circuit volume
Non-active structures heat transfer area (overall)
Active structures heat transfer area (overall)
Non-active structures heat transfer volume (overall)
Active structures heat transfer volume (overall)
Volume vs. height curve (i.e. "local" primary and secondary circuit
volume)
Component relative elevation
Axial and radial power distribution (oo)
Generic flow areas

Primary circuit power balance
Secondary circuit power balance
Absolute pressure (PRZ, SG, ACC)
Fluid temperature
Rod surface temperature
Pump velocity
Heat losses
Local pressure drops
Mass inventory in primary circuit
Mass inventory in secondary circuit
Flowrates (primary and secondary circuit)
Bypass mass flowrates
Pressurizer level (collapsed)
Secondary side or downcomer level

ACCEPTABLE ERROR (°)

1%
2 %

10%
0.1 %
14%

0.2 %
10%

0.01 m
1%

10%

2 %
2 %

0.1 %
0.5 % (**)

10K
1 %

10%
10%(A)
2 % (AA)
5 % (~)

2 %
10%

0.05 m
0.1 mO

O The % error is defined as the ratio (reference value - calculated value)/(rcfcrence value). The 'dimensional error' is the numerator of the above expression.
(°°) Additional consideration needed.
(*) With reference lo each of the quantities below, following a 100 s 'transient - steady state' calculation, the solution must be stable with an inherent drift < l%/100 s.
(•*) And consistent with power error.
(A) Of the difference between maximum and minimum pressure in the loop
{**•) And consistent with other errors

Table 3 Comparison between NEK reference data and calculated steady state data

Parameter
1. Pressure
pressurizer
steam generator
accumulator
2. Fluid Temperature
cold leg
hot leg
feedwater

3. Mass Flow
core
cold leg

main steam line

DC-UP bypass
DC-UH bypass
buffle-barrel flow
RCCA guide tubes

Unit
MPa

K

NEK
18%SGTP

15.513
5.6
4.96

561.3
598.2
494.3

8506.6
4453.7

510.9

356.3
27.6
445.4
178.2

RELAPS
200 sec J20000 sec

15.513
5.61/5.59
4.96

561.7/561.5
597.5
494.3

8755
4581.7
4582.3
510.7
513.2
380.4
28.6
439.9
181.6

15.513
5.61/5.69
4.96

561.7/561.5
597.5
494.3

8755.4
4585.1
4579.3
510.6
513.1
380.4
28.6
439.9
181.6

Parameter
4. Liquid level
pressurizer

steam generator narrow
range

5. Fluid Mass
primary system
steam generator
(secondary)

6. Pressure Drop
reactor
core
steam generator
intermediate leg
cold leg
hot leg

7. Power
core
steam generator

Unit

%

kp

kPa

MW

NEK
18% SGTP

62.3

60.0

39418

267.7
162.8
326.8
19.3
8.2
8.2

1876.0
941.0

RELAPS
200 sec [20000 sec

62.3

60.0

110732
39388
39322

285.5
174.2
339.9
20.6
8.2
12.0

1876.0
939.2/943.9

62.3

60.0

I I I 101
39389
39323

285.5
174.2
339.9
20.6
8.2
12.0

1876.0
939.0/943.6
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