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EDITORS' FOREWORD
The conference "Nuclear Energy in Central Europe" has become a well-established regular
meeting of scientists and professionals working in the field of nuclear energy in our part of the
world. This year the conference was attended by 132 participants from 16 countries.
The focus of the conference was on two aspects of nuclear energy. By selecting the site of
the conference in Catez the program committee tried to aim the attention of the participants to
the problems related to power reactors, in particular to Krsko NPP. On the other hand, by
selecting the invited speakers and by allocating ample time for the presentations, special
attention was paid to applications of nuclear energy not directly related to power production:
nuclear methods in industry, application of reactors in medicine and material research, etc. The
guideline of both aspects was however the same: to give a view over present status and trends of
applied nuclear science and technology particularly in Slovenia and in other countries of Central
Europe.
The scientific and technical program of the conference included the following subjects:
• reactor physics
• structural analysis
• research reactors
• severe accidents
• nuclear methods
• NPP operation
• thermal hydraulics
• nuclear waste disposal.
In three days of the conference 70 contributions were presented including 4 invited lectures,
33 oral presentations and 33 posters. According to the main idea of the conference the invited
lectures treated two main subjects: status and perspectives of applied nuclear science and recent
developments and trends in power reactor technology. The invited lectures gave general
introduction to particular subjects treated by the presentations in the sections that followed. The
presentations treated original scientific and technical achievements mainly at high professional
level. All contributions included in the Proceedings were reviewed by two independent referees.
To motivate young scientists the "Awardfor Young Authors" contest was organised also at
this conference. Ten young authors applied for the contest. The international award committee
whose members were three distinguished scientists and university professors awarded Marko
Maucec and Matjaz Leskovar.
Two panel discussions were organised within the scope of the conference:
• Nuclear research and education in Slovenia (introduced and moderated by doc. dr.
Bogdan Glumac) and
• Krsko NPP modernization (introduced by Stane Rozman, Krsko NPP general manager).
Both discussions were well attended by the participants of the conference as well as by the
guests from the institutions interested in and responsible for these aspects of nuclear energy in
Slovenia.
The program committee of the conference and the editors of the proceedings wish to thank
again the participants for their contributions and to the reviewers for implementing high quality
standards in the review process.
Program Committee Chairman
Dr. Matjaz Ravnik
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Conceptual Design of Epithermal Neutron Beam for BNCT in the Thermalizing Column
of TRIGA Reactor
Marko Maucec
"Jozef Stefan" Institute, Reactor Physics Division
Jamova39, POB 3000, 1001 Ljubljana, Slovenia
E-mail: marko.maucec@iis.si
ABSTRACT - The Monte Carlo feasibility study of development of the epithermal neutron beam for
BNCT clinical trials in thermalising column (TC) of TRIGA reactor is presented. The investigation of
the possible use of fission converter as well as the set-up of TRIGA reactor core is performed. The
optimization of the irradiation facility components is carried out and the configuration with the most
favorable cost/performance ratio is proposed. The results prove, that a BNCT irradiation facility with
performances, comparable to existing beams throughout the world, could be installed in TC/DC of the
TRIGA reactor, quite suitable for the clinical treatments of human patients.
1

Introduction

At least twenty new patients fall ill for brain glioblastoma multiforme (GBM) in Slovenia
every year. This is an extremely lethal cancer, with no significant advances in therapy in last
two decades. Almost all patients die within two years, even with the best efforts using
surgery, external beam therapy and chemotherapy [1]. But with the prospective of selective
concentration and build-up of °B isotope in the tumor tissue, Boron Neutron Capture Therapy
(BNCT) proves to be a state-of-the-art approach.
Therefore, the development of irradiation facility for clinical use is almost indispensable
alternative to the epithermal neutron beam for "in-vitro" experiments on tumor cells or
laboratory animals, already installed in the radial channel of the "Jozef Stefan" Institute (JSI)
TRIGA reactor [2]. A unique reactor configuration, with so called "dry cell" (primarily
devoted for a pool-type storage of a TRIGA reactor spent fuel elements) is an important
advantage: a space (see Fig. 1) with approx. ground plan dimensions of 3x3 m2 and available
radiation protection, could be appropriate for the patient irradiation room, decreasing
substantially the costs for the development of the clinical BNCT facility. This contribution
presents the Monte Carlo suitability study of the thermalising column (TC)/dry cell (DC) for
epithermal neutron beam installation, with an emphasis on:
1. investigation of potential use of fission converter, as the amplifier of the neutron flux,
determination of the burn-up of the fissile material and parameters of cooling system,
2. set-up of the TRIGA reactor core for the irradiation in the TC/DC and
3. optimization of the BNCT facility components and recommendation the configuration
with the most favorable cost/performance ratio.
The general purpose Monte Carlo code MCNP4B [3] was used for the modeling of the
TRIGA reactor, together with the continuous cross-section libraries ENDF/B-V and ENDF/BVI and S(a,p) scattering data from ENDF/B-IV.
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Fig. 1 The 3D Monte Carlo model of the TRIGA Mark II research reactor (SABRINA GUI interface)

2 Set-up of the TRIGA reactor core
To affirm a fast and efficient convergence of a fission source spatial distribution, the core
(Fig. 2) was modeled as cylindrical as possible. The fuel elements (12% enriched) were
concentrated in F ring in order to enhance the neutron flux in a TC/DC. Core with 57 fresh
fuel elements and keff of 1.0034±0.0007, provide very good convergence of fission neutron
spatial distribution as well as kefr (see Fig. 3).
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Fig. 2 Radial cross-section of the TRIGA
reactor core, adjusted for the BNCT
in TC/DC (located above)

Fig. 3 Three-combined keff estimator
as a function of criticality
calculation active cycles

3 Suitability study of fission converter as a neutron flux amplifier
With the small-power TRIGA reactors the recommended therapeutic limit level (>109
n/cm2s) of epithermal (0.4 eV<E<10 keV) neutron flux <X>epj is not easy to achieve without
substantial refurbishment of the thermal column. But it has been proven in [4], that utilizing
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the fission converter, the satisfactory high epithermal neutron flux with treatment times less
than 60 rain can be obtained. In my study the fission plate, already existing at US, with 1468
g of total U mass, 20% enriched was encountered. It was estimated (for 250 kW reactor power
and approx. 1012 n/cm2s of thermal neutron flux), that even in the most optimistic case of
using the fission converter for the purpose of BNCT treatments for 10 years, 200 days/year
and 8 h/day the burnup would be less than 0.01%, what is negligible.
The fission heat release in fissile material was estimated to be 2.3 kW (rel. err. <1%) with
the temperature gradient of approx. 13.5 °C/s [6], Considering the treatment time of 60 min
(3600 s) the temperature in fissile material would increase for 8800°C, what is almost 10times above the U upper limit (640°C - [4]). It's obvious that an air-cooling system would
have to be installed in order to keep the temperature of the fission converter within the safety
limits.
Two main calculations (with and without fission plate) with the benchmark configuration
described in [6] were performed. It is evident from the results in Table 2, that fission plate
enhances epithermal neutron flux Ocpi for a factor of 2.4 and specific fast neutrons dose for
approx. 18%. On the other hand the specific gamma dose (Dy/Oepi) in irradiation point (see
Fig. 8) is decreased for factor 2.3, since the major contribution of gamma rays comes from
reactor.
Table 2 Efficiency of fission plate as a neutron flux amplifier for BNCT irradiations
Neutron
Dy/Oep:
3>epi
[lO^GycmViv]
source
[108n/cm2s]
[10-13Gycm7ncpi]
2.3
2.6
TRIGA (250 kW) +f.p. (2.3 kW)
1.8
5.2
2.2
TRIGA (250 kW)
0.7

0.62
0.58
3
3
Configuration: 20 cm Al (2.7 g/cm ), 30 cm A1F3 (4.0 g/cm ), 0.05 cm Cd, 15 cm Pb, Pb collimator,
5.5 cm Li2CO3-poly.

4 Parametric studies of components for BNCT facility
4.1

Thermal neutron absorbers

One of the requirements characterizing the quality of the epithermal neutron beam is
minimization of the thermal component of the neutron spectrum (E<0.4 eV). Cd, as a standard
thermal neutron absorber is most frequently used. Due to the reason that Cd is an efficient
(n,y) converter (see Fig. 5.5 in [6]), contributing to the overall gamma dose at the irradiation
point, the alternative materials as Gd, B4C and Li2CO3-poly were studied. The results are
presented in Table 3. Average relative error of the Oepi is ±5%, of DY ±10% and of Dy/Oepi
±15%.
Table 3 Comparisson between thermal neutron absorbers (foil thickness 0.5 mm)
Oepi (0.4eV-10keV) (109)
O th (<0.4eV) (10 s )

O th /0)J al (xl0- 2 )

D r (xl0- 3 Gycm 2 )
D 7 /O eqi (xl0- 13 Gycm 2 )

Cd
4.9
0.6
1.22
1.11
3.75
7.6

Gd
4.0
0.65
1.67
1.49
2.72
6.8

B4C
3.8
'0.7
1.83
1.61
2.25
6.0

Li2CO3-poly
4.8
7
14.4
11.2
4.65
9.7

Cd and Gd present the most efficient absorbers of thermal neutrons, with the highest Oepj.
But they are relatively intense gamma emitters: comparing to B4C, Cd emitts 70% and Gd
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30% higher gamma dose. Considering the attenuation of <J>epj, UbCCVpoly is comparable to
Cd, but with the 10-times weaker absorption of thermal neutrons. In addition, the contribution
to the gamma dose is substantial, due to higher yield of (n,y) reactions in JH of polyethylene.
Cd was selected as the thermal neutron absorber, also due to more reasonable cost comparing
to the other materials, particularly B4C [5].
4.2

Reflector materials

It was estimated in [4], that the epithermal neutron flux can even be doubled, if the
appropriate materials (Ni in that study) surrounding the filters are applied. In addition to Ni,
Pb, Bi, C and PbF2 were compared in my study. The thickness of the reflector material was
altered in the following steps: 0, 2, 4, 6, 8 and 10 cm. The average relative error of the ®epi is
±4%, of Dnfast ±9% and of Dnfast/$epi ±13%.

Reflector thickness [cm]

Fig. 4 Epithermal neutron flux for different
thickness of reflector material

Reflector thickness [cm]

Fig. 5 Specific fast neutron dose for different
thickness of reflector material

As obvious from Fig. 4, the epithermal neutron flux level is the lowest when no reflector
is used. The optimum 3>epi curves with the optimum reflector thickness can be observed,
except for the PbF2. Monotonic increase of <Depi with increasing thickness can easily be
explained since PbF2 was estimated as an excellent alternative to AI2O3 and AIF3,
recommended as independent filter and reflector [7]. Regarding other materials, the extreme
functions of 3>epi(thickness) were expected: when increasing the reflector thickness from 0 to
10 cm, the active moderating cross-section area is decreased almost for factor of 2. From the
Oepi and DnfastM>epi (see Fig. 5) point of view, Ni outperforms other materials. But the major
drawback is relatively high cross-section for (n,y) reactions comparing to PbF2 (see the
comparison of Ni and F on Fig. 5.9 in [6]) and unacceptably high price: comparing the
materials of equivalent purity (99.99%), Ni is almost 50-times more expensive than PbF2 [5].
4.3

Collimator materials

With the exception of graphite, the same materials as in the case of reflector study were
discussed. The tally region in a MCNP model was identified with the actual irradiation point
at the outlet of the cone collimator (see Fig. 9). The results are presented in Table 4.
Nevertheless Ni collimator provides 20% higher <3>epi then PbF2, the specific fast neutron
dose Dnfast/Oepi is approx. 30% lower in the case of PbF2. Collimation properties (Jepi/OepO are
comparable.
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Table 4 Comparisson of materials for collimator

M

<D,, i

(xlO"13 Gy cm2)
(108n/cm2s)
11
0.9
—
Pb
1.3
6.5
Ni
2.3
3.7
PbF2
1.9
2.8
Bi
1.6
4.7
Rel. err. Oepi: ±6% , rel. err. Drfast: ±9%.

4.4

Jcpi/Oep,

0.53
0.65
0.75
0.71
0.61

Gamma shielding

The following materials were considered: Bi, Pb, PbF2 and Pb+0.05 wt% 6Li [8].
Attenuation of Oepi and efficiency of gamma rays absorption (D7/<I>epi) was calculated for
following different thickness: 0, 5, 10 and 15 cm. Results are presented on Figs. 6 and 7. The
average relative errors:. <S>epi - ±9%, D r - ±12% and DYM>epi - ±21%.

4.0x10 S3

<3

,0.

2.0x10:

5

10

Thickness [cm]

Fig. 6 Epithermal neutron flux for different
thickness of gamma shield

Thickness [cm]
Fig. 7 Specific gamma dose for different
thickness of gamma shield

Bi and PbF2 prove similar properties from the point of view of attenuation of <J>epi, as well
as absorption of gamma rays. Mainly for technical reasons, 10 cm of Bi was selected as the
material for gamma shield as this is the value where specific gamma dose per epithermal
neutron (DT/<J>epi) decreases below the recommended limit of 3-10"11 cGycm7nepj (see Fig. 7).
4.5

Epithermal neutron filters

Following materials [9] were considered in calculations: AI2O3 (with density of 2.3 and
3.9 g/cm3), AIF3 (with density of 2.8 and 4.0 g/cm3), FLUENTAL™ (patented metal/ceramic
composite, made from Al and AIF3 mixture, with added 1% of LiF as absorber of thermal
neutrons), PbF2 and Teflon™(CF2). 16O and 19F in stated materials serve as elastic scatterers of
neutrons in epithermal region, with additional capability of 19F to scatter inelastically neutrons
with energies above 100 keV (see Fig. 5.12 in [13]). The moderation efficiency (enhancement
of Oepi with decrease of Dnfast) was probed with the MC transport of neutrons through the 50cm thick slab of material. The results (with average relative errors: Otenn - ±7%, <J>epi - ±4%,
- ±7% and Dnfast/<I>epi - ±11%) are presented in Table 5.
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Table 5 Moderation properties of selected epithermal neutron filter materials ( slab thickness 50 cm)
Material /
Specific cost
Drfast/Oepi
® tcrm
(10 7 n/cm 2 s)
(10 9 ii/cm2s)
(xl0" !3 Gy cm 2 )
density (g/cm3)
(103DEM/109nepi)
2.1
17
0.9
A1 2 O 3 (2.3)
1
1.4
4.7
17
A1 2 O 3 (3.9)
1.0
0.9
2.2
3.5
0.5
AIF 3 (2.8)
1.1
18.
A1F 3 (4.0)
0.9
1.2
210
0.0
0.9"
FLUENTAL®(3.0)
1.8
37
0.8
2.5
PbF 2 (8.2)
2.2
1.3
5.2
17
1.6
Teflon® - CF 2 (2.2)
5.0
Therapeut. Iim. values
1.0

10"

10'

10'

• A1,O, [23 g/cm']
• A l p , [3.9 g/cm']
-FLUENTAL [3.0g/cm'j

10'

i

•PWj [8.2g/cm')
!

•CF, (Teflon) (2.2 g/cm J

10'
10*

10

10

10

10

10
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10"

10'

102
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Fig. 8 Neutron flux / unit lethargy for different applied materials of epithermal neutron filters
FLUENTAL, PbF2 and A1F3 (p=4.0 g/cm3) outperform other applied materials, when the
level of epithermal neutron flux as well as low fast neutron dose are considered. Nevertheless
FLUENTAL provides an excellent (see Fig. 8) spectrum shifting to the epithermal energies
range (0.4 eV<E<10 keV) with outstanding thermal neutron cutoff, A1F3 (p=4.0 g/cm3) offers
50% better ratio DjWOepi, being 12-times cheaper than FLUENTAL and 50% than PbF2.
5 Proposed configurations of BNCT irradiation facility
Based on the aforementioned results of parametric studies, I propose three configurations
of epithermal neutron irradiation facilities for BNCT treatments in TC/DC of TRIGA reactor.
They all have the following common characteristics: epithermal filter - 20 cm Al + 30 cm
AIF3 (p=4.0 g/cm3), thermal neutron absorber - 0.05 cm Cd, gamma shield - 10 cm Bi,
neutron shield - 6 cm Li2CO3-poly [10], neutron source - 250 kW TRIGA reactor and 2.3 kW
fission plate. The MC model is presented on Fig. 9. The proposed configurations distinguish
mainly in the cost/performance aspect and differ in following properties:
a) reflector: 2 cm Pb; collimator: Pb
b) reflector: 10 cm PbF2; collimator: PbF2
c) reflector: 4 cm Ni; collimatof: Ni
From the results presented in Table 6 it is obvious that epithermal neutron fluxes from
approx. 2 to 5-times lover than therapeutic limit (109 n/cm2s) can be achieved with proposed
configurations in TC/DC of TRIGA reactor. On the other hand the purity of neutron beam
epi and DT/Oepi) is comparable to most of the proposed or existing BNCT facilities
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throughout the world (see Table 5.8 in [6]). The limit value of specific gamma dose is
exceeded only with version c). The high quality of the beam can be observed also from the
Fig. 10, presenting the neutron spectrum in the irradiation point. A very good spectrum
shifting towards the epithermal energies is observed: thermal flux $>tem (E<0.4 eV) presents
1.5%, epithermal Oepi (0.4 eV<E<10 keV) even 95% and fast flux Ofast (E>10 keV) 3.5% of
integral neutron flux (0 eV<E<20 MeV).
If only the elaboration of the facility is considered (excluding the refurbishment of the
irradiation room, the instrumentation for the radiological protection and monitoring, treatment
planning system etc.) the cost for 1000 epithermal neutrons for version a) would be approx.
0.1 DEM (total 20000 DEM), for version b) approx. 0.3 DEM (total 150000 DEM) and for
version c) approx. 2 DEM (total 1200000 DEM).
irradiation point

Li2COj-po]y
concrete
Ai

10*

Boral
collimator:
PbFj

§

io7

Proposed versions (20 cm AI + 30 cm
........ A:ref.4cmNi,koL: Ni

10s

B:ref.2 cm Pb, koi.: Pb
------ C: ref. 10 cm PbF,, kol.: PbF,

I

AI
graphite

10!

10'5

10"' 1 0 " : I O ' ! 1 O !

10'

10'

Energy [MeV]

fission pi,-2.3 kW
reactor core - 250 kW

Fig. 10 Neutron flux/unit lethargy for
proposed configurations

Fig. 9 MCNP model of the proposed BNCT facilities

Table 6 Properties of proposed versions of BNCT facilities in TC/DC
V
8

2

(10 n/cm s)
2 .21 (3)
4 .57 (3)
5 .69 (2)
>10

a
b
c
L

Dnfast
5

1

(10- Gy s" )
4.38 (6)
7.92 (7)
5.59 (9)
-

-5D7

7.2 (4)
7.6(3)
54 (3)
-

•Jepi

8

2

(10 n/cm s)
1.33 (2)
2.83 (1)
3 .53 (1)
-

(lO^Gycm 2 )
1.98(9)
1.70(10)
0.98(11)
<5

I
•* epi'
(io- ! 3 Gy cm2) Oepi
3 .26 (7)
0.60
1.66 (6)
0.62
9 .50 (5)
0.62
<3
>0.5

V: version, L: therapeutical limit values, (): relative error in %
6

Conclusions

The results of Monte Carlo calculations prove that the thermalising column of the TRIGA
reactor is quite appropriate for the installation of efficient irradiation facility for a clinical
BNCT treatments. When adopting the proposed version b), with the most effective
cost/performance compromise, the irradiation parameters of the epithermal neutron beam
could even be superior to the renowned facilities installed on the more powerful reactors
through the world. The refurbishment of the thermalising column for the purposes of BNCT

Nuclear Energy in Central Europe '98

clinical treatments would require some significant improvements on the reactor itself and
accompanying equipment:
1. the raise of the power of TRIGA reactor from current 250 kW to 750 kW would almost be
mandatory. In case of version b) the recommended therapy limit of Oepi (109 n/cm2s) can
be exceeded for almost 40%, keeping the treatment times below 40 min. If the reactor
retains the existing power level, the treatment times should be substantially longer (up to
1.5 h), but still almost 40% below the irradiation times at the first and only European
BNCT clinical center at HFR Petten, Netherlands [11].
2. the application of the fission converter for the purposes of BNCT irradiation in TC/DC,
would require the installation of air based cooling system, with capacity of 500 m3/h and a
diameter of an inlet tube of 30 cm. Even in the case of reactor power raise up to 750 kW,
the temperature remains below 640°C.
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ABSTRACT
A research project on Boron Neutron Capture Therapy (BNCT) of gliomas has been set up in Italy, with the
participation of Departments of Oncology and Mechanical and Nuclear Construction (DCMN) of the University
of Pisa, as well as the Neuroscience and Physics Departments of the Universities of Roma.
The specific objective of DCMN Research Unit is the study of the physical-engineering aspects related to
BNCT. The paper outlines the research lines in progress at DCMN:
• Monte Carlo calculations of neutron dose distribution for BNCT treatment planning;
• mesurements of neutron fluxes, spectra and doses by neutron detectors specifically set up;
• design of modifications to the nuclear reactors of ENEA Casaccia Center.
In particular, the paper emphasizes the most original contributions on dosimetric aspects, both from
informatic and experimental points of view.

1. INTRODUCTION
As well known, the Boron Neutron Capture Therapy (BNCT) is a radiotherapy modality of
particular interest for the treatment of highly radioresistant tumors, like malignant high grade
gliomas. The survival of patients affected by glioma is very poor: even after aggressive
surgery and radiotherapy, median survival is 6-12 months; less than 10% of patients survive
longer than 2 years.
BNCT is based on the interaction between boron 10 atoms, which should concentrate
mainly in the tumor tissues, and thermal neutrons. After the capture of a neutron, the boron
nucleus immediately disintegrates into an alfa particle and a recoiling lithium nucleus. The
range of these particles is less than 10 microns, corresponding to the dimension of a cell. They
release an energy of 100-150 keV/um (high LET). A single track crossing the nucleus of the
cell has a high probability of producing an unrepairable damage, leading to the cell death. The
selective concentration of boron 10 in the tumor cells before the exposure to the neutron flux
would result in the destruction of the tumor, without damage to the normal tissues.
The availability of boron compounds able to concentrate in the tumor cells will be the main
factor for the success of BNCT. A large number of substances, based on different principles,
have been tested in experimental animal models as possible boron vehicles. In human patients
two boron compounds have been used in recent years: the sulfydryl-borane (BSH) and the
Boro-Phenyl-Alanine (BPA). Data on pharmacokinetics, biodistribution and* toxicity
characteristics of both compounds are available in literature. In particular, BPA concentrates
selectively in the neoplastic tissues: the average boron concentration in normal brain tissue
ranges between 75% and 100% that in the blood, while in the tumor it reaches values 2-4
times higher. No sign of intolerance or toxicity has been observed in patients receiving an
infusion of BPA complex stabilized with fructose (BPA-F). Available pharmacokinetics
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studies have shown that boron concentration reaches its maximum value between one and two
hours after the infusion.
BNCT has been applied experimentally in Japan III; at present trials are in progress in
USA (at Brookhaven National Laboratory - BNL) 111 and at Petten (NL) EU Joint Research
Center (JRC) 131.
A feasibility study of BNCT in Italy was performed last year at Dipartimento di
Costruzioni Meccaniche e Nucleari (DCMN) of the University of Pisa, in collaboration with
the chairs of Radiotherapy of the University of Brescia and Pisa 141. It indicated the
advisability of:
a)
addressing the research mainly to treatment of gliomas, the subject of the trials at BNL
and at Petten JRC;
b)
acquiring suitable knowledge and experience on instruments and methods (neutron
source, pharmacology, dosimetry, and so on) to be used in order to realize BNCT in our
country;
c)
implementing a series of specific and up-to-date calculation tools needed to reach
previous objectives.
As a follow up of this activity, a research project was set up in which the Oncology
Department of the University of Pisa, the Neuroscience Department of the University of Roma
"Tor Vergata", the Department of Physics of the University of Roma "La Sapienza", DCMN
and several scholars of other Departments and Institutions are involved.

2. DCMN RESEARCH PROGRAMME
The specific objective of DCMN Research Unit is the study of the technical-engineering
aspects related to the attainment of glioma BNCT in Italy. The practical implementation of
this treatment requires the preliminary solution of several problems.
•Physicalproblems. Neutrons need to reach the tumor volume with a sufficient flux intensity.
Thermal neutrons (energy lower than 0.5 eV) have a very low penetration in human tissues.
Their use is therefore limited to the treatment of superficial tumors or when surgical
procedures permit exposure of the tumor to thermal neutron flux possible. To reach more deep
seated tumors, epithermal neutrons (energy level up to 10 keV) have been recently applied.
These particles are able to enter several centimers into the brain, before they are slowed down
to thermal energies.
•Technological problems. The neutron beam required for BNCT depends on the shape and
depth of the tumor. A flux of 10E+9 n/cm2s of energy less than 10 keV is achievable with
reactors of a few MW power, using proper filters and collimators. Public acceptance problems
can be met when locating a nuclear reactor in urban areas. A possible alternative is
represented by the use of proton accelerators with current as high as 10 mA, and a lithium or
beryllium target; however this solution has to be industrially proven.
•Dosimetric problems. Radiation dose in BNCT results from multiple components. The most
important contribution is given by the high-LET heavy particles produced by the reaction
10
B(n,a)7Li. Further components are due to the interaction of the neutrons with the nuclei of
elements in normal tissues (mainly, hydrogen 1 and nitrogen 14), with emission of gamma
rays and protons; additional components are given by photons and fast neutrons coming from
the same neutron source. The dosimetric approach is very complex; it requires 3D
calculations, which must be experimentally validated.
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Obviously the research necessary to deal with abovementioned problems will be addressed
by DCMN in collaboration with the other Units participating to the project. Besides , DCMN
manages directly the activities of various researchers of other Institutions and Universities
(namely at the Politechnics of Torino and Milano, and at Genova and Rome-La Sapienza
Universities) and has strong connections with the BNCT Research Unit at ENEA Casaccia
Center and the CNR Clinical Physiology Institute (IFC) in Pisa.
The program of the DCMN Research Unity can be subdivided into three parallel lines of
activity:
part I: realization of an experimental apparatus which utilizes the TAPIRO reactor of ENEA
Casaccia Center, in collaboration with the Research Units of ENEA and with RomaLa Sapienza University.
part II: setting-up the theoretical and experimental tools, necessary to BNCT realization in
Italy, in collaboration with IFC of CNR-Pisa and other International Research Centers
(Petten-UE, BNL-USA, etc.). In this context DCMN will collaborate for the physicalengineering aspects, to the definition of the therapeutic treatment plan of gliomas.
part III: comparative technical-economic analysis of the irradiation plant projects necessary to
the realization of BNCT in our country, like:
• modifications to the nuclear reactors installed at ENEA "Casaccia" Center
(TAPIRO fast reactor and TRIGA thermal reactor), in order to make them suitable
for glioma BNCT;
• cold neutron guide to allow BNCT application of the ENEA TRIGA reactor, in
the present configuration;
» a new neutron flux amplification plant, constituted by a commercially available,
heavy particle accelerator, modified for BNCT, and a subcritical nuclear array;
» a new TRIGA, commercial, high power (i.e. 5 MWt), nuclear reactor to be
installed in a site already approved for such use;
• a new neutron source of intensity suitable for BNCT, derived from a heavy
particle accelerator (with energy around 10 MeV and current of at least 10 mA), in
development at several Institutions in USA and in Europe (i.e. INFN Laboratory
of Legnaro - PD).
At present research lines in progress at DCMN are related to:
•
setting up of the software for BNCT treatment planning;
•
measurements of neutron fluxes, spectra and doses by sets of neutron detectors
specifically set up;
•
design of modifications to the nuclear reactors of ENEA Casaccia Center.
They will be briefly outlined in next paragraphs.

3. THE "CARONTE" TREATMENT PLANNING SYSTEM
During the Seventh Symposium on Neutron Capture Therapy for Cancer, held in Zurich on
September 4-7, 1996, scientists of the BNCT Kyoto Center proposed the use of Positron
Emission Tomography (PET) as a technique to acquire reliable information on boron
distribution into the healthy and tumor regions of the patient brain I SI. To this aim, they used
BPA, labelled with 18F (positron emitter). The central transaxial slice of a glioblastoma
multiforme scanned by PET (kindly sent by Kyoto scientists to DCMN) is reported in Figure
1. In this image the red zone indicates the highest amount of boron. The availability of this
technique is at the basis of a new procedure for treatment planning, different from that
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one for the tumor zone; the assumption of uniform boron concentrations in the two zones
brings to dose distributions, with typical radially decreasing isodose curves. An example is
given in Figure 2 161, where a transaxial slice of a Labrador dog with superimposed the boron
isodose curves is represented.

Fig. 1. Centra! PET slice for the Kyoto
alioblastoma multiforme case

Fig. 2. Boron isodose curves for uniform
boron distribution assigned to a
Labrador dog head model

Al DCMN, a new software system, named CARONTE 111, has been implemented, which
recognizes the boron concentration and distribution information contained in PET slices and
converts them in a MCNP-4A input format. This information is inserted into a brain model,
constituted by two non-concentric ellipsoids (taking into account the variable skull thickness).
After MCNP-4A calculations, CARONTE processes the output file and gives the option of
seeing the results in a bidimensional format (isodose and isofluence surfaces on PET slice
plans) or in monodimensional format (along an axis parallel to the transaxial PET slices).
Different simulations have been performed varying several parameters, like the SSD
(Source-td 'Skin Distance),"the boron concentrations and the neutron spectrum. Only one
example is reported here in Figure 3; it is related to a configuration with SSD equal to 30 cm
and an epitherrhal neutron flux (like that of Petten HB11 BNCT channel) coming from the left
of figure !. The CARONTE output image represents the central PET slice of the brain model
and related boron isodose surfaces (the arrows indicate direction of the neutron flux). At the
right end the color scale and related boron dose values are reported.
A complete presentation of these results is given in /8/ and 191.
RBE- dose boro <=
REE dose boro<=.
RBE dose boro<=
RBE dose boro <=
RBE dose boro <=
RBE dose boro <=
RBE dose boro <=
RBE dose boro <=
RBE dose boro <=
RBE dose too < -

2.89999-1 E-l
5.799981E-1
8.699972E-1
I.159996E-K)
1.449995E-+O
1.739994E+0
2.029994E+0
2.319993E+0
2.609992E-H3
2.899991E+0

Gy-eqfk
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h
Gy-eq/h

Fig. 3. RBE-boron isodose surfaces in the central PET transaxial slice of the Kyoto
glioblastoma multiforme case.
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4. EXPERIMENTAL ACTIVITIES
As already mentioned, the assessment of all significant radiation dose components
delivered to the irradiated volume during BNCT treatment constitutes a complex three
dimensional problem. In fact, the different dose components have different spatial distribution
and Relative Biological Effectiveness (RBE). In particular, it is important that BNCT neutron
beam be designed to. minimize the fraction of primary neutrons with energies above the
desired epithermal range; it must also be ensured that an accurate estimate be provided of the
spatial deposition of this dose component.
In order to assess fast neutron doses and spectra, methods based on the "Superheated Drop
Detector" (SDD) /I0/ were and will be utilized in our investigations. SDD consist of an
uniform emulsion of microscopic, over-expanded halocarbon droplets dispersed in a tissue
equivalent gel. The superheated drops are like microscopic bubble chambers: upon neutron
irradiation they turn into bubbles, which can be recorded optically or acoustically / l l / .
Charged recoils generated through fast neutron collisions inside or next to the droplets induce
the bubble formation. The higher the degree of superheat of the liquid, the lower the minimum
energy secondary charged panicles'—-and therefore primary neutrons—must impart to the
drops in order to nucleate their evaporation. For this reason, these detectors present
temperature dependent threshold responses, and a fairly flat response for higher energies.
A spectrometer was developed based on this principle: it relies on two different
superheated emulsions, halocarbons C-318 and 114, whose detection thresholds are selected
by controlling the operating temperature (Figure 4). With their sharp detection thresholds, the
two emulsions scan the 0.01-! MeV and the 1-10 MeV ranges, respectively. The response
matrix of the system is virtually orthogonal, which allows the use of effective few channel
unfolding procedures /121. The system was employed in the determination of the fast neutron
part of the spectrum of an accelerator-based source developed at INFN Legnaro Laboratory
(Figure 5). Results were analyzed by means of two unfolding codes, MSITER (using a
MCNP-calculated spectrum as pre-information) and UNFANA (a maximum-entropy code
requiring no pre-information); they are illustrated in Figure 5.'With MSITER, input and
output spectra virtually coincided. The value of the y} per degree of freedom resulted less than
1, indicating complete consistency between MCNP-calculated and measured data. UNFANA
generated a'smoother spectral distribution, which better reflects the intrinsic resolution of the
spectrometer. Spectra unfolded with the two methods differed from each other by less than the
-i—i—i—i 1 1 1
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Fig. 4. Fluerice response of halocarbons
C-318 and 114 as a function of
neutron energy and of operating
temperature in the 25-40 °C range.
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Fig. 5. Fast neutron spectrum of the INFN
accelerator source, measured with
SDD and compared to MCNP
simulation.
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associated uncertainties, which confirmed the overall structure of the energy distribution.
Fluence integrals over broader energy intervals were also calculated from both codes and were
affected by much smaller uncertainties, thanks to negative correlations between adjacent
groups/13/.
If the detector droplets are sufficiently superheated and contain chlorine, they may be
nucleated by the products of the -^QCn.p^S reaction—mainly the !7 keV sulfur ions.
Through this mechanism, halocarbon 12 emulsions are sensitive to thermal and intermediateneutrons. Figure 6 reports some experimental and numerical (Monte Carlo) data on the SDD
detection efficiency, along with the kerma-equivalent factor curve (i.e. the ideal response for a
detector intended to measure RBE-weighted absorbed doses in phantom). The excellent
agreement on an energy range of over nine orders of magnitude, combined with the tissue
equivalent composition of the detector; make the system extremely suitable for the
determination of dose distributions in tissue /14/. This was employed in the determination of
the whole body exposure of patients undergoing BNCT treatment at Brookhaven National
Laboratory /15/.
Figure 7 reports neutron dose equivalent estimates based on values of thermal and
epithermal fluence and of the fasi neutron dose generated by Rtpe, the INEL radiation
transport computer code. These refer to a patient head irradiated parallel to the beam axis. Inphantom measurements were carried out for the same irradiation geometry inside a slab water
phantom in contact with a Rando-Alderson anthropomorphic head phantom. Next to the head,
measured data follow the same trend as the calculations. At higher distances, measurements
reflect the additional contribution of neutrons transmitted through the reactor wall.

o
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Monte Carlo
kerma-equivalent factor
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Neutron energy (MeV)
Fig. 6. Fluence response of halocarbon 12 SDD
versus kerma equivalent factor.
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Fig. 7. Neutron dose equivalent
calculated and measured at
depth in tissue at BNL.

5. DESIGN OF THE IRRADIATION CHANNEL
The cited feasibility study IAI outlined the advisability of an epithermal neutron flux of the
order of 10E+9 n/cm2s at the exit of the irradiation channel; in this way the treatment time
should be less than one hour.
The related R&D activities include the construction of an experimental irradiation channel,
by which experiments on phantoms and laboratory animals will be carried out. This can be
realized in a few months by modifying the fast reactor TAPIRO, in operation at ENEA
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Casaccia Center, on the basis of the design already available, thanks to BNCT Research Units
of ENEA and the University of Bologna /16A The foreseen channel configuration is shown in
Fig. 8. The epithermal flux at the exit of this channel (Figure 9) should be more than 5.10E+8
n/cm2s, a very important result if one takes into account that TAPIRO reactor has a power of
on!y5kW.

SlO'

i

Fig. 8. Horizontal section of TAPIRO
reactor irradiation channel.

Fig. 9. Neutron spectra obtained in two
MNCP calculation runs. /15/

At the same time, DCMN is undertaking the design of the modifications needed to the
TRIGA reactor of the same Center, so as to make it adequate for BNCT. This work takes into
account the notable research carried out in the last 10 years by the BNCT Research UNIT of
ENEA Casaccia, managed by A. Verri /17/, /18/. The design of the irradiation channel for the
TRIGA reactor is in progress. According to the calculation results obtained by MCNP 4B
code, using a combination of 28 cm of aluminum, and 24 cm of aluminum fluoride, with a
channel collimator of lead or bismuth, the epithermal flux at. the channel exit is larger than
5xlOE+9 n/cm2s /19/. This would allow very efficient arid short BNCT treatments,
particularly if the attempt to design the reactor operation in pulse mode will be successful.

6. CONCLUSIONS
The research activity already carried out at DCMN has achieved important results, even
though external financial supports has been lacking. This is demonstrated by the setting-up of
an original calculation tool (CARONTE System), prepared in order to connect the real PET
boron distribution data to MCNP-4A code; in this way the calculation of neutron dose into the
brain is performed on the basis of information about the real boron distribution in healthy and
tumor tissues, instead than on uniform distributions assumed in input. In the near future,
CARONTE system will be modified to accept, in input, data on the tumor image and the
boron distribution obtained by Nuclear Magnetic Resonance (NMR), a technique already setup by the Group of the Physics Department of the University of Rome /20/.
From the experimental point of view, Superheated Drop Detectors (bubble detectors) were
set up for the experimental determination of the neutron field. Neutron flux determination was
already performed in the experimental irradiation facility of Pavia University for BNCT of
skin melanoma and of explanted liver. Other patient dose measurements were done at the
BNL facility for BNCT.
Finally, the modification of TAPIRO Reactor will allow the experimental verification of
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the design calculation performed by MCNP code. If the experimental data will confirm the
calculation results, a neutron source useful for BNCT will be available in Italy. In any case,
this will make available the epithermal neutron source useful for carrying out experiments on
laboratory animals of large tail, a decisive step before the application of the therapy to man.
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Development and Test of a Miniature Gamma Thermometer to Determine the
Gamma Dose Rate Inside a Reactor Core

J. Kizhakkekara, P. Katrik, H. Bock
Atominstitut der Osterreichischen Universitaten, Wien, Austria
ABSTRACT - In this study various designs for different gamma thermometers to
monitor the local gamma dose rate in the core of the TRIGA Mark-ll reactor at the
Atominstitut der Osterreichischen Universitaten are presented. The cylindrical
gamma thermometers used here are based on the physical effect of gamma heating
in heavy materials such as lead or bismuth. The heat generated within the sensor is
conducted to a heat sink along a well controlled heat path. The temperature
measured over the heat path is proportional to the gamma heat generated and
therefore to the local heat generation rate in the neighbouring fuel elements.
1. Introduction
The gamma thermometers used in the present development are equipped with
differential thermocouples that have junctions in the cold and hot point of the sensor.
This type of ungrounded thermocouple eliminates the need for any well controlled
temperature reference point outside the reactor. On the other hand, these
thermocouples do not convey any information about the sensor's temperature. The
sensor temperature can only be measured if the difference thermocouple was
ungrounded to its sheath in the thermal junction.During the past decades variuos
types of gammathermometers have been developed mainly for nuclear power plant
applications/1-4/.
The thermometer used for this development were of 5 mm diameter and 20 mm
height, stretched by two thermocouple wires connected in the axial direction. The
wires prevent to some degree the lateral oscillations of the sample. The outer can
was made of aluminum and constitutes a cylinder of 10 mm diameter with an air gap
between the sample and the can equal to 2.5 mm radially and also in axial direction.
The whole construction was inserted into another stainless steel cylinder for further
insulation with the same air thickness like the one with aluminum. Measurements
were done using Chromel-Alumel thermocouples. With this construction a
temperature difference up to 77 °C was measured. Experiments with this
construction gave a measured gamma dose rate of maximal 1.2 MGy/h using Pb, in
the center of the TRIGA core when the reactor was operated at nominal power level
250 kW.
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2. Different types of gamma-thermometers constructed
In order to carry out the experiments in different location in the core of the TRIGA
Mark-ll reactor Vienna, four different types of gamma-thermometers (GT) were
constructed. The first type (GT 1) consisted of a gamma sensitive cylinder which is
surrounded by AI2O3 for thermal isolation (Fig1). It was inserted into an aluminum
container and a sealing top was made of aluminum through which the
thermoelement wires were connected to the measuring instruments. The dimensions
of GT 1 were as follows:
Gamma-sensitive cylindrical part diameter:
Gamma-sensitive cylindrical part height:
outer diameter of the container:
isolation thickness at the top and bottom
of the gamma-sensitive cylinder:

10 mm
20 mm
25 mm
7.5 mm

The thermoelements used are Ni-Cr-Ni, the construction is shown in Fig. 1, top left.
The GT 1 showed problems with its thermal stability and the AI2O3 caused problems
to reach thermal equilibrium. Therefore the next detector type (GT 2) was
constructed using air as insulation instead of AI2O3 and using either lead or bismuth
as gamma sensitive material (Fig.2). In example the lead cylinder had a weigth of
17.06 g with dimensions 10 mm diameter, 20 mm height. For this purpose a
calibration thermoheater which had a resistence of 6 Q was used. With this
thermometer an absolute temperature of 147 °C could be measured. For an effective
temperature determination a dry canal was needed . The calibration curve showed
an exponential instead of a stright line because of the influence of the water
temperature. Due to the size of the sensor the incore irradiation positions could not
be measured. With the knowledge gained from the previous constructions another
miniature type thermometer(GT 3, see Fig.3) was developed.
This third type had the dimensions:
length: 20 mm
diameter: 5 mm
With this thermometer measurements at different irradiation positions in the core and
also in the central irradiation tube of the reactor were made. Because of the extreme
thin size several other problems were met, especially at higher temperatures
oscillations were observed, especially above 50 °C. At higher reactor power the
disturbance due to watercirculation through the core positions prevented correct
measurements . With this experience and considering the previous problems the
resent version with different modifications was constructed (GT 4 ) , it is shown in Fig.
4.

3. Construction of the present gamma thermometer
As mentioned above the gamma thermometer (GT 4) was constructed using a
central stainless steel capillary for thermoelements with a mold form which is
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centered in a lead cylinder. Two other capillaries were made for thermoelements on
the stainless steel jacket. The whole chamber is welded with silver solder in order to
attain water thightness.

4. Calibration
In order to carry out absolute measurements with thermoelements the proper
reference temperature has to be determined. Generally the melting, boiling or triple
points of gases, liquids or metals are used for this purpose. In the present case an
ice mixture was prepared in a Dewar which surrounds a thin glass vial filled with
machine oil. The oil is used to avoid corrosion and the necessary formation of
galvanic voltage. The voltages were measured using a voltmeter of the type Metex
Model M4650 CR with a digital output connected to a PC-XT computer. Using a
basic programme the data are collected and treated using Origin 4.0. An almost
linear relation between temperature and thermal voltage was found (Fig.5).
After these calibrations the thermometer was used to measure the gamma dose rate
in the central irradiation tube of the TRIGA Mark-ll reactor Vienna. The location of
the maximum gamma dose rate has been experimentally determined at about 35 cm
below the upper grid plate (Fig.6). Due to the water flow in the central channel the
gamma thermometer moved horizontally and the gamma dose rate varied between
0,25 MGy/h up to 1,2 MGy/h. In the near future a flow stabilization will be provided to
prevent horizontal movement of this probe and to determine the gamma dose rate
accurately in any core position. Another interesting test for the performance and time
behaviour of GT 4 was the stepwise increase of reactor power as shown in fig.7. At
nominal power of 250 kW a temperature difference of about 38° C was obtained
between the gamma heated center (Bi) and the detector can. As can be seen the
response time is a few minutes and the signal is very stable at any power level. This
type of detector is very well suited for fast gamma mapping of a reactor core.

5. Conclusions
After several prototype gamma thermometers a detector was developed which is
able to determine very accurately the gamma dose rate in the core of the TRIGA
reactor at nominal power. Some minor improvements in the detector materials could
still be implemented but the present design prooves to be an accurate and reliable
sensor for incore gamma measurements.
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Recent Improvements to TRIGLAV Code
Tomaz Zagar, Matjaz Ravnik, Andreja Persic
"Jozef Stefan" Institute, Jamova 39, Ljubljana, Slovenia
Tomaz.Zagar@ijs.si

Abstract
TRIGLAV code was developed for TRIGA research reactor calculations and is based on twodimensional diffusion equation. The main purpose of the program is calculation of the fuel elements
burn-up. Calculated core burn-up and excess reactivity results are compared with experimental values.
New control rod model is introduced and tested in this paper. Calculated integral control rod worth
and calculated integral reactivity curves are presented and compared with measured values.
Comparison with measured fuel element worth values is presented as a test for two-dimensional flux
distribution calculations.
Introduction
TRIGLAV [1] code was developed for TRIGA research reactor calculations. The program is
based on diffusion equation in four-group finite difference approximation and solved in cylindrical,
two-dimensional r-<p geometry. The main purpose of the program is calculation of the fuel elements
burn-up. The program is written in modular form. It consists of the main program modules and input
data files. In the first module, the homogenised effective group constants are calculated using
transport code WIMS-D/4 [2]. The global calculation is performed in the second module, named
TRIGA2D, using four-group diffusion approximation. The results of calculation are power and flux
distributions and multiplication factor of the system. In the last module burn-up increments for all fuel
elements are calculated on the basis of power distribution and total energy produced by the reactor.
Table 1. Calculated and measured reactivity values for fresh and burned cores. Reactivity values were
calculated with TRIGLAV code. Core loading pattern 133.1 with burned fuel is identical to core
loading pattern 133 with fresh fuel. Core loading pattern 134.1 with burned fuel is identical to core
loading pattern 134 with fresh fuel. Core loading pattern 134.1 was established in six steps. In the first
step the core 133.1 was rearranged. Then five additional fuel elements were inserted in five additional
steps to establish the core 134.1.
Core
number
132
Fresh fuel

Burned fuel
Average core
burn-up
=1.1 MWd

1

133
134

133.1
step 1
step 2
step 3
step 4
step 5
134.1

Measured reactivity
[pcma]
-135±15
266±15
2020±100
-1640±400
-2330±300
-1640±270 '
-1020±190
-435±70
54±15
458±15

Calculated reactivity
fpcm]
-119
260
1850
-1194
-1747
-1300
-832
-356
54
454

pcm or "per centenas millias" equals 10"5-Ak/k.
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The program has been thoroughly tested. Calculated burn-up and reactivity results were
compared with measured ones. Fuel element burn-up calculation error was estimated [3] in average to
±0.05. Calculation error for almost all fuel elements is smaller than ±0.05. The discrepancy is bigger
only for the fuel elements close to the reflector (F ring) or near control rods, and can be up to ±0.2 [4].
Good agreement with experiment was also observed in global core burn-up calculations and global
core critical calculations. Comparison between benchmark experiment results [5] [6] and calculated
values is presented in Table 1.

Control Rod Model
The TRIGLAV program uses average unit cell approximation for fuel and non-fuel elements as
the geometry model. Control rods are modelled as two separate unit cells; namely absorber and
follower unit cells. These unit cells may differ in composition and dimensions for different control
rods (i.e. transient, regulating). More detailed specifications of the control rods model can be found in
Table 2. Four-group cross sections for these unit cells are calculated using WIMS-D/4 lattice code.
The group constants belonging to follower and absorber unit cells are homogenised by thermal flux
weighting according to control rod insertion.
Table 2. Control rod dimensions and material data.
Location
Outside diameter [cm]
Cladding thickness [cm]
Material absorber
density |g/cm3]
follower
m(U) [g]
m(235U) [g]
cladding
density [g/cm3]

Transient rod
C-04
3.175
0.0711
B4C
2.48
void

Aluminium
2.7

Safety rod
C-10
3.4925
0.0508
B4C
2.48
ST12b
235.62
46.89
Stainless steel
7.889

Regulating rod
D-01
3.4925
0.0508
B4C
2.48
ST12
232.92
46.35
Stainless steel
7.889

Shim rod
D10
3.4925
0.0508
B4C
2.48
ST12
238.45
47.45
Stainless steel
7.889

Follower and absorber weights are calculated in one-dimensional approximation using
BINODE code [7], One-dimensional axial geometry with two zones is used. Absorber and follower
zone thickens is calculated according to control rod insertion. Cross sections used in one-dimensional
calculation are calculated with WIMS-D/4 code in same unit cell approximation using super-cell
approach. Non-fuel unit cells (absorber or air-follower) are surrounded with six fuel elements and
entire super-cell cross sections are used in one-dimensional calculation. Normalised thermal flux
multiplied with control rod insertion is used as weight for each zone. Control rod cross sections
homogenised with one-dimensional thermal flux weights are then used in two-dimensional calculation
with TRIGA2D code for global core calculations.

Control Rod Worth
Reactor core excess reactivity for particular control rod and specific insertion was calculated
with TRIGLAV and compared with experimental results. Benchmark reactor core configuration no.
134 was selected for these calculations. All calculated results are compared to experimental values,
which were obtained by the rod-exchange method and rod-insertion method and are presented in Ref.
[6]. For all rods of the same type equal difference between calculated and measured results was
observed. To correct this discrepancy control rod diameter correction factor was introduced.
Measured and calculated integral control rod worth values for completely inserted rods are presented

1
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ST12 stands for standard 12% uranium concentration, 20% enriched fuel type.
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in Table 3. Calculated integral reactivity curves are presented in Figure 1 and compared to
experimental results.
Table 3. Measured and calculated integral control rod worth values for reactor core no. 134. Control
rod worth was measured by the rod-insertion method.
Transient
2270±227
1299
2102
1.3

Measured
Calculated no correction [pern]
with correction [pem]
correction factor

Safety
3440±344
2726
3438
1.2

Regulating Control Rod

Regulating
2252±225
1837
2281
1.2

Shim
2430±243
1834
2275
1.2
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Figure 1. Calculated and measured integral reactivity curves for all for control rods in TRIGA reactor
core no. 134. The dashed curve represents experimentally determined values by the rod-exchange
method. The cross represents the integral value (measured with rod-insertion method).
Calculated two-dimensional thermal flux distribution in core no. 134 for all-rods-out condition
is presented in Figure 2. Calculated two-dimensional thermal flux distributions for the same reactor
core with regulating control rod completely inserted is presented in Figure 3.

Fuel Element Reactivity Worth
The purpose of this calculation was to determine fuel element worth w in realistic TRIGA
reactor core and to compare calculated and measured results. Experimental results were obtained
during benchmark experiment in core no. 134 [6]. In general, fuel element worth depends on the
product of the thermal flux tj> and its adjoint y/ at given location f in the core:

Mr)*Zf(r)-t(r)-ir(r)
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where Zf is the macroscopic thermal fission cross section of the fuel element at F .
In the case of a well-thermalized, small, compact, and uniform TRIGA core, where the adjoint
distribution at least in inner rings may be well approximated by the thermal flux itself, the fuel
element worth becomes proportional to tj>2.
In TRIGLAV Y.; are calculated for each fuel element unit cell according to core loading
pattern, fuel element enrichment and uranium content. For this reason, comparison between measured
and calculated fuel element worth is good test for calculated two-dimensional flux distribution.
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Figure 2. Calculated thermal flux for all-rods-out condition in core no. 134. Relative units. Different
rings are separated with white lines. S, C, R and T denotes position of control rods (safety, shim,
regulating and transient, respectively).
Fuel element reactivity worth was measured in core no. 134. It was determined from the
difference in critical position of the regulating rod, calibrated by the rod-exchange method before and
after the fuel element was withdrawn from the core. So all fuel element reactivity worth was measured
with regulating rod partially inserted.
Fuel element reactivity worth calculation was performed in core no. 134 in two sets. In first set
fuel element worth was calculated with regulating rod completely withdrawn. In next set fuel element
reactivity worth was calculated with regulating rod partially inserted (control rod insertion was
approximately set to experimental control rod position). In both cases fuel element reactivity worth
was calculated from difference between calculated core excess reactivity before and after the fuel
element was withdrawn from the core. Fuel element worth calculation results are presented in Table 4
and in Figure 4 together with experimental results [6].
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Figure 3. Calculated thermal flux for regulating control rod completely inserted in core no. 134.
Relative units. Different rings are separated with white lines. S, C, R and T denotes position of control
rods (safety, shim, regulating and transient, respectively).
Table 4. Fuel element reactivity worth in different positions measured in core no. 134, together with
calculated values for two different calculation models - with control rod and without.
Experiment11
Measuring
position
A-01
B-02
B-04
B-05
C-08
C-09
D-ll
D-13
E-I4

c

Fuel element Regulating rod
Element
ID number insertion [%] worth [pcm]
6753
49
922 ±92
6945
47
1040 ±104
7251
43
1194 ±119
6754
43
1163 ±116
7217
46
1070 ±107
7257
49
951 ±95
7232
54
729 ±73
7270
54
747 ±75
7241
60
508 ±51

Calculation
AROd
Regulating rod inserted
Element
Regulating rod Element
worth [pcm] insertion [%] worth [pcm]
560
50
682
867
50
884
875
40
965
834
40
899
650
50
761
633
50
716
422
50
520
570
50
659
345
60
448

The error in fuel element worth experiment was estimated to be smaller than 0.1 [6].
AU-rods-out, calculations were done without any absorber material present in the core.
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Figure 4. Fuel element reactivity worth measured and calculated in core 134.
Conclusions
The main purpose of the TRIGLAV program presented in this paper is calculation of fuel
elements burn-up and is not suitable for detailed control rod worth calculations. The analysis
presented in this paper applies to TRIGA research reactor cores. Integral control rod worth values
were used for calibration of modelled control rod unit cell diameter correction factor. Fuel element
reactivity worth values were used for testing calculated two-dimensional flux distributions. Calculated
two-dimensional flux distributions with regulating rod partially inserted give better fuel element
reactivity worth results than flux distributions calculated without control rods inserted in the core.
References
[1J A. Persic, S. Slavic, M. Ravnik and T. Zagar, "TRIGLAV - A Program Package for Research
Reactor Calculations", "Jozef Stefan" Institute Report, IJS-DP-7862, (1998)
[2] "WIMS-D/4 Program Manual", Nuclear Energy Agency Data Bank, Saclay, France
[3] T. Zagar, "Dolocevanje zgorelosti gorivnih elementov raziskovalnega reaktorja TRIGA",
Diplomsko delo, Univerza v Ljubljani, Fakulteta za matematiko in fiziko, Ljubljana. (1996)
[4] T. Zagar and M. Ravnik, "Determination of the Burn-up of TRIGA Fuel Elements by Calculation
with New TRIGLAV Program", 3rd Regional Meeting Nuclear Energy in Central Europe,
Portoroz, Slovenia, 16 to 19 September, (1996)
[5] A. Persic, M. Ravnik and T. Zagar, "Bum-up TRIGA Mark II Benchmark Experiment", Nuclear
Energy in Central Europe '98, Catez, Slovenia, 7 to 10 September, (1998)
[6] I. Mele, M. Ravnik and A. Trkov, "TRIGA Mark II Benchmark Experiment, Part I: Steady-state
Operation", Nuclear Technology, Vol. 105, pp. 37 - 51, (1994)
[7] A. Trkov, "BINODE - Multigroup 3-Dimensional Neutron Diffusion Nodal Code", "Jozef Stefan"
Institute Report, IJS-DP-6178, (1991)

34

Nuclear Energy in Central Europe '98

SI0100090

Nuclear Energy in Central Europe '98
S»\

Terme Catez, September 7 to 10, 1998

Burn-up TRIGA MARK II Benchmark Experiment
A. Persic, M. Ravnik, T. Zagar
"Jozef Stefan" Institute, Ljubljana, Slovenia

Abstract
Different reactor codes are used for calculations of reactor parameters. The accuracy of the programs is tested
through comparison of the calculated values with the experimental results. Well-defined and accurately
measured benchmarks are required. The experimental results of reactivity measurements, fuel element reactivity
worth distribution and fuel burn-up measurements are presented in this paper. The experiments were performed
with partly burnt reactor core. The experimental conditions were well defined, so that Ihe results can be used as a
burn-up benchmark test case for a TRIGA Mark II reactor calculations.

1. Introduction
After the reconstruction and the modification of TRIGA MARK II reactor in Ljubljana in
1991, a set of experiments on the fresh reactor fuel was made. The results were evaluated and
may be used as benchmark for fresh fuel of TRIGA MARK II reactor. Seven years later in
1998 we repeated the measurements of some reactor parameters with partly burnt reactor fuel
in the same core configuration. The results of the measurements will serve as the verification
of the computer program for burn-up calculations.
The scope of this paper is to present the burn-up TRIGA Mark II benchmark experiment.
The goal of our TRIGA benchmark measurements was to determine the following:
• the multiplication factor of two core configurations identical as in 1991 benchmark,
• the fuel elements reactivity worth and
• burn-up of some fuel elements.
2. Critical experiment
Well-defined, uniform and compact core with simple geometry is required for testing
criticality calculations. The reactor cores described in [1] and labelled 133 and 134 are
suitable for testing keff calculations. 40 fresh standard TRIGA fuel elements with 12 wt%
uranium and 20% enrichment were used. The neutron source was in the E-12 position. The
core 134 is similar to the core 133, but it has five additional fresh fuel elements in E ring and
the neutron source was located in E-7 position. The excess reactivity of both cores was
measured using digital reactivity meter DMR-043 [2]. It extends the practical range of the
reactivity measurements from -20xl0" 5 to 300xl0"5. During the experiments all control rods
were withdrawn. The same core configurations were used in the criticality experiment using
partly burnt fuel elements (the core 133.1 and 134.1). The calculated burn-up data of all fuel
elements from the core 134.1 are presented in Table 1.
For reactivity measurements the source multiplication method was applied [3] because the
system was deeply subcritical. A previously determined control rod reactivity 5pi was
inserted into a subcritical reactor system with unknown initial reactivity po. The value of po is
determined as a function of three parameters: Spi, the flux signal level of the initial and of the
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final states in a subcritical transient. During the experiment, the flux level was measured with
two independent neutron counters to check the influence of the detector position on the
measurements. BF3 neutron counter was located outside of the reactor tank and the fission
counter was located near graphite reflector. To check the influence of the control rod position
on the measured flux signal the sequence of four independent measurements was made at
each core configuration (the reactivity was inserted into the system using the regulating,
safety, shim and transient control rods).
Table 1: Burn-up and initial uranium content of fuel elements used in the experiment.
Element
number
6753
6574
6945
6947
7251
6754
7248
7255
7212
7213
7214
7249
7282
7217
7257
7219
7220
7235
7256
7223
7247
7268
7228
7229

Uranium
(g)
272.94
279.00
278.74
278.98
281.18
273.17
281.18
281.16
277.68
277.97
277.44
281.06
277.39
279.51
280.78
278.74
278.45
280.47
280.11
277.97
279.59
279.24
277.97
277.25

Burn-up
(%)
1.72
0.93
1.04
0.97
1.22
4.10
1.74
4.00
3.91
3.91
3.94
4.01
4.08
1.24
4.16
4.04
4.02
0.93
3.22
3.13
3.24
3.23
3.14
3.28

Element
number
7266
7232
7233
7270
7236
7225
7265
7245
7218
7250
7259
7254
7252
7253
7258
7261
7246
7241
7221
7243
7234
7177
7178
7179

Uranium
(g)
276.50
278.45
278.45
276.38
278.45
277.32
277.20
277.04
277.20
281.42
275.13
277.03
278.98
278.98
274.88
275.37
274.77
274.89
276.31
276.43
274.48
232.92
235.62
238.45

Burn-up
(%)
0.94
0.86
3.50
3.45
3.56
3.50
3.32
3.32
0.90
3.91
0.98
1.02
1.06
1.01
0.96
1.72
0.99
1.17
1.68
0.42
1.09
2.85
3.57
3.07

Experiments began with the core 133.1 and the reactivity of the system was measured. The
system was deeply subcritical. The core 134.1 was established in six steps. In the first step
the core 133.1 was rearranged. Then fuel elements were inserted in E13, E14, E15, E2 and E3
in five additional steps to establish the core 134.1. The reactivity was measured after each
step using the source multiplication method. The system was critical when three fuel elements
were added. To determine inserted control rods reactivity, the control rod reactivity worth was
measured by the rod exchange [2] and by the rod insertion methods [4]. The results are
presented in the Table 2. The results obtained by rod insertion method were used in kefr
measurements.
Some corrections of the measuring flux signal were needed to eliminate the influence of the
control rods position regarding to detector position [4]. The measured flux signal consists of
two contributions: the nonhomogeneous part presents the disturbance caused by inserted
control rod while the homogeneous part belongs to the basic, undisturbed solution. When the
transient was performed with regulating or with shim control rods, the flux signal measured
with fission counter was corrected. When the transient was performed with safety or transient
control rods, the flux signal measured with BF3 counter was corrected. The multiplication
factors calculated with corrected flux signals are presented in Fig. 1.
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Figure 1: The multiplication factor for different core configuration, starting with .the core
133.1. The fuel elements in positions E13, E14, E15, E2 and E3 were added to establish the
core 134.1.
Table 2: Integral control rod worth measured by the rod-exchange method and by rod
insertion method.

Control rod
Regulating
Shim
Safety
Transient

Rod-exchange
(pcm)*
2116
3238
3684
2280

Rod insertion
(pcm)
2602
2645
3470
2320

pern or "per centenas millias" equals 10"5-Ak/k.

3. Fuel element reactivity worth distribution
Examination of the fuel reactivity worth distribution is useful to provide the information
about the flux distribution in the core. Fuel element worth.for a well-thermalized, small and
uniform core is approximately proportional to the square of the thermal flux, integrated over
the entire fissile volume of the fuel element [1]. The fuel element reactivity worth was
determined experimentally from the difference in reactivity before and after the fuel element
was removed from the reactor core.
The experiments were performed in the reactor core 134.1 with 467 pcm excess reactivity.
The fuel elements in position Al, B4, C8, D l l , E14 and E15 were chosen for measurements
(the same position as in the experiment with the fresh fuel elements). Before, the experiment
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the measured element was removed from the core and the the core reactivity change was
measured. The reactivity worth of the elements in inner rings of the core is about 1000 pcm
or more so the system was subcritical when a fuel element was withdrawn from the core. The
method of source multiplication described in the previous section was used for subcritical
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.fresh fuel
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/

s

A^
B

/]

c

800 •

/
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Figure 4: Averaged fuel element reactivity worth by rings.
measurements. The regulating or safety control rods were used to insert the negative reactivity
change in the system and flux was measured with fission chamber. The subcriticality of the
core was determined to the flux ratio when the control rod was fully inserted in the core
and when it was withdrawn. Results for fuel elements reactivity worth are presented in the
Table 3 together with the measurements of the fresh fuel elements. The average element
worth in a certain ring is presented in Fig. 4.
The fuel element reactivity worth in A ring is lower than in B and C rings. This indicates
that the flux in the centre is lower than in B or C rings. The reactivity worth of the elements in
outer rings decreases with increasing radius of the core. The results were confirmed by the
flux distribution measurements [5]. The difference between reactivity worth of fresh and
burnt fuel depends on the burn-up history of the element. The large difference is observed for
element in A ring ( burn-up of this element is 1.76%), the smallest for element in D and E
ring (0.82 and 1.19% burnt).

Table 3: Fuel element reactivity worth for different positions in the core 134.1.
Position
in the core,
(element number)
Al (6753)
B4(7251)
C8 (7217)
Dl 1(7232)
E14 (7241)
El5 (7221)
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Burn-up
(%)
1.76
1.25
1.26
0.82
1.19
1.71

Element worth
fresh fuel
(pcm)
922
1194
1070
729
508
Not measured

Element worth
burnt fuel
. (pcm)
662
1016
966
665
453
502
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4. Fuel element burn-up measurements
Fuel element burn-up was measured with the reactivity method. The reactivity method [6]
is based on the fact that the reactivity worth of the fuel element is a known function of burnup. If we measure the reactivity worth of the fuel element we can calculate its burn-up. But
because the absolute criticality calculations are not very accurate it is better to rely only on
relative differences between reactivity worth of elements, which are proportional to
differences in burn-up. When the burn-up of at least two measured fuel elements is known
we can determine the absolute value of burn-up for all elements.
The measurements were performed in the core 161 loaded only with standard 12 wt%
uranium, 20% enriched, burnt fuel elements. The system of elements was slightly
supercritical. Location C6 was chosen for measurement position. In this location the
reactivity worth of the element is high and the gradient of neutron flux is approximately
constant. The measurements are relative so the configuration of the reactor core was constant
during the experiment. The control rods were withdrawn during the reactivity measurements
with digital reactivity meter to eliminate the redistribution effect of the control rods.
Nine standard, 12 wt % uranium, 20% enriched TRIGA fuel elements included in the core
134 were selected for measurements. Four of them ( elements 7213, 7243, 7247 and 7258)
spent most of their lives in the vicinity of the control rods, near irradiation channel or in the
outermost ring. The elements 6945, 7219, 7220 and 7228 were identified to have a relatively
simple and well-defined burn-up history. The element 7215 was almost fresh (0.02 MWd) and
served as reference element for absolute burn-up determination. Measurements started with
the element with the highest burn-up value (element 7219). It was inserted into the selected
measuring position and the core reactivity was measured. After that the reactor was shut down
and the element was replaced by the next fuel element. At the end of the measurements the
element
7219 was measured again to determine reproducibility of the reactivity
measurements (± 1 port difference in 97 minutes interval).
The first set of the measurements was performed only 20 hours after the reactor was shut
down. Reactor worked one day at full power (250 kW) and produced 6.378 MWh energy.
The strong effect of Xe on measured reactivity was observed (the variation of reactivity
measurement of the element 7219 is 7 pcm in 132 minutes). We repeated all measurements
again next day (40 hours after shut down of the reactor) to estimate the Xe influence on
measured reactivity. We also estimated the effect of burn-up gradient of the fuel element to
rotate it around its vertical axis.
The results of measurements of nine standard TRIGA fuel elements are presented in Fig. 5.
Measured burn-up values were also compared to the calculations using burn-up program
TRIGLAV [7]. The whole operating history of the reactor from 1991 to today was
recalculated. The accuracy of calculated burn-up of a particular fuel element depends on its
position in the core and on the precision of the operational records. It is estimated to + 0.5%
235
U [8]. The results are presented in Table 5.
Three types of errors can occurr in the measured reactivity: the. first is the uncertainly in the
fuel material composition with respect to initial uranium, zirconium, and hydrogen content in
the measured fuel elements. Reactivity correction due to difference in uranium content is
calculated for each element, assuming a linear dependence on uranium weight [8]. We
supposed that the calculated burn-up of fuel element 6945 is too low due to uncertainty in
initial hydrogen and zirconium content (different batch of fuel elements). The second source
of the errors is the orientation of the fuel element. When the fuel element was rotated around
its axis, the difference in measured reactivity was observed. Measurements of elements 7228
and 7258 showed that the effect contributes about ±8 pcm to reactivity measurements.The
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uncertainty of radial and axial location of the element and errors of the digital reactivity
meter were estimated to ±5 pern [8].

160-,

x
•

measured
burn-up 1 fit: y=146.02-15.88x
calculated
burn-up 2 fit: y=145.97-13.51x

60

Burn-up [%]

Figure 5: Results of reactivity measurements and calculations as a function of calculated
burn-up.
Table 5: Measured and calculated reactivities. Measured burn-up 1 values were obtained by
weighted linear fit of measured reactivity and measured burn-up 2 values by weighted linear
fit of calculated reactivity.

Element
7219
7220
7228
6945
7213
7247
7258
7243
7215

40

Reactivity
calculation
(pem)
33.4
32.0
37.5
65.0
29.1
41.5
51.3
67.8
80.9

Measured
reactivity
(pem)
96.8
94.8
74.9
92
77.8
89
130.9
135.8
144.7

Calculated
burn-up
(%)
4.50
4.49
3.64
1.27
4.60
3.94
1.10
0.54
0.02

Measured
burn-up 1
(%)
3.74
3.80
4.93
4.04
• 4.74

4.42
0.59
0.66
0.03

Measured
burn-up 2
(%)
4.37
4.46
5.76
4.72
5.55
5.17
0.69
0.77
0.02
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Figure 6: Calculated burn-up values and values measured by the reactivity method.

4. Conclusion
The results of experiments including reactivity measurements, control rods measurements,
element reactivity worth distribution and burn-up measurements are presented and discussed
in this paper. Reactivity was measured for two TRIGA Mark II core configurations including
burnt fuel elements. The systems were subcritical. Criticality was determined using source
multiplication method. Two independent flux detectors were used in the experiments to
determine the influence of the detector position. Fuel element worth was measured for six
burnt fuel elements at different location in the core. The effect of fuel element burn-up on
measured reactivity worth was observed.The burn-up measurements of nine standard TRIGA
fuel elements using reactivity method are presented. Comparison with the calculated values
shows good agreement within ±1% burn-up for almost all investigated fuel elements. The
measurements of reactivity show that before the experiment the reactor must be shut down
for at last 50 hours to reduce xenon effects (clean reactor condition). The orientation of fuel
element is also important for the measurements.
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CHARACTERIZATION OF NEUTRON FLUX IN THE
EXPOSURE CHANNEL F19 OF THE TRIGA MARK II
REACTOR IN LJUBLJANA
Edvard S. Kristof
Institut Jozef Stefan, Jamova 39, Ljubljana, Slovenia
Abstract
In this paper a description of the neutron flux in the vertical irradiation channel F19 of the
Ljubljana TRIGA reactor is given. In this channel small samples of materials that are well
known in reactor metrology such as gold, indium, aluminium, etc. were irradiated. After
irradiations gamma ray spectra were measured and from the saturation activities of suitable
reactions the neutron spectrum was calculated. Also, the variation of the thermal flux around
the circumference of the container was determined.
Introduction
The channel F19 is one of the most used irradiation facilities of our reactor. For example, in
the last two years irradiations of minerals with the aim of determining their age, and many
semiconductor materials for studying changes in their properties due to fast neutron
bombardment were carried out. Anyhow, for an evaluation of data the neutron flux spectrum
must be known. For this reason the I97Au(n,y) reaction with bare diluted gold, 197Au(ryy) with
diluted gold under cadmium cover, n5In(n,y) with diluted indium under cadmium cover,
58
Fe(n,y) under cadmium cover, 63Cu(n,y), 63Cu(n,y) under cadmium cover and the threshold
reactions U5In(n,n5), 27Al(n,a), 59Co(n,a), 59Co(n,p) were utilized.
Irradiation set-up
A simplified cross-section through the reactor core at the half height of the fuel elements is
shown in Fig.l. Letters OK, CK and PP denote vertical irradiation channels.
A sample for irradiation is put in a cylindrical container of aluminium. The outer diameter of
the container is 2.5cm, and its usable height is 8cm. Irradiation of the sample begins by
lowering the container into the core, and finishes by lifting it back, or by scramming the
reactor.
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Figure 1: Simplified cross-section through the reactor core at the half height of the
fuel elements. Letters OK, CK and PP denote vertical irradiation
channels. Black circles are control rods, hatched circles are graphite
elements and shadowed ones are fuel elements.
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Figure 2: Position of small wires of diluted gold around the circumference of the aluminium
container and on its axis.
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Irradiations and ancillary measurements
All irradiations were performed at full reactor power of 250 kW. The samples were fixed in
the axis of the container 4cm from the bottom. Each irradiation was monitored by a small
wire with bare diluted gold, which was mounted on the axis 2cm from the bottom. After
irradiation of the activation materials, suitable Y-spectrometric measurements were carried
out. The data, which are necessary to evaluate these measurements, were taken from the
literature [2-5].
Because some users of the channel F19 monitored their irradiations by mounting the
detection material on the outer surface of the container, an additional irradiation was
performed to estimate the error due to variation of the slow neutron flux around the
circumference of the container. In this case only bare diluted gold was used. Small wires
were fixed on the outer surface of the container 4cm from the bottom in steps of 2TC/7, and a
further three were on the axis at heights of 2cm, 4cm, 6cm (see Fig.2).

Results
From the measured saturation activities the neutron flux spectrum was determined (see Fig. 3)
by use of the computer package SAND II [1], The total flux at 250 kW was

20MeV

= J

t(E)dE=6.54(1±0.015)-W12cm2'sl
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Figure 3: Normalizedneutron flux spectrum yrfE) = <P(E) / const,
where const = 1.817-1012cm'2s'1, so that

j*F(E)d£ =
lOOkeV
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Integrals of the neutron spectrum at the most characteristic regions are
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<&*«»*= J (j>(E)dE -3.19(1 ±0.029)-JO12

em's'1

lOOkeV

** j 4(E)dE ==1.53(1

±0.021)-W12cm2's1

0.5eV
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The error in these values was determined with variation of the saturation activities
considering the uncertainties of all the individual y-spectrometric measurements.
The saturation activity for the reaction 197Au(n,y) at discrete values of the azimuthal angle S
is given in the Table 1. The Fourier trigonometric sum S3 = a($) with the property a(&() = aj
is shown in the Fig. 4. The ratio a ^ / a ^ between the extreme values is equal to 1.10. The
average value of a(S) is

2n

nucleus

Au

The number

r

\\{a{S)-<ifd$
s

=

_i-5

=

0_030

is significant. Namely, the average value a coincides with the value % in the centre at R=0,
H=4cm within its error. So s is the expected systematic error for a single irradiation
whenever the fluence is monitored on the surface of the container. This error must be added
to errors of other origin.
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Figure 4: Aufn, y) saturation activity on the circumference of the container as
function ofazimuthal angle &
Table 1: mAu(n, y) saturation activity of small wires. Counting errors are given in
parentheses.
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saturation activity
Bq/nud. m A u

'

0.5143-10~9
(l±0.008)
0.5200-10"9
(l±0.009)
0.5200-10-9
(ldtO.008)
0.5193-10'9
(l±0.009)
0.5014-10'9
(l±0.010)
0.478 MO' 9
(l±0.009)
0.4934-10"9
(1±0.010)
0.5128-10-y
(l±0.008)
0.5030-10-9
(l±0.008)
0.4956-10"9
(l±0.007)
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Suitability Study of MCNP Monte Carlo Program
for Use in Medical Physics
R. Jeraj
Reactor Physics Division, Jozef Stefan Institute, Slovenia

Abstract
MCNP is widely used Monte Carlo program in reactor and nuclear physics. However, an option of
simulating electrons was added into the code a few years ago. With this extension MCNP became a code,
potentially applicable for applications in medical physics. In 1997, a new version of the code, named MCNP4B
was released, which contains several improvements in electron transport modelling.
To test suitability of the code, several important issues were considered and examined. Default
sampling in MCNP electron transport was found to be inappropriate, because it gives wrong depth dose curves
for electron energies of interest in radiotherapy (MeV range). The problem can be solved if ITS-style energy
sampling is used instead. One of the most difficult problems in electron transport is simulation of electron
backscattering, which MCNP predicts well for all, low and high Z materials. One of the potential drawbacks, if
somebody wanted to use MCNP for dosimetry on real patient geometries is that MCNP lattice calculation (e.g.
when calculating dose distributions) becomes very slow for large number of scoring voxels. However, if just one
scoring voxel is used, the number of geometry voxels only slightly affects the speed.
In the study it was found that MCNP could be reliably used for many applications in medical physics.
However, the established limitations should be taken into account when MCNP is used for a particular
application.

Introduction
MCNP is a general-purpose Monte Carlo code used for calculating the time-dependent
continuous-energy transport of neutrons, photons and electrons in three-dimensional
geometries. MCNP has been extensively used in reactor and nuclear physics, but with the
introduction of electron transport in 1990, use in medical physics became feasible. In 1997, a
new version of the code, named MCNP4B [1] was released, which contains several
improvements in electron transport modelling. This is very important for applications in
medical physics, which are mostly based on coupled electron/photon transport. To establish
suitability of the code for use in medical physics, several comparisons to benchmark
experiments were performed.
To understand the obtained results it is necessary to describe some specific features of
the MCNP electron transport model first. For the creation of secondary electrons MCNP uses
a class I algorithm (for collisional energy loss), where the energy of the primary electron at
the end of each step is calculated according to the energy-loss straggling algorithm (Landau
distribution with theoretical and empirical modifications [1]), so that the energy is statistically
conserved. In older versions of MCNP (and ITS) a problem because of inaccurate Landau
distribution sampling, which results in 5-10% underestimation of the mean energy loss,
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occurred [2], However, in MCNP4B the sampling of Landau energy-loss straggling was
improved to upgrade the MCNP electron physics to the level of the ITS 3.0 [3] so this
problem is now overcome.
It is also important to note two possible modes of electron energy indexing algorithm
that can be used in MCNP4B [1,4]. The default version uses a so-called MCNP-style energy
indexing algorithm (bin-centred treatment). However, it is also possible to use a so-called
ITS-style energy indexing algorithm (nearest group boundary treatment), if a special switch
on DBCN card is used (DBCN 17j 1). The difference between these two modes is in which
data (from which energy group) is used if the energy of the electron lies somewhere between
the group boundaries. In MCNP, the electron cross section data is tabulated on predefined
energy grid. The MCNP-style energy indexing uses the electron data from the energy group in
which the electron starts the step. On the other hand, the ITS-style indexing uses the data from
the group, which boundary is closest to the energy of the electron at the beginning of the step.
This is probably done to account for the electron energy losses during the step. The default
and ITS-style energy indexing treatment in MCNP4B will be referred to as MCNP4B and
MCNP(ITS), respectively.
By performing MCNP simulations both with detailed photon physics switched on, and
using just simple photon interaction model (no coherent scattering, no secondary particles
from photoelectric interactions and no binding corrections in Compton scattering [1]) it was
found that photon transport modelling is adequate.
The aim of this work was to compare MCNP to a clinical example of backscattering,
which is one of the most difficult problems for electron Monte Carlo simulations. Before
simulating the backscattering experiment, electron central axis depth dose curves were
compared. In addition, a timing study was performed on a clinical example of large number of
scoring voxels. Such cases occur when dose calculations are performed on real patient
geometries.

Materials and Methods
Experiments were performed on a Varian Clinac 2100C accelerator using 6 and 18
MeV electron beams. All calculations were performed on an HP 712/80 machine, using
MCNP4B version of MCNP if not stated otherwise.
Depth dose curves
Depth dose curves were measured for 6 MeV 10 xlOcm2 electron fields by the
standard technique with ionisation chamber in a water tank. Detailed description of the
experimental set-up can be found in [5]. In the Monte Carlo simulations, a point source at 100
SSD was modelled. The shape of the spectrum was taken from the BEAM data [6] and
adjusted to fit the experimental depth dose curve as close as possible. Monte Carlo scoring
regions were water discs of 1 mm thickness with 4 cm radius. This size was found to be small
enough to cover the field, which is homogeneous within 3%.
Electron backscattering experiment
The backscattering experiments were performed in a water tank with a higher-Z
material block, placed at different depths. Materials used in the experiment, and simulated
were air, copper and lead to cover materials with different Zs. The Attix chamber and four
different TLDs (black, xtc, tc and nc) were used in the experiment. The experimental set-up is
described in [5]. No applicator was inserted for the measurements.
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The Monte Carlo simulations used the combined electron/photon spectrum, which best
matched the central axis depth dose curve. A point source was placed at 100 SSD, and the
scoring region was a disc of 0.89 mm thick TLD material (LiF with density of 2.64 g/cm3)
and placed at different distances from the scattering material. At the end, the results of the
simulation were compared to the experimental results according to the effective energy at
depth (following the linear [7] equation).
Timing study
The timing study was performed on a theoretical example of a water cube of
20x20x20 cm3 volume with a point and monodirectional source of photons placed at one
surface. The number of scoring voxels was varied. In MCNP, two cases were examined, one
with a single scoring voxel and different numbers of geometry voxels and the other with all
geometry voxels also being scoring voxels at the same time. In addition, two different
specifications of lattice geometry were used, one where all geometry voxels were defined
explicitly and one where the lattice was defined implicitly (being filled up with a particular
universum-type of geometry cell). At the end, the effect of different electron and photon low
energy cut offs was examined.

Results
Depth dose curves
Central axis depth dose curves of 6 MeV electron beam were compared in our
investigation. In the simulation of the 6 MeV beam, no photon contamination was included,
because it only slightly affects the curve. The energy spectrum was scaled so that the
simulated depth dose curves matched the experimental results best. The results are shown in
Figure la.
15

•

MCNP(ITS)
MCNP(4B)
MCNP4A
Experiment

10

-10

(a)

2

3

Depth [cm]

(b)

MCNP(ITS)
MCNP4B
MCNP4A

2
3
Depth [cm]

Figure 1: 6 MeV 100 cm SSD broad beam depth dose curves in water. Photon contamination was not included
in the simulation. Statistical errors of all results are less than 1% (a). Discrepancies of different MCNP
modalities to the experiment, shown as % of the maximum dose (b).

As it may be seen from the curves, MCNP(ITS) results agree well with the experiment
(disagreement is approximately 2% of the maximum dose). MCNP4A and MCNP4B disagree
with the experiment significantly more (up to 15% of the maximum dose; see Figure 2b).
Differences in the MCNP4A results may be ascribed to the inaccurate sampling of the Landau
energy straggling distribution, common to older versions of ITS, which was improved in ITS
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3.0 and MCNP4B. The observed problem was thoroughly described in [2]. Differences in
MCNP4B results are predominantly due to the use of wrong energy indexing algorithm. The
use of MCNP-style energy indexing causes that electrons to be on average assigned the
stopping power data, which corresponds to higher energies. That means that electrons on
average do not lose enough energy and therefore the beam has harder energy spectrum at
depth. This can be seen in Figure 2a,b. Consequently, the fall off of the depth dose curve is
shifted towards larger depths and the build-up region is too low.
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Figure 2: Spectra of 18 MeV electron beam at 5 cm depth in water (a) and behind the water/lead interface (b).
The upper two curves correspond to forward travelling electrons and the lower three curves to backscattered
electrons. Note increase of the backscattered electrons in the case (b) compared to the case (a).

Electron backscattering study
All electron backscattering simulations were performed using the combined
electron/photon 18 MeV spectrum, obtained so that it matches the experimental depth dose
curve best. The electron backscattering factor (EBF), as used in our comparison is defined as
a ratio of doses in a detector (TLD) with and without the inhomogenetty placed at some
distance from the detector.
As indicated by the results, the photon contamination only slightly affects the total
EBF, which shows that for dosimetry purposes it may be safely neglected in the simulation,
except if interested in the conditions very close to the surface (less than lmm). Note also the
very sharp rise in the EBF close to the interface (compare the results of a TLD placed at 0 and
3mm from the interface).
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Figure 3: Comparison of calculated electron backscattering factors (EBF) with the experiment. The EBF was
measured/calculated at the surface in lmm thick scoring voxels. Measured/calculated depths were used to
calculate the mean energies at depths according to the linear Harder equation to give rough estimation of the
EBF as a function of mean electron energy. Statistical errors of simulations and experiment are less than 2%.
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The comparison of the EBFs for inhomogeneities placed at different depths shows
good agreement between MCNP and experiment for all three materials with different Zs. The
default version of MCNP4B'also agrees well with the experiment in spite of the fact that the
depth dose distribution is calculated incorrectly. This is probably because of a cancelling
effect that occurs because the doses with and without inhomogeneity are wrong
approximately by the same factor [8,9].
Timing study
To conclude our study, a timing study was performed to establish the speed of the
codes and determine the effect of the low-energy cut off to the speed. The number of
geometry and scoring voxels was varied and also the specification of the geometry in MCNP.
The results are shown on Figure 4.
3000

r

—•—
--*--•
•-T—
—•—

2000 i

MCNP-all/explicit
MCNP-one/explicit
MCNP-all/implicit
MCNP- one /Implicit

1000 S-

100

1000

10000

100000

Number of particles

Figure 4: Timing study, comparing different modalities of MCNP. 5 MeV monodirectional photon source was
used in the comparison and the number of scoring voxels was varied.

As it may be observed, MCNP becomes extremely slow, when the number of scoring
voxels increases above 104. On the other hand, only a slight reduction of the calculation speed
was observed when just one scoring voxel was defined and the number of geometry voxels
was increased. Further examination showed that the TALPH routine in MCNP uses most of
the CPU time in the case of large number of scoring voxels. This is because MCNP performs
a global search of the combinatorial geometry (checks every lattice element). Improvements
in MCNP calculation speed for a Cartesian (voxel based) geometry were done in [10]
changing the tally scoring algorithm and sacrificing some generality of the code.
Also interesting to note is the difference in speed when the lattice geometry is defined
explicitly (each geometry voxel) or implicitly (as filling universum). Approximately a factor
of 4 in speed is lost if implicit definition is used.
Sometimes raising up the low-energy cut off may significantly decrease the simulation
time. Dependence of the speed to the photon cut off (PCUT) and electron cut off (ECUT) may
be seen from the Figure 5. As expected the photon cut off has only minor effect on the speed
because of few photons in the energy range between 10 and 500 keV. On the other hand,
because of numerous" low energy electrons, rising up the electron low-energy cut off
significantly increases the calculation speed for almost a factor of 10 going from 10 up to 500
keV. Sometimes (i.e. when the required geometry resolution is coarse), these low-energy
electrons can be safely neglected because of their low range (several mm). Increasing the cut
off (and consequentially increasing the calculation speed) therefore does not effect the
accuracy of the results.
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Figure 5: Effect of the photon (PCUT) and electron (ECUT) low energy cut off to the calculation speed. 5 MeV
monodirectional photon source was used in the comparison.

Conclusions
In our comparison we wanted to check the suitability of MCNP for coupled
electron/photon Monte Carlo transport calculations. Most of the results were compared to the
electron backscattering experiment.
An important difference was observed when the central axis electron depth dose
curves were compared. It was found that only MCNP(ITS) (MCNP4B using ITS-style energy
indexing) gives the correct electron depth dose distributions. The discrepancy of the order of
10% of the maximum dose was observed when the default MCNP4B (MCNP4B using
MCNP-style energy indexing) or old, MCNP4A version of MCNP were used. Not appropriate
sampling of Landau energy straggling distribution in MCNP4A. and not taking into account
energy losses during the step in MCNP4B are reasons that electron spectra at depth are too
hard and consequently the depth dose curves are incorrectly calculated.
A comparison of electron backscattering simulations and measurements showed that
MCNP calculates correct electron backscattering factors for low and high-Z materials.
A timing study on a theoretical example of varying number of scoring voxels was
performed. It is important to note that a large number of scoring voxels dramatically slows
down the MCNP calculation. On the other hand, large number of geometry voxels (along with
small number of scoring voxels) has no significant effect on the speed of the calculation in
MCNP. Increasing the photon low energy cut off has only minor effect to the calculation
speed, while electron low energy cut off increases the calculation speed for a factor of 10
being risen up from 10 keV to 500 keV.
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Research at the Tandem Accelerator
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ABSTRACT - In March 1997 a new Electrostatic Tandem Accelerator has been installed at J.Stefan Institute (JSI). The
up to 2 MV voltage enables the acceleration oflight and heavy ions to final energies depending on the ion charge and the
selected voltage. Two of five possible exit ports from the switching magnet have been already equipped with the beam lines
and the measuring chambers. The radiations excited at the interaction of ions with matter, i.e., X-rays, visible light,
electrons, scattered and recoiled particles, nuclear reaction products, all of them can be used for the investigation of samples
by the so called Ion Beam Analytical (IBA) methods. The elemental concentrations, their profiles, and in some cases also
the elemental speciations, can be determined for the studied samples. Therefore the accelerator offers an excellent research
tool for the studies in experimental atomic physics as well as in several interdisciplinary fields. So far the most often uses
of the IBA methods have been in environmental research, studies of materials and material surfaces, in archeometry, etc.
With the use of nuclear microbeam having dimensions bellow 1 ^m the biomedical samples and the microelectronical devices
can be efficiently studied.

1.

Introduction

The electrostatic accelerators which have been broadly used in the nuclear physics research
in its early stage have received a new reputation nowadays with their application to atomic physics
and to many interdisciplinary scientific fields. Besides that, when redesigned , they have been found
as an excellent machines for several industrial application - modification of materials, sterilization of
goods and equipment, treatment of wastes, etc. Many important international conferences deal with
such accelerators and methods used there [1-3].
The installation of a new tandem accelerator at J.Stefan Institute has become realistic when
an important financial support was allocated by the UN, IAEA, as well as the Ministry of Science
and Technology of Slovenia for 1995/98 period. The decision supporting such an investment to
Slovenia was based on the new conceptual orientation at the IAEA encouraging the spread of
research to broader fields of peaceful use of nuclear energy and due to the support given by the
IAEA to studies oriented towards the end-users.
The group at Department of Low and Medium Energy Physics at JSI, first involved in the
nuclear physics research- at the Van de Graaff accelerator (VDG), started with the atomic physics
studies and the use of IBA methods approximately twenty years ago. With the VDG machine,
designed and constructed in-house and planned for studies of nuclear structure, the users met
several drawbacks and limitations when the atomic physics problems were tackled. This situation has
been drastically improved recently with the installation of a new accelerator. Main research subjects
planned to be investigated at the new machine are the studies in. experimental atomic physics,
archeometry, environmental pollution, and materials characterization.
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In the contribution the tandem accelerator and the methods used with them are described
in short. The research subjects and plans for exploitation of the instrument are presented next. The
advantages of having a low energy accelerator at home are discussed in the conclusions.

2.

The Tandem Accelerator

The 2 MV Electrostatic Tandem Accelerator - HVEE MC4117 TANDETRON - is an excellent
choice when the accelerated ions with the energies in the MeV energy region are needed. The broad
selection of ions, available ion currents, stable operation, computer control, and low radiation are
the characteristics which offer a reliable tool for work in the basic and applied research fields.
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Figure 1 : A schematic view of the TANDETRON

The accelerator, as schematically shown in Figure 1, is equipped with two ion sources. The
duoplasmatron with the attached Li exchange channel serves for the production of light ions (H, He).
The Cs sputtering source produces ions heavier than He. The selected negatively charged ions from
the ion sources are transported through the ion optics and the bending magnet to the entrance of the
accelerating stage. The TANDETRON has two accelerating tubes. The first one serves for the
acceleration of the negatively charged ions. In the stripping channel filled with nitrogen at low
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pressure the ion charge changes. The positive ions are then accelerated again in the second
accelerating tube. The final energy of the ions depends on the selected voltage at the high voltage
terminal and the charge produced in the stripping channel. At the exit of the accelerator the
electrostatic quadrupole triplet lens enables the transport of the ions along the beamline. The
switching magnet with five exit ports serves for the selection of the beamline as well as for choosing
the ions with the proper energy and charge. The accelerating voltage of up to 2 MV is obtained
through the Cocroft-Walton type of rectifier which smooths the 40 KHz voltage from the RF driver
through the semiconductor diode stacks. Such a solution gives much better stability of the machine
(bellow 200 V at 2 MV) regarding to the previous ones where high voltage at the terminal is
achieved by the transport of charges with the charging belts.
At two of five possible exit ports the beamlines have been installed already. One of them
serves for measurements of samples in vacuum what means that at the end the vacuum measuring
chamber equipped with necessary detectors is installed. The second beamline is intended for
measurements in-air. For this purpose the line is equipped with a thin window allowing the passage
of the ions out from the vacuum system. Therefore the samples are irradiated in-air what gives an
additional possibility of measuring large or delicate samples. The plans for the installation of two
additional beamlines are underway where one of them will be equipped with the magnetic qudrupole
triplet lenses for focusing the ion beam to dimensions bellow one micron. The construction of these
lines is scheduled for the years 1999/2000.

3.

The EBA Methods

When accelerated ions with energies in the MeV region interact with matter several radiations
are produced. Due to the ionization and excitation of atoms X-rays, visible light, and electrons are
liberated. The projectiles are scattered on the nuclei which can be recoiled out from the sample. The
nuclear reactions taking place at these energies give several reaction products from gamma rays to
light particles. The detection of these radiations can serve for the studies of the samples (see Figure
2). The use of ions at studies of samples led to an acronym Ion Beam Analysis (IB A) for methods
mentioned.
The detection of characteristic X-ray radiation produced by ions is a basis for the PIXE
(Paticle Induced X-ray Emission) method. The achieved resolution of modern energy dispersive
semiconductor detectors is good enough for resolving X-rays corresponding to nearly all elements
of the periodic system from Ne to U. For lighter elements the X-ray radiation is too soft to be
detected as it absorbs on the way from the sample to the detector. The sensitivity of the PIXE
method depends on the atomic number and is the best for elements with Z=::20-30 when detecting
K X-rays, and for Z=60-70 when measuring L X-rays. The minimum detection limits for these
elements are bellow ppm (parts per million) and small amounts of material (nig) are sufficient for the
analysis. Still much lower concentrations of the elements in the sample can be measured (bellow 1
ppb) if the original sample is preconcentrated by the chemical procedures before the analysis. The
PIXE method is therefore appropriate for sensitive, multielemental analysis of the elemental
concentrations in the sample.
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When scattered projectiles or recoiled nuclei from the sample are detected the concentration
profiles of the elements in the sample can be measured. The method based on the detection of the
scattered projectiles is called RBS (Rutherford Backscatiering Spectrometry) for detection of
particles in the backward direction, or RFS (Rutherford Forwardscatiering Spectrometry) if the
forward direction is used. From the spectra of the scattered particles the information about the

Figure 2 : The Ion Beam Analysis (IBA) methods.
sample composition and the concentration profiles can be extracted. The methods are therefore
excellent for the concentration profiles determination up to the depths comparable with the range of
the projectiles in the sample. The RBS is appropriate for elements heavier than projectiles, and the
RFS for lighter ones. Comparable to RFS, but much more sensitive for light element concentration
profiles determination is the ERDA (Elastic Recoil Detection Analysis) method where the recoiled
nuclei from the sample are detected. This offers an excellent support for the determination of
hydrogen concentration profiles in the samples, and also others if heavier projectiles are used. The
scattering IB A methods have found a broad use in the studies of surfaces, thin iayers, and
semiconductor materials.
;

The detection of the nuclear reaction products excited at the nuclear reactions between the
projectiles and the nuclei from the sample is the basis for the NRA (Nuclear Reaction Analysis)
method. In the case when gamma rays from the reaction are used the method is called PIGE
(Particle Induced Gamma-ray Emission) spectrometry. These methods are very sensitive for the
selected projectile-target combinations when the nuclear reaction cross-sections are big, or when
the reactions are of resonance character. For example, in the case of 15N projectiles the lH(15N, oy)I2C
reaction serves for sensitive profiling of hydrogen in the samples.
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The RBS, RFS, ERDA, and NRA are standard-free depth profiling methods for depth ranges
up to approximately a few microns with a depth resolutions 1-100 nm. They serve for several
applicative studies in electronics, microelectronics, deposition of tribological, anti-corrosive, optical
and superconducting thin films, for controlling the ion beam and plasma surface modification of
materials, and in the fusion research. They are often used for dynamic in-situ diagnostics.
When visible light (IL - Ion Luminescence) or electrons (SES - Secondary Electron
Spectrometry) and Auger electrons (AES'- Auger Electron Spectrometry) excited in the sample are
detected, not only the elemental composition of the sample are deduced, but also the chemical
speciations of the particular elements can be obtained. The use of these methods for the analysis of
materials and material surfaces is permanently increasing.
With the nuclear microbeam the palette of the IBA methods broaden still further. Namely,
all the IBA methods applied with a macro beam ( a few mm) can work equally well also at the
micron dimensions. A new information is obtained when the microbeam is scanning across the
sample giving the concentration maps of the samples with the precision close or bellow 1 um. If the
sample is thin enough (~ mg/cm2) the beam passes through it but its energy changes due to the
interaction with matter. This so called STIM (Scanning Transmission Ion Microscopy) is therefore
used for determination of sample structure and composition. For studying the microelectronic
devices the IBIC (Ion Beam Induced Charge) method can be used. Here, the device is wired and
biased as in the normal operation. When the microbeam with dimension of 1 um or less (and of low
current density - bellow 0.1 fA/um2) scans across the device the particular contacts are triggered. A
precise information about the device characteristics can be obtained this way.

4:

Studies at J.Stefan Institute TANDETRON

Atomic Physics
Ions with energies of up to a few MeV are very useful for studies of processes in atomic inner
shells. The excitation and ionization processes in the atom are in general very complicated, and it is
similarly true for the decay of the excited states. Despite the prevalence of the processes wich are
conditioned with an overwhelming central force of the atom, there are many interesting phenomena
of the multiparticle correlations. The system of the projectile and atom is in general a complicated
multiparticle conglomerate which allow many combinations leading to the collective processes.
These are of big interest for modern studies in experimental atomic physics giving an additional
information about the quantum behavior of the multiparticle systems. Many sophisticated
experimental tools have been developed recently offering necessary conditions for detection of such
faint phenomena with good enough resolution, sensitivity, and precision.
In our case the AES (Auger electron spectrometry) has been developed for the measurements
of spectra of Auger electrons from gas target. The construction of a new HRXRS (High resolution
X-ray spectrometer) is under way. The spectrometer will employ a curved crystal in Johann
geometry and CCD position sensitive detector what altogether will enable the spectrometry with
resolution close to the natural width of the X-ray-lines.
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The orientation into fostering basic research in the laboratory is conditioned not only
because of physics being one of our important interests but is attractive for the Ph.D. students and
postdocs also.
Interdisciplinary studies
The IBA methods work effectively in many interdisciplinary research fields due to their
multielemental character, undestructiveness, relatively low price, fastness, and sensitive analysis. In
our laboratory we are involved in the following subjects mostly :
Studies of archeometrical problems. Here, an exceptional interest of museums scientists,
restaurateurs, and archivists have been expressed for analysis of several archeological
artefacts, ancient documents, pottery, etc., to understand better the origins and the
technology used at the time.
Analysis of environmental samples, and especially aerosols, where the information about
their elemental contents serve for understanding global transport, environmental pollution,
and influences on urbane and working population.
Analysis of thin layers, hard coatings for tools, and of special technological materials (Ti for
ion getter pumps). Here, the concentration profiles and their changes during the technological
procedures are of broad interest.
Composition of materials with the special emphasis on the trace element contents which
influence the material physical and chemical characteristics.
Common work with the researchers from other fields boundary to physics on several
interdisciplinary subjects is necessary to solve interesting questions stemming from the challenges
of modern life. Working on solution of such items is a good basis for broader general education of
public also.
. .,.-•-*
Future plans for the interdisciplinary research
Further research orientations of the laboratory are manly conditioned by the financial
possibilities. The full exploitation of the accelerator will be achieved when all the exit ports will be
equipped with the beamlines and when they will become completely operational. The plans for
installation of microbeamline are prepared and its construction is hoped to start soon.
The interdisciplinary research fields where we are continuing our activities and are trying to
become still more involved are :
archeometry,
environment,
study of materials, thin layers and material surfaces,
study of micro electronical materials and components,
analysis of biomedical samples.
The study of materials and their surfaces by the IBA methods have already found large
interest at the nuclear society community For illustration a few examples are mentioned here in
short. In the fuel cycle the production of iodine at uranium fission is high. On the other hand the
iodine is one of the most fed fission products from the point of view of stress-corrosion-cracking of
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the zirconium cladding tubes. Besides it performs a problem for the waste storage (129I, xI/2 ^ 1.59.107
yr). Therefore the implantation profiles of iodine into Zr were studied ad well as its diffusion in Zr
during annealing. The formation of ZrO2 were studied also. The RBS method with 3 Mev He has
been found as very useful for the analysis [4]. At the JET development the plasma/wall interactions
and plasma boundary phenomena are very important. For the study of impurities in plasma the
surface/collector probes are introduced in the plasma and exposed to discharges. The probes are
subsequently analyzed in-situ by various surface analytical techniques : the IBA ones as RBS,
ERDA, NRA, and PIXE, and others, as Auger Electron Spectroscopy (AES) and X-ray
Photoelectron Spectroscopy (XPS), respectively. The IBA analysis are performed with the 1.6 MV
NEC tandem accelerator installed at the tokamak and dedicated just for the analysis of the collector
probes. The concentration profiles of H, D, T, C, O, Be, and several metals are determined this way
[5], The ions from the tandem accelerator are very practical for the collaboration of the track
detectors also. Such a work was initiated recently by the group from the JSI Reactor Centre.
5.

Conclusions

The review of the possibilities offered by the methods at the tandem accelerator is presented.
Besides the basic research in atomic physics many interdisciplinary problems can be studied
successfully. The Ion Beam Analysis (IBA) methods are very suitable for elemental concentrations
and their concentration profiles determination. The use of microbeam broadens the possibilities still
further. The opportunity to have a modern accelerator in-house represent an excellent basis for
education of undergraduate&graduate students. Also it can serve for more general public
information about the usefulness of the low energy accelerators for several aspects connected with
modern life.
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ABSTRACT. This paper presents studies of physical parameters of a fast neutron energy
amplifier which employs a plutonium subcritical assembly and a 650 MeV proton accelerator,
The aim of the studies is to find the energy gain, neutron multiplication coefficient and rates of
radioactive waste transmutation for the proposed ADS setup. The plutonium isotopic mixture
from waste of PWR reactors is proposed to be used for the core of the assembly.

1. Introduction
The role of Accelerator Driven System (ADS) is examined in view of the energy
production and the incineration of plutonium from commercial light water reactors. The design
of the experimental ADS facility is based on existing plutonium fast reactor IBR-30 that has
been operated in JINR in Dubna (Russia) for considerable number of years. We would like,
particularly, to emphasize the importance of research on the plutonium ADS setup because of
finding a safe utilization for plutonium accumulated in the course of the nuclear power plants
operation, presenting a great danger in respect to uncontrollable nuclear weapon proliferation.
The ADS technology looks quite promising for the solving of this issue. As a first step in the
studies of peculiarities of plutonium ADS it was proposed to combine the core of the
plutonium fast reactor IBR-30 and 660 MeV proton cyclotron [1],[2], Now we consider a
similar setup with plutonium isotopic composition corresponding to the standard PWR fuel
after 33 GWday/t burnup.

2. Characteristics of the installation
As the estimates of the FLNP and LCTA physicists have shown, the ADS setup that is a
combination of the core of the JINR reactor IBR-30 and the 660 MeV phasotron [3] with
beam power 1 kW, can provide a way to get multiplication coefficient 0.94-0.96 The power of
such a setup in a extracted proton beam with 2.0 10 1J particles/s will be about 20-30 kW.
Such a power can be removed by a gas (helium) coolant. At the same time it is sufficient to
carry out the most important neutronic investigations required for designing the full-scale
industrial ADS setup.
The building where the phasotron is located allows one to provide safe radiation conditions.
Since the multiplication coefficient does not exceed the value of 0,95 the ADS setup represents
a safe subcritical system. The assembly is supposed to be installed in the main accelerator hall
of
the
phasotron,
in
a
closed
location
with
limited
access.
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As a first step in research of plutonium ADS setup we suggest [1] to fellow the design
plutonium reactor similar to the IBR-30 (FLNP/JINR) operating in a subcritical mode and the
LNP 660 MeV proton accelerator phasotron. The important advantage of the project is the
relatively small size of the reactor and a possibility of its quick realization, as all of the
equipment required is practically available. JINR is an international organization, thus a wide
range of specialists can be involved in the investigations and the project has attracted interest
of a series of research institutes.
To make the present conceptual design of the Plutonium Energy Amplifier we have chosen
a nominal unit capacity of 20 kW (thermal). This corresponds to the multiplication coefficient
keiY=0.942 and the energetic gain about 20. The beam are protons of energy of the order of
650 MeV. The current is in the range 1- 1.6 uA.

2.1 Physical aspects
The shape of the core of the existing reactor IBR-30 is two rectangles consisting of
stainless steel clad plutonium rods with gaps to let the coolant (compressed air) pass through,
central tungsten target is driven by the beam from the electron linear accelerator which makes
it necessary to introduce separate from the core cooling loop with helium as the working
medium. The proposed reactor core has a form of multi-layer cylinder with a tungsten target of
radius r=1.8 cm surrounded by a plutonium blanket of radius 7.5 and height 14 cm (Fig. 1)

Proton beam Ep=650 MeV

Fe reflector

44cm

W target +3mm Fe layer
29cm
27.5cm

Pu rods zone
W reflector

15cm

1.5cm 7.5cm

22.5cm 25cm

Figure. 1. Cylindrical geometry adopted for the transport and burnup calculation

68

Nuclear Energy in Central Europe '98

The plutonium blanket contains rods (71%) and the helium as a coolant (29%).
The reactor core is surrounded with a steel reflector 15 cm thick and with the tungsten
reflector 2.4 cm thick. The size of the reactor main vessel is therefore relatively small (d=15
cm, h= 14 cm).
The rods are shaped as a multi-layer Cylinders with metallic plutonium of radius r=4.6
mm, height 140 mm surrounded by Ta (0.1 mm thick) and stainless steel (0.3 mm thick)
casings. The rods contain Pu (84.5 %), with density 16 g / cm3, Ta (3.95 %) and Fe (11.55%)
The mass of plutonium in the rod is 148.9 grams.
The size of the rods and isotopic compositions of Pu are summarised in Tables 1.
Table 1. Main parameters of Pu rods.
Size of the rods
[mm]
Pu content radius rod=4.6
Ta cladding thickness=0.1
Fe cladding thickness=0.3
Height of the rods=140

Isotopic compositions of Pu*
(density 1 6 g / cm3)
238 P u - 2.4 %
239 P u - 58.4 %
240 P u - 24.0 %
2 4 1 P u - 11.3 %
242 P u
3 9%

* The plutonium isotopic concentrations correspond to 33 GWxday/t burnup of a
standard PWR fuel with initial 2 3 5 U enrichment to 3.3%. The real IBR-30 is fuelled with
pure Pu-239, however, present research is centred on incineration of secondary fuel
components from operating light water reactors it's been accepted that the reactor is loaded
with the plutonium extracted from them.

The beam of the accelerated protons is directed into an axial split (16 cm depth),
penetrating the facility through the vacuum system of the accelerator tube via a special
tungsten window.
Performance of the assembly has been investigated by means of computer simulations
using particle transport codes: MCNP and for higher energy range the LAHET code and
similar program complex CASCADE based on intranuclear cascade evaporation model
developed at the JINR. The general goal of the calculations was to provide proper design
assumptions, especially from the point of view of the operational safety and measurement
accuracy.
The calculated quantities were the neutron multiplication coefficient number of fissions per
proton, heat generation, fuel toxicity and the energy gain of the system.
The dependence of the energy gain G on the proton energy is graphically illustrated in Fig.
2.
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Figure.2. Energy gain vs. incident proton energy for neutron multiplication coefficient 0.942
As one can see the maximum (G=20) is observed for incident proton energy about lGeV.
A decrease in the energy gain seen at energies less than 1 GeV results from ionization losses of
primary protons. For the suggested 650 MeV energy of protons the energy gain is only 4% less
than for 1 GeV.
The results of computer simulations for the proposed assembly at 650 MeV proton
energy, in terms of: number of rods, neutron multiplication keff and number of fissions per
incident proton are presented in Table 2.
Table 2. The results of LAHET and MCNP calculations.
High energy
Neutron
Low energy
Number of
fissions per
fissions per
rods
Multiplication Factor
proton
proton
Keff
150
149
148
147
146
145

0.959 /0.002/
0.952 /0.003/
0.948 /0.003/
0.942 /0.003/
0.939 /0.002/
0.929 /0.003

97.5
82.0
75.1
66.3
62.6
52.6

0.206
0.205
0.203
0.201
0.198
0.198

It can be seen in Table 2 that the number of fissions per proton weakly falls with the
reduced number of rods. For the assumed multiplication coefficient 0.942 one should use 147
plutonium rods ( 21.888 kg of plutonium).Using maximal number of rods (150) we can obtain
value of keff equivalent to 0.96. At the same time fluctuations of the energetic gain of the ADS
setup are possible during its operation due to different accelerator regimes and changes in the
of keff, as an example, it is shown, in Fig. 3 the energetic gain depends oa the value of neutron
multiplication coefficient in the system presented in Fig. 1 for the 650 MeV proton beam.
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Energy Gain
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Figure.3. System energy gain vs. neutron multiplication coefficient (incident proton energy 650
MeV)
One can see while examining Fig.3 and Table 2 that the energetic gain for keff=0.943 is
equal to 20 and energetic gain for maximal number of rods (150) is equal to 30.
The above estimates show that the data are quite stable: heat release values are slightly
changing in the range of neutron multiplication coefficient from about 0.93 to 0.96 depending
on variations of the energy and the intensity of the proton beam.
The estimations of the thermal loads of various elements of the system show that they do
not exceed permissible values, besides, if necessary, can be quickly reduced by decreasing the
current of the accelerator. From this viewpoint, the designed set-up is safe, too.
To study the radiotoxicity of the fuel cycles for the ADS setup we calculated the neutron
multiplication coefficient, energetic gain and transmutation ability of different materials
The results of the calculations for the rods with different materials are presented in . Table

Table 3. Parameters of ADS setup for various filed materials
Materials

Multiplication
coefficient

Energy Gain

Low energy
fissions per
proton

High energy
fissions per
proton

19.2

66.3
65.7

0.214

19.2.3

65.8

0.183

Pu

0.942/.003

19.3

Pu+
Actinides
Pu-239

0.941/.002
0.942/.003

0.201

In order to study the behavior of reactor inventory with tirrie we have calculated the system
evolution over five years of irradiation. The calculations were performed with two independent
numerical methods. In the first one the BISON-C code, that is based on deterministic approach
in simplified one-dimensional geometry was applied. The second one is a very advanced
method that combines Monte Carlo transport code MCNP4B with Transmutation Trajectory
Analysis Method [5] to emerge as the MCB code [6 ].
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The results of calculations show that the main system parameters: k-eff and system power,
vary a little from their initial values during the considered irradiation (Figure 4.). One could
expect this due to very small proton beam current in the experimental reactor.
Nevertheless even in the experimental reactor the emerging radioactivity will be detectable in
the experiment and will allow us to verify theoretical predictions of the system time evolution
and project this for the case of power system.
The calculated burnup and transmutation rates of plutonium and fission products are shown in
the Figures 5 and 6.
Minute variation of concentrations of abundant nuclides does not make possible to verify them
experimentally, thus a measurement of actinides stemming from those abundant ones will show
their time evolution only in case of their low initial inventory. In case of mixed initial fuel the
transmutation rates can be verified only by measurements of the fission products.
0.96

100

- 60

0
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4
5
Time of Irradiation [years]
Figure 4. Total power and neutron mutiplication in the plutonium fuel.
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Figures: 5, 6. Atomic density of the isotopes plutonium and fission products in the plutonium
fuel.
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4.Experimental program
The overall objective of the experimental program is to study the features of accelerator
driven hybrid subcritical systems from the point of view of safe energy production and
transmutation capabilities, in particular:
• to provide some nuclear data for among others radioactive materials .by comparing
calculations with experiments;
• to study radiotoxicity of the ADS fuel cycle.
The main goal of the experiment is to demonstrate the possibilities of construction of a
safe and stable from the operation view point ADS set-up and to verify reliability of theoretical
methods to estimate such systems. By means of theoretical calculations and measurements of
the neutron flux and the temperature in some points inside and outside the device we will
receive estimates of the multiplication coefficient and a neutron flux as well as neutron leakage
out of the assembly and the value of the energy gain. We shall study the influence of various
reflectors as well as the multiplication coefficient behaviour vs. time. Different material
compositions of spallation target will be examined for optimizing the efficiency of neutron
source. The research on raising the system performance by using a sectioned assembly [7] or
merely spatially distanced hierarchical subcritical systems [8,9] is of a special interest since this
idea allows for a radical and safe reduction of the beam current at unchanged k-eff. Besides, we
shall investigate spatial-energetic distributions of the neutron flux in the assembly, their
dependence on the design, reflector material and presence of moderators.

4.1. Basic nuclear data and data for radioactive materials.
Integral neutron cross-sections of fission and radiation capture for the long-lived fission
fragments and actinide isotopes will be measured for the neutron spectrum in the assembly. We
also plan to investigate experimentally the efficiency of the adiabatic resonance crossing
method (ARC method) for the transmutation of several nuclides of waste in the lead cube
situated near the reactor core. After a long-term irradiation the concentrations of selected
fission products will be examined by means of gamma and X-rays. The results of the
measurements are to be compared with the results of the mathematical modeling of the
corresponding processes in order to further improve the computation methods.

4.2. Studies of the radiotoxicity of the fuel
The accelerator-driven system for LWR-waste transmutation based on fast neutron
spectrum will be investigated. Transmutation efficiency of the reprocessing technology will be
examined in order to estimate the full cycle residuals and their radiotoxicity. The samples to be
transmuted will be in the form of foils subject to prolonged irradiations in the assembly. Special
attention will be paid to transmutation of plutonium and minor actinides from the LWR wastes.
Radiochemical separations may prove to be indispensable in view of insufficient induced
activities. The nuclide concentrations during the transmutation process will be measured and
calculated and possibly their time evolution too.
Acknowledgements:
Partially sponsored by the Polish Committee of Scientific Research (KBN) under the
project SPR 4.2
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Abstract
Positive voltage steps are applied to an electrode immersed in a weakly
magnetized discharge plasma column. Time development of electron distribution function is measured by a one sided plane Langmuir probe and
a standard boxcar technique. When a voltage step is higher than approximatelly 40 V, a firerod is created and it is measured how electron
beam from cathode plasma is gradually transformed into anode plasma
population.

1

Introduction

Phenomena related to positive electrodes immersed in plasmas are a subject
of intense research activity [1]. In this work response of a plasma to a positive voltage step applied to a planar anode immersed in a weakly magnetized
discharge plasma column with its surface perpendicular to the magnetic field
lines is investigated. Temporal development of the electron distribution function is measured using one sided plane Langmuir probe. The surface of the
probe is parallel to the surface of the anode and perpendicular to the magnetic
field lines. The electron Larmor radius is approximatelly 0.1 mm. so a one
dimensional electron distribution function is measured.
Let us denote the direction of the magnetic field by z. The corresponding
one dimensional electron velocity distribution function is fez{vz). The electron
probe current lv is given by
Ip = e0Ap / , - — -

Nuclear Energy in Central Europe '98

fez(vz)vzdvz,

75

BOXCAR
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Figure 1: Experimental set-up. The transistor switch is turned on and off with
pulses from the signal generator. These pulses are also used as a master trigger
for the experiment. In this way a good time resolution is achieved.
where Up is the probe bias, measured with respect to the plasma potential and
Ap is the probe surface. Differentiation of the above integral yields [2]
m e dlp
P2

A

All

(1)

So the one dimensional electron velocity distribution function in the energy
scale can be obtained from the first derivative of the electron current collected
by a Langmuir probe. Characteristics are taken by a one sided plane probe
with 3 or 5 mm diamater. First the nonisolated surface of the probe is turned
towards the plasma source - cathode, and then towards the anode by which
the double layer is created. In this way the electron distribution function is
measured in positive and negative direction of z axis.

2

Experiment

Experiments are performed in a linear magnetized discharge plasma machine
at the J. Stefan Institute in Ljubljana (figure 1). The experimental vessel
is evacuated below 10~4 Pa.. Then argon is leaked into the vacuum system.
The pressure is kept between 0.02 and 0.03 Pa. Plasma is produced by a
discharge from WjTh filaments heated by direct current. Primary electrons
are accelerated by a discharge voltage 40 - 50 V and plasma is created by

16 .
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impact ionization. The discharge current is between 120 and 300 mA. Plasma
is confined by axial magnetic field, which has the density 0.01 T. The electron
temperature is approximatelly 2 eV and ion temperature is approximatelly 0.1
eV. Larmor radius for electrons is approximatelly 0.2 mm and for ions about
2 cm. The plasma density is between 108 and 109 cm"3.

2,0 r
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a.
E 1,0
CD

0,5
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Figure 2: Time dependence of anode current Ia after the application of a
positive voltage pulse.
Positive voltage pulses are applied to a 2 cm diameter anode using a fast
transistor switch. The switch is turned on and off by rectangular pulses from
the signal generator which are also used as a master trigger for the experiment.
The switch is 2 ms on and 2 ms off. When the switch is off, the anode is at the
floating potential, which is around -20 V. When the switch is on, the anode
bias is Ua and is determined by the external power supply. When the switch
is turned on, the anode current increases instantaneously (figure 2). A current
overshoot can be observed.
Time resolved measurements of probe charateristics are performed using
the standard boxcar technique. Temporal resolution is 1 ^as. The characteristics are digitized and stored in a computer for further analysis.

3

Experimental results

When anode bias Ua is varied continuously, the anode exhibits the usual current
- voltage characteristics (figure 3). At strongly negative electrode bias the
current to the electrode is positive. This is the ion saturation current. When
the electrode bias becomes less negative, more and more electrons can reach
the electrode and the current in the transition region is negative. At the
knee of the characteristics, electrode bias reaches the plasma potential. When
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biased above the plasma potential, the anode collects almost constant electron
saturation current. When anode bias Ua exceeds approximately 40 V, there is
a sudden increase of the anode current. This is beacause additional discharge
occurs in front of the anode and a region of quasineutral plasma with higher
potential - called the anode plasma or firerod [3] - is created. The high potential
- anode - plasma and a low potential - cathode - plasma are separated by a
thin space charge structure called the double layer.

0,0
-0,1
-0,2
"0.3
-0,4
-0,5
-0,6

-20

20

40

Figure 3: The current - voltage characteristics of the anode. When Ua exceeds
approximately 40 V the high potential - anode - plasma is created in front of
the anode.
In figure 4 response of the onesided plane Langmuir probe characteristics
to the application of a positive voltage step to the anode is shown. The ion
saturation current is already subtracted from the probe characteristics. This is
done in the following way. A straight line is fitted to the ion saturation part of
the characteristics and then this line is subtracted in the whole characteristics.
Then the characteristics is smoothed with a digital low pass filter using FFT
and differentiated. The first derivative of the characteristics is proportional
to the electron energy distribution function (equation 1). Semilog plots of the
characteristics are also shown. The characteristics taken when the collecting
surface of the probe is turned towards the cathode are labeled by C. If the
collecting surface of the probe is turned towards the anode the characteristics
is labeled by A.-In this way the entire electron distribution function in the
direction of the magnetic field can be analyzed. The distance between the
anode and the probe is z = 3 cm.
Before the application of the voltage step, the anode is floating. Only one

78

Nuclear Energy in Central Europe '98

Figure 4: Characteristics of the onesided plane Langmuir probe recorded,
when the anode is floating and 1 /J,S after the application of different voltage
steps, together with corresponding derivatives and semilog plots.
electron population - the cathode plasma electrons - can be observed on the
derivatives (i. e. electron distribution functions) and semilog plots. From the
slope of the line of the linear part of the semilog plot the electron temperature
can be prety accuratelly determined. Temperature of the cathode plasma
electrons is approximatelly 2 eV.
Immediatelly (I/us) after the application of the positive voltage step to the
anode, a strong electron beam is accelerated towards the anode (figure 4).
The energy of the beam [/& is measured as the distance between the peaks
of the derivatives of the probe characteristics, i. e. the electron distribution
functions and it increases linearly with the applied voltage step (figure 5a).
Also the temperature of the electron beam kTeb can be determined from the
semilog plots. This temperature is higher than the cathode plasma electron
temperature and it increases, when the voltage step to the anode is increased
(figure 5b).
In figure 6 time development of the Langmuir probe characteristics after
the application of a high (approximatelly 45 V) positive voltage step to the
anode is analyzed for first 20 /is after the step. The voltage step is so high,
that the firerod is created in front of the anode. The ion current on the probe
charateristics is already subtracted as described earlier. The corresponding
derivatives and semilog plots are also shown. The distance between the anode
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Figure 5: The energy of the electron beam Ub and the electron beam temperature kTeb versus the applied voltage step Ua.
and the probe is z — 1 cm. The main result are the derivatives, which are
proportional to the electron energy distribution functions.
When the anode is floating, only one electron population exists - the cathode plasma electrons. Immediatelly after the voltage step, the electrons are
strongly drawn towards the anode. This can be seen in the form of a strong
electron beam, detected by the probe turned towards the cathode. This beam
thermalizes very quickly. Approximately 3 - 4 pis after the voltage step the
formation of second (anode plasma) electron population can be already very
clearly observed. These electrons have their distribution centered around a
much higher probe bias Uv than the cathode plasma electrons. Also their distribution is wider because of the higher' electron temperature. The cathode
plasma electrons are also still present. It can be very well observed from the
derivatives, how the cathode plasma electron population gradually vanishes,
while the density of the anode plasma electrons increases. Some 15 - 16 fj,s
after the voltage step the cathode plasma electrons almost disappear.
Measurements shown in figure 6 were made at z = 1 cm. At larger distances
between the probe and the anode results are similar, only the process of the
formation of the anode plasma electron population and disapperance of the
cathode plasma electron population is somewhat delayed. This indicates that
the formation of the anode plasma starts at the anode sheath, which then
expands into the cathode plasma. Such scenario is described in the literature
[4]-
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Figure 6: Plane Langmuir probe characteristics, the corresponding derivatives
(distribution functions) and semilog plots recorded at different times after the
application of the voltage step to the anode. Curves labeled by C are recorded
with the collecting surface of the probe turned towards the plasma source cathode. Curves labeled by A are taken with the probe turned towards the
anode.

Nuclear Energy in Central Europe '98

81

4

Conclusions

Response of a weakly magnetized discharge plasma column to the application of a positive voltage step to an anode immersed in the plasma has been
investigated experimentally. Temporal development of the electron energy distribution function has been measured using a onesided plane Langmuir probe.
Immediatelly after the application of the voltage step, a strong electron beam
is accelerated towards the anode. The energy of the beam is proportional to
the applied voltage step. The temperature of the beam increases, if the voltage step has increased and it is 3 - 5 times of the temperature of the cathode
plasma electrons. If the voltage step is high enough, (above approximately 40
V) a firerod is created. Differences between time developments of the electron
distribution function in the case when the firerod is created and in the case
when it is not created, will have to be investigated in more detail in the future.
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A B S T R A C T - The quasi-elastic cold neutron incoherent scattering law, QNS, for the
assumed case of transversal standing wave type of motion of the linear chain -a spacer- of the
polyacrylate polymer liquid crystal, based upon the random walk of the particle between two
perfectly reflecting potential barriers, is derived. The spacer protons are taken to vibrate (within
the stationary plane) transversely to the line joining the oxygen atoms in a way where they are all
simultaneously displaced in the same direction with amplitudes of the standing wave fundamental
mode of the vibration excited.
The calculated relevant incoherent scattering law is found to be a non-distinct function of the
scattering vector Q, in the sense that the postulated dynamical effect of the spacer protons causes
the peak value of the calculated incoherent scattering law, S(Q,co), to remain constant throughout
the experimentally accessible range of the scattering vector Q. It appears that, when the
experimental resolution broadening effect is taken into account, the contribution of the postulated
dynamical behaviour to the measured QNS spectra might be small, particularly so, if some
additional motion of the scatterers is present, and consequently the standing wave like spacer
dynamics in polymer liquid crystals will be very difficult to be identified uniquely in the
quasielastic neutron scattering experiments.

1. Introduction
It is a well known fact, that the polyacrylate liquid crystal, a comb-like liquid crystal
polymer, consist of a backbone of a linear polymer to which, via a small aliphatic chains
called spacers, the mesogenic units are attached. The spacer - C6H!2 chain - is known to
be in an elongated configuration [1] and is linked to the biphenyl group [1] as depicted
on Figure 1, where $ denotes the benzene ring. Here it was already taken into the
account that the sample used for the quasi-elastic cold neutron scattering investigation,
QNS, of the side chain dynamics of the polyacrylate polymer liquid crystal in the
isotropic, smectic A, and re-entrant nematic phases of ref. [1] is having the backbone
hydrogen atoms suitably substituted by deuterium which are, as far as cold neutrons are
concerned, "invisible".
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CD,
0
CD2
O -- (CH 2 ) 6 -- 0 - <J> - 0> - C N

Figure 1.
Schematic presentation of the polyacrylate polymer liquid
The linear chain - (CH2)6 - denotes the so called spacer, and <& is the benzene ring.

crystal.

In the neutron scattering study of the backbone conformation in the nematic phase of
a side chain polymer [2], Davidson et. al, advanced a hypothesis according to which the
backbone, providing the linear chain -the spacer- which is linking the backbone to the
polymer mesogenic unit is long enough, is expected to adopt a globally prolate shape if
the smectic fluctuations are negligible. On the other hand L. Noirez et al. [3], clearly
demonstrated that the transformation of the backbone conformation of polyacrylate
liquid crystalline sample from an oblate (observed in the nematic and smectic A phases)
to a prolate conformation (observed in the re-entrant nematic phase) is strictly a
temperature dependent process. Benguigui et al. [1], have presented the first indirect
dynamic investigation, by quasi-elastic incoherent cold neutron scattering study, of the
side chain liquid crystal polyacrilate motion, however the exact nature of motion of the
protons of the spacer and of those of the benzene rings have remained unexplained. This
question has been addressed by Cvikl and Peternelj [4], who have shown that the
measurements could be well interpreted in terms of the model according to which the
geometry of motion [5] of the spacer protons results as thought the protons are subjected
to the transverse oscillations of the standing wave variety with only the fundamental
mode of vibrations excited. The motion of the biphenyl group, constituting the
mesogenic unit, has also been appropriately accounted for on the basis of a suitable
uniaxial biased reorientational model of motion [6]. However, no dynamical model for
the spacer standing wave motion effect of the neutron scattering spectra has been
presented so far and it is the purpose of this note to investigate the possible influence of
the postulated dynamics on also the quasi-elastic part of the measured cold neutron
scattering spectra.
As mentioned above, the main objective is to obtain an additional view on the (only
the) spacer dynamics, particularly so as the elastic incoherent structure factor, EISF,
measurements [1], yielding the geometry of motion, demonstrate that the effect of the
fundamental type of the standing wave motion could appreciably affect the measured
incoherent cold neutron scattering spectra [4]. However, the calculated EISF value as
obtained by QNS measurements of ref. [1] could not be uniquely interpreted in terms of
the two models employed, as there are indications that the model of the biased
reorientations of the phenyl rings could itself alone account for the measurements. This
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duality is a consequence of the fact that the measurements were obtained on an
unoriented sample. One notes that, however, other well known models of particle motion
have been in the work of reference [1] definitely ruled out.
The problem of the internal reorientational dynamics of liquid crystalline molecules has
been up to now and is also in the present paper investigated on the basis of the,, for the
purpose, suitably devised models of the reorientational motion.

2. Theoretical outline
We begin by noting, that the incoherent scattering law, S(Q,o>)> is given by the time
Fourier transform of the intermediate scattering function, I(Q, t), which is defined as,

1(0.0= ( e # ) ^ 0 1 )

(l)

where Q is the neutron scattering vector transfer, f (t), is the proton position vector
expressed in the laboratory frame and the brackets denote the fact that an ensemble
average over all the initial and final states is to be evaluated. In what follows, we will be
interested in the linear chain of spacer atoms of which an example is O - (CH2)6 - O
group of the polyacrylate liquid crystalline sample. For our purposes it is permissible in
the first approximation to assume that both oxygen atoms represent the nodes of the
standing wave type of vibrations of spacer protons. The proton displacements at the
(equilibrium) position x as measured along the extended chain joining the oxygen atoms
is vibrating transversely to it and the instantaneous transversal proton position from its
equilibrium value is denoted by s(x, i) . Here the origin of the x-axis is taken, say, at the
left oxygen and all the chain protons (see for instance ref. [3] and [4]) are taken to
vibrate within the same stationary plane. Under the described conditions, the expression
to be evaluated reads,

Let the angle between vectors Q and s be denoted by © and denoting q=Q cos®, the
intermediate scattering law, eq. (2), is to be evaluated for all the 12 protons in the side
chain which are situated at 6 different positions x; (i=l, 6) along the line joining the two
oxygen atoms [4]. According to the basic assumption, on account of the thermally
activated processes which is presumably causing the (synchronous) spacer vibrational
deflections their amplitude of vibration are assumed to be described by a well known
expression for the fundamental vibrational mode,
= l , 6,

(3)

where A is a constant. Here, / is the length of the elongated chain as measured between
the oxygen atoms [4],
The expression to be evaluated reads,
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\{q, /)= $e-«s(l) e-^0) P(S(O)Xt)J)PMt))P2(m)ds(t)ds(O)

(4)

where P(s(O); s(t),t) is the conditional probability density that the proton is going to be at
the position s(t) in time t, providing it was at s(0) at time t=0. Pi(s(t)) and P2(s(0)) are
describing the probability densities for the final and the initial displacements distributions
respectively of the proton at the position x; and in what follows are both taken to be
uniform, i.e.,

where the amplitude of vibration of the i-th proton is defined by the eq. (3). In order to
calculate the conditional probability density P(s(0); s(t), t) for the spacer dynamics of the
twelve protons which are subjected to the transverse oscillations of the standing wave
variety with only the fundamental mode of vibrations being excited, a suitable model has
to be envisaged. Since we are interested in the fact as to what extent the transverse
vibrations of the 12 spacer protons possibly modify the shape of the incoherent scattering
law, S(q,a>), it seems that mathematically the simplest approach is offered by an
extension of the model of the stochastic symmetric random walk of a particle on a line
between two perfectly reflecting barriers. In the present case these lines are (for the
particular proton vibrating transversally at the position x along the line joining the spacer
oxygen atoms) perpendicular to the O - O direction and their lengths are equal to 2 so(x),
[4]. Both oxygen atoms are taken as nodes of standing wave vibrations. Evidently, this
model requires the existence of sinhronous motion of the twelve spacer protons in the
sense that each one of them is, on the average, constrained to move (on the time scale of
the neutron experiments i.e, 10"10 s to 10'13 s) in the same direction while simultaneously
being subjected to the large number of (fast) small step diffusional motion of the
stochastic nature characterised by the appropriate value of the corresponding
translational rate constant denoted by the symbol D. Assuming the possibility of
occurrence of the described type of the spacer proton motion and dropping the index i,
the conditional probability (in the continuum limit) is found to be [7],

After some manipulations the final result for the scattering law reads (for the proton
placed at the position x on the line joining the vibrational nodes),
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Sfeffl)

(7)

In the equation above the Kronecker delta symbol denotes the fact, that the divergent
terms should not enter into the above expression. The first term of the derived scattering
law, i.e. the term jo2(qso/2) in front of the delta function, i.e. the square of the spherical
Bessel function of the order 0, is the elastic incoherent structure factor, EISF, which
describes the geometry of the particle motion and is identically equal to the expression as
has been, for this purpose, derived in ref. [4]. As for the dynamics of the assumed
motion it is evident that it is reflected in the series of Lorentzian terms, which are
modulated by the q-dependent coefficients. It is precisely this, somewhat unusual, qdependence which distinguish the postulated motion of the spacer protons subjected to
the transverse oscillations of the standing wave fundamental mode from numerous other
stochastic models of particle dynamics [8]. For instance, in case of uniaxial simple
rotational diffusion of the spacer protons along the axis joining the two oxygen atoms,
the incoherent scattering law than reads,

L?{q>{))

£

2,

(8)

where, Jn, are the cylindrical Bessel functions of the order n and Dr is the rotational
diffusion constant [9].

3. Results and discussion
The derived scattering law, S(Q,a>), describing the standing wave like motion of an
particle has been numerically evaluated for the values of So=0.75 10"10 m and the rate
constant for translational diffusion of a particle in liquid crystals, D=8.5 10"u m2/s. The
results of the calculations are presented on Figure 2, Figure 3 and Figure 4.
On Figure 2 the incoherent scattering law, S(Q,o>), as a function of the energy
transfer, OJ, evaluated for the value of the scattering vector Q=0.8 10"10 m"1, is shown.
Evidently, the shape of the line is relatively week Lorentzian, as expected.
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The three dimensional plot of the scattering law, S(Q,w), is exhibited on Figure 3.
Clearly, within the experimentally accessible range of wave vector transfer, Q, (e.i. up to
the limit of say 2 1010 m"1) the peak value of the Lorentzian is nearly constant, and this is
obviously the main characteristics of the postulated standing wave like motion. It is to be
noted, that in the limit of Q -» oo, the derived scattering law, S(Q,o>), (weakly)
converges to zero. On Figure 3. exhibited satellites, originating due to the divergent
terms of eq. (7), are appearing already well out of the experimentally accessible Q range
and consequently can not be detected. Although for large amplitude of standing wave
oscillations, so(x), of the spacer proton at the distance x, the satellites do move towards
smaller values of Q, the occurrence of such large amplitudes would require large amount
of vibrational energy and are therefore very unlikely to occur.
On Figure 4 the peak value of the derived and on Figure 3 presented scattering law,
S(Q,a>), as a function of wave vector transfer, Q, (also outside its experimentally
accessible range), is exhibited. It is to be noted that only 5 terms of the series, as given
by the eq. (7), are taken into account, thus illustrating relatively fast convergence of the
above series. The Q independent behaviour (throughout the experimental Q-range) of the
incoherent scattering law, derived for the case of the standing wave like dynamics of the
scatterer, might consequently be taken as the major indication of the described motion.

vL2

-J.1

-5x10"

5X10 11

0
co s

A

lxlO12

- l

Figure 2. The incoherent scattering law, S(Q,w), evaluated at Q=0.8 10 m , for standing
wave like particle dynamics, as a function of neutron energy transfer. The values of the
parameters are given in the text.

However as evident, this effect is small and it will be with difficulty that it could be
experimentally detected. In fact, it seems that the postulated dynamics (when resolution
broadened) of the spacer protons of backbone deuterated linear polymer polyacrylate, in
clear contrast to the investigation of just the geometry of their motion [1, 4], could not
be uniquely identified by the cold neutron scattering method alone.
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Figure 3. The three dimensional plot of the incoherent scattering law for standing wave like
particle dynamics, S(Q,co), as a function of neutron energy transfer, co, and the wave vector
transfer, Q. The values of the parameters are given in the text. The constant Q dependence of the
scattering law (within the experimentally accessible Q range approximately spanning an interval
between 0.1 10"10 m"1 < Q < 2.2 10"10 m"1) is clearly noted.

4. Conclusions
The quasi-elastic cold neutron incoherent scattering law, QNS, for the assumed case
of transversal standing wave type of motion of the linear chain -a spacer- of the
polyacrylate polymer liquid crystal, based upon the random walk of the particle between
two perfectly reflecting potential barriers, has been derived. The spacer protons are taken
to vibrate (within the stationary plane) transversely to the line joining the oxygen atoms
in a way where they are all simultaneously displaced in the same direction with
amplitudes of the standing wave fundamental mode of the vibration excited.
The main characteristics of the postulated dynamical effect of the spacer protons on
the calculated incoherent scattering law, S(Q,6J), is its almost constant value throughout
the experimentally accessible range of the scattering vector Q. It appears that, when the
experimental resolution broadening effect is taken into account, the contribution of the
postulated dynamical behaviour to the measured QNS spectra might be small, and
consequently the standing wave like spacer dynamics in polymer liquid crystals will be
very difficult to be identified in the quasielastic neutron scattering experiments. In fact, it
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Figure 4. An almost Q independent (within the experimentally accessible Q range) behaviour of
the incoherent scattering law, which has been derived for the case of the standing wave like
dynamics of the scatterer, represents the major characteristics of the described motion. In case of
large amplitudes of standing wave like vibrations of the proton (from the energy point of view an
unlikely event), the satellites move towards smaller values of Q.

now appears that, based upon the results of the calculations above, it is very likely, that
the EISF measurements of ref. [1], reflect to the largest extent only the small step, within
a circular segment of the temperature dependent apex angle, confined stochastic angular
displacements, around their para axis, as has been already predicted in ref. [4].
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Abstract
The LOADF program package was designed for the Process Information system of the Krsko Nuclear
Power Plant, with the objective to simulate by calculations the operation of the reactor, in order to
provide to the operators the additional information, which can not be measured directly. A threedimensional reactor core model was selected. The power distribution is calculated by solving the
diffusion equation, allowing for the thermohydraulic feedback effects on the cross sections. Prediction
mode calculations can be executed with the same software on remote computers. The calculations are
repeated at fifteen-minute intervals. The operating experience of the software is very good so far,
considering the computational efficiency, numerical stability and good agreement between the calculated
and the measured parameters.

1. Introduction
Accurate information on the state of the reactor core can contribute to a safe, economic and reliable
operation of a nuclear power plant. There are parameters that describe the reactor core, which are not
directly measurable and available from the control instrumentation, but can help the operators to
optimise the operation of the plant on economic terms. Examples of such parameters are the relative
Xenon concentration and its axial distribution, which are relevant for quenching Xenon oscillations
(when present) and for minimising the radioactive waste production due to reactivity control through
changing the Boron concentration in the coolant primary circuit. In addition, an accurate estimate of the
Xenon concentration level can improve the estimate of the shutdown margin. The LOADF software
package was ordered by the Krsko Nuclear Power Plant (NEK), with the design objective to run on the
Process Information System (PIS-NEK) and to provide at least the following additional information:
• Relative concentration and axial distribution of Xenon and Iodine.
• Reactivity hold-up by Xenon.
• Shutdown margin in various modes of operation.
• Minimum Boron concentrations to meet the shutdown margin requirements in various
modes of operation.
• Expected critical Boron concentration for a given control rod configuration at criticality
after a trip.

2. Available Resources
The PIS-NEK system runs on two Digital VAX-4200 machines, which by today's standards provide a
relatively modest resource of computational power. The PIS-NEK database contains detailed
Nuclear Energy in Central Europe '98
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information on many measured parameters, which describe the reactor core. The parameters are
available as current values, one-minute average values, ten-minute and one-hour average values. The
reliability and accuracy as input to the calculations needs to be ascertained.
The standard computational tool for design calculations at the "Jozef Stefan" Institute (US) is
the CORD-2 package [1], which is well tested for pressurised water type reactors. It is verified by
design calculations of all cycles of the Krsko NPP. It includes the GNOME R code [2] to calculate the
whole-core power and temperature distributions, including thermohydraulic feedbacks. The general
features and the ability of GNOME R to predict core behaviour during slow reactivity transients have
already been discussed [3]. With only trivial modifications this code was incorporated as a
computational module into the LOADF program. The input cross sections for the calculations are
generated according to the standard design procedures with CORD-2. The LOADF package provides an
interface between the database of the PIS-NEK system and the GNOMER module, to retrieve the
required information about the core operating parameters and to enter the calculated results back into
the database.

3. Implementation
Considering the modest computational power of the PIS-NEK computers, a one-dimensional model of
the reactor core would seem appropriate. However, such a model would inevitably introduce
approximations and "fudge factors" at various stages of the calculations, to force agreement between
measurements and calculations. On the other hand, it has been demonstrated by the design calculations
at the US that good results can be obtained from first principles, when a three-dimensional model is
used. Furthermore, the computers of the PIS-NEK system are likely to be replaced with similar but
more powerful machines. The high efficiency of the computational methods in GNOMER make the
implementation of a three-dimensional model for the calculations feasible even on the existing PIS-NEK
machines, therefore this model was selected for the LOADF package. The additional advantage of such
an approach is the flexibility for possible future extensions, when more computational power becomes
available.
Due to the computational constraints, prediction mode calculations can not be executed in
parallel with normal program operation on the process computer. Provision is made to run the same
software on remote computers. VAX/VMS or PC/DOS environments are supported. By transferring a
dump-file from PIS-NEK to the remote computer, calculations simulating various operation scenarios
can be initiated with starting conditions identical to the real situation, as it appears on the PIS-NEK
system.
The geometrical representation of the reactor core consists of assembly-sized nodes for a core
octant in the radial direction and ten core slices in the axial direction. Real-time operation is possible
without overloading the system when the calculations are repeated at fifteen-minute intervals. This is
adequate to follow any Xenon transients with sufficient accuracy.
The main calculated parameters are the axial power distribution and the relative concentrations
and axial distributions of Xenon and Iodine, corresponding to core conditions, which match as closely as
possible the measured values, retrieved from the PIS-NEK database. All other quantities can be derived
from them and entered into the PIS-NEK database to be available to the operators, if necessary.
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4. Operating Experience
The LOADF program is operational for testing since January 1997. Due to the exceptionally good
operation record of the power plant in 1997/98 there were relatively few transients that would severely
test the performance of the program. The transients included power reduction to 70% during thermal
calibration tests, inlet temperature variation during the moderator temperature coefficient measurement
and reactor coast-down at the end of cycle. In the initial testing phase a few minor modifications to the
calculation flow logic were made. The prediction capability of the program turned out to be very good.
The results at the start-up for the current cycle are presented as an example.
The algorithms of the program turned out to be very efficient and stable. No numerical
instabilities were encountered, in spite of the several layers of nested iterations, which are necessary in
the calculations.
To determine the accuracy of the calculated parameters, it is useful to make a systematic
comparison with the measured values. In the calculation, the power and one additional parameter must
be fixed. This is set equal to the measured value, while the independent parameters provide an indication
of the overall performance of the calculated results. The choice of the fixed parameter depends on the
power level, the validity of the measured data and sometimes on the actual value of the measured
parameters. In addition to the power level, the fixed parameter is either the flux difference, the control
rod position or the Boron concentration. The logic, governing the choice is coded internally in LOADF.
In the top part of Figure 1 the power increase during start-up is displayed. In the bottom part of
the same figure the calculated axial flux difference is compared to the processed signals from the top
and bottom halves of the power range detectors. The comparison demonstrates very good agreement
between measurement and calculation.
In the top part of Figure 2 the calculated and the "measured" Boron concentration are
compared. The Boron concentration retrieved from the PIS-NEK database is not actually the true
measured value, but something that is calculated from various measured flow rates and normalised
periodically to the true measured value, which is entered manually into the database. At present, the
flow rate measurements are incomplete, hence the observed drifts in the "measured" Boron
concentration. As such, this parameter is not suitable as input for the calculations. The situation will
improve in the near future, when the true measured Boron concentration will be systematically fed into
the PIS-NEK database.
The bottom part of Figure 2 displays the comparison between the calculated and the actually
measured D-bank control rod position. The overall agreement is good, except at a few isolated points
where dips are observed. These dips coincide with those in the bottom part of Figure 1. They originate
from the power range detector signals, which are not processed adequately for use in such calculations.
Namely, the processing does not take into account situations when one of the available detector signals
is in test mode operation. The problem has been addressed and eliminated recently.
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5. Conclusions
The current operation experience with the LOADF package for following the operation of the reactor of
the Krsko NPP shows that the main parameters are predicted adequately from the calculations. A
computational cycle takes about four to six minutes of real time, leaving enough reserve in the load of
the process computer when the calculations are repeated at fifteen minute intervals. The algorithms are
insensitive to possible excursions of this period, which might occur when the computer is very heavily
loaded with other tasks of high priority, in combination with large configuration changes, which take
somewhat longer to converge.
Some minor problems were encountered with the data retrieved from the PIS-NEK database.
Namely, the signals from the power range detectors to represent the axial flux difference were not
processed adequately for use by LOADF and the information on the actually measured Boron
concentration is missing. The first of these problems has already been solved. A systematic entry of the
measured Boron concentration data into the PIS-NEK database will be implemented in the near future.
Attention will then be focused on the verification of the other parameters, which are of interest and can
be derived from the results calculated by LOADF.
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ABSTRACT
The Institutt for energiteknikk has developed the core surveillance system SCORPIO, which
has two parallel modes of operation: the Core Follow Mode and the Predictive Mode. The
main motivation behind the development of SCORPIO is to make a practical tool for reactor
operators, which can increase the quality and quantity of information presented on core
status and dynamic behaviour. This can first of all improve plant safety, as undesired core
conditions are detected and prevented. Secondly, more flexible and efficient plant operation
is made possible. The system has been implemented on western PWRs, but the basic concept
is applicable to a wide range of reactors including VVERs: The main differences between
WERs and typical western PWRs with respect to core surveillance requirements are outlined.
The development of a WER version, of SCORPIO has been done in co-operation with the Nuclear Research Institute Rez, and industry partners in the Czech Republic. The first system is
installed at Dukovany NPP, where the Site Acceptance Test was completed 6. March 1998.
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1. INTRODUCTION
The SCORPIO system [1] has been in operation at the Ringhals PWR unit 2 in Sweden since
the end of 1987. In addition, the system has been installed at Nuclear Electric's Sizewell B
PWR in UK and all the 7 NPPs of Duke Power Co. in USA [2].
The development of the VVER version of SCORPIO has been carried out in co-operation with
the Czech partners Nuclear Research Institute (NRI), Skoda and Chemcomex, with the NPP
Dukovany as the target plant. The goal has been to adapt the functionality of SCORPIO to address the particular needs in WERs. The project has been initiated and partly funded by the
Science and Technology Agency (STA), Japan through the OECD NEA assistance program.
The system specification is general covering all W E R type reactors, and the target system has
been prepared such that adaptation to other VVERs, including VVER-1000, can be easily
achieved.
Special characteristics, which have been emphasised for VVERs, are:
• Control of radial power distribution to minimise fluence at the vessel wall may be important in VVERs due to the small diameter of the pressure vessel. In certain operating regimes, it might be desirable, to reduce the load on certain identified leaking fuel rods.
• In VVERs there are a number of fixed in-core neutron detectors and core exit thermocouples, which are used for core surveillance. One problem is to validate the correctness of
these measurements. In Western plants one has reported problems with effective validation
of the exit thermocouples. With a detailed simulator one can use the simulator to calculate
the measurements thus providing analytical redundancy. This increases the possibility of
detecting sensor failures at an early stage. This has been demonstrated in PWRs and
BWRs where the simulator is used to check the status of fixed in-core sensors and other
measurements.
• Thermocouple measurements are more credible in a W E R reactor than in standard western plants due to the shrouds surroundings of the fuel assemblies.
The major new features of the SCORPIO-VVER core surveillance system compared to existing VVER core monitor systems can be summarised as follows
• Improved limit checking and thermal margin calculation
• On-line 3D power distribution calculation based on the same physics model as used for
core design and safety analysis
• Improved validation of plant measurements and identification of sensor failures by utilising
the core simulator as an independent means for calculation of 3D power distribution
• Optimum combination of measurements and calculations to obtain more precise values of
critical parameters
• Predictive capabilities and strategy planning, offering the possibility to check the consequences of operational manoeuvres in advance, prediction of critical parameters, etc.
• Provide interfaces to off-line analysis codes for core loading pattern design, neutron fluence calculations at the reactor vessel wall, etc.
• Integration of modules for monitoring fuel performance.and coolant activity as a means
for detection and identification of fuel failures
As a consequence of these requirements it was decided that the SCORPIO-WER version
should use the core simulator MOBY-DICK. It was also decided to continue using the
PICASSO system as the MMI part of SCORPIO-WER. The old Picasso-2 system was replaced by Picasso-3 [3] which includes much more functionalities than Picasso-2. In addition
two new modules, a new PCI model PES [6] and a primary coolant monitoring system PEP A
[7] were to be integrated with the basic SCORPIO system.
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2. IMPLEMENTATION
The SCORPIO-VVER system consists of autonomous modules, which communicate through
the communication package Software Bus [4]. The main modules in SCORPIO are identified
in the block diagram shown in Fig. 1. A short description of each module follows.
2.1 Core Follow Mode
In the core follow mode, the present core state is calculated based on a combination of instrument signals and a theoretical calculation of the core power distribution. An automatic limit
check against the core state is performed on these data. The operator obtains relevant information on core status through the Man-Machine Interface (MMI) in the form of trend curves,
core map pictures and diagrams displaying margins to operational limits.

Core Follow System

Core Predictive System

Fig. 1. Main Modules of the SCORPIO-WER system
2.1.1 Plant Measurements Input Data
Two modules take care of this task:
The Data Acquisition Module (DAM) is implemented with communication facilities to handle two types of data acquisition units (Hindukus and Temperature Measurements Backup
System) connected by LAN as TCP/IP clients and provides input data for other modules.
Basic functions
• Accepting of multiple client connections
• Preparation of data structures with Hindukus and TMBS signals
• Confirmation of data transfer by special messages
• Periodic updates of communication status information
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• Software Bus interface to other modules for transfer of data and status information
Technical features
• Non-blocking communication with clients, safe in the case of client or LAN malfunction
• Immediate processing of the client message not blocked by other processing (e.g. output)
• A complete message with the Hindukus data processed in less than 100 milliseconds
Following characteristics are checked in a data set received from any client:
• Size of data structure corresponds with predefined data format for this type of client.
• Signal identifiers are in appropriate positions according to predefined data format.
• Data are readable; numbers and arrays are in an appropriate format.
The Input Data Processing Module (TDATP) processes all signals from measurements collected by the DAM.
Basic functions
• Identification of Operational Regime (number of loops in operation etc.)
• Signal conditioning, stabilization, quality checking and validation
• Signal transformation to physical units
• Calculation of primary and secondary circuit parameters including the reactor power
• Calibration of temperature sensors in isothermal reactor states
Both discrete and analogue signals from Hindukus and TMBS are processed. Most important
outputs are temperature and pressure values in all measured locations, linear powers, state of
primary circuit loops, control assemblies positions, boron acid concentration, mean reactor inlet and outlet temperatures, temperature rises, coolant flow rate and reactor thermal power.
Input data validation is performed in two steps, Primary signal checking is based on comparison of values from signal interpretation and maximum reasonable limits. Faulty sensors
are excluded in this step. Advanced method of signal validation is applied to thermocouple and
Self Powered Neutron Detector (SPND) measurements. Credibility factor is assigned to each
measurement using statistical evaluation of measured and calculated values. For thermocouples
and resistance thermometers calibration before the reactor start-up, a special procedure monitors the temperature stabilization process and calculates individual correction coefficients for
sensors.
2.1.2 3D Power Distribution Determination
The main task of this functionality is to supervise calculations of 3D power distribution and
critical boron concentration performed by the core simulator MOBY-DICK on the nodal level.
The 3D Power Reconstruction module (3DREC), activated each basic system cycle (15
sec), provides representative 3D nodal power distribution using validated FA outlet temperature and SPND linear power measurements obtained from ED ATP and the Simulator results.
Basic functions
• Calculation of the reconstructed 3D power distribution by two different methods
• Triggering of Simulator calculation according to changes in the reactor state.
• Triggering of Simulator adaptation according to reactor state and user requests.
Two alternative methods of power reconstruction are implemented in 3DREC. "Traditional"
method is similar to that applied in the VK3 monitoring system,'using "local" interpretation of
validated in-core measurements, with limited support from Simulator calculation. "Advanced"
method, oriented more on "global" interpretation of both measurement types, uses the Simulator results with higher priority. This method is able to reach acceptable results with significantly less number of valid in-core sensors.
The Simulator module (SIM), activated on request from the 3DREC module (usually each
15 min), has been designed in accordance with the following principal requirements:
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• The module is based on universal finite-difference few-group program MOBY-DICK [5].
A simple adaptation procedure has been added to "fit" radial and axial power shapes calculated by SIM to the actual "reconstructed" power distribution. A standard 2-group diffusion data library of off-line MOBY-DICK is utilised.
• SIM performs coarse mesh (nodal) 3D analysis of actual core states. It solves either a 60°
core symmetry segment (standard mode) or the full core (360°) if an explicit perturbation
of core symmetry exists, i.e. if there is a significant asymmetry of core loading or individual CFAs are dropped or misaligned. Switching between symmetries is automatic, and return to the 60° calculation is carried out when symmetrical power distribution is restored
and stabilised. Full core solution is performed with a little simplified core model (with 6
mesh points per FA cross section, instead of 24 points used at SIM symmetrical solution).
• SIM uses standard off-line MOBY-DICK archive files as its initialisation files.
• SIM provides calculated power, neutron flux and burn-up distributions for: 1) "reconstruction" of the representative 3D nodal power distribution (performed in 3DREC); 2)
power distribution "de-homogenisation" (i.e. determination of pin power peaking factors
Fq and FAH, carried out in RECON); 3) signal validation (carried out in ID ATP); 4) evaluation of probability of fuel defects caused by PCI (performed in PES module). In addition,
critical boron concentration calculated by SIM is used to determine the boron concentration in primary circuit, and special input data are prepared for Strategy Generator (SG).
2.1.3 Limit checking and thermal margin calculation
The present NPP Dukovany Specification for operation, such as nodal power peaking limits
and fuel assembly (FA) temperature rise are checked on the basis of the 3D coarse mesh core
follow power distribution [8]. Detailed 3D pin-wise power distribution is produced for determination of Fq and FAH power peaking factors and assessment of all margins to the safety limits
(DNBR, LOCA and saturation temperature) on the basis of subchannel analysis. Detailed pinwise power distribution is processed to provide information for PCI-margin calculation (PES).
Two modules are taking care of this functionality:
The Reconstruction Module (RECON) has the following functions:
• Determination of 3D pin-wise power distribution and pin-wise Fq and FAH
• Transformation from 20 mesh to 7 points for FAs including SPND detectors.
The Check Module (CHECK) has the following functions:
• Traditional checking of nodal power peaking factors ( kq and kv )
• Traditional checking of coolant temperature rise in the fuel assemblies
• New function for assessment of the margins to the safety limits (DNBR, LOCA and saturation temperature )
• Automatic selection of limit values depending on operational mode
• Calculation of transform coefficients for SPND detectors
2.1.4 PCI -margin calculation, PES
The PES module is evaluating local fuel damage probabilities due to pellet cladding interaction.
This module has the following functions:
• Calculation of the conditioned power distribution
• Determination of limits for permitted reactor local and global power change
2.1.5 Primary Coolant Monitoring
The PEPA Module determines the number and type of fuel defects based on the coolant activity analyses (i.e. identification of noble gases and fission products in the coolant).
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2.1.6 Logging of data
The LOG Module collects output data from other modules, maintains an archive of outputs
and provides output to the LAN for other systems and printed text output of selected arrays.
Basic functions
• Asynchronous data capturing from DAM, IDATPD, 3DREC, SIM, CHECK and PES
modules.
• Data sorting (synchronization) in accordance with time stamps in data sets.
• Temporary storage of multiple data sets in memory.
• Short-term (up to 3 days) disk archivation of selected data from sets stored in memory.
• TCP/IP interface for other computers of Unit LAN performing output of selected data.
• Automatic calculations of main reactor state parameters mean values per hour and per
day.
• Automatic recovery after the shutdown - reuse of backups and archive after new start-up.
• Configurable print service for printing of selected arrays in specified time intervals.
Technical features
• Non-blocking communication with clients, safe in the case of client or connection malfunction.
• Input calls are processed with a higher priority than output tasks to eliminate data loss.
• Memory and disk space requirements are controlled by configurable parameters.
When output structures from other modules are received, LOG checks time stamps included in
structures and assembles the archive data sets. Selected data are stored in memory approx. 30
minutes to enable a fast output and then a subset of data is transferred to a disk archive.
Print service of the Logging Unit is able to print or save on the disk selected arrays in periodical intervals or after user request from MMI. Arrays may be printed in various formats and organized in predefined forms according to a specification in the configuration file.
2.2 Predictive Mode
In the predictive mode of operation, the operator can forecast the reactor behaviour during the
coming hours. As no detector signals are available in this case, the accuracy of the predicted
core state depends heavily on the quality of the physics model in the predictive core simulator.
The state is checked against limits, and the predicted behaviour of the core may be analysed by
the operator through a number of dedicated pictures.
2.2.1 Strategy Generator
The main task of the Strategy Generator (SG) is to assist the operators and reactor physicists
to derive various operational strategies that can be verified by the predictive simulator.
The strategy generator employs an extremely simplified core model to suggest control strategies for achieving a given power manoeuvre [9]. Power and xenon-iodine densities are calculated for the upper and lower core halves without solving the neutronics and hydraulic equations. The calculations are based on precalculated coefficients for the reactor's response to
changes in the inlet temperatures, control-rod movements, and boron and xenon concentrations. These coefficients are found by running the off-line MOBY-DICK for various reactor
conditions, and correspond to multidimensional numerical expansion of reactor reactivity.
2.2.2 Predictive simulator
The Predictive Simulator Module (PREDSIM) is based on the MOBY-DICK [5]. It is used
for calculation of 3D power distribution and critical parameters up to 72 hours ahead of current time. The initial conditions are provided by the 3DREC module. The Strategy Generator
module and/or the user himself prepare the necessary input data.
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The predictive simulator can be used to solve 5 different sorts of tasks. These are:
• Solution of load-follow transient without recalculation of critical parameters.
• Solution of a load-follow transient with recalculation of critical parameters
• Calculation of start-up critical boron concentration and concentrations providing selected
subcriticality margins for specified three coolant temperatures and one Bank 6 insertion.
• Calculation of start-up critical Bank 6 positions and positions of Banks 4 to 6 selected
subcriticality margins for specified 3 coolant temperatures and one boron concentration.
• Calculation of shutdown boron concentration at one specified coolant temperature with all
rods out of core.
Tasks 3 and 4 can only be performed at zero power. The predictive tasks can be started in 60°
core symmetry only. To accelerate calculation, 6 mesh points per FA cross section are used.
2.2.3 Limit checking and thermal margin calculation in predictive mode
The Predictive Limit Checking Module is triggered by the PREDSIM. It produces detailed
3D pin-wise power distribution for determination of Fq and FAH power peaking factors and assessment of all margins to the safety limits (DNBR, LOCA and saturation temperature) on the
basis of subchannel analysis.
2.2.4 PCI margin prediction
The Predictive PES module is used to find the minimum difference between limit and linear
power on the detailed pin-wise level. The result is based on initial condition from the PES Core
Follow Module and inputs coming from PREDSIM, the Predictive Limit Checking
Module.
2.2.5 Primary Coolant Activity Prediction
The Predictive PEPA module allows, based on results of the on-line module, calculation of
radioactive nuclide activities in the primary coolant in transient states of the reactor. The transient is defined by using the Strategy Generator.
2.3 Man Machine Interface
The man machine interface has been designed to be used by three different user groups:
© Reactor Operator
© Reactor Physicist © System Supervisor
and to be used in the two operation modes:
O Core Follow
© Predictive
The system was designed such that is easy to use and presentation of information is easy to
understand and read. An example of a SCORPIO-VVER screen is shown in Fig. 2. This picture shows the reconstructed outlet temperatures. The colour of assembly cells has in this case
been selected to indicate the difference between measured and reconstructed temperature rise.
3. CONCLUSIONS
The development of the SCORPIO-VVER system has been going on since the middle of January 1996. The development process has followed a well-defined Quality Assurance Plane.
Dukovany NPP staff has taken part in the requirement specification, reviews, testing and in
coupling of the system to the plant instrumentation. Factory Acceptance Test (FAT) was taking place in the first part of November 1997 and Site Acceptance Test (SAT) was successfully
performed during the first week of March 1998. The system is now implemented on two of the
four units at the Dukovany NPP.
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Fig. 2. The "RPD, Outlet Temperatures" picture
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Abstract
The technical feasibility of a NPP Krsko reload core for a 24-month cycle has been
shown. The equilibrium cycle core model for uprated NPP Krsko conditions using the
computer code package FUMACS has been developed. 24-month equilibrium cycles for split
feed enrichment batches of 68 and 72 fresh fuel assemblies were generated in that models The
analysis of these preliminary loading patterns for 24-month equilibrium cycles showed that it
is possible to design the 24-month cycle cores for the NPP Krsko from a fuel management
standpoint.

1. INTRODUCTION
The operating cycles of nuclear power plants have been extended beyond the original
12-month cycle length. At present most nuclear power plants in the United States operate on
18-month cycles, and some have increased the cycle length to 24 months [1]. Modeling and
design of reload LWR cores for ultra-long operating cycles (from 36-month cycles to 47month cycle) have been recently performed [2].
Longer operating cycles can potentially lessen total power generation costs. By
increasing cycle length in currently operating light water reactors, the outage frequency is
reduced, and the capacity factor is improved, providing an operation and maintenance cost
benefit. On the other hand, fuel with higher enrichment is required, and the fuel fabrication
costs go up. Radiation exposure to site personnel and other costs associated with reload core
design and licensing are also reduced for longer operating cycles.
The extension of operating cycle length to 18 months for NPP Krsko was recently
considered [3, 4] and equilibrium cycle loading patterns for 18-month cycle were generated
[4]. Our intention was to investigate a possibility to implement 24-month cycle in NPP Krsko.
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The existing steam generators of Krsko Nuclear Power Plant will be replaced in the
recent future and at the same time the reactor core power will be increased from current 1876
MW(th) to 1994 MW(th) [3, 5]. This core power uprating will surely impact the nuclear core
design. We have investigated the 24-month reload cycle for NPP Krsko after power uprate.
The average core burnup of 22000 MWd/tU is obtained for uprated conditions of NPP
Krsko 24-month cycle with the assumption of 60 days of outage and capacity factor of 0.85.
An equilibrium cycle to be determined has to satisfy safety limits, which will be valid for the
NPP Krsko uprated condition. We assumed the current value for peaking factors, i.e. 2.34 for
total peaking factor FQ, and 1.53 for enthalpy rise factor F^H. These peaking factors are given
without uncertainties. We also assumed the current maximum values for discharge burnup
(maximum batch discharge burnup of 45000 MWd/tU, and fuel assembly maximum allowed
discharge burnup of 50000 MWd/tU). Keeping the moderator temperature coefficient
negative (the current requirement) may cause additional problems in designing the reactor
core with the outstanding number of burnable absorbers. The use of integral fuel burnable
absorber (IFBA) is supposed. The enrichment limit of 5w/o in U-235 is dictated by spent fuel
pool criticality requirements [6].
The first step in determination of equilibrium cycle is to find a size of the batch (a
number of fuel assemblies). Based on our engineering judgement and taking into account the
maximum discharge burnup and the desired cycle length the batch size of 68 or 72 fuel
assemblies was obtained. In an automated manner, using the methodology described in the
Section 2., loading patterns for NPP Krsko 24-month equilibrium cycles were generated. An
analysis of NPP Krsko 24-month equilibrium cycles is performed is Section 3. Conclusions
are given in Section 4.

2. CALCULATIONAL TOOLS AND METHODOLOGY
The modified computer code package FUMACS V 91.1 [7] is used to model an
equilibrium cycle of the NPP Krsko core for the uprated power conditions. The computer
code package FUMACS encompasses computer codes PSU-LEOPARD and MCRAC. The
computer code PSU-LEOPARD generates group constants (two energy groups), and the
computer code MCRAC is used for global depletion calculations. A simulation of NPP Krsko
core depletion is performed in two-dimensional model with the assumption of octal core
symmetry. An equilibrium cycle is defined as a cycle for which the loading pattern and cycle
length are always the same (not changing from cycle to cycle). The critical boron
concentration curves as well as the power distributions during the cycle are identical to those
from the previous cycle in an ideal equilibrium cycle. The flow diagram for the calculation of
an equilibrium cycle using the computer code package FUMACS is given in Figure 1.

3. ANALYSES OF NPP KRSKO 24-MONTH CYCLE
The equilibrium cycle core model for uprated NPP Krsko conditions using the
computer code package FUMACS has been developed. 24-month equilibrium cycle cores for
batches of 68 and 72 fresh fuel assemblies were generated in that model. It was not possible to
design loading patterns with single enrichment batch due to the power peaking factor
problems. Therefore the split feed enrichment option was introduced. The loading pattern
with 68 fresh fuel assemblies (28 fuel assemblies with 4.3 w/o U-235 and 40 fuel assemblies
with 4.7 w/o U-235) is shown in Fig. 2. After one cycle in the core 15 assemblies are
discharged whereas the other 53 assemblies are partly moved to the core periphery and partly
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moved to the core interior in the checkerboard manner, for a second cycle. In this way, the
periphery runs at low power, and the vessel fluence is reduced. Fig. 3 shows how critical
boron concentration and nuclear enthalpy rise peaking factor depend of core burnup. The
loading pattern contains 8288 integral fuel burnable absorbers (EFBA) rods primarily used to
lower the beginning of cycle (BOC) critical boron concentration, which is still rather high
(1940 ppm) and might cause positive moderator temperature reactivity coefficient. A large
number of IFB A rods in the reactor core make a control of power peaking factor during the
cycle extremely difficult. To decrease the number of IFB A rods it is recommended to increase
the boron loading, for example by using the enriched boron. The average discharge burnup for
68 fresh fuel assembly batch is approximately 39000 MWd/tU.
The loading pattern with 72 fresh fuel assemblies (24 fuel assemblies with 4.3 w/o U235 and 48 fuel assemblies with 4.7 w/o U-235 is shown in Fig. 4. After one cycle in the core
23 assemblies are discharged whereas the other 49 assemblies are partly moved to the core
periphery and partly moved to the core interior in the checkerboard manner, for a second
cycle. Fig. 5. shows how critical boron concentration and nuclear enthalpy rise peaking factor
depend of core burnup. The loading pattern contains 8288 integral fuel burnable absorbers
(IFBA) rods. The beginning of cycle (BOC) critical boron concentration is also rather high
(2023 ppm). The average discharge burnup for 72 fresh fuel assembly batch is approximately
37000 MWd/tU.
Both developed cores keep burnup below current licensing limits, and meet the basic
physics and thermal-hydraulics design criteria in the FUMACS model. These results should
be considered as preliminary estimates, due to the scoping nature of the FUMACS code
package.
The economic analysis, which includes operating and maintenance savings as well as
fuel costs, shows that on a yearly basis these cores are more expensive than the 18-month,
three-batch core with the same operational parameters (refueling outage length and
availability factor). These cores would become economically competitive with standard 18month cycles if SWU cost would drop, or if introduction of 24-month cycle would result in
the significant increase of availability factor.

4. CONCLUSIONS
The equilibrium cycle core model for uprated NPP Krsko conditions using the
computer code package FUMACS has been developed. 24-month equilibrium cycles for split
feed enrichment batches of 68 and 72 fresh fuel assemblies were generated in that model.
The analysis of these preliminary loading patterns for 24-month equilibrium cycles
showed that it is possible to design the 24-month cycle cores for the NPP Krsko from a fuel
management standpoint. The burnup, power distribution, and peaking factors generated with
the preliminary low leakage loading patterns indicate that these parameters will not preclude
the design and operation of 24-month cycle.
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Analysis of VENUS-3 Benchmark Experiment
I. Kodeli
Institut Jozef Stefan.
Jamova 39, 1111 Ljubljana, Slovenia
E. Sartori
OECD/NEA-DB,
12 Boulevard des lies, 92130 Issy-les-Moulineaux, France

A B S T R A C T - The paper presents the revision and the analysis of VENUS-3 benchmark
experiment performed at CEN/SCK, Mol (Belgium). This benchmark was found to be particularly suitable for validation of current calculational tools like 3-D neutron transport codes,
and in particular of the 3D sensitivity and uncertainty analysis code developed within the
EFF project. The compilation of the integral experiment was integrated into the SINBAD
electronic data base for storing and retrieving information about the shielding experiments
for nuclear systems. SINBAD now includes 33 reviewed benchmark descriptions and several
compilations waiting for the review, among them many benchmarks relevant for pressure
vessel dosimetry system validation.

1. Introduction
Computational methodologies used in reactor pressure vessel neutron fiuence calculations are usually checked against surveillance capsule and/or cavity dosimetry measurements. These measurements, although being the closest representation of the real
pressure vessel neutron environment, have the inconvenience of relatively large uncertainties associated to the calculated neutron fiuence. These include, besides generic
uncertainties (like nuclear data, radiation source), also plant specific uncertainties (e.g.
material compositions, dimensions, operating conditions) which are complex and often
difficult to establish precisely [1], [2].
The recommended way to determine the quality and merit of the data files, including
cross sections, radiation sources, etc., as well as of calculational procedures is to test
them against some well defined benchmark experiments and shield design problems.

Nuclear Energy in Central Europe '98

115

The advantage of benchmarks is that the uncertainties, other than those due to the
nuclear data, are reduced considerably. They can thus provide indications on needed
nuclear data adjustments more accurately, and can serve as test of the computational
methods and their ability to meet required standards and safety regulations.
The "lifetime" of well defined benchmark experiments is usually in addition much
longer than that of nuclear data libraries, basic data evaluations and computer codes
and methods. Although designed to validate some specific computational methods and
data at a given time, benchmark experiments do not become obsolete but can very well
serve for testing further methods or data that will be developed and produced later.
This shows the importance of preserving and making easily accessible the information
on these benchmarks.
The SINBAD project [3] (A Shielding Integral Benchmark Archive and Database for
PCs) operated by the Oak Ridge National Laboratory's Radiation Safety Information
Computational Center (RSICC) and the OECD/NEA Data Bank was started with
the objective to develop an electronic data base for storing and retrieving information
about the shielding experiments for nuclear systems. The SINBAD data base includes
description of experiments, experimental results, and calculational models, as well as
stores relevant figures and reports in the digitized page image form.
An integral part of the SINBAD project involves the development of an experimental data base for the reactor pressure vessel dosimetry. The benchmarks relevant for
pressure vessel dosimetry system validation are listed in Table 1.
An example of the revision and the analysis of VENUS-3 benchmark [4] [5] is given
in this paper. In the mockup, the rods of peripheral assemblies were replaced by partial length shielded assemblies (PLSA) made of half a length of stainless steel and half
a length of UO2 fuel. VENUS-3 was designed essentially to test the refueling patterns reducing the pressure vessel exposure and the ability of the fluence-rate synthesis
procedure based on 2-D/l-D calculations to predict adequately 3-D geometry effects.
In recent years important progress has been made concerning discrete ordinates and
Monte Carlo radiation transport codes. Some powerful 3-D codes were developed, like
TORT [6], THREEDANT [7] and were released through RSICC and NEA-DB. Instead
of a series of 1-D and 2-D discrete ordinates calculations, a single one should now be
sufficient.

2. VENUS-3 Relative Power Distribution
VENUS-3 was revised to be used for validation of current calculational tools.
Firstly, a complete 3-D map of the neutron source in the VENUS core was established. The VENUS-3 power distribution was fully measured only at two (out of 14)
axial levels [8]: at the axial level corresponding to the mid-plane of the lower-PLSA
part of the core loading and at the one corresponding to the mid-plane of the upper
part of the core loading. In addition to the two X-Y radial distributions, the full axial
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power distribution was measured at 374 fuel pin locations, out of the total of 639 fuel
pins comprised in the 1/4 of the reactor core.
In order to establish a complete 3-D map of the power distribution in the VENUS
core, an extrapolation procedure, based on the RECOG-ORNL code [9] was used.
This procedure permitted at the same time to detect some suspicious or faulty values,
transcription errors, as well as to give an idea of the accuracy of the neutron source.
RECOG-ORNL is a general purpose pattern recognition code. Various methods for
data analysis, preprocessing and display of data, unsupervised and supervised learning
are available in the code. For our purpose basically LEAST and LLOOST supervised
learning techniques were used. The techniques use known information about some of
the data to generate predicted properties for an unknown set. LEAST calculates the
predicted properties from the augmented variables of the pattern set. The relationship
between predicted properties and augmented variables is deduced from the training set
(measured set in our case), and is then applied to the nontraining set (missing power
distributions).
LLOOST performs leave-out statistics on a pattern set. One (or more) patterns can
be left out, and the same algorithm as in LEAST is used to predict their properties.
This permits to check the validity of the method and the precision of the estimations.
This technique gives an insight into the precision of the nuclear source data. It permitted also to detect some transcription errors and inconsistencies.
The source data file was prepared in a format suitable for transport codes. It
contains the measured values, where available, and RECOG predicted values elsewhere.
Relative nuclear power distribution, normalized to the core averaged power of one
fission per second per active pin, is given for each fuel pin position and for 14 axial
levels (see Figure 1).
In addition, an information on the accuracy of these values was evaluated in the
following way: where the measured values were available the 'uncertainties' were determined as the % difference between the neutron source values calculated by RECOG
code and the measured values obtained from SCK/CEN. Elsewhere the uncertainty of
the extrapolation procedure in RECOG was estimated to +-5% [5].

3. Sensitivity/Uncertainty Analysis of VENUS-3
The transport methods are combined with sensitivity analysis; the combined application has proved very useful if not necessary in order to establish reliable safety
margins for the measured and calculated values, as well as to determine to what extent
the benchmark experiment is representative of the real nuclear reactor environment. A
procedure which has been extensively used in uncertainty analysis for pressure vessel
dosimetry is based on TWODANT, DOT, SUSD, ZOTT codes and the VITAMINJ/COVA covariance matrix library [10], [11], [12], [2]. This system has been recently
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updated to include full 3-D sensitivity/uncertainty analysis [13]. The present version
of the code can thus use angular flux or flux moment files calculated by discrete ordinates codes ANISN, DOT, TWODANT and TORT. Use of angular moment files
instead of bulky angular flux files produced by these codes reduces considerably the
size of the files required and represents an acceptable approximation for the problem
type analysed here.
The first results of the sensitivity and uncertainty analysis are given in Table 1.
The direct and adjoint transport calculations were performed using TORT code [6].
To save computer space and CPU time only very basic 5V approximations were chosen
(S4.Pi). Cross-sections were taken from the BUGLE-96 [14] library (47 neutron energy
groups). VENUS-3 was described in rectangular (x-y-z) geometry, using variable space
mesh.
Uncertainties due to the ENDF/B-V neutron fission source spectrum used was calculated assuming the uncertainties of 1.2% in the parameter A of the Watt distribution
function, and of 5.9% in the parameter B [15]. The sensitivities were therefore expressed
as the product of the adjoint fluxes and the sensitivity functions (derivatives) of the
Watt spectrum distribution with respect to the parameters A and B [16].
The source space distribution uncertainties depend on the location in the reactor.
These amount to about 3 % in the core barrel.
Detector response function covariances used to evaluate the uncertainties in the
response functions were taken from IRDF 90.2 evaluation [17].

4. Conclusions
Due to its 3-D complexity VENUS-3 is well suited for validating dosimetry calculational methods using full geometry modelling.
The complete information including the geometry description, material composition, neutron source distribution, as well as examples of the calculations were prepared
and will be included into the SINBAD data base to be available worldwide. The data
to be included in the VENUS-3 SINBAD compilation was already verified by using it
in transport calculations. The sensitivity and uncertainty studies which were started
at the same time provide useful supplementary information on the benchmark experiment and measured quantities. Up to now the uncertainties due to the source space
and energy distributions, and response functions were established. The sensitivity and
uncertainty studies with respect to the transport cross-sections are still under-way.
By comparing the VENUS-3 sensitivity and uncertainty analysis with the similar ones performed in the scope of the reactor pressure vessel surveillance [1], [2] the
representativity of VENUS-3 with respect to the real reactor environment can be determined.
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Table 1: Results of uncertainty analysis: uncertainties due to the neutron source energy
and space distributions, response functions and cross sections were taken into account.

Uncertainty (%)

Source of
uncertainty

$ > lMeV
Fission spectrum
Source space
distribution
Absolute
power
Response function
Cross
H
sections
0
Fe
Total

4.4

27

5S

Al(n,a)

Ni(n,p)

12

n5

In(n,n')

6.5

4.4

~ 1.5 - 4
1
0
1.9
0.6
2

1.4
1.1
1.6
5

2.5
1.4
0.7
2.5

2.2
1.6
0.5
2.1

~7

~ 14

~ 9

~ 8
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Figure 1. X-Y radial relative power distributions at axial levels 1 (above) and 9 (below).
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Figure 2. Neutron source distribution in the VENUS-3 core multiplied by the neutron source importance function
(adjoint flux). Adjoint source was the Ni-58(n,p) response function in the inner buffle at z=l 14.5 cm (above) and
Al-27(n,a) response function in the core barrel at z= 131.5 cm (below). The sum over all axial levels in the core
(from z=105 cm to 155 cm) is presented.
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Evaluation of Rod Insertion Issue for NPP Krsko
Ales Gunstek, Bojan Kurincic
Krsko Nuclear Power Plant
Krsko, Slovenija

Abstract
The last couple of years incidents with control rods sticking in lower part of the fuel assemblies have been
reported of several reactor operators and fuel vendors throughout of the world.
Several activities were initiated immediately to determine the root cause of incomplete rod insertion. The
purpose of this activities were to collect plants trip history data and testing results, review of available
worldwide experience, review of plant operation and fuel management, detailed review of manufacturing
and material property and to maintain detailed mechanical model.
In this paper, we will present activities in Nuclear Power Plant KrSko which have been performed after
NRC initiated the Root Cause Process (NRC Bulletin 96-01). NPP Krsko has not experienced rod insertion
anomaly yet but anyway the additional tests were carried out. Rod drop time measurements that were
performed normally at beginning of cycle at nominal temperature and pressure (HSB mode) have been
extended also to end of cycle. Rod drop time, velocity of dropped rods and magnitudes of the initial recoil
bounces vs. burnup were also analyzed. Also RCCA drag test with the upper internals in place and drive
shafts attached to RCCAs has been performed since then. At last two outages (1997 and 1998) drag test
were carried out with digital scale meter to gather additional information.
In addition to that, the reload core design has been performed with new constraints on rodded fuel
assembly burnup as proposed by the industry.

1. Introduction
Pressurized Water Reactor design uses Rod Control Cluster Assemblies within selected fuel
assemblies to compensate for reactivity changes due to variations in reactor operating conditions
(power and temperature variations) and to provide shutdown capability on a reactor trip. The control
rods provide the very rapid negative reactivity insertion required under plant transient and accident
situations. As much, their operability must be ensured under those conditions. Typically, a Control
Rod Assembly used in PWRs consists of multiple, individual absorber rods joined to a common
fitting.
Number of RCCAs used is a function of the size of the reactor and core design. RCCA insertion on a
plant trip is provided by gravity. RCCAs move within thimble tubes inside their respective fuel
assembly and are connected to drive rods which extend upward into the Control Rod Drive
Mechanisms (CRDM). Stationary and Movable Grippers inside the CRDM provide RCCA movement
and holding capability. When electrical power is removed from the CRDM, as in a plant Trip, the
RCCAs fall into the core. RCCA position is provided by Rod Position Indicators (RPI) and, after a
plant Trip, Rod Bottom Lights.
During the past years, some nuclear power plants identified poor RCCAs performance that is indicated
through the increase of insertion time or RCCAs failing to fully insert upon demand. It means that
some RCCAs did not fully insert on reactor trip and stopped few steps from fully inserted position.
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On the April 1993 to March 1994 three US plants have experienced crud deposit in the Control Rod
Drive Mechanism (CRMD) leading to increasing rod drop times.
A total of seven of Electricite de Frances plants were affected by RCCAs either jamming near the top
of the active fuel region or dropping part way into the core in 1995 and 1996. The cause is believed to
be a malfunction of the CRDM itself.
Four units operated by EdF in France have experienced significant RCCAs sticking. The cause is
believed to be excessive guide thimble tube distortion in the dashpot region due to high axial
compressive loads on the fuel assemblies.
RCCAs sticking in the lower dashpot region following a reactor scram and increased drop time is
appeared at two Belgium three-loop Westinghouse design plants too. Drop time degradation and
sticking was a consequence of fuel assembly distortion.
The Ringhals 3 and 4 units located in Sweden are three-loop Westinghouse plants operating at 960
MWe. On August 22, 1994, a control rod at Unit 4 did not fully insert when the reactor scrammed
from 51 percent reactor power. Control Rod jammed 18 steps from the fully inserted position. During
subsequent hot rod-drop testing the same rod jammed 24 steps from the fully inserted position and
three other control rods jammed between 6 and 12 steps withdrawn.
Subsequent investigation revealed that the affected fuel assemblies had bowed to a slight
S-shape. Bowing that affected the control rod insertion was detected only in fuel with burnup greater
than 34.000 MWD/MTU. Neutron irradiation causes fuel assemblies growth thus increasing axial
force on fuel assembly with fuel burnup. The S-shaped bowing of the fuel assemblies and control rod
guide thimbles causes increase in friction.
On December 18, 1995 South Texas Unit 1 tripped for reasons unrelated to RCCA function from 100
percent power. Operators noted that three of control rod assemblies did not fully insert on the trip. All
three RCCAs stopped six steps from the bottom of core. One rod did drift into the fully inserted rod
bottom position within one hour, and the other two rods were manually inserted later. All three
RCCAs were located in fuel assemblies with burnup greater than 42.880 MWD/MTU.
On January 30, 1996, after a manual scram from 80 percent power at Wolf Creek, five control rod
assemblies failed to fully insert. Two rods remained at six steps withdrawn, two at 12 steps, and one at
18 steps. All affected rods drifted to fully inserted position within 78 minutes. All the control rods that
failed to fully insert were in the fuel assemblies with burnup greater than 47.000 MWD/MTU on their
third operating cycle.

2. Industry response on IRI
Westinghouse (WOG) and respective licenses are pursuing the root cause identification of South
Texas Unit 1 and Wolf Creek evens and safety significance of the recent control rod events where rods
have not bottomed following a trip.
Possible root causes are:
• fuel assembly guide tube bow
• control rod degradation
• debris or foreign materials
• corrosion products
• thimble tube distortion; fuel rod to thimble tube differential growth and thimble
tube to thimble tube differential growth
• reduction in thimble tube diameter and design tolerances
• excessive axial force
In March 1996 the NRC issued Bulletin 96-01; 'Control Rod Insertion Problems' with the purpose to
alert utilities on problems encountered during recent events in which control rods failed to fully insert
on a reactor trip signal and request utilities to prove the operability of control rods, particularly in high
burnup fuel assemblies.
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To ensure, that the required shutdown margin is maintained during a reactor trip, all licensees of
Westinghouse designed plants were requested to take the following actions:
1. Promptly inform operators of recent IRI events and provide training as necessary
2. Promptly determine the continued operability of control rods based on current information of:
- beginning of cycle rod drop testing
- performance of RCCA stepping tests
- recent trip data
- any anomalous behavior or RCCA changeout during refueling operations
- current cycle burnup in rodded locations
- excess shutdown margin for current core design
3. Measure and evaluate at each outage of sufficient duration, the control rod drop times and rod
recoil data for all control rods and drag force data on rodded fuel assemblies with burnup at
least 40.000 MWD/MTU.
4. Upon a reactor trip, verify that all control rods have promptly fully inserted and obtain other
available information to assess the operability and the performance trend of the rods.

3. NPP Krsko activities and testing results
Krsko Nuclear Power Plant is two-loop Westinghouse design NSSS operating at 1876 MW thermal
core power, which results in approximately 632 MW of net electrical power.
The reactor of NPP Krsko consists of 121 Westinghouse standard fuel assemblies with some Vantage
features (e.g.; Integrated Fuel Burnable Absorbers, Natural blankets, Debris Filter Bottom Nozzle,
Zirlo cladding, etc.). Each fuel assembly consists of a 16x16 array composed of 235 fuel rods, 20 rod
cluster control (RCC) guide thimbles, and an incore instrumentation thimble. The active fuel length is
365.76 cm and the extension of the dashpot is 60.9 cm from top of bottom nozzle.

Figure 1. KRSKO Rod Cluster Control Assembly and Full Length RCC and Drive
Rod Assembly with interfacing components
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The material of fuel rods clad, RCC guide thimbles and instrumentation thimble is Zircaloy-4,
improved Zircaloy-4 and ZIRLO™ (since cycle 14). There are 33 Rod Cluster Control Assemblies, or
control rods (Figure 1).
The absorber material in the control rods is an alloy of 80 w/o silver, 15 w/o indium and
5 w/o cadmium. The control rods are clad in type-304 stainless steel.
The various Control Rods Assemblies are arranged in symmetrical located groups, or banks. Banks D,
C, B and A are termed the control banks and are moved in a fixed sequential pattern to control the
reactor. The remaining rods SA and SB are termed the shutdown banks. The location of all control
rods is shown in Figure 2.
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Figure 2. KRSKO Control and Shutdown Rod Locations
After NRC Bulletin 96-01 issued, all necessary requested actions were implemented atNPP Krsko.
At the beginning of cycle 12 (May 1995), NEK performed Hot Rod Drop Time Measurement
according to NEK Standard operating Procedure STS-5.002 at Mode 3, HSB conditions.
The purpose of this test is to measure the rod drop time prior to first criticality in new operating cycle.
The maximum rodded fuel assembly burnup was 35.100 MWD/MTU. According to NEK Technical
Specification acceptance criteria for rod drop time to dashpot region is 2.8s. Drop time is evaluated
through the traces on strip chart recorder. (Figure 3).
Voltage induced in DRPI coils has been scanned to determine the velocity of the RCCA assemblies as
a function of axial position. The investigation of results of the drop testing traces of all 33 RCCAs
showed that there is no deviation from a normal drop behavior. The rod accelerates quickly until the
hydraulic forces start to out balance the force from gravity. Than the rod only slowly increase its
velocity. At the dashpot entrance velocity very rapid decreases due to hydraulic resistance until the
spider hub contacts and recoils from the top nozzle. The magnitude of the initial recoil bounce and
quantity of subsequent bounces were almost the same for all RCC assemblies regardless fuel assembly
burnup.
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Figure 3. Typical NEK Rod Drop behavior

Maximum drop time to dashpot region was 1.54 s. Results presented in Figure 4 show no correlation
between drop times and burnup of RCCA rodded fuel assemblies.

Rod Drop Time to Dashpot vs. Burnup
NEK BOL Cycle 12, May 1995
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35O0O

Bumup (MWD/MTU)

Figure 4. Rod Drop Time to Dashpot vs. Burnup; NEK BOL Cycle 12, May 1995
RCCA stepping tests results according to procedure OSP-3.4.203 'Control Rod Partial Movement
Monthly Test', during cycle 12 were reviewed. There were no anomalies reported during RCCA
movement.
There were two reactor trips during cycle 12. From 'On-site Event Reports', there was not any
problems with automatic insertion on RCCAs following reactor trip signal.
No anomalous behavior on RCCA changeout during refueling operations were noticed.
Table 1 contains a major information about rodded locations for Cycle 12. Nine Fuel Assemblies have
reached more than 40.000 MWD/MTU burnup at the EOC 12. All of these high burned assemblies
were in bank C and D.
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L31
L25
L30
L27
J28
L20
L15
L24
L29

HfJRCGA *. ^.CoreXoc.41*
R2
G-03
R5
J-04
R7
J-10
RL6
C-07
R19
G-07
R22
G-ll
R25
D-04
R30
D-10
R33
K-07

«BOOJBo.fc
D
C
C
D
C
D
C
C

28082
34874
35062
28269
32251
28232
34894
35056
28263

D

41237
46129
46128
41220
44862
41223
46093
46128
41223

Table 1. Major information about rodded locations for Cycle 12
Shutdown margin is the most important safety analyses parameter relative to this issue. Once in the
dashpot region the RCCAs provide only minimal additional negative reactivity and sufficient
shutdown margin exist such the plant safety was not challenged. The amount of uninserted worth is
small relative to the design basis assumption of a worst stuck rod.
Conservative calculation of excess shutdown margin for cycle 12 core was performed. It was
confirmed that the conservatism in the design bases shutdown margin is sufficient to bound the events
with sticking control rods in lower part (dashpot region) of fuel assemblies.
Many measurements on RCCA were performed within the sphere of response to request 3. of NRC
Bulletin 96-01. Rod drop time measurements that were performed normally at the beginning of cycie
have been extended also to end of cycle. Addition to that, RCCA drag test has been performed. NPP
Krsko performed the following measurements:
• May 1996 - Rod Drop Time Measurement at EOL of cycle 12
• July 1996 - Rod Drop Time Measurement at BOL of cycle 13
• May 1997 - Rod Drop Time Measurement at EOL of cycle 13
• June 1997 - Rod Drop Time Measurement at BOL of cycle 14
- Drag Force Measurement with Upper Internals in place
at BOL of cycle 14
• May 1998 - Drag Force Measurement with Upper Internals in place
for selected fuel assemblies at EOL of cycle 14 and BOL of cycle 15
- Rod Drop Time Measurement at BOL of cycle 15
All results of this as well as rod drop measurements at the BOL 12 are presented in Figure 5.
Rod Drop Time to Dashpot vs. Burnup
NEK BOL12, EOL12, BOL13, EOL13, BOL14, BOLI5
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Figure 5. Rod Drop Time to Dashpot vs. Burnup NEK BOL12 - BOL15
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All control rods (33) at corresponding core locations were involved in Rod Drop Measurements. The
test conditions were the same. The plant was in mode 3 (HSB) at nominal RCS pressure (157 kp/cm ),
temperature (290°C) and 100% flow. All RCCA assemblies reached dashpot area within Technical
Specification (TS) requirements (2.8s) and all velocity traces seemed normal.
Small variations seen in drop times between different test occasions could solely be attributed to the
inaccuracy of the method. A statistical analysis of all data inside particular measurement showed that
standard deviation was not greater than 0.036 seconds.
From the plants experienced IRI it was believed that the drop time testing was accurate enough to
detect degradation before it could lead to a situation giving a sticking problem. Following the drop
testing results analysis at NPP Krsko there is no evidence to potential IRI event.
NPP Krsko has not experienced rod insertion anomaly yet but anyway the additional tests were carried
out. At the beginning of cycles 14 and 15 Drag Test with upper internals in place was performed. All
of 33 RCCAs positions were selected. The core loading was completed. After installation of the
reactor upper internals, each RCCA was coupled to its drive rod assembly. Each coupled RCCA and
drive rod assembly was drag tested by slowly raising for approximately 300 cm, then slowly lowering
until RCCA was inserted again.
The 'drag test' is performed to ensure coupling of the drive lines and to verify that each unit is moving
freely.
A digital load cell MSI-4300 Porta-Weight Plus has been used in conjunction with the hoist to
withdraw or insert the RCCA from or to the fuel assembly. The selected RCCAs were latched with a
handling tool. PC computer has been used for data acquisition and storage the sampling data of total
weight. Measurements were taken to show drag force as a function of axial position.
The evaluation of the drag force characteristics showed, that the friction at the top of the fuel assembly
was low and remained more than less constant until the rod reached the dashpot where the force
increased to higher values.
Typical drag force characteristic as a function of axial position for NEK fuel is graphed in Figure 6.
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Figure 6. Drag force characteristics, typical for NEK
Measurement was also performed at the end of cycle 14 on ten assemblies, selected based on
maximum burnup at EOL 14.
The maximum acceptable drag load per Fuel Specifications is 40 pounds (188N) for rods out of
dashpot and 100 pounds (445N) for rods in dashpot region.
The upper guide thimble drag loads were 13 pounds or less while the dashpot drag loads were 27
pounds or less for all assemblies tested, so this is so far from Fuel Specifications criteria.
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Results represented on Figure 7 and 8 indicate that there is no correlation between drag loads and
assembly burnup.
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Figure 7. Upper Guide Thimble Drag vs. Dashpot Drag
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Figure 8. Upper Guide Thimble and Dashpot Drag vs. Burnup
Additional constrains had been set for nuclear core designer to prevent IRI. Since cycle 13 all NEK
cores have been designed with the limit on high burnup of 40 GWD/MTU on rodded fuel assemblies.
In February 1998 testing relaxation was issued by WOG which recommends RCCAs measurement
only on fuel assemblies with accumulated at least 43.300 MWD/MTU burnup for W fuel with
Zircaloy guide tubes without IFM grids and 52.000 MWD/MTU burnup for W fuel with Zirlo™ guide
tubes without IFM. This has an influence on future Core Loading Patterns which are designed to limit
the burnup in rodded assemblies below to the threshold values proposed by WOG.
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In the cycle 15 (current) NEK loaded modified fuel with Zirlo™ fuel rods cladding and thimble tubes.
Zirlo™ has improved characteristic of creep, corrosion and growth, and therefore would result in
reduced thimble tube distortion too.

4. Conclusions
Results of testing and evaluations at Nuclear Power Plant Krsko indicate that NEK fuel is not
susceptible to IRI phenomena. We did not find any degradation leading to impaired RCCAs
performance.
There is no correlation between rod drop time and burnup of fuel assembly. The shape of rod drop
curve is independent of burnup. From the current industry experiences, drop time within 120% of the
minimum drop time and the presence of recoil is sufficient to show RCCA insertability. This was
reached in all rod drop measurements.
There is no correlation between drag forces in dashpot and upper guide region and burnup. Drag
forces are so far from maximum acceptable drag loads per Fuel specifications.
Nuclear design is prepared to the WOG guidance that limits the burnup in rodded assemblies. New
fuel applied in NEK (Zirlo™) has even better performance and is even less susceptible to IRI
phenomena.
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ABSTRACT - The CORD-2 package has been extended with the possibility
of a cycle specific neutron macroscopic cross section library as an additional
option to the standard sequence of calculation. The cross section library is
generated with the standard calculational procedure at three specific
operating conditions (hot full power, hot zero power and cold zero power)
and at several cycle burnup steps. Nodal cross sections at any other
operating conditions are obtained by modification of the cross sections with
the reactivity coefficient method and suitable interpolation.

1. Introduction
The CORD-2 package[1] developed at our institute has been veritied tor
design calculations of PWR cores. Since the system was designed to be
flexible and as accurate as possible, it does not rely on macroscopic cross
sections library. Instead, the concept of an isotopic composition library was
adopted. For each problem to be solved, only cell isotopic composition is
retrieved from a precomputed library. Everything else (cell cross sections
determination, assembly cross section homogenization, global diffusion
calculation) is performed on case by case basis. In this standard sequence
of calculation, Xenon and power feedback effects are mainly calculated by
the WIMS[2] code. Only small local perturbations to accurately account for
thermohydroulic and neutronic coupling are covered by reactivity coefficient
method (RCM)[3] applied in the diffusion code GNQMER[4].
The concept proved to be successful for typical design calculations of reload
cores, where only relatively limited number of cases need to be examined.
However, for some specific problems, such as loading pattern determination,
3-D dynamic and kinetic problems, efficiency of the system is not sufficient
to be practical. Since the recently refined reactivity coefficient method[3]

Nuclear Energy in Central Europe '98

133

proved to be sufficiently accurate, the implementation of a cycle specific
cross section library was investigated.
The macroscopic cross section library is generated with the standard
calculational procedure at three specific operating conditions (HFP - Hot Full
Power, HZP - Hot Zero Power and CZP - Cold Zero Power) and at several
cycle burnup steps. Nodal cross sections at any other operating conditions
are obtained by modification of the cross sections with the reactivity
coefficient method and suitable interpolation.

2. Cross section verification
Accuracy of the concept was tested on several cases which normally arise
during the process of the nuclear design. Results of calculations (marked as
RCM) are compared with results based on the standard sequence of
calculations with CORD-2 package (marked as CORD-2) in a typical Krsko
NPP reload cycle.

2.1 Zero power conditions
Comparison of the critical boron concentrations for the Ail Rods Out (ARO)
and All Rods In (ARI) configuration at the Beginning, Middle and End Of
Cycle (BOC, MOC, EOC) conditions are shown in Tables 1 and 2.
Temperature was varied over the entire CZP-HZP range. Maximal difference
for the ARO condition is 9 ppm and 22 ppm for the ARI case. Observed
differences are within the accuracy of the CORD-2 package and lie well
within standard 50 ppm review criteria.

Table 1: Comparison of the ARO critical boron concentrations at BOC, MOC
and EOC.

T
[deg.C]
21
60
93
149
177
204
- 260
292

134

CORD-2
[ppm]
2110
2117
2127
2150
2163
2170
2169
2137

BOC
RCM
[ppm]
2110
2123
2135
2157
2168
2173
2172
2137

DIFF. CORD-2
[ppm] [ppm]
0
1650
6
1650
1649
8
7
1647
5
1643
3
1631
3
1569
0
1482

MOC
RCM
[ppm]
1650
1656
1658
1653
1645
1630
1570
1482

DIFF. CORD-2
[ppm] [ppm]
1234
0
1226
6
9
1216
1192
6
1174
2
-1
1144
1
1034
905
0

EOC
RCM
[ppm]
1233
1232
1225
1196
1172
1140
1033
904

DIFF.
[ppm]
-1
6
9
4
-2
-4
-1
-1
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Table 2: Comparison of the ARI critical boron concentrations at BOC, MOC
and EOC.

T
[deg.C]
21
60
93
149
177
204
260
292

CORD-2
[ppm]
1370
1349
1327
1275
1240
1192
1031
858

BOC
RCM
[ppm]
1365
1354
1334
1278
1237
1185
1028
853

DIFF. CORD-2
[ppm] [ppm]
-5
912
5
883
7
850
3
774
-3
724
-7
656
438
-3
-5
214

MOC
RCM
[ppm]
912
893
863
780
723
652
442
221

DIFF. CORD-2
[ppm] [ppm]
0
528
10
492
13
452
6
356
-1
293
-4
210
4
-49
7
-309

EOC
RCM
[ppm]
533
508
471
369
299
215
-32
-287

DIFF.
[PPm]
5
16
19
13
6
5
17
22

Comparison of the isothermal temperature defect (Tables 3 and 4) shows
similar behavior. Maximal difference is 120 pcm for the ARO case and 132
pcm for the ARI condition. All four tables also implicitly show acceptable
discrepancies in boron reactivity coefficient and control rod worths.

Table 3: Comparison of the ARO isothermal temperature defect at BOC,
MOC and EOC.

T
[deg.C]
21
60
93
149
177
204
260
292

CORD-2
[pcm]
210
245
288
393
440
439
291
0

BOC
RCM DIFF. CORD-2
[pcm] [pcm] [pcm]
205 -5
1591
293 48
1548
358 70
1499
1391
451 58
475 35
1309
461 22
1157
313 22
610
0 0
0

MOC
RCM
DIFF. CORD-2
[pcm] [pcm] [pcm]
1597
6
3391
1618 70
3224
1591 92
3038
1447 56
2628
1327 18
2371
1156 -1
2022
625 15
983
0 0
0

EOC
RCM
DIFF.
[pcm] [pcm]
3410 19
3323 99
3158 120
2688 60
2377
6
2004 -18
995 12
0 0

Table 4: Comparison of the ARI isothermal temperature defect at BOC, MOC
and EOC.

T
[deg.C]
21
60
93
149
177
204
260
292

CORD-2
[pcm]
1686
1617
1550
1417
1327
1169
614
0

BOC
RCM DIFF. CORD-2
[pcm] [pcm] [pcm]
1681 -5
2975
1678 61
2832
1635 85
2678
1475 58
2347
1350 23
2137
1175 6
1838
633 19
912
0 0
0
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MOC
RCM
[pcm]
2973
2909
2779
2401
2143
1822
924
0

DIFF. CORD-2
[pcm] [pcm]
4678
-2
4417
77
101
4133
54
3517
6
3141
-16
2657
12
1265
0
0

EOC
RCM
[pcm]
4693
4525
4265
3574
3138
2628
1277
0

DIFF.
[pcm]
15
108
132
57
-3
-29
12

o
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2.2 At power conditions
Comparison of the total power defect is presented on Table 5. Differences
are even smaller than in no power case.

Table 5: Comparison of the total power defect at BOC, MOC and EOC.
MOC

BOC
p

CORD-2

RCM

E%]

[pern]

[pem]

100

75
50
25
0

-1953
-1513
-1045
-544
0

-1963
-1522
-1053
-550
0

DIFF. CORD-2
[pem] [pem]
-10
-2402
-9
-1839
-8
-1273
-6
-667
0

RCM

[pem]
-2415
-1855
-1290
-685
0

0

DIFF. CORD-2
[pern] [pern]
-13
-2971
-16
-2264
-17
-1562
-19
-823
0
0

EOC
RCM

DIFF.

[pern]

[pern]

-3015
-2308
-1605
-850
0

-44
-44
-43
-28
0

Results of the HFP control rod worth calculations are shown in Table 6.
Even for a such extreme case as total insertion of control rods at HFP,
agreement is excellent.

Table 6: Comparison of the HFP control rod worths at BOC, MOC and EOC.
BOC

Control
bank
D

CORD-2
[pern]

C
B

1238

RCM
[pern]
751
1239

944

950

A

1566
3855

1569
3872

S

753

DIFF. CORD-2
[pern] [pern]
-2
797
1
1224
6
1030
3
1826
17
3924

MOC
RCM
[pern]
796

1225
1034
1828
3933

EOC

-1
1

4
2
9

RCM
[pern]

817

816

DIFF.
[pern]
-1

1266
1078
1860
4012

1266
1083
1859
4002

0
5
-1
-10

DIFF. CORD-2
[pern] [pern]

Power distributions for the core at 75 % nominal power are presented in
Figures 1 and 2. Differences are smaller than 0.25 % in average assembly
powers and less than 0.5 % in average axial distribution.
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1.0862

CORD-2

1.0853

RCM

-0.09

DIFF. [%]

0.9538

1.1578

0.9526

1.1570

-0.12

-0.08

1.2983

1.0672

1.0997

1.2982

1.0668

1.0995

-0.01

-0.04
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1.3456
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-0.12
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0.04

1.0885
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1.3036

1.1449

0.4505
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1.2887

1.3044

1.1456

0.4506

-0.23
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Figure 1: Comparison of the assemblywise power at the 75 % core power
level, BOC.
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Figure 2: Comparison of the relative average axial power at the 75 % core
power level, BOC.

3. Conclusion
Concept of the cycle dependent nodal macroscopic cross section library,
incorporated as an option into the CORD-2 package, was found to be
sufficiently accurate for the design calculations. Since the cross section library
requires only standard sequence of calculation at three different operating
conditions, the concept enables faster core design process and offers
substantial savings in CPU time.
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Abstract
In order to improve the results of the OAD-CGGP gamma dose rate calculation we
have incorporated multi-layer (two-layer) shield option and a new buildup factor formula,
published recently, into the code. Modified QAD has been tested by comparison to the
published results. The improved version of the code has been used to calculate gamma dose
rate of a planar source and a two-layer shield and the results have been compared with the
SAS4 (Monte Carlo method). Also, the improved version of the code has been used to
calculate dose rate of the RADLOK-55 low and intermediate waste drum placed inside the
NPP Krsko transport (lead-iron) shield. The results of the calculation were compared with
the standard QAD-CGGP results. Incorporation of the two-layer (multi-layer) option into
QAD-CGGP point-kernel code seems to be justified, resulting in higher accuracy.

1. Introduction
QAD-CGGP [1] is a member of a well-known family of point-kernel codes, developed
by Los Alamos Scientific Laboratory, and is routinely used for engineering calculations of
neutron and gamma ray penetration through various shield configurations. CGGP version
comprises two important additions: combinatorial geometry (CG) description option and a
geometric progression (GP) fitting function for the determination of gamma-ray buildup
factor.
In spite of the great advance in the development of buildup factors for single
materials, the buildup phenomenon in stratified shields which are the most popular shield
configurations appearing in nuclear facilities, can still not be correctly handled in point-kernel
codes being used up to date.
QAD-CGGP uses single-material buildup factor for multi-layered shields or for
shields made up of mixtures of materials. For multi-layered structures having an outer layer
thicker than 2 or 3 mean free paths (mfp) it is recommended to use the outer layer buildup
factor. For multi-layered structures in which each layer is less than 2 mean free paths no clear
procedure is recommended.
It is the aim of this paper to introduce empirical formulas for reproduction of buildup
factors for stratified shields into the existing source of QAD-CGGP code, in order to improve
the results obtained by the code.
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The two-layer option has been chosen as a first step of incorporation of multi-layer
option into QAD-CGGP code, for several reasons. Since the original QAD code uses only
single material buildup factor, the most appropriate next step is to investigate contribution of
the second material in the shield. Furthermore, the two layer shield is usually rather good
approximation of the actual situation, either a self-absorbing volume source is surrounded by
a dominant shield, or a volume source is surrounded by two principal shields (steel-lead,
steel-concrete, steel-neutron shield, etc.). In each case the absorption of the volume source is
taken into account, but in the second case source buildup is approximated by the dominant
buildup factor of the shield.

2. Formula description
The basic formula introduced into the QAD-CGGP code has the origins in the Kalos'
formula [2], and can be written in the following form:
-C(X2)]

(1)

where
B(Xj,Xz) = transmission exposure buildup factor for a double-layered slab with X} mfp of the
first material and X2 mfp of the second material,
Bj(Xj) = transmission exposure buildup factor for the material of i th layer with a thickness of
Xj mfp,
K(Xi) = ratio of the scattered component transmitted through X] mfp of the first material
relative to that transmitted through Xj mfp of the second material
K(X}) = B^X^l

C(X2) = correction factor.

-#2(^1)- 1

Burke and Beck have modified the original Kalos' correction factor. The modification
has been based on the comparison of the results of transport calculations as well as
experimental measurements for different kinds of slab combined shields.
The modified correction factor has the form
C(X2) = exV(-X2 ly) +1.5 • [l - exp(-AT2)]

(2)

for high atomic number material (Z) followed by low atomic number material, and

C(X2) = expfr -X2) + (a/K)-[l- exp(-Z2)]

(3)

for low atomic number material followed by high atomic number material.
y represents the ratio of mass Compton cross section of the first material to that of the
second material, and a is the ratio of Compton scattering to total cross section in the first and
second material, respectively:
a —•

The described formula is an empirical formula for synthesizing double-layered
buildup factors from those of single-layered slabs for a plane-normal source.
Lin and Jiang proposed a different correction factor for a point isotropic source in
spherical geometry. By fitting to the transmission buildup factors of double-layered shields
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(composed mainly o f iron-water and lead-water combinations) from t h e M o n t e Carlo
calculations using E G S 4 code, they proposed the following form for t h e correction factors:
(4)
for high atomic number material followed by low atomic number material, and

for low atomic number material followed by high atomic number material.
Symbol (3 is the ratio of mass total cross section of second material to that of the first material
P = 4-*

r2-

and l(X->) represents the following expresion

3. Modification of the QAD-CGGP code
The process of incorporation of the new formula into the original source has been
based on avoiding any unnecessary changes of the source. Although such an approach results
in a larger number of lines added to the source, it is easier to follow the changes and it makes
any additional corrections easier to implement.
QAD-CGGP represents the source volume by a number of point isotropic sources and
computes the line of sight distance from each of them to the detector. Based on path lengths
through different material regions from source to detector, both material and geometry
attenuation ate determined, as well as buildup factor value for the particular source. At the
detector position contributions from all the source points are summed up to give scalar flux of
the uncollided beams for every energy group. By means of buildup and flux-dose rate
conversion factors, dose rate at the detector position are calculated.
Incorporation of multi-layer (two-layer) option into the QAD-CGGP code has been
done using the basic formula (1) and correction factors proposed by Lin and Jiang
(expressions 4 and 5). Buildup factors Bi and B 2 of a particular shield layer are calculated by
means of the original QAD geometric progression (GP) fitting function. Ratios a,p and y,
which are necessary for the correction factor calculation are determined using specially
created library of Compton scattering and total cross sections as a function of photon
energies, for the most common shielding materials [5].
In order to detect any possible errors, a comparison test has been performed. Buildup
factors for a double-layered shield (low Z material, followed by a high Z material) and a point
isotropic source, have been calculated and compared with the results given by Lin and
Jiang[2].
The results of a buildup calculation for a point isotropic source, the source energy
being 2.75 MeV, in a double-layered shield comprised of aluminum and iron, are given in
Table 1. The thickness of aluminum is 2 mean free paths, and the thickness of iron varies
from 1 to 6 mean free paths. The values of EGS4 and Lin & Jiang calculation in the original
article [2] are given for the energies 0.5, 1.0 and 3.0 MeV. The values for 2.75 MeV energy
line, were obtained by interpolation of the given values.
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Slight difference between the values given by Lin & Jiang and QAD calculation can
be explained by taking into account different values of single material buildup factors and
cross sections. Nevertheless, QAD results are close to the Monte Carlo (EGS4) ones.
Table 1. Comparison of buildup factors for 2.75 MeV energy line, for Al-Fe shield
combinations given in number of mean free paths
Al-Fe shield combination
(mean free paths)
2Al+lFe
2Al+2Fe
2Al+3Fe
2Al+4Fe
2Al+5Fe
2Al+6Fe

EGS4 [2]
3.13
3.84
4.64
5.42
6.20
7.02

Buildup factors
Lin & Jiang
Modified QAD
calculation
calculation [2]
2.86
2.98
3.81
3.52
4.61
4.26
5.31
5.05
6.19
5.89
6.76
7.12

4. Examples of the modified QAD application
Modified (two-layer buildup) QAD-CGGP code has been used to calculate gamma
dose rates in two simple shielding problems.
The first one is a planar source and a two-layer shield. The results of that calculation
have been compared with the SAS4 (Monte Carlo method) results. The second model
involves RADLOK-55 low and intermediate waste drum inside an NPP Krsko standard (leadiron) shield. The results of the calculations were compared with the standard QAD-CGGP
results.
Calculations were made using standard QAD-CGGP, modified QAD-CGGP code and
SAS4 control module of the SCALE4 code package, based on the Monte Carlo method.
SAS4 module of the SCALE4 code package is made of five functional modules that
perform resonance shielding and cell-weighting calculations and generate important sampling
parameters for Monte Carlo shielding analysis. The output of the SAS4 code are scalar flux
densities divided in 18 energy groups within 0-10 MeV energy interval.
4.1. Planar source attached to composite shield
The planar source was a uniform non-absorbing thin disc source of mixed 1.37 and
2.75 MeV gamma rays [6]. The radius of disc source was 43 cm. The intensity was the same
for both energies 9.5830-109 Bq. The distance between the detector front face and the exit
face of the composite shield was 50 cm. The simplified geometry of the model is depicted in
Fig. 1. Three different combinations of materials that were used to simulate the shield are
given in Table 2.
Table 2. Shield combinations
Combination
1
2

3
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Thickness of the first layer
(in)
Al-12
Al-12
Pb-4

Thickness of the second layer
(in)
Fe-1,2, 3,4, 5,6,7, 8, 9
Pb - 1 , 2, 3, 4, 5, 6, 7
Fe -1,2, 3,4, 5, 6, 8
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2 nd plate
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50 cm
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Figure 1. Simplified geometry of the model
The testing results for a planar source, for different shield combinations are given in Table 3.
The results for total buildup and dose rate are also depicted in Figures 2-7.
Table 3. Total buildup and dose rates
Shield combination
(materials in inches)
AI12Fe1
Al12Fe2
AI12Fe3
AI12Fe4
AI12Fe5
AI12Fe6
AI12Fe7
AI12Fe8
AI12Fe9
AI12Pb1
AI12Pb2
AI12Pb3
AI12Pb4
AI12Pb5
AI12Pb6
AI12Pb7
Pb4Fe1
Pb4Fe2
Pb4Fe3
Pb4Fe4
Pb4Fe5
Pb4Fe6
Pb4Fe8
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4.40
4.99
5.58
6.18
6.39
7.03
7.68
8.36
9.06
4.85
5.89
6.95
8.04
5.06
5.70
6.36
3.46
3.78
4.10
4.46
4.80
5.16
5.90

3.04E-01
1.51E-01
7.50E-02
3.72E-02
1.73E-02
8.61 E-03
4.28E-03
2.13E-03
1.06E-03
1.92E-01
5.96E-02
1.83E-02
5.55E-03
9.27E-04
2.79E-04
8.38E-05
4.14E-02
1.98E-02
9.76E-03
4.63E-03
2.27E-03
1.08E-03
2.56E-04

(mSv/hr)

SAS4
Dose rate
(mSv/hr)

2.85E-01
1.28E-01
6.35E-02
3.17E-02
1.58E-02
7.94E-03
3.97E-03
1.98E-03
9.90E-04
1.26E-01
3.59E-02
1.04E-02
3.09E-03
9.19E-04
2.75E-04
8.20E-05
4.56E-02
2.40E-02
1.24E-02
6.33E-03
3.65E-03
1.61 E-03
4.03E-04

2.20E-01
1.03E-01
5.29E-02
2.48E-02
1.22E-02
6.13E-03
2.83E-03
1.18E-03
7.23E-04
3.48E-02
1.89E-02
1.49E-02
5.52E-03
1.81 E-03
1.53E-03
5.53E-04
4.08E-02
2.07E-02
1.13E-02
4.53E-03
1.79E-03
1.09E-03
3.45E-04

Modified QAD
Buildup Dose rate

Original QAD-CGGP
Buildup
Dose rate
(mSv/hr)

L

3.82
4.23
4.73
5.27
5.86
6.48
7.12
7.79
8.49
3.18
3.54
3.98
4.47
5.02
5.61
6.23
3.81
4.57
5.34
6.11
6.95
7.68 "
9.28
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Figure 7. Total dose rate comparison for
Pb-Fe shield

4.2 RADLOK-55 plastic container
Plastic container RADLOK-55 has the outer dimensions similar to the dimensions of
the standard 55 gallons barrel (200 liters). Vertical cross section of the container is depicted in
Fig.8. The inner useful space of the container is 168.5 litters, but for the reason of simplifying
the problem, the active space has been modeled as a cylinder with a diameter of 55 cm, and a
height of 72 cm.
The shield used in the calculations is the standard shield used at NPP Krsko, and is
depicted in Fig. 9. The inner and the outer shell are made out of steel, and the primary shield is
made out of lead. The shield has been modeled by joining the inner and the outer shell in one
layer of the combined thickness.
Calculations of the buildup factor have been made using the USAR prediction for the
maximum possible value of specific activity in ion-exchange resins, in the case of extensive
144
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fuel damage (1%). The reduction and grouping of the original energy source spectrum, leads
to 5-energy groups spectrum given in Table 4.
$620

Figure 8. Vertical cross section of
RADLOK-55 container
(all dimensions in mm)

Figure 9. Calculational model of NPP
Krsko shield (all dimensions in mm)

Table 4. Specific activity according to USAR in 5 energy groups
Energy (keV)
604
662
800
1173
1332
TOTAL

Activity Bq/cm3-105
407
283
432.9
62.9
62.9
1248.7

The results of the calculation are given in Table 5. Dose rates were calculated on the surface
of the shield. The results of the modified QAD are slightly lower than the results obtained by
the original QAD-CGGP.
Table 5. Results of RADLOK-55 test case
Energy line
(MeV)
1.3320
1.1730
0.8000
0.6620
0.6040
Total
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Modified QAD
Buildup Dose rate
factor
(mSv/hr)
3.4195 4.8838E-1
3.4064 2.1523E-1
3.2279 4.8437E-2
3.1056 2.1688E-3
3.0266 6.9753E-4
3.4014 7.5491E-1

Original QAD
Buildup Dose rate
(mSv/hr)
factor
3.7111 5.3002E-1
3.6872 2.3297E-1
3.4651 5.1997E-2
3.3319 2.3268E-3
3.2592 7.5115E-4
3.6860 8.1807E-1
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5. Conclusion
The difference in the results of the original and modified QAD-CGGP code has its origin
in the different buildup values. The original QAD results for two-layer shield problems
depend on the arbitrary choice - when to switch from the 1st layer buildup to the second one,
resulting in their abrupt change. The buildup values of the modified QAD change smoothly
with the composite shield thickness, which is physically correct, and no arbitrary choice is
needed. This can be taken as the main quality of the modified QAD code, which justifies the
two-layer (multi-layer) buildup incorporation. Apart from that, one would expect the results to
be closer to the correct values. In practical calculations it is customary to use buildup data for
infinite media, usually for a point isotropic source. This approach always overestimates
buildup effect, therefore the error is always on the conservative side. Comparison to the SAS4
(Monte Carlo) results, shows generally higher QAD dose rates, modified ones being
somewhat lower, meaning closer to the correct values. The exemption is AlPb shield
combination, where the SAS4 dose rate results for Pb slabs thicker than 4" are higher than
QAD ones. The reason for that, one can find in the fact that the existing gamma rays buildup
factor values have been derived by treating only the Compton scattering. The contribution
from annihilation gamma rays has been neglected. As the lead pair production cross section is
very high, having both gamma ray energies above 1.02 MeV, such a neglecting for the lead
shield being closer to the detector, results in an underestimation of the dose rate.
Incorporation of the two-layer (multi-layer) option into QAD-CGGP point-kernel code
seems to be justified, resulting in higher accuracy and exclusion of arbitrary decisions.
Introduction of the two-layer option is the first step in improvement of QAD-CGGP code.
The next step should be a multi-layer option (at least three-layer option), tested on more
realistic problems, preferably benchmarks.
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ABSTRACT - For the analyses of loss of coolant accidents (LOCA) the thermohydraulic computer code
capabilities for eastern-type reactors like VVER-440 must be validated by pre- and posttest calculations of
suitable experiments. Such experiments are performed on PMK-2 integral-type test facility in KFKJ Atomic
Energy Research Institute, Budapest, which is a volume-scaled model of the primary and secondary system of
the Paks Nuclear Power Plant. One of these experiments is the pressuriser surge line break which correspond to
a 22% leak. The most important phenomena of the experiment are the behaviour of hot leg loop seal and the
core dry-out with refill-reflood. Posttest calculations were performed by use of the code version
RELAP5/mod3.2. The results of the calculation and experiment are compared. The code properly simulate the
analysed transient.

1.

Introduction

An essential component of nuclear safety activities is the analysis of postulated accidents
in nuclear power plants. Such analyses are usually carried out with complex thermohydraulic
computer codes, which must be validated through the comparison of calculated results with
experimental data. Computer codes like RELAP5 have been developed for modelling
western-type nuclear power plants, therefore the code capabilities for modelling an easterntype reactor must be checked by pre- and posttest calculations of suitable experiments. The
VVER-440/213-type reactors - which the Hungarian Paks Nuclear Power Plant is equipped
with - have a number of special features, e.g., horizontal steam generators and loop seals in
both hot and cold legs, so the transient behaviour should be different from the usual reactor
systems. To support getting acquainted with different type of accidents in VVER-440, PMK-2
integral-type test facility have been designed and constructed by KFKI Atomic Energy
Research Institute, Budapest, Hungary. The facility is used in the framework of national and
international computer code validation projects for VVER-440-type reactors. One of these
experiments on the PMK-2 test facility was with the initiating event of the pressuriser surge
line break. Post test-calculations for this test have been performed using RELAP5/mod3.2 [8].
This report gives a short description of the PMK-2 facility, presents and compares the
results of the calculation and experimental data with the discussion of the main features of the
tests.
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2.

Facility description

PMK-2 facility is a full-pressure scaled down model of the Paks Nuclear Power Plant. It
was designed mainly to investigate loss of coolant accidents (LOCA) following small- and
medium-size leak in the primary circuit and to study the natural circulation behaviour of
VVER-440/213 plants [1]. LOCAs have been tested covering a break size of 1 to 22% with
different break locations.
The volume and power scaling is 1:2070. Transients can be started from nominal
operating conditions. The elevation ratio is kept 1:1 except for the lower plenum and
pressuriser. The six loops of the plant are modelled by a single active loop. In the secondary
side of the steam generator the steam/water volume ratio is maintained.
The schematic layout of the test facility is shown in Figure 1.

STEAM

FEED WATER
'PR21)--

Figure 1. Block scheme of the PMK-2 test facility
3.

Experiment description

The pressuriser surge line break accident (PH-SLB test [2,3]), is initiated by opening of
the break valve. The break nozzle has a diameter of 6 mm and its location is at the lowest part
of the hot leg loop seal (as shown in Figure 2). From the ECC systems the minimum safety
configuration is used as follows: 2 safety injection tanks modelled by one vessel (SIT2) to the
upper plenum, 1 high-pressure injection system (HPIS) and 1 low-pressure injection system
(LPIS). The transient time is 1150 s. The secondary side is isolated after starting the transient.
The initial conditions and the sequence of events during the course of the transient are
presented in Tables 1 and 2, respectively.
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Unit
MPa
kg/s
K
kW
m
MPa
m
K
MPa
kg/s
K
m

Pressure in upper plenum (PR21)
Loop flow rate (FL53)
Core inlet temperature (TE63)
Core power (PWO 1)
Coolant level in pressuriser (LE71)
SIT pressure (PR92)
SIT level (LE92)
SIT water temperature
Secondary side pressure (PR81)
Feedwater flow (FL81)
Feedwater temperature (TE81)
SG secondary level (LE81)

Experiment
12.57
4.37
541.2
666.4
9.80
5.97
9.64
293.0
4.69
0.34
495.2
9.02

Calculation
12.57
4.37
540.7
666.4
9.61
5.97
9.62
293.0
4.70
0.34
495.2
8.05

Table 1. Measured and Calculated Initial Conditions

Break valves opens
Full opening time
Scram initiation
Pump coast down initiation
Feedwater and steam valves start to close
HPIS starts
SIT actuated
Pump coast down ended
Dry-out occurs
SIT emptied
LPIS starts
Maximum cladding temperature occurs
Transient time

Experiment
0.0 s
0.1 s
0.1s
0.1s
3.0 s
17.0 s
25.0 s
148.0 s
210.0 s
218.0 s
304.0 s
444.0 s
1150.0 s

Calculation
0.0 s
0.1s
0.1 s
0.1 s
3.0 s
17.0 s
25.0 s
150.0 s
212.0 s
217.0 s
236.0 s
380.0 s
1000.0 s

Table 2. Measured and Calculated Events

Figure 2. Break model
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4.

Calculation

The posttest RELAP5/mod3.2 [8] calculations were performed on an IBM RISK6000/590 computer. The general nodalization scheme of the PMK-2 facility, which was used
for the calculation, is shown in Figure 3. This nodalization scheme is derived from the one
used for calculation of different experiments [4,5,6,7].

Figure 3. Nodalization scheme of PMK-2 for RELAP5/mod3.2
The nodalization scheme consists of 115 volumes including 9 time-dependent volumes;
124 junctions including 4 time-dependent junctions; 12 valves and 92 heat structures with a
total number of 395 mesh points. Several cross-flow junctions were used to model the most
critical connections of the facility, e.g. horizontal connection between pressuriser surge line
(402) and hot leg (110) near to the break.
The end of the steady-state calculations was at 100 s process time. The main parameters
in this condition are presented in Table 1. Overview of the sequence of events is given in
Table 2.
The initiation of the transient is the opening of the break valve (618 - see the nodalization
of the break, Figure 4). The value for the subcooled and two-phase discharge coefficients of
the break are chosen to be 1.35.
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Figure 4. Nodalization scheme of the break
5.

Comparison of the results
The measured and calculated parameters are compared in Figures 5 to 10.
14
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Figure 5. Primary (PR21) and Secondary (PR81) Pressure

Level
(m)

200

400
600
Time (s)

800

1000

Figure 6. Level in the Hydroaccumulators (LE92)
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The time history of the primary and secondary pressure are shown in Figure 5. The
primary is decreasing sharply until the emptying of the SIT (Figure 6). The last water pack
from the SIT is going through the hot leg (Figure 9) to the break and it stabilises the primary
pressure for about 26 s. This period is much shorter in the calculation. After the stagnation of
the primary pressure, the core dry-out occurs and the pressure drops to the set-point of the
LPIS at 304 s in the experiment and at 236 s in the calculation. After the LPIS initiated the
decrease of the primary pressure stops and long term stagnation begins. This value is slightly
lower in the calculation than in the measurement.

Level
(m)

0

200

400

600

800

1000

Time (s)

Figure 7. Level in the Reactor Model (LEI 1)
Due to the large coolant loss the collapsed level in the reactor model (LEI 1) drops to the
bottom elevation of the reactor in both of the experiment and calculation (Figure 7). Then,
according to the LPIS injection, the level increases and the core is re-filled. Since the LPIS
starts earlier in the calculation, the coolant collapsed level begins to increase earlier.
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Figure 8. Cladding Temperatures (TE11,TE15)

154

Nuclear Energy in Central Europe '98

6.4
6.2
6
5.8
Level
(m)

1

1 F31
Calc LE31

ji|

i:
',

5.6

|I

5.4

I

5.2

tjl

5
48
0

I|
200

800
1000
400
600
Time (s)
Figure 9. Level in the Hot Leg Loop Seal (LE31)

As a consequence of the low mass inventory in the core extended dry-out occurs, and it
causes the increase of the temperatures in the core model as shown in Figure 8. The TE11 and
TE15 are cladding temperatures along the length of the heated section (at 500 and 2450 mm
height) in the core (Figure 1). The temperature excursion is started at about the same time in
the experiment and in the calculation. For cladding temperatures the code predicts the
maximum value at the top quite well. The maximum temperature at the bottom is different
because of the difference in timing of the LPIS.
During the injection from the hydroaccumulators (SIT) the hot leg loop seal is emptied
and filled-up as shown in Figure 9. This is repeated four times in the measurement but the
calculation shows it only once. The last clearing of the loop seal occurs after the emptying of
the hydroaccumulators at about 220 s.
The total mass leaked through the break in 1000 s is about 195 kg. It is a high value
compared to the nominal coolant inventory of primary system (135 kg), including the pump
by-pass (Figure 1). The minimum value of the core inventory (MI01) is 7 kg in the
experiment and 10 kg in the calculation as shown in Figure 10.
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Figure 10. Total Mass Inventory in the Primary Circuit (MI01)
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6.

Discussion and conclusions

Generally, the relatively large break size (22% break) - which is the largest (6 mm of
diameter) that have been applied on this test facility until now - leads to a fast coolant/energy
loss in primary system. As a consequence the dry-out of the core occurs. The temperature
excursion is started at very low core level which is comparable with the previous PMK-2 tests
where dry-out occurred. The refill-reflood is maintained by the LPIS. Then the measured mass
inventory of the primary system stabilises at about 27 kg at the later phases of the transient.
The hot leg loop seal behaviour is affected by coolant injection from the
hydroaccumulators, because the water from the SIT flows at first to the reactor model,
evaporates and flows up to the hot leg entraining the next pack of the SIT water. This effects
repeats four times. This tendency does not occur in the calculation, because this process
challenges not only the CCFL and evaporation models, but there are 3D effects also in the
upper plenum (where the core, the hot leg and the SIT injection is connected).
Due to the relatively large break size the transient is basically governed by the break flow.
It means that the nodalization and modelling of the break is very important. The measured
leaked mass history is very closed to calculated one, so the nodalization scheme of the break
can be accepted. It is worth mentioned that the used value for the subcooled and two-phase
discharge coefficients of the break was larger than 1.
It can be generally stated that the results of the calculation predicts most of the transient
well, e.g. pressure and temperature behaviour, core dry-out and refill-reflood. The calculated
timing of the events is mostly correspond to the measurement, except the initiation of the
LPIS injection which results small differences in the later phases.
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ABSTRACT - When performing best estimate calculations uncertainty needs to be quantified. In the
world different uncertainty methods were developedfor uncertainty evaluation. In the present work an
optimal statistical estimator algorithm was adapted, extended and used for response surface
generation. The objective of the study was to demonstrate its applicability for uncertainty evaluation
of single value or continuos valued parameters. The results showed that optimal statistical estimator is
efficient in predicting lower and upper uncertainty bounds. This makes possibility to apply CSAU
methodfor uncertainty evaluation of any kind of transient.

1. Introduction
In the frame of Code Scaling, Applicability and Uncertainty method one way of
combining uncertainties is response surface which together with Monte Carlo method
evaluate the uncertainty of single values from the thermalhydraulic code calculated values.
Recently in the literature the inability of CSAU method to determine uncertainties for
continuos-valued parameters was reported [1, 2, 3].
The most often utilised methods for propagating uncertainties in the inputs to
thermalhydraulic computer codes are Monte Carlo sampling of a regression model developed
from selected code runs [4, 5, 6, 7]. Although much work has been done to date, more studies
need to be conducted for uncertainty quantification of time dependent parameters with
response surface. The purpose of the study was to determine uncertainty bounds for
continuous-valued output parameters using optimal statistical estimator (OSE) where
regression model due to physics of the problem is not appropriate. The topic was identified as
being of importance to users of CSAU method in providing them tool to determine
uncertainty of any single value or continues valued parameters. In this way the CSAU method
could be used for scenarios different from loss of coolant accident where uncertainty of safety
parameters is evaluated only.
2. Optimal statistical estimator
The optimal statistical estimator (OSE) is intended to fit code calculations instead of
regression analysis. In the nuclear field the method was first time adopted in 1992 for single
value calculation [7]. However, in 1998 the method was further improved and developed what
will be described in the paper. It was adapted for multi-dimensional space where the
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dimension is determined with the number of input uncertain parameters. For single and
continues valued output parameters the code OSE was developed for SUN workstations.
To illustrate the concept of optimal statistical estimator, basic equations will be given. In
the following we assume that the parameter under consideration can be characterised by a
finite number of data Xj which are represented by the complete data vector X=(xi, X2,...,x0.
The complete data vector is often composed of two partial data vectors: G=(xi, X2,...,XM;0)
and H=(0; XM+I, XM+2V>XO- Here the symbol 0 indicates the corresponding data, which are
not specified, and I the number of input and output parameters. The complete data vector can
then be expressed by a composition:
V" — fZ (X) £J ™ (v
v
V
Y
Si. —KJ^II
{A.J,A2,...,AM,JI.M

Y
+ l,J<.M+2r..,Al

y

\
/.

(]\
(1)

In our case, the vector G represent input data points (values of input parameters) and H
represent output data points (for example peak cladding temperature, minimum core level)
where the number of output parameters is equal (I-M) and number of input parameters is M.
The optimal estimator is expressed as a linear combination of prototype sample vector Hn
where the coefficients Cn represent the measure of similarity between a given vector G and
prototype, partial data vector Gn:
'nHn,

'

(2)

where N is the number of known data vectors (number of thermalhydraulic code calculated
cases) and

The approximation of § function is Gaussian function, which is smooth, regular function:

where M is the number of input uncertain parameters and
G = (x1,x2,...,xM),
Gn ={xn\,xn2i...,xnM).

(5)
(6)

The problem now appears how to best select the width Oj. The main purpose of smoothing
is to stretch the influence of a particular input data points into its surroundings, e.g.,
approximately to its neighbours. If we want to cover the volume by samples uniformly, we
define a; for dimension i:

^="X". ' = 12,..,/;

]58

(7)
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where S; is the distance between minimum and maximum value of the data points xni
(n=l,2,...,N) and N; is the number of intervals between data points. The corrective factor fc is
to be selected by the user based on the desired and previously tested performance of the
optimal statistical estimator. The contribution of each data point to the final result estimation
can be adjusted by it.
Using the derived optimal estimator Ho the complete estimated vector can be defined as
(8)

Determination of the function Y(X) represents the main task that must be done by the
computer code, if the estimation is to be performed. One of the most important characteristics
of this estimator is that involves the highly non-linear functions Cn in terms of the given data
G. The obtained system is thus essentially non-linear, although the estimated vector Hois
expressed as a linear combination of prototype vectors from the data base. This means that the
output is not only influenced by the input but also by the memorised vectors.
For assessing the adequacy and predictive capability of the optimal statistical estimator
two statistics were'used. First is the coefficient of determination, R2 defined for j-th output
parameter as
\

y

v

Z_jVesin,,/

I
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R
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~(x
-x
n=l

(9)

y

Here xest ; is the n-th estimated value of the j-th output parameter, xavgj is the mean code
calculated value of the j-th output parameter and xnj is n-th code calculated parameter of the j th output parameter.
The second statistic is the root mean square (RMS). The RMS is a measure of the
deviation between the code-calculated output values and estimated values of output
parameter. For sample of size N and j-th output parameter is defined:
Nl/2

RMSL =

n=\

(10)
N

The predictive capability of the optimal statistical estimator assessing by the two proposed
statistics is perfect when i?j = 1 and RMSj = 0.
To produce output results values of input parameters (XI,X2,...,XM) were random sampled
(or input by the user) each time and the corresponding unknown output values were estimated
by optimal statistical estimator using Eqs. (2) to (6). Each time new coefficients Cn are
calculated while values Hn are calculated points obtained by computer code. The learned data
used should give a match of estimated value with calculated data as closer as possible. To see
how good the match is, the two statistics are used. The calculated data are used for learning
and testing at the same time. More learning data (computer runs) we have better is the
performance of the estimator. Good characteristic of OSE is that optimal information is
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obtained from the calculated data when physical behaviour of the phenomenon is not known.
Additionally, no new information is added to response surface. If Monte Carlo method used is
accurate enough the optimum information is used for the probability statement. When
comparing OSE to regression analysis, for regression analysis with polynomial the amount of
data is prescribed to describe response surface while in OSE more data mean more
information that could be extracted. If less data than required are used new information
(wrong since not from calculations) is added to the RS in the case of regression analysis only.

3. Preparation for the analysis
For the uncertainty quantification steps 1 through 13 of the CSAU method were
performed [4]. The RELAP5/MOD3.2 computer code was selected for uncertainty analysis
consisting of adequate code documentation [8] required by CSAU method [4]. The
RELAP5/MOD3.2 is a one-dimensional, two-fluid six-equation simulation code. The
equations conserve mass, momentum and energy for each of two phases.
Selected scenario was small-break loss of coolant accident (SBLOCA) with a 5.08 cm
break in the cold leg at 50. s into the transient. Based on the careful examination. of the
transient and with the help of Nuclear Plant Analyzer (NPA) [9] the scenario was divided into
5 phases shown on Fig.l. More detailed is scenario described in Ref. [10].
16
break occurrence

14

-subcooled blowdown

12

e?

two-phase natural circulation
reflux condensation
loop seal clearance, core reflooding
£

long term cooldown

4
2
0
0

1000

2000

3000

4000

5000

Time (s)

Figure 1. Subdivision of SB LOCA scenario into phases
Based on the phenomena identification and ranking process (PIRT) performed for SB
LOCA in a two loop PWR (NPP Krsko) as the most important were identified the following
phenomena: heat transfer, critical flow, countercurrent liquid-vapour flow, liquid-vapour
separation, decay heat, quench front propagation and interfacial friction.
To reduce uncertainty due to nodalization standard input deck was used developed at
Jozef Stefan Institute. The standard input deck consists of 188 volumes, 203 junctions and
203 heat structures with 705 mesh points. The input model consists of all major components
of PWR plant as reactor vessel, hot and cold legs, loop seal, pressurizer, emergency core
cooling system, steam generators and secondary side.
To avoid the subjectivity [11], the standard input deck was qualified according to the
procedure determined by the UMAE method [12]. These criteria were found very useful when
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standard nodalization is used for analysis (instead of the iterative step 8 of CSAU method). It
consists of two stages, steady state and transient qualification.
4. Results of uncertainty analysis with OSE
Total 59 sensitivity calculations were performed. The important parameters selected by
PIRT were varied around nominal value in the range specified in Table 1 according to the
given distribution. For these input uncertain parameters the ranges and their distributions were
available from the previous SB LOCA study [6]. The first safety parameter selected was peak
cladding temperature (PCT). The second safety parameter was the "severity of the accident" S
as was recommended and due to time constraints not used in study described in Ref. [6]. The
third single value parameter was the time when PCT occurs, tpcT, as this time may vary from
calculation to calculation. The parameter severity of the accident S is defined:

M-P

(11)

pn

in which are acore void fraction in the core, P the reactor power, Po initial reactor power, H the
core height and trec time to recovery. The calculated peak cladding temperatures for 59
calculations range from 975 K to 1233 K.

Phenomenon
heat transfer
critical flow

countercurrent
flow
phase separation
decay heat

Table 1. Uncertainty ranges for selected parameters
Code parameter
Distribution
Range
Bias
heat transfer
coefficient
subcooled discharge
coefficient
two phase discharge
coefficient
-

uniform

±25%

normal

±2 a
(o=0.042)
±2 a
(c=0.062)
-

normal
N.A.

interphase drag
normal
coefficient
fission product yield uniform
factor

±2CT

(a=0.0413)
±10%

-

Mean
value
1.0

0.083

0.917

-0.435

1.435

-

-

-

1.0

-

1.0

The sensitivity calculations results were then used to build a response surface with
regression models and OSE. The response surface was then used to simulate several
thousands of cases in which the sensitivity parameters vary randomly according to their
respective uncertainty range, distribution and bias (see Table 1). The uncertainty results for
single valued safety parameters using OSE and the following stepwise regression models
were compared (see Table 2):
(12)

= 1082.08-323.46x,;c5 -24.97x 2 x 3
= 22.12-13.02X,JC 3 - 4 . 5 6 ; ^ -0.59x22 + 7.51*2 + 11.28*2
= 5371.5-7058.6*, -148.2x 2 x s -66.2x3x4 + 3060.4*
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where:
X] - subcooled discharge coefficient,
X2 - two phase discharge coefficient,
X3 - heat transfer coefficient,
X4 - interphase drag coefficient,
X5 - fission product yield factor.
The results of comparison are shown in Table 2. First we can see that for PCT (same is
true for S and tpcr) in the case of OSE model used maximum calculated value was the same as
code calculated value. This is characteristic of OSE that between two code calculated values
the function is monotonic. For regression models, for PCT and S the calculated values are
lower and in the case of tpcT the maximum value is higher than code calculated value, because
for regression model the function between two neighbour points is not necessarily monotonic.
Second, the results showed that the value of coefficient of determination R2 is very low for
regression models. The reason for poor fit of regression model is that problem is complex and
non-linear. The statistic R2 is significantly improved when OSE is used instead of regression
model. The statistic RMS showed us that RMS for PCT is around 1.5 K what is significantly
less than 9.44 K in original CSAU study [4] or 3.85 K by using fast probability integration
[5]. These two characteristics make favourable to use OSE.
When comparing PCT to safety criteria margin is sufficient. However, it should be noted
that additional biases and uncertainties should be added not treated in the presented analysis
which would reduce the safety margin. Next, it was discovered that second safety parameter,
severity of the accident S, is strongly correlated to peak cladding temperature with r=0.89 to
be statistically significant. This means that severity of the accident could be used instead of
PCT for safety parameters in scenarios in which PCT does not occur.
Table2. Probability statement for single parameter values for regression model and
OSE model.
statistic
peak cladding temperature, PCT (K)
(
m
5 percentile mean 95 percentile maximu
value
RMS
Model
value
m value
R2
value
regression
0.416
1041.2
1173.6
1122.9
1079.3
OSE
1.55 K
1029.1
1233.0 0.972
1085.3
1157.3
statistic
severity of accident, S (m s)
l
m
5 percentile
mean 95 percentile maximu
RMS
value
m value
R2
value
value
regression
21.88
24.01
29.37 0.517
26.37
OSE
21.63
27.62
31.03 0.971 0.08 m s
24.49
time of PCT occurrence, tPCT (s)
statistic
1
l
5 percentile
mean 95 percentile maximu
RMS
value
value
m value
R2
value
regression
1127.1
1221.9
1341.7 " 1579.8 0.880
OSE
1097.5
1.06 s
1325.7
1412.0 0.996
1215.8
•

-

The major advantage of OSE is in its ability to automate uncertainty evaluation of single
value or continues valued parameters while regression analysis needs to be performed to find
the best fit. It is inherent to OSE to find the best fit from given information, i.e. optimal
estimation. More code calculations provide more information for OSE to improve fit. This
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means that increased number of thermalhydraulic code calculations can increase confidence
level of the results. This finding is common to GRS (Gesellschaft fur Anlagen- und
Reaktorsicherheit) uncertainty method [13]. In Figs. 2 to 5 lower and upper uncertainty
bounds calculated by OSE for some safety and system parameters are shown. Corrective
factor fc=0.25 was used and 10000 Monte Carlo samples for probability statement. From Figs.
2 and 3 it can be seen that uncertainties for PCT and core collapsed liquid level are related.
The same is true for core inlet and core outlet temperature where after 1500 s both
uncertainties increase. The number of output parameters for which uncertainty is determined
is not limited.
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Figure 2. Lower and upper uncertainty
bounds for cladding temperature

Figure 3. Lower and upper uncertainty
bounds for core collapsed level
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Figure 5. Lower and upper uncertainty
bounds for core outlet temperature

5. Conclusions
The results showed that optimal statistical estimator method is efficient in calculation the
uncertainty of single value and continues valued parameters. The applicability of the
developed OSE tool was demonstrated for calculation of peak cladding temperature, severity
of the accident and time of PCT occurrence and 9 important system and safety parameters
during SB LOCA. The number of output parameters is not limited what makes OSE more
general and gives possibility to use OSE for transients different from loss of coolant accident.
Advantages of OSE when compared to regression models are that OSE is not limited with
complexity or non-linearity of the problem, monotonic function between neighbour points and
achieved statistics is better in the case of OSE.
The application of OSE for small break LOCA showed that safety margin for peak
cladding temperature was sufficient when uncertainty of the order of 100 K was added to the
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mean value. However it should be noted that biases are not included in uncertainty analysis
and have to be added separately to make the analysis complete.
It should be emphasised that response surface generation with optimal statistical estimator
is consistent with the general CSAU methodology. Therefore we hope that the developed
OSE tool will spread the use of CSAU method from loss of coolant accidents to other
transients.
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ABSTRACT
The present paper deals with the results of best estimate calculations carried out with reference to the WWER1000 Nuclear Power Plant, utilizing a qualified nodalization for the RELAP5/MOD3.2 code.
The activity has been carried out making reference to a Large Break LOCA scenario and the main considered
safety margins are the best estimate Peak Cladding Temperature, compared with the Licensing Limit (2200 °F).
and other parameters like the integral of rod surface temperature, the time of rewet, the dryout duration, etc.
The main objetive of the study is to find the maximum stationary operation nuclear power, suitable for a power
uprating. without reaching the Licensing Limit and with a limited degradation of the clad of fuel during the
transient.

1. INTRODUCTION
Uncertainty is the measure of the error made by system codes in calculating transient scenarios in
nuclear power plants. The origins of uncertainty are different, ranging from deficiencies of code
models to inadequate expertise of code users, to lack of knowledge of plant status or of boundary
conditions.
Evaluation of uncertainty from thermalhydraulic system codes applications is more and more
important owing to the availability of "frozen" codes and of suitable methodologies. Different
goals can be pursued when applying an uncertainty methodology to a calculation performed by
a system code, Typical goals are connected with licensing studies, including evaluation of
safety margins, power uprating, optimization of emergency operating procedures, prioritization
of research in the area (uncertainty studies may bring to the ranking of root causes giving
origin to "variations" of codes output).
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From the industry point of view, or having in mind the feedback of research activities upon the
current technology, an advantage from uncertainty evaluation may outcome from the possibility of
quantifying the safety margins. On this basis, power uprating of the concerned nuclear power plant
can be proposed, thus getting an economic gain from the investments in researches finalized to
codes optimization and uncertainty methodologies development.
A critical step in the process is constituted by the demonstration of the "in-principle" existence of
such safety margins. In the above framework, the objective of the present paper is to show the
existence of safety margins that may justify detailed uncertainties studies finalized to the power
uprating of the plant.
Reference is made, in the present paper, to a WWER-1000 Nuclear Power Plant, Kozloduy-5
installed in Bulgaria, in relation to which a qualified nodalization for the RELAP5/MOD3.2 code is
available at Dipartimento di Costruzioni Meccaniche e Nucleari (DCMN) of University of Pisa;
however, the adopted procedure can be considered as more general and extended to other reactor
types.

2. OUTLINE OF THE WWER-1000 PLANT
WWER-1000 is the Russian designed PWR. The engineered safety features are very similar to those
available in a PWR of western design, including low and high pressure emergency core cooling
systems and accumulators. The Kozloduy-5 WWER-1000/320 plant basically consists of
(references [1] to [4]):
•

a pressurized water reactor vessel of 3000 MWt rated power with 163 hexagonal fuel
assemblies, wich are open (ventilated type) to permit cross flows among the bundles. The
fuel is UO2 iii annular pellet form, clad is zirconium-niobium alloy. There are 10 banks of
control rods without fuel followers, located in 61 fuel assemblies (Figs. 1-2);

•

four primary loops (Fig. 3) equipped with horizontal tubes steam generators (Fig. 4) and
main circulation pumps of centrifugal type;

•

one turbogenerator with 1500 rpm and l(X)0 MW electric power;

•

an emergency core cooling system including three independent active systems, e.g. 3 HPI
pumps, 3 LPI pumps and 4 accumulators (SIT= Safety Injection Tank);

•

two independent feedwater loops include a turbine driven pump and piping connecting the
feedwater line to four different locations in each steam generator; several valves are part of
the system.

All the elements of the primary circuit are located in a steel-lined, cylindrical, prostressed concrete •
containment vessel (Fig. 5).
Almost all the components and systems including the overall layout are very similar between the
WWER-IOOO and Western PWR. An important difference is represented by steam generators. The
primary side essentially consists of a hot vertical collector and a cold vertical collector, connected
each other by 11000 horizontal tubes. The secondary side essentially consists of a large cylindrical
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vessel (containing about 40 tons of fluid) with horizontal axis The vessel is
s connected at the top
with a steam collector.
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FIG 1 - Reactor Pressure Vessel

FIG 2 - Fuel Assembly

FIG 3 - Primary' System
•1-reactor pressure vessel; 2-sleam generator;
3-primary coolan! pump; 4-pressurizer; 5-quench tank;
6-emergency core cooling accumulators
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FIG 4 - Steam Generator
FIG 5 - Containment
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3. RELAP5/MOD3.2 NODAUZATION
A detailed nodalization was developed in the past at DCMN for RELAP5/MOD3.2 code,
considering the guidelines of the code User Manual and the criteria in reference [5]. The sketch of
the noding scheme, joined with information about adopted code resources, can be seen in Figure 6.
RELAP5/MOD3.2 is the well known code made available by the United States Nuclear Regulatory
Commission (US NRC) and qualified on an international basis; the code is widely used at DCMN.
The adopted nodalization has been qualified considering a specific procedure including a "steadystate" and an "on-transient" step. In relation to both the steps, quantitative criteria are utilized to
show the quality level of the nodalization; in particular, operational transients and "Kv-scaled"
calculations have been adopted in the frame of the "on-transient" qualification. The qualification of
the nodalization is discussed in detail in the reference [6].
This qualified nodalization has been used in the present work, with minor modifications in the input
deck, to simulate the state of the plant at several initial nuclear powers.
The heat structure representative of the core is divided in this model in 3 substructures: central,
middle, and peripherical. The present work has used the data of the central structure due to his great
contribution to total heat, and consequently, the higher cladding temperatures during the analized
transient.

PARAMETER
NODES
JUNCTIONS
HEAT STRUCTURES
MESH POINTS
CORE ACTIVE
STRUCTURES

NPP
KOZLODUY
1102
HAS
1028
5590
42

FIG 6 - Noding scheme for RELAPS/MOD3.2
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4. NODALIZATION APPLICATION. MAIN RESULTS
The activity has been carried out making reference to a Large Break LOCA originated by a double
ended break in the cold leg with emergency systems in operation at the design conditions.
The main considered safety margin is the difference between the best estimate Peak Cladding
Temperature (PCT) and the licensing limit. Additional safety related parameters have been
considered in the analysis like:
•

dryout duration,
the integral of rod surface temperature during a selected time window into the transient,
time of rewetting.

Several calculations have been repeated by changing the core power in a range between 50% and
150% of the nominal value. The consideration of the value of the mentioned safety parameters as a
function of the core power allows the answer to the question whether a sophisticate uncertainty
evaluation is reasonable from the industry point of view: in other words, and as an example, if PCT
reaches the licensing limit at initial power values, slightly larger than nominal values, then a posible
power uprating of the plant may not be allowed and research investements finalized to this goal may
be useless. The opposite is true if PCT does not reach the licensing limit at high values of core
power.
In the Fig. 7 is shown the relation between the cladding temperature and the nuclear power in
steady-state condition. The evolution of the surface cladding temperature for the central core node
[the node with the higher relative power] and for several powers between 50% and 150% are
shown in Fig. 8. The 2™ Peak Cladding Temperature appears only at power higher than 125%
approximately. In the Fig. 7 is shown the relation between the cladding temperature and the nuclear
power in steady-state condition.
The Ist Peak Cladding Temperatures for several power values are shown in Fig. 9. The figure
clearly shows that the 1st PCT is higher at highers initial powers. The time of maximum is
approximately constant with the power, and occurs approximately 5 seconds after the transient
start.
In the Fig. 10 the relation between the I 9 PCT and the power is shown for three levels of the core:
top, middle and bottom. The relation is practically linear in the investigated range of power.
The times of Is1 PCT and 2nd PCT, the total dryout duration and the rewet time are shown in Figs.
11 and 12.
The trend as a function of power of initial cladding temperatures, worst Is1 PCT and 2n PCT
compared with two Supposed Begin of Oxidation (SBO) limits (700 °C and 800 °C) and the
licensing limit are shown in Fig. 13.
The integral of rod surface temperature is shown in Fig. 14. This value has been obtained in three
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obtaining of the cladding temperatures evolution of all axial nodes for a given initial nuclear
power;
integrating the above curves for temperatures higher than the Supposed Begin of Oxidation
limit (700 °C and 800 °C in this work);
calculating the relative nondimensional value of the integral taking as base the 100% power
value.
Those values are compared with the value obtained by the method developed in the ref [7]. This
method takes into account the activation energy, for the oxidation reaction, by evaluating the
thickness of the oxide layer of the clad. The results indicate that the integral of cladding
temperature Ls a good indicator of the clad degradation due to the oxidation during the LBLOCA
transient.

5. CONCLUSIONS
A qualified WWER-IOOO plant nodalization suitable for RELAP5/MOD3.2 code, which was
developed and qualified at Dipartimento di Costruzioni Meccaniche e Nucleari (DCMN) of
University of Pisa [6], has been used to complete a study supporting the uncertainty evaluation in
WWER-1000 NPP.
The selected analysis made reference to a Large Break LOCA, originated by a double ended break
in the cold leg, with emergency systems in operation at the design conditions. The main output
parameters were the evolution of cladding temperatures, the Peak Cladding Temperatures, the
integral of rod surface temperature and times of rewetting.
The analysis of this transient, at selected initial powers, led to the following main results:
achievement of the relation between nuclear power and clad surface temperature in steadystate condition;
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achievement of the relation between the initial nuclear power and the worst first Peak
Cladding Temperature (Is1 PCT). In the figures 10 and 14 the almost linear relation
between the two quantities can be seen. The Licensing Limit (1470 °K) is only reached
at power higher than 140% of nominal power;
the second Peak Cladding Temperature, following the initial early rewetting, only appears
at power higher than 125% approximately. This second peak, and its temporal duration
(long dryout), cause a higher degradation of the clad due to a higher oxidation;
operating the reactor in the range between 100% to 130% only increases the oxidation of
the clad during the transient for a factor between 2-4 relative to the oxidation at the 100%
of power. This is the range for a suitable power uprating of the nuclear power plant. At
power higher than 130% the degradation becomes very high [until 100 times the oxidation
at 100%] and the cladding temperature reaches the licensing limit.

The achieved conclusions can be supported by a proper uncertainty analysis (e.g. adopting the
methodology at ref. fH'j); a better knowledge of all relevant input conditions and the study of the
same transients assuming different operation configuration of the safety systems (LPI,
accumulators...) would also improve the realibility of the results.
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ABSTRACT
Several SB LOCA experiments have been conducted on the PMK-NVH and its succesor PMK-2 integral test
facility in about 10 years of operation. After 1993, when the last IAEA Standard Problem Exercise no.4 (SPE4), a 7.4 % small break LOCA scenario simulation with no high pressure injection system available, several
other tests were performed on the PMK-2 integral test facility in Budapest. Among them in 1994,another SB
LOCA experiment with 1 % break opening was performed. The analyses of the PMK-2 facility response, a
model of WER-440 nuclear power plant, have been performed using the MOD3.2.1.2 version of theRELAP5
thermal-hydraulic computer code, to reasses the developed model for previous IAEA-SPE tests simulations.

INTRODUCTION
In mid 1980's the PMK-NVH integral test facility, a model of Hungarian Paks NPP, VVER440 type, was constructed in Budapest. Later the International Atomic Energy Agency
(IAEA) sponsored the conduction of some experiments and started an international research
program on safety of VVER-440 plants. Later in 1990's the facility has been upgraded,
especially on the secondary side (steam and feedwater system) and given a new name PMK-2
at this occasion. Most of the experiments performed on this facility were LOCA type, with the
break located at the top of external reactor vessel downcomer. The addressed experiment [1]
simulated a 1% SB LOCA scenario. The presented work deals with RELAP5 [2] simulation
of the above SB LOCA case.
After several years of the SPE experiment analyses many problems have emerged and been
studied. Main goals of these analyses were to study the adequate modelling of the hexagonal core
channel with 19-rod bundle and the phenomena during the core level depletion and uncovering.
Some influencing parameters have been identified along the way, such as proper simulation of
main coolant pump coastdown, regardless of the throttling valve calibration data and procedure.
Some concern has also been given to the horizontal steam generator modelling, since it has been
recognized as a deficiency of the RELAP5 code. Finally, the break model and location influence
to the transient course in the PMK-2 facility has been studied. Sensitivity studies were performed
analyzing the effect of some uncertain test parameters, as core geometry, safety injection water
temperature and possible secondary leaks.
PMK-2 FACILITY DESCRIPTION
PMK-2 is a 1:2070 volumetrically scaled down, full height (except for the lower plenum and
pressurizer), full pressure and full scaled power integral test facility (Figure 1). On the
secondary side the steam/water ratio is kept as in the original VVER-440 plant. The reference
plant, Hungarian Paks NPP, has 6-loops, which are represented by a single lumped active
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loop in the PMK-2. The PMK-2 integral test facility consists of a reactor vessel model with an
external downcomer, a hot leg with a pressurizer vessel, a steam generator, a cold leg and a
cold leg bypass with a pump. Differing from the western type NPPs, VVER plants have loop
seals both in cold and hot legs, which is also reflected in the PMK-2 facility. An electrically
heated 19-rod bundle with uniform axial and radial power distribution, implanted in a
hexagonal ceramic insertion simulates the reactor core. The shape of the core rod bundle is
the copy of a real VVER-440 rod bundle. The downcomer is modelled outside the reactor
vessel, but is preserving the annular shape of the cross-section.
High Pressure Injection System (HPIS) is connected to the cold leg. Two passive hydroaccumulators, so-called safety injection tanks (SITs), model four hydro-accumulators
installed in the VVER-440 plant. Low Pressure Injection System (LPIS) line is connected to
the hydro-accumulator no.l injection line. The last two systems were not operable in the 1%
SB LOCA test.

Figure 1: Axonometrical view on the PMK-2 facility
Steam generator model, depicted in Figure 1, may give an impression as if it was vertical, but
the tubes are horizontal and so the flow regimes on the primary and secondary side are in fact
similar to those in the VVER-440 plants. Steam is separated from liquid only by gravity. No
steam separators are installed in the PMK-2 facility as are in real VVER-440 plant SGs.
Additional steam volumes have been added to the steam line at the reconstruction to improve
the secondary pressure response after SG isolation. Relief valves are also connected to the
steam line.
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EXPERIMENT DESCRIPTION
The experiment started from full scaled-down power and primary loop flow at nominal
primary and secondary pressure. In the 1% SB LOCA test the secondary liquid level was
relatively low, compared to other similar tests, so that the SG tubes were barely covered with
secondary liquid. The initial conditions for the test are given in Table I, where in the first
column actual test conditions are presented, while values achieved after the
RELAP5/MOD3.2.1.2 initialization process are listed in the second column.
All the parameters were matched closely by RELAP5, except for the primary temperatures,
where certain discrepancies point at temperature measurement inaccuracy of about ± 1 K, as
reported in the IAEA-SPE-4 test documentation [3].
The transient was initiated by opening the MV31 break valve at the top of the external reactor
vessel downcomer. While here was an orifice with 3.2-mm diameter inserted in the break line
for the SPE-4 test, which corresponded to a 7.4% break in the original VVER-440 plant and
for the other test a 1 -mm orifice, corresponding to 1 % cold leg break. Steam generator was
isolated in the first few seconds of the transient by closing the PV22 valve. At the same time
feedwater flow to the SG was stopped closing the PV21 valve. These two actions, following
the break opening, caused the further sequence of events, given in Table II in comparison
with the calculated results.
Table I: Initial conditions for 1% SB LOCA
Parameter
RELAP5
test

Primary side
658.
12.43
536.4
562.
549.2

core power (kW)
primary press. (MPa)
cold leg temp. (K)
upp. plenum temp. (K)
loop avg temp. (K)
upper head temp.(K)
pressurizer level (m)
primary flow (kg/s)
HPSI flow (kg/s)

no data

Table II: Setpoints&timings for 1% SB LOCA

Parameter
658.
12.43
536.4
561.3
548.85
534.(l>
1.07
5.1
0.014

1.07
5.1
0.014
Secondary side
secondary pres. (MPa) 4.51
4.513
FW flow (kg/s)
0.348 0.3475
FW temp. (K)
496.2 496.2
SG level (m)
1.52
1.523
(1) value based on previous (SPE) tests

setpoint

timing (s)
test

R5

0-0.1

3

0-4

0-14

none

-

5

reactor trip

Pprim ^

65

75

HPIS start

Pprim *"-

65

75

pump
coastdown
SG relief valve
opens
SG relief valve
closes

Pprim ^

74

83

41

48

150

130

break opening
secondary side
isolation
secondary leak
opening

11.59 MPa
11.59Mpa
11.07 MPa
Psec<

5.39 MPa
Psec<

4.96 MPa

FACILITY MODEL DEVELOPMENT
The hydrodynamic model consists of 101 volumes, connected with 104 junctions. There are
102 heat structures with 408 mesh points attached to it. The 48 control variables and 14 trips
represent the measurement system and controls. The model has been gradually developed
several years at US for the purpose of simulating the previous SPE experiments, especially
SPE-2, SPE-3 and SPE-4 [4, 5, 6]. System nodalization is presented in Figure 2.
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steam line
FW+
EFW

hot leg
loop seal
LPIS

pump

Figure 2: PMK-2 facility "base" case nodalization for RELAP5 analyses of 1% SB LOCA
RESULTS
It was previously shown in some IAEA-SPE-4 analyses [7, 8], that break vicinity nodalization
has great impact on the transient course simulation. The main characteristics of the
nodalization presented above, which was found to be the most adequate for the SPE-4
modelling, is that the downcomer top volume is split into two vertical volumes. All the
connections (cold leg, accumulators and the break) are connected to the bottom volume, while
the top part of the downcomer collects some small amount of vapor which is generated in
RELAP5 calculation during the hydro-accumulator discharge period, but was not observed in
the SPE-4 experiment. This nodalization successfully prevented vapour entrainment into the
break line before the cold leg loop seal clearing. It will further be addressed as "base" case
nodalization. Meanwhile, the other nodalization, denoted here as "one vol.", could not satisfy
SPE-4 experiment observations and break flow was obviously not predicted very well during
the hydroaccumulator injection period. This nodalization is characterized by only one volume
at the downcomer top region and the break valve connected directly into it without a
connection pipe.
For the SB LOCA experiments conducted on the PMK-2 facility the following crucial
parameters have been identified and tuned according to the experimental data to minimize the
uncertainty of the simulation. The pump coastdown simulation and secondary pressure tuning
were shown to be the most important ones. To match the secondary pressure development
satisfactorily, certain amount of leak was introduced into the RELAP5 input model. This
showed to be very helpful for matching many of the transient parameters closely.
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On the opposite of expectations and experience from the SB LOCA simulations, the "base"
case nodalization did not bring any considerable benefit to the 1 % SB LOCA simulation. In
this case no hydroaccumulators were available and the phenomena in the downcomer top
region were not as complicated as in the SPE-4 test. In this experiment some small amount of
vapor must have been entering the break line even before the cold leg loop seal clearing. For
the 1 % SB LOCA test RELAP5 would even not allow any vapor to be generated at the break
location, which resulted in slight break flow overprediction during the whole transient, as can
be seen on Figure 3.

120
100
O)

80

60
v>
CO
E 40

(0

20

1000

3000

2000
time (s)

4000

Figure 3: Integrated break mass flow
Certain secondary leak, not identified after the SG isolation in the experiment, was introduced
according to previous experience so that the secondary pressure could be matched more
closely by RELAP5 (Figure 4). The possible cause could be incomplete closing of the main
steam isolationn valve PV22.
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Figure 4: Secondary pressure
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Beside the break flow development and secondary system response, loop seal phenomena are
very important in the case of any SB LOCA simulation with RELAP5. Figure 5 shows that
hot leg loop seal was started emptying too early in both RELAP5 calculations, but still the
dynamics of the phenomena was caught satisfactorily. Some discrepancies from experimental
data after 150 s origin from smaller pump miss-behaviour at the end of coastdown, which is
not considered to be very important. More differences come from overprediction of reactor
vessel downcomer level, which is not shown here. Experimental data show emptying of
reactor vessel downcomer already after 500 s, with short recovery interval around 1000 s,
while RELAP5 could empty the downcomer only after 2000 s. This then reflected on hot leg
loop seal level underprediction.

\ x
collector
',|/\ side

8

— EXP
base
cne-vol.

? 7 o

I 6'
5

reactor
side

44
0

1000

2000
3000
time (s)
Figure 5: Hot leg loop seal levels

4000

The mentioned differences also reflect in cold leg loop seal prediction, but only after 2000 s,
when the cold leg loop seal clearance occurred and the reactor vessel downcomer was partly
cleared. While in the "base" case the cold leg loop seal was cleared very deeply, the
experimental data showed incomplete clearance and in the "one vol." calculation even less
liquid was ejected from the cold leg loop seal (Figure 6).
6

— EXP
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one-vol.

collector
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reactor
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1000

2000
time (s)

3000

4000

Figure 6: Cold leg loop seal levels
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In the case of 1 % SB LOCA where there was no cold hydro-accumulator water entering the
hot leg, so loop seal clearing was predicted relatively more successfully by RELAP5 than in
some other SB LOCA simulations at the PMK-2 facility. Quite surprisingly it showed that the
"one vol." nodalization performed even better and the reactor vessel level was predicted
almost perfectly for this case, as can be seen on Figure 7. Experiment even showed that more
vapor was entering the break before cold loop seal clearing. If this could be achieved in any of
RELAP5 calculations, primary liquid distribution would be matched even better.

9
• \

— EXP
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2000
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4000

Figure 7: Reactor vessel level
Since the lowest reactor vessel level was predicted almost at the same time in both
calculations, the predicted core heatup, shown in Figure 8, was almost the same, but much
lower in magnitude than in the experiment. This was expected due to the known deficiency of
RELAP5 correlations for interphase drag and phase separation. It has been observed in many
other SB LOCA simulations that RELAP5 predicted core dryout occurrence at much lower
collapsed level than the measurement data have indicated.
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Figure 8: Core temperature
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CONCLUSIONS
Some tuning of various parameters has been done, but all within the acceptable limits and
physically consistent assumptions. RELAP5 models for different phenomena are proven to be
complete and robust enough, that specific VVER plant features could be modelled in detail.
Hot and clod leg loop seal clearing was predicted satisfactorily in the absence of
hydroaccumulator injection, since cold water did not enter hot leg in a larger amount.
On the other hand the 1 % SB LOCA test simulation showed some other RELAP5
deficiencies. It can be concluded, that the phenomena in the downcomer top region are very
complicated during a SB LOCA process, especially if hydro-accumulator injection is
activated. With only small amount of HPSI water entering the external reactor vessel
downcomer, the simpler "one vol." break nodalization performed equally or even better than
the more complicated "base" case one. The real phenomena at the PMK-2 facility are
probably 2-dimensional or even strictly 3-dimensional when hydro-accumulators inject their
cold water in the downcomer and upper plenum. It is therefore beyond the capabilities of
RELAP5 code to predict these phenomena correctly.
Besides, opposite of the expectations, it appears that the results of this calculations do not
suffer from great user impact in choosing the proper break nodalization. On top of that the
location of the break at the PMK-2 facility seems to give case-dependent results in RELAP5
predictions, depending on whether hydro-accumulators are available in a certain SB LOCA
test or not.
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Abstract
The use of the natural circulation of coolant in the boiling water reactors simplifies a reactor
control and facilitates the service of the equipment components. The moderated core power
loads allow the long fuel burnup, good controll ability and large water stock set up the
enhancement of safety level. That is considered to be very important for isolated regions or
small countries.
In the paper a high safety level and effectiveness of BWRs with natural circulation are
reviewed. The limitations of flow stability and protection measures are being discussed. Some
recent efforts in designing of such reactors are described.
1. Introduction
On the end of the 20th century the nuclear community is being faced with unexpected
difficulties in the spreading of the nuclear energy. A gas industry expansion and some known
accidents at NPPs have influenced on the progress in this area of power engineering. A
situation in a development of the NPPs could be called a stagnation. Only in the far east there
are remarkable activities on a construction of NPPs.
There is no doubt among the knowledgeable experts, that in long-term expectations nuclear
power plants are sufficiently safe, economically effective and can be considered as a sustainable
power supply. In Europe the "gas pause" could be used for detailed analyse of the alternatives
and for choosing the proper reactor type for national energy supply.
The dates of latest design activities show that the Boiling Water Reactors with natural
circulation of the coolant (BWR-NC) are reliable and economically attractive power sources. It
could be understood that in the state with the permanent budget deficit the BWR-NC could be
considered as possible basis for nuclear power stations. It is thought that such reactors are the
best choice among the various alternatives to get proper safety level of NPP with the moderate
expenses.
2. Boiling Water Reactors in the world
For a long time many countries are using the boiling water reactors for energy production.
Comparing to the PWRs have such reactors lower operating pressure in the vessel, lower
number of heavy components, smaller volumes of the technological premises and consequently,
less capital and operational expenses.
Nuclear Energy in Central Europe '98
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In the beginning of 1997 there were 94 BWRs in operation among 433 nuclear power units.
A successful operation of BWRs has proved, that the principle of the direct cycle did not
create significant difficulties for services of the equipment, while the stability and vapor
radioactivity problems are being overestimated. All these features allow constructing the
BWRs with electrical power up to 1350 MWe. ABWRs successfully operate in Japan [1]. It is
appropriate to mention some modern activities in Germany to design a reactor SWR 1000 [2].
Among the measures to improve the safety the recommendations considering the
simplification of the systems occupy the important place. The use of natural circulation of the
water in the reactor vessel creates a new level of the reactor control simplification. It also
facilitates the service of the equipment components and enhances the safety of the plant. The
moderate core power loads allow the long fuel burnup. A good controll ability and large water
stock set up the improvement of safety level. That is considered as a very important feature of
NPPs for isolated regions or small countries. Current information shows a definite interest of
the reactor designers for BWRs with natural circulation of the coolant. It is well known, that
since 1982 a Simplified Boiling Water Reactor (SBWR) with electric capacity 670 MWe is
being developed by "General Electric" in USA [3].
The SBWR makes extensive use of passive features and simplified systems to produce costsaving advantages. Key design features of SBWR includes the systems for depressurization and
pressure suppression, gravity driven cooling system and other features, that rely on gravity or
stored energy to ensure core cooling, decay heat removal and ATWS mitigation.
On the International Conference TOPNUX-96, Paris, France this company has presented
very detailed reports about the project of the European Simplified Boiling Water Reactor
(ESBWR) [4], which was designed to meet the requirements for new NPPs to be built in
Europe. The main design features of that ESBWR 1190 MWe (net) plant are as follows:
a) Simplicity achieved by use of natural circulation and passive safety systems,
b) Improved plant economics - by reduction of systems and buildings, by use of
reliable systems and standard components from operating BWRs,
c) Enhanced safety - by passive safety and diverse non-safety systems.
The technical characteristics of SBWR, ESBWR and ABWR are summarized in Table 1.
Table 1: Technical Data of reactors
Plants
Power [MWth]
Net Electrical Output [MWe]
Vessel-diameter,
height [m]
Power density [kW/m]
Core height [m]
Equivalent diameter [m]
No. control rods drives
Circulation
No. of Bundles
Vessel pressure, [MPa]

182

SBWR
2000
670
6,0
24,5
41,5
2,74
4,73
177
Natural
732
7,17

ESBWR
3613
1190
7,1
24,9
48
2,74
5,9
269
. Natural
1132
7,17

ABWR
3926
1356
7,1
21,1
51
3,71
5,4
205
Forced
872
7,17
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In Russia a development of the BWRs led to the construction of the RBMK reactors. A
Chernobyl accident stopped their story. The only Boiling Light- Water moderated and cooled
reactor which is being successfully operated since 1965, is the VK-50, located in
Dimitrovgrad, Ulianovsk region [5].
A similar boiling reactor with NC was a Dodewaard reactor in Netherlands that has been
constructed roughly same time [6], however it is now closed after 29 years of successful
operation.
Broad experimental activities in various areas of reactor technology, good result gathered
during the operation of these and other reactors with direct cycle have proved the prospects of
BWR-NC types. Recently the development of reactor VK-300 has been initiated in Russia [7].
Table 2: Technical Data of some reactors with natural circulation
Plants
VK-50
Dodewaard
250
Power [MWth]
163,4
Net Electrical Output [MWe]
50
50
Vessel- diameter [m]
3,8
2,794
Height [m]
12,09
11,2
Power density [MW/1]
36,3
41,5
Core height [m]
2,0
1,793
Equivalent diameter [m]
2,8
1,788
No. of control rod drives
31
37
Circulation
Natural
Natural
No. of Bundles
187
156
Vessel pressure [Mpa]
10,0
7,15

VK-300
900
300
4,58
12,4
28,0
3,5
3,4
90
Natural
151
7,0

3. Features of the BWRs with natural circulation
3.1 Stability
A problem of the nuclear-coupled instability has been a major concern since the early stage
of BWR development. In US Code of Federal Regulations (10 CFR 50, Appendix A) among
criteria for protection core there is Criterion 12- "Suppression of reactor power oscillations",
which has to be met during design and operation of NPPs.
An extensive program of experiments has been carried out in USA and other countries to
disclose the nature of that phenomenon. Nevertheless in some cases the real instability of
events has been observed under the operation of NPPs ( for example, power oscillations at
LaSalle NPP in March 1988 [ 8 ] ) .
It was discovered that there are neutronic, thermo-hydraulic and acoustic types of the
instabilities, which resulted from lags in the feedback links between power, flowrate and liquid
density. Those instabilities influenced on reactivity between the driving forces and flowrate.
Indeed, the coolant density oscillations are creating the local disturbances in neutron
multiplication and driving forces, which influenced delayed power change and flowrates. The
consequence is the change of coolant density.
There are two possibilities for analyzing the unstability phenomenon- the numerical
investigation of the system models on the digital computers and semi-analytical consideration
of simplified models. In the latter case a linear stability analysis is being used to determine the
threshold of oscillatory behavior of the boiling reactor [9, 10].

Nuclear Energy in Central Europe '98

183

In linear analysis interactions of the parameters are described in the terms of transfer
functions. In this case transfer function describes the response of the reactor power as a
function of small harmonic disturbances of the external reactivity. It was shown that the
neutron dynamics of the reactors with feedback could be described by differential equations of
point neutronic kinetic,
, d N
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with reactivity calculated as
P(t) = Pin- Pfl, ,

Pfbk =

pft= Sk Pftkd

£P^fk\N{l')Fk{t_{)dt;

where are:
Pin - external disturbances of the reactivity,
Pfbk- feedback reactivity from k-th parameter (temperature of the fuel, average void fraction
and others),
Fk(t)=fk (t,N)- time response of parameter fk on power changes.
After linearization and Laplace-transformation, this system can be presented as an algebraical
equation
s [1 +Sj pi/(s+Xi)]5N*/N=Spin*- S k (3p/dfk) fk F*k(s) SN*/N ,

where

kFk* }8N*/N =8p in *,

where is Do= {s[l +2; p^s+Xj)]}"1 a transfer function of the reactor with zero power.
The transfer functions of the reactor with negative void-fraction feedback can be presented
by (with s=ico)
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•"

&P
1+ D

o

( i c o ) -—

•
<pF

(ico )

where is F*=(5cp*/ (p)[8N*/N]"1 a transfer function of the relative changes of the void fraction
at changes of the power.
Usually function F* can be approximated by chain of three links. The condition of escaping
from resonant instability can be approximatelly presented as

(1+
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where are:
K=(l/f3)(dp/d(p) (p - vapor reactivity,
tf - time constant of the fuel element,
xs, xi, - subcooled and boiling transport times.
It is possible to show by using Routh-Hurwitz criterion, that a system will be stable, if

f

T

f

,

b

A detailed analysis of neutronic unstability is being performed on the computers. An effective
code for such actions has been developed in Kurchatov Institute [11].
In the VK-50 reactor an unstability threshold is determined as a point of vanishing of the
decrement of the noise correlation function.
Another problem is hydraulic instability of the natural circulation. Instability of flowrate can
be static and dynamic. It is known as "chugging" behavior of steam boilers, thermosyphons and
other two- phase flow system with time lags between vapor production and flow rates.
Theoretical analysis of such phenomena is presented in [9,12]. Recently a great attention is
being paid for investigation of the nonlinear dynamics of the BWRs [13].
3.2 Radiation in the compartments.
Specific feature of the direct cycle is using the steam, generated in the core, which get some
radioactivity of the oxygen. It is carrying fission products from fuel elements and some
corrosion products. A well-known measures like high quality of the fuel, cleaning up of the
coolant and degassing treatment of the steam, provide the acceptable radiation levels in
working halls of the NPPs. Radiation levels in some rooms of the VK-50 are presented in the
Table 3.
Table 3: Intensity of the radiation near some equipment of the reactor VK-50
Equipment
Intensity of radiation, [mrem/h]
during operation
on shut down
Pipeline on reactor outlet
750-1000
9 - 13
3540
Stop valve of turbine
1,8- 4,4
Low pressure cylinder
10- 15
0,4- 0,8
Condenser of turbine
46
0,7- 1,1
7
0,4- 1,1
Condensate pump
2Feedwater pump
15- 20
0,6- 1,7
Doses of the irradiation on the personnel of VK-50 are within the permissible limits.
3.3 Purification of gas releases.
On the VK-50 the very effective scheme of a burning of the hydrogen and a purification of
gas releases are developed and successfully tested during operation [14].
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3.4 Passive safety systems
Modern trends in the development of the high safety level of the NPPs are embraced by the
simplification of the control systems, use of the natural forces for initiation of the protection
actions and by use of the passive systems for an accident control. All such ideas are
implemented in the projects of the BWR with NC. Practically new plants meet all safety criteria
with passive safety systems- passive inventory control, containment heat removal, fission
•product control and others.
3.5 In-vessel retention of the BWRs core in severe accident.
Large water supply with the passive actuation in the case of emergency provides adequate
cooling of the fuel and ensures the core to be retained in the vessel. Important features of the
BWR design in Russia are locations of the control rod drives on the cover of the reactor. This
means that on the low head of the reactor there are no connections, no nozzles, no chances for
leakage. It could help to retentain the core melt in the reactor vessel in the case of severe
accident.
4. Conclusion
BWRs with NC are rather good choice among the various alternatives to get acceptable
safety level of NPPs together with the moderate construction and operation expenses. Such
reactors could be considered as suitable alternative for reconstruction of the NPPs after the
decommissioning of PWRs.
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ABSTRACT
Four different disturbances during midloop operation of VVER-440/V-213 type reactor have been
simulated by experiments in the Hungarian PMK-2 integral-type experimental facility at the KFKIAEKI (Budapest). Main aims of this type of studies was the determination of the distribution of
coolant and noncondensible, coolant temperatures, boiling in the core, etc.
Paper presents selected results of the computer modelling of three experiments performed by the
RELAP5/MOD3.2.1.2 code. The comparison of test data and calculated results shows that with the
INEL developmental code version it was possible to capture most of the important phenomena of
interest.

1 INTRODUCTION
The loss of residual heat removal (LRHR) accident during midloop operation is one of the
pressurised water reactor (PWR) accidents intensively studied in several research institutes in
last years ([1] - [5]).
In VVER-440/V-213 type NPPs during shutdown conditions two of the six loops are in
operation to remove the core fission product decay heat at reduced primary coolant level down to 1.4 m above the centreline elevation of hot leg - in single-phase natural circulation
heat transfer mode. The natural circulation is affected by the special features of the VVERsystem, namely the loop seals in both the hot and cold legs, the horizontal design of the steam
generator (SG) having vertical collectors on the primary side.
Some possible disturbances of this particular operation mode - called the midloop operation have been simulated by experiments in the Hungarian PMK-2 integral-type experimental
facility at the KFKI-AEKI (Budapest), a full pressure scaled down model of the primary, and
partly the secondary circuit of the Paks Nuclear Power Plant ([6] - [8]). The PMK-2 facility
has a volume and power scaling of 1:2070, the ratio of elevations is 1:1 except for the lower
plenum and pressuriser. The six loops of the plant are modelled by a single active loop.
Main aim of this type of studies in case of different disturbances was the determination of the
distribution of coolant and noncondensible, coolant temperatures, boiling in the core, etc.

Nuclear Energy in Central Europe '98

187

• ' < • : •

Proper operator actions should be defined to prevent the possible core damage and provide the
long term cooling of the core.
In an earlier paper [9] one of the results of the PMK-2 experiments, namely the inadvertent
isolation the operating SGs by closing of main isolation valves in the loop was presented with
the computer modelling performed by the RELAP5/MOD3.1 code. However, difficulties were
•encountered in obtaining analytical results by RELAP5 code (numerical convergence
problems, extremely small time-steps, very long CPU time).
In the second phase for the calculations the RELAP5/MOD3.2 [10] code was applied. Using
the standard code version the runs failed again sooner or later caused by low pressure
oscillations. Abortion first appears at the problem initiation, when low pressure low flow
initial conditions should be set up, then during the LRHR process simulation too.
After further efforts including discussion with the code developers on the code capability we
get an assistance in framework of US-NRC CAMP project in form of an EMEL developmental
version RELAP5/MOD3.2.1.2 of the code with special options, which are a collection of
modelling improvements to minimise numerical sources of oscillations for low pressure twophase flow simulations. The first use of this code version in the OECD-ISP38 activity ([11] [14]) helped us to understand the main phenomena at the loss of RHRS during midloop
operation of a PWR. The gained experiences [15] were utilised at the analytical reproduction
of the experiments forVVER-440 type reactor.
2 THE EXPERIMENTS
Four possible disturbances of this particular operation mode of VVER-440 reactor have been
simulated by six experiments in the Hungarian PMK-2 integral-type experimental facility. The
main information concerning the experiments is summarised in Table 1.
Initial conditions for the experiments are characterised by the data of FET test as follows:
reduced reactor coolant level, 7.88 m (the centreline elevation of hot leg is 6.225 m); heater
rod power, 8.2 kW (1.2% of nominal); natural circulation flow in loop, 0.1 kg/s; temperature
increase in the core, 18 K; feedwater temperature in SG secondary, 310 K. The reactor model,
the pressuriser and the primary collectors of SG are open to keep the primary at atmospheric
pressure.
After having obtained the stable natural circulation, the FET transient is initiated by closing
the model of the main isolation valve (MV11) in the loop at 1000 s of process time. Between
1000 and 3000 s the temperature is increasing up to the saturation temperature and the
development of pool boiling can be observed in the core. At 4500 s the MV11 valve is
reopened and at about 5200 s the system is stabilising again at the initial conditions.
The GFK and GGF tests belong to closed reactor vessel, so the pressuriser was open only. The
injection of noncondensible was fulfilled step by step until the appearance of. the natural
circulation degradation. Before end of experiments the gas was let go.
In cases of cold water injection to hot leg (HVM) no characteristic changes of conditions were
observed, therefore only the first tree experiments, namely the FET, GFK and GGF tests were
used for validation of RELAP5/MOD3.2.1.2.
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Table 1.
LRHR TYPE EXPERIMENTS FOR WER-440-TYPE NPPs ON PMK-2
Ident. Initiating event
FET
GFK
GGF

Description

Process time

Closing of the main
isolation valve in cold leg

Heat removal disturbance by stopped
natural circulation in opened reactor vessel

5200 s

Nitrogen gas injection to
the upper plenum

Natural circulation disturbance by uncontrolled
nitrogen gas in the upper plenum after pressure test

6000 s

Nitrogen gas injection to
the SG collectors

Natural circulation disturbance by presence of
uncontrolled nitrogen gas in the SG collectors
injected through the air removal lines

7800 s

HVM Cold water injection in to the hot leg
HVM1
Cold water injection to hot leg correspond to one
HPIS pump capacity
HVM2
Cold water injection to hot leg correspond to two
HPIS pumps capacity
HVM3
Cold water injection to hot leg correspond to three
HPIS pumps capacity

1450 s
1400 s
1300s

Table 2.
LOSS OF RESIDUAL HEAT REMOVAL TYPE CALCULATIONS
RELAP5 CODE VERSIONS

AGNES project
First PMK-2 experiment (FET)

1993
1994

REIAP5/MOD2.5/V251 S
RELAP5/MOD3.1

Opened WER-440 type reactor

1994

RELAP5/MOD3.1

OECD-CNSI ISP38

1995-1996
1996

RELAP5/MOD3.2
RELAP5/MOD3.2.1.2

Six PMK-2 experiment

1997

RELAP5/MOD3.2.1.2

3 THE COMPUTER MODELLING
To assess the capability of the thermal hydraulic code RELAP5 for modelling the conditions
during midloop operations different version of code were used as mentioned in the
introduction and presented in Table 2. In use of earlier versions, because of the extremely low
operating parameters of the open system, an exhaustive work was demanded (for similar
experiences see [8] and [9]). Difficulties appeared especially in the set up of the initial
condition and when the boiling in core evokes condensation and counter-current flow
conditions at the top of the core occur. For the present case, namely for RELAP5/MOD3.2.1.2
application the input model and experiences were utilised.
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Fig. 1 RELAP5 nodalisation of PMK-2 facility for LRHR calculations

The RELAP5 nodalisation scheme of the PMK-2 (see Fig. 1) has 109 volumes and 118
junctions, the core heater rods and other component walls are modelled by 70 heat structures
with 301 nodes. It is a modified version of the earlier used ones ([6] - [9]), supplemented with
special boundary nodes, time dependent volumes full with noncondensible
4 COMPARISON OF TEST DATA AND CALCULATED RESULTS
Figs. 2 and 3 show the progress in the simulation for FET experiment (compare [9]). la the
figures the upper plenum temperature TE22 and the heater rod surface temperature TE15 of
the experiment are compared with the calculated results. During the calculation no
termination of run was occurred due to code failure problems in pool boiling period. The main
phenomena of the experiment are well predicted by the RELAP5/MOD3.2.1.2 simulation.
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For presentation of the GFK test four figures (Figs 4 to 7) were selected for this paper. The
first demonstrates the reproduction of the boundary condition, the effect of the stepwise
injection of noncondensible into the upper plenum on the coolant level in the reactor vessel
(LEU). The Fig. 5 shows the good agreement between the measured and calculated upper
plenum pressures (PR21). On Figs 6 and 7 the TE22 and TE15 temperatures are compared.
In case of natural circulation disturbance by presence of uncontrolled nitrogen gas in the SG
collectors injected through the air removal lines (GGF test) results from two calculations are
presented. The boundary conditions in comparison can be seen in Figs. 9 and 10 for the hot
collector coolant level (LE45) and the upper plenum pressure (PR21). On Figs. 8 and 9 from
the first calculation the outcome of the inadequate modelling of the SG heat transfer tubes
with three bundles can be observed. In the second calculation for the two upper tube bundles a
more detailed nodalisation was introduced with 6 bundles and connections with the collectors
at 6 different elevations. The improvement according to Figs. 12 and 13 in temperature
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histories TE22 and TE15, which are closed connection with natural circulation degradation,
conspicuous. The trends observed in the experiment GGF are well predicted by the
calculation, however the agreement may be still better with further refinement of SG
nodalisation.

5 CONCLUSIONS
As the conclusion it can be stated, that the RELAP5/MOD3.2.1.2 calculations were able to
capture most of the important phenomena of the PMK-2 experiments. Thanks to the relatively
low power density in the core and the large water inventory in the VVER-440 primary system
no core uncovery and heater rod surface temperature excursion was observed in the analysed
transients. It seems, that the time frame for the operator is large enough to make right actions
for the prevention of core damage in the plant.
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Abstract
The information on heat transfer and especially on the void fraction in the reactor core under subcooled
conditions is very important for the water-cooled nuclear reactors, because of its influence upon the reactivity of
the system. This paper gives a short owerview of subcooled boiling phenomenon and indicates the
simplifications made by the RELAP5 model of subcooled boiling. RELAP5/MOD3.2 calculations were
compared with simple one-dimensional models and with high-pressure Bartolomey experiments [8].

Nomenclature
Cf- specific heat of the fluid, J/kgK
C - constant
d - bubble diameter
F- convective factor from Chen's correlation
G - m a s s flux, kg/m s
kf- thermal conductivity, W/Mk
h- enthalpy, J/kg
hf0 - heat transfer coefficient to the single
phase liquid, W/m2K (eq.5,6)
Nu - Nusselt number

Greek letters
p - density, kg/m3
y/_ parameter in (eq.5)
/-_ volumetric mass exchange rate, kg/m 3 s
AT$ai _ w a l l s u p e r heat, Tw-Tsal K
^
_ u id subcooll
T
TK
Subscripts
r_ £j ^
J
_
SQt

Pe-Peclet number

,,«6-subcooled
«6s

p- pressure, bar
S - dissipative factor from Chen's correlation
St - Stanton number
T-temperature, K

f. i n l e t
ws

wajj t 0

if_

interfacial

1. Phenomenological description of subcooled flow boiling
The term "subcooled boiling" is mainly associated with the simplification of the boiling
phenomenon in the single dimension, since boiling in a vertical channel is typically a
multidimensional phenomenon [1]. Subcooled flow boiling in a heated channel covers the
region beginning from the location where the wall temperature exceeds the local liquid
saturation temperature to the location where the thermodynamic quality reaches zero, which
corresponds to the saturated liquid state. The thermodynamic or equilibrium quality [2] is
defined as liquid entalphy relative to the saturation state.
x_

(hf-hf,al)

_

cfATsub

(i)

h

Equation (1) results in a negative equilibrium quality for the subcooled boiling region.

Nuclear Energy in Central Europe 98

195

outlet
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Flow
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Figure 1: Flow regimes in subcooledflow boiling, as presented by Kandlikar [3]
Important locations and regions of subcooled boiling in the heated circular tube are illustrated
in figure 1 and discussed in the furter text. Kandlikar's [3] phenomenological description of
subcooled boiling regions is presented here:
Single phase region (A-B): Subcooled liquid enters the tube at location A. As long as the wall
temperature is lower than local saturation temperature of the liquid, the heat transfer is singlephase. Wall temperature rises linearly and parallel to the bulk liquid temperature. The wall
temperature reaches the saturation temperature of the liquid at location B, defining the
beginning of the subcooled boiling region. Nucleation does not occur immediately, since
certain amount of wall superheat is required for the onset of nucleation.
Partial nucleate subcooled boiling region (C-E): Location C, where the first bubbles appear, is
identified as the Onset of Nucleate Boiling (ONB). After the ONB point the wall temperature
begins to flatten. Further downstream, as more and more bubble sites occur, the contribution
to heat transfer from the nucleate boiling continues to rise and the single-phase convective
contribution decreases. This transition region between locations C and E is referred to as
partial nucleate boiling.
Fully developed subcooled boiling region (E-G): Finally the entire wall surface is covered by
bubble sites at the location E, establishing the Fully Developed Boiling (FDB), where the
convective heat transfer contribution reduces to zero. As the subcooled liquid in the fully
developed boiling approaches to the saturation state, a location G is reached, where bubbles
detach from the wall and penetrate into the liquid core. This point is called the point of Net
Vapor Generation (NVG), where the void fraction begins to be significant.
Significant void flow region (G-H): From NVG point onward the flow is considered as twophase mixture. That means that two-phase heat transfer can be considered and boiling
becomes very similar to the saturated flow boiling. The conditions for the NVG location are
of particular interest for the RELAP5 computer code. Saturation condition under
thermodynamic equilibrium is reached at point H, where the bulk liquid temperature becomes
equal to the liquid saturation temperature. However, some subcooled liquid is still locally
present in the liquid core.
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2. Correlations for subcooled boiling flow
Considering the phenomenological description, Kandlikar [3] divides subcooled boiling into 3
regions. For the sake of simplicity we will adopt the rough subdivision of the subcooled
boiling region into two main regions [2]. In the highly subcooled region, just subsequent to
the ONB point, the generated vapor remains as discrete bubbles attached to the wall surface
whilst growing and collapsing. Voidage in this region is essentially a wall effect.
At lower subcoolings, at the NVG point (or FDB point by Griffith et al) the bubbles detach
from the surface and move through the slightly subcooled liquid. This region is called
significant void flow region [3] and voidage in this region is considered as a bulk fluid effect.
2.1. Highly subcooled region (partial boiling and fully developed boiling)
Onset of nucleate boiling
The required wall superheat to initiate bubble nucleation was suggested by many authors,
Davis and Anderson [2], Frost and Dzakowic [2], Hsu et al [3]. The Bergles and Rohsenow
nucleation criterion is widely used [2]:
0,463p' u

=0,556

1082/7

(2)

1,156

Partial subcooled boiling region
In the partial boiling region, nucleation and single phase convection processes occur
simultaneously. Bowring [2] suggests that:
(3)

9SCB

The Bowring method implements the superposition of a single phase forced convection
component qspL and a subcooled boiling component qsc.B, where q is the total average wall
surface heat flux. Fully developed (FDB) region is reached when convection component qspL
reduces to zero. The variation of the single-phase heat flux component q$pi with reducing the
local subcooling can be described by the Jens and Lottes correlation [4]. The Bowring
procedure is detaily explained in Collier [2]. Jens-Lottes relationship between ATsat and q:
= ¥qn = 25q°-25ep/62

(4)

The subcooling for the FDB point is then calculated by the Bowring formula:
A77.sub(FDIl)

1.4

(5)

2.2. Significant void flow region
Onset of significant void flow region or NVG point
After the point of first bubble departure (also NVG point), significant void is present in the
subcooled liquid and the void rises very rapidly even though the bulk liquid may still be in a
highly subcooled state. There are several experimental correlations for this point available in
the literature. Griffith et al. [2] suggest that the transition to the significant void region is
' associated with the onset of FDB region, while Bowring [2] calculates the point of first
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bubble detachment. A very simple method for calculating the NVG point is the Saha and
Zuber criterion [2], which is also used by the RELAP5. code. Griffith et al. and Bowring
criteria for subcooling are given by equations (6) and (7), respectively, while the Saha-Zuber
correlation adopted for use in RELAP5 code is listed among constitutive equations in table 1.
AT.sub(FDB)

q
5h•f»

,, =(14 + 0.1/7)

(Griffith et al.) [2]

(6)

(Bowring) [2]

(7)

2.3. Void fraction estimation
There are only a few models for wall void fraction estimation in the highly subcooled boiling
region, where bubbles do not penetrate into the bulk subcooled flow. One of them is the
model proposed by Griffith et al [2]. However this model becomes incorrect at low pressures
below 20 bar, since the bubble diameter becomes a function of pressure as well.
In the significant void flow region, there are several methods of calculating the void fraction.
Collier [2] states the model proposed by Bowring and empirical methods of Thorn, Zuber and
Levy.
3. RELAP5 correlations for subcooled boiling region
RELAP5 disregards the wall voidage region between the ONB point and the NVG point.
Thus the fluid flow in the upstream of the NVG point is treated as single-phase flow and twophase flow downstream. In Table 1 RELAP5 constitutive equations for subcooled boiling are
listed [5]. Here only the main closure equations for the energy conservation equations are
given, since we assume that the relative motion of phases is of minor importance for the
subcoooled boiling [6].
Table 1: RELAP5/MOD3.2 constitutive equations for subcooled boiling flow region
•

Constitutive equations
Vapor generation rate on the wall
F .

=

•••_

w/

"

Reference/Comments
Lahey's [5] mechanistic model is used to
capture the effect of thermal gradient in the
wall boundary layer. Liquid near the wall is
preheated and flashes to vapor.

y ,

_min(h,,h/M)-hcr

_ pf(h/sm

-m\n(hf,hfM)')
X - fraction of the wall heat flux to liquid

Net vapor generation point (NVG)
StCr
fM
0.0065 , Pe > 70000
h =1
NuC,
h, —
-,Pe< 70000
455
GDC,
Nu
~Pe

Wall heat transfer
saturated flow boiling:
<? = h,,,.c (7",, - TM )F+hmk
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Saha-Zuber [5] correlation is used to calculate
the critical enthalpy hcr of the subcooled fluid,
where RJELAP5 starts treating the fluid as twophase flow. The correlation is valid for
pressures from 1.01 to 138 bars. At low flow
rates the bubble detachment occurred at
constant Nu number (thermally controlled),
while at high flow rates the bubble departure is
hydrodynamically induced at a fixed St
number. The Pe = 70000 is the switch between
thermally or hydrodinamically controlled
bubble departure.
All heat flux from the wall during subcooled
boiling process is consumed to vapor
generation and liquid heating, thus Qwg=0. Heat
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subcooled flow boiling:
Tsa, <Tf< (Tsal -5), F• = F-0.2(TSO,-Tj)(F-1)
Tf<Tsa,-5,
F'=l
Interfacial heat transfer
interface heat transfer coefficient (for bubbly flow):

transfer coefficient in subcooled region is
calculated by modifying the factor F in Chen's
correlation [5] for saturated boiling.
Interface heat transfer coefficient for subcooled
bubbly flow regime is calculated by Unal
correlation [5], which is recommended within
the following range:
-

,v, > 0.61/n/j/--> _

65-5.69-10- 5 (/?-10" 5 ),10 5

p = 0 . 1 - 17.7 MPa
q = 0.47- 10.64 MW/m2
v/= 0.8-9.15 m/s
ATsub = 3 - 86 K
dmax = 0.08 -1.24 mm

.Pa

[0.25-lO'V^'SlO 6
<P<\7.7-l06Pa
volumetric interface heat transfer coefficient:
Hif= hyA,
Aj = 3.6a/do, interface surface area
In RELAP5 correlations for volumetric
interface heat transfer is used Jfe^lO, while
correlation for interface drag implements
Weer=5.

Mean bubble diameter do
do=dmj2
We a
Vapor generation rate in the volume with two-phase flow

hf=hf,
hf = hf

hg*=hg, Fg< 0, condensation
hs = hg Fs> 0, evaporation

Example
The RELAP5 prediction of the subcooled boiling was assessed on the example of a highpressure circular tube with the length L=3,66m and diameter D=0,01016m. Conditions are
presented in the table 2:
Table 2: Example conditions
Pressure at exit,
Heat flux,
Mass flux,
Inlet temperature,

p
q
G
Tin

68,9 bar
1720 kW/mf
5340 kg/sm2
203°C

The RELAP5/MOD3.2 model of the vertical tube consisted of the 36 nodes with time
dependend volumes at the inlet and outlet of the tube. RELAP5 wall and fluid temperature
distributions were compared with the temperature estimations calculated by the Bowring
method from Jens-Lottes correlation, equation (4). The wall superheat at the ONB point was
derived from equation (2). FDB subcooling was calculated by equation (5).
Table 3: ONB point calculation

Table 4: FDB point calculation

ONB point

FDB point

ZONK M
ATsaliONIiCC)

Bergles-Rohsenow
2.25
12.21

ATs,,b(FDB) [ Q
ATsal(i;[)ij) ( C)

Jens-Lottes
16.17
8.06

The comparison of temperature distributions is shown in figure 2. The wall temperature
calculated by RELAP is continuous and exceeds the Jens-Lottes wall temperature for almost
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'

*

•

'

15 °C at the saturated boiling point. The wall temperature distribution in figure 5 and the heat
transfer comparison [7] show that RELAP does not take into account the changed heat
transfer conditions in the partial subcooled boiling region.

-tempf{K) RELAP

:

-tempsal(K) RELAP

;

-twall(K)R£LAP
—lempI{K) Jens-Lottes :
—twall(K) Jens-Lottes '

Figure 2: Comparison of temperature distributions; RELAP 5/MOD3.2 prediction versus
Jens-Lottes correlation for conditions in table 2
Figure 3 presents the void fractions calculated by RELAP5 and void fractions derived from
empirical methods of Thorn et al. and Bowring. Thom et al. and Bowring empirical
calculations of this example are presented in [7]. The NVG locations and subcoolings are
compared in table 5 and figure 3.
Table 5: NVG point
NVG point
ZNVC (m)
ATs,,bt°C)

Griffith
2.85
6.95

(ZFm=ZNVG)

Bowring (Z<i)
2.86
5.00

Saha-Zuber (RELAP)
2.70
..
9.75

Figure 3: Comparison of void fraction predictions in the significant void flow region
The Saha-Zuber criterion used in the RELAP5 code, allows vapor generation in the bulk
liquid at lower subcooling than Griffith or Bowring correlation. Thus, the NVG point
occurred earlier, as presented in figure 4. The void fraction estimations by Thom et al. and
Bowring are also lower than RELAP5 void fractions.
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4. Bartolomey experiments
The RELAP5/MOD3.2 model of subcooled boiling was compared to 3 high-pressure
Bartolomey experiments [8] with the conditions from table 6:
Table 6: Experiment conditions
Length
Tube inside diameter
Pressure at exit,
Heatflux,
Mass flux,
Inlet temperature,

L
D
P
q
G
T
1

in

(m)
(m)
(bar)
(kW/m2)
(kz/stn2)
(K)

Exp.l
1.5
0.012
147.5
1130
2123
583

Exp.2
1.16
0.012
68.9
770
1467
519

Exp.3
1.24
0.012
68.9
790
405
421

The RELAP5/MOD3.2 prediction of void fraction is compared against experimental data in
figures 4 to 6. The RELAP5 nodalization model of the tube consisted of 15 nodes. The
modified nodalization density did not have a significant influence on the results [7]. The
abscissa on figures 4 to 6 is the thermodynamic quality x. The ONB and NVG points
indicated in figures are obtained from Bergles-Rohsenow and Bowring correlations,
respectively. The comparison of thermodynamic qualities x for the RELAP5 and Bowring
NVG points is given in table 7.
Table 7: Comparison of ONB and NVG points
Exp.l
RELAP
XoNB
X

NVG

/
-0.082

Rohsenow (ONB)
Bowring (NVG)
-0.265
-0.072

Exp.2
RELAP
/
-0.119

Figure 5: Voidfraction versus
thermodynamic quality; experiment 1

Rohsenow (ONB)
Bowring (NVG)
-0.460
-0.098

Exp.3
RELAP
/
-0.06

Rohsenow (ONB)
Bowring (NVG)
-0.172
-0.045

Figure 6: Void fraction versus
thermodynamic quality; experiment 2

Figure 7: Voidfraction versus
thermodynamic quality; experiment 3
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5. Conclusions
The subcooled boiling region can be roughly divided into two main regions: highly subcooled
region (voidage in this region represents a wall effect) and significant void flow region
(voidage in this region is considered as bulk fluid effect). The subcooled boiling is at least a
2D phenomenon. Thus the simplifications made by RELAP5 were assessed:
•

•

RJELAP5 does not take into account the wall voidage in the highly subcooled region. The
RELAP5 code treats the fluid in this region (from ONB to the NVG point) as singlephase flow.
The RJELAP5 wall temperature after the ONB point exceeds significantly the wall
temperature calculated by the Jens-Lottes correlation, which considers changed heat
transfer conditions after the ONB point.

The RELAP5 computer code uses the Saha-Zuber correlation to determine the location of the
NVG point, where the fluid is treated as a two-phase flow. Comparison with Bowring
correlations for NVG point on the Bartolomey experiments [8] shows earlier appearance of
RELAP5 NVG point, which also fits better to the experimental data.
Comparison of RELAP void fraction with the experimental void fraction shows slight
underprediction of RELAP5/M0D 3.2 calculations after the NVG point. We also presume
that RELAP5 does not predict the experimental wall voidage, although the location of
experimental NVG point is not clearly evident from the available experimental data.
This study shows that there is a need for multidimensional modeling of the subcooled boiling
phenomenon, especially in the highly subcooled boiling region. Our furture activities will
therefore deal with 2D modeling of the subcooled flow boiling.
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TESTING THE NUMERICAL METHOD
FOR ONE-DIMENSIONAL SHOCK TREATMENT
Andrej Horvat
Reactor Engineering Division
"Jozef Stefan" Institute
Ljubljana, Slovenia
E-mail: andrej.horvat@ijs.si
ABSTRACT - In the early 80's the SMUP computer code was developed at the "Jozef Stefan" Institute for
simulation of two-phase flow in steam generators. It was suitable only for steady-state problems and was unable
to simulate transient behaviour. In this paper, efforts are presented to find suitable numerical method to renew the
old SMUP computer code. The obsolete numerical code has to be replaced with a more efficient one that would
be able to treat time-dependent problems. It also has to ensure accurate solution during shock propagations. Onedimensional shock propagations in a tube were studied at zero viscosity. To simplify the equation of state the
ideal gas was chosen as a working fluid. Stability margins in the form of transport matrix eigenvalues were
calculated. Results were found to be close to those already published.
NOMENCLATURE
a
advection velocity
c
convection matrix term
CFL
Courant-Friedrichs-Levy criteria
d
diameter, pressure matrix term
friction factor
f
gravity acceleration
g
I
length
pressure
P
volumetric flow
1
R
gas constant
t
simulation time
T
temperature
u
momentum (pv)
V
velocity
X
horizontal coordinate
z
vertical coordinate

Greek Letters
%
Ludolf s number
p
density
y
numerical cell boundary
co
numerical cell volume
A
finite difference
Subscripts
1
i
iMax
j
n

/ Superscripts
pressure calculation position
grid point index
max number of grid points
grid point index
number of iteration

INTRODUCTION
In the early 80's the SMUP computer code was developed at the "Jozef Stefan" Institute for
simulation of two-phase flow in steam generators, which is extensively described in Gregoric et al.
(1984) and in Petelin et al. (1986). The code was written as an incompressible flow code to calculate
steady-state heat transfer and fluid flow behaviour. The code was unable to simulate transients and
had very serious stability problems. Because of these deficiencies the code applicability was very
limited.
In this paper efforts to find suitable numerical method to renew the old SMUP computer code are
presented. The obsolete numerical code has to be replaced with a more efficient one which would be
able to treat time-dependent problems. It also has to ensure an accurate solution during shock
propagations. To determine the most suitable numerical scheme the accuracy and stability of different
schemes were tested. Extensive testing revealed the numerical scheme which combines accuracy and
also stability even at large time steps.
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MODEL
The stability and accuracy of numerical schemes were tested using severe shock simulations in a
pipe. The length of the pipe was 10m and the shocks were always initiated at one half of its length.
The pipe diameter was 0.1m. Because of extensive experimental and computational work already done
by others (Hirsch, 1990) the air was chosen as a working fluid. To further simplify the equation of
state, the working fluid was considered an isothermal ideal gas. With the gas constant 287J/kgK the
initial pressure was Ibar and the initial density l.Okg/m^.
In many cases not only the Navier-Stokes equation but also the convection equation (eq. 1) and the
Burger equation (eq. 2) are used to simulate transport phenomena in fluids.
a

(1)

x

For testing convection equation (eq. 1) numerical scheme one-dimensional velocity shock
propagations were studied. On the left side of the simulation domain the velocity was 300m/s whereas
on the other side the velocity was zero. At the inlet (e.g. on the left boundary) the Neumann boundary
conditions were prescribed and at the outlet (e.g. on the right boundary) the second order boundary
conditions were prescribed.

a
dt

4

dx

Also, for testing the Burger equation (eq. 2) numerical scheme one-dimensional velocity shock
propagations were studied. On the left side of simulation domain the velocity was 300m/s whereas on
the other side the velocity was zero. The boundary conditions at the inlet and outlet side where the
same as in the case of convection equation (eq. 1).
(3)
dt
dx
dx (P)
For testing the Navier-Stokes equation (eq. 3) numerical scheme one-dimensional pressure shock
propagations in a tube were used at zero viscosity. On the left side of the simulation domain the
pressure was Ibar whereas on the other side the pressure was 0.1 bar. Because the fluid flow also has
to obey mass conservation law, the Navier-Stokes equation is coupled with the continuity equation:

A(p) + A( vp ) =0 .
Basic criterion for boundary conditions was the mass conservation. At the left boundary second order
boundary conditions for velocity and the Neumann boundary conditions for pressure were prescribed.
At the outlet the Neumann boundary conditions for velocity and the second order boundary conditions
for pressure were prescribed.
NUMERICAL METHODS
In all simulated cases the numerical mesh had 101 grid points (fig. 1). The time and space
discretisations were first order accurate. For all three cases the finite volume method (Versteeg &
Malalasekera, 1995) was applied with the upwind discretisation of the fluxes.

r
1/2

xKD x!

V

p,rho
1/2 _
xii)

}
x1(i*1>

_L
xli+1)

xKiMax) x(i

Fig. 1: Numerical mesh arrangement.
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For time integration of the convection equation the explicit Euler method was used. In matrix form
the convection equation (eq. 1) is written as:
...«+!_(„
+
;
n
- v,'...

-!

At

. :

.,
' . . ' /

)vn

/ {rr

.(,

.V

• . ,

(

+ ,,,

-

A/

.

where the advection velocities are defined as:
(6)

a+ =—{a + \a) and a = — [a-a\).

Also, for time integration of the Burger equation the explicit Euler method was used. In matrix
form the Burger equation (eq. 2) is written as:
(7)
At

CO,

where the advection velocities are defined as
(8)

- v_

- vv
They are functions of calculated velocities and they are not constant as in the case of the convection
equation (eq. 5).
In the Navier-Stokes equation, the pressure is also introduced as one of the simulated variables.
Although only the staggered grid arrangement for pressure field (fig. 1) is presented here, the
collocated grid arrangement (Ferziger & Peric, 1996) was also extensively tested. A stable numerical
algorithm however, was not found. For time integration of Navier-Stokes equation the projection
method was used (Bell et al., 1989), where the time integration is split into separate stages:

OX
(

\»+l

i

\M+1/2

A

.

9

(10)

'+l

dx
The convection part was integrated explicitly with the Euler method and the continuity equation was
treated implicitly:

(ID
dx
In matrix form (eq. 9) is written as:
(12)
CO.

0)

where the advection velocities are defined as in the case of the Burger equation (eq. 7). The first stage
of the Navier-Stokes equation (eq. 9) is then combined with the continuity equation (eq. 11) into the
pressure equation (eq. 13) to satisfy mass conservation at time level n+1.
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RT

dx2 ^

'

RT

dxK

The pressure equation (eq. 13) in matrix form is then written as:

After pressure calculation, which was in this case done with the Gauss-Jordan elimination (Press et
al., 1993), the velocity is updated with pressure gradient:

cov

STABILITY
The stability of numerical schemes for convection dominated problems was usually connected with
Courant-Friedrichs-Levy condition:
At
where v is the advection velocity. For pure convection equation (eq. 1) and most of the numerical
schemes the CFL condition is easy to calculate (e.g. CFL condition for upwind discretisation is 0 <
CFL < 1). This approach does not take into account the influence of boundary conditions and also
fails when it is applied to non-liriear problems such as the Burger equation (eq. 2) or the NavierStokes equation (eq. 3).
Another approach to stability analysis is the so-called matrix method (Hindmarsh et al., 1984),
which also takes into account the boundary conditions (vector S) :
Av
„ — • - Av + S.
At ~
The solution of (eq. 17) stays stable when the real part of matrix^ eigenvalues is bounded:
l.

(17)

(18)

When the matrix method stability criteria (eq. 18) is applied to the Euler scheme with upwind
discretisation, the calculated stable range is twice as wide as before. This was however not proved in
practice and was strongly criticised (Hindmarsh et al., 1984).
To avoid this misunderstanding of matrix method stability conditions, a more general matrix
analysis was applied. This method can be also used for linear and non-linear convection problem in
one, two or three dimensions. In general, the (eq. 5,7, 12) can be written in matrix form as:
v"+1 = C - v " .
The vector v at n+1 is calculated when vector v at n is multiplied with the transport matrix C:

Each vector v can be also decomposed into the eigenvectors e of operator C :

i=\
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When the vector v is repeatedly multiplied with operator C as in the case of numerical simulation, the
stability of the numerical scheme depends only on operator C eigenvalues:

To ensure stable numerical iterations the eigenvalues have to be not only bounded but also the real
part of each eigenvalue has to be larger than 0:

[ Re(A.)>0
For the eigenvalues calculation the asymmetric matrices C were first balanced and then transformed
into Hessenberg form. Next, the QR decomposition was used to obtain complex eigenvalues. The
mathematical and numerical procedures are well described in Golub & Van Loan (1996).
RESULTS
Numerical simulations of shock propagations were performed using the convection equation, the
Burger equation and the Navier-Stokes equation. In all cases the same numerical grid and simulation
time interval 0.008s were applied. Only the number of time iterations and the timestep were changed
from case to case to show the stability eigenvalues dependence. The simulations also revealed that in
all cases eigenvalues stay real during time iterations.
For the convection equation numerical simulations with 100, 50, 25 and 23 time iterations were
done. These corresponds to timesteps of 0.00008s, 0.00016s, 0.0032s, 0.00348s and to the CFL
values of 0.24, 0.48, 0.96, 1.043, respectively. Because of the clarity only the examples with 50 and
23 time iterations are presented.
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Fig 2. Shock propagation (50 iterations).
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Fig 4. Shock propagation (23 iterations).
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It can be observed on fig. 2 and 4 that the instability of numerical scheme is increased when the
number of time iterations is reduced or when the timestep is enlarged. On fig. 3 and 5 the time
developments of the transport matrix eigenvalues are presented. Because the advection velocity a is
constant, the eigenvalues stays unchanged during the entire time integration. The largest eigenvalue
on the left is one due to predefined velocity at the inlet boundary. As the number of time iterations is
reduced (from 50 to 23) and the timestep is increased (from 0.00016s to 0.00348s) the n-1 eigenvalues
are approaching zero, which clearly indicates unstable behaviour (fig. 5).
For the Burger equation numerical simulations with 200, 100 and 57 time iterations were carried
out. This corresponds to timesteps of 0.00004s, 0.00008s, 0.000157s and to the CFL values of 0.12,
0.24, 0.471, respectively. Because of the clarity only the examples with 200 and 5/ time iterations are
presented.
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Fig 6. Shock propagation (200 iterations).
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Fig 9. Eigenvalues time distribution (51 iterations).

Again the examples on fig. 6 and 8 show the increased instabilities when the number of time
iterations is reduced or when the timestep is enlarged. This is the case where the CFL condition fails
to predict unstable behaviour. The CFL condition is 0.471 when numerical integration already
diverges. On the other hand, the time developments of the transport matrix eigenvalues on the fig. 7
and 9 clearly show when one of the eigenvalues is approaching zero. This results in growing
instabilities.
In the case of the Navier-Stokes equation the developed numerical code was first verified by
comparing calculated and analytically obtained results of pressure shock propagation in Tiselj (1997).
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As presented on fig. 10 and 11, the numerically calculated results are close to those already published,
which justifies the described approach for compressible flow treatment. The numerically calculated
density and velocity field differ from the analytically calculated for about 20 percent due to
isothermal ideal gas approximation of the working fluid.
The numerical simulation of pressure shock propagations were performed with 200,100, 50 and 45
time iterations. These correspond to timesteps of 0.00004s, 0.00008s, 0.00016s, 0.000178s and to the
CFL values of 0.12, 0.24, 0.48, 0.53, respectively. Because of the clarity only the examples with 200
and 45 time iterations are presented.
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Fig 15. Eigenvalues time distribution (45 iterations).

Again, the examples on fig. 12 and 14 show the increased instabilities when the number of time
iterations is reduced or when the timestep is enlarged. The stability analysis of Navier-Stokes
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equation is more complicated because of the pressure field that forces the mass conservation. In spite
of fact that a complete stability analysis of the Navier-Stokes equation should also include pressure,
the instabilities are principally governed by the size of the transport matrix eigenvalues. As fig. 13 and
15 show, the instabilities occur immediately when one of the eigenvalues becomes negative.
CONCLUSIONS
The stability of first order accurate schemes for convection problems were analysed in order to
find a suitable numerical algorithm for the old SMUP code. For this purpose velocity shocks were
simulated using the convection equation and the Burger equation. The compressible form of NavierStokes equation was applied for pressure shock testing. Results of code verification justify the
selected numerical algorithm.
For stability analysis the matrix method was modified and the new stability criteria were
developed. These criteria are based on calculated eigenvalues of the so-called transport matrix.
Results of eigenvalue computations during simulations, when the convection equation or the Burger
equation was applied, prove the accuracy of the introduced stability criteria. The same criteria were
also applied to the Navier-Stokes equation during pressure shock calculation. Although the
eigenvalues calculation of the convection part of the Navier-Stokes equation is inadequate as precise
stability criteria, the simulations showed that instabilities are principally governed by the size of
eigenvalues.
In the future the stability of the Navier-Stokes equation will be further investigated to clarify the
stability conditions and ensure a solid base for time dependent flow modelling.
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Abstract
Interface tracking algorithm called Volume of Fluid (VOF) [6] method is used for the
simulation of the single bubble motion through the viscid incompressible fluid due to
buoyancy force. The shape of the bubble is examined at several Reynolds and Weber
numbers. The results of the simulations are qualitatively compared to the experimental data
from the literature [2]. The numerical calculation of the size of the maximal stable bubble is
given as an example. The result is compared to the RELAP5 empirical correlation [5].

Introduction
Two-phase flow is a very complex phenomenon and its simulations play important role in
nuclear power safety. The complications are mostly connected with interfaces between fluids.
During their motion caused by instabilities and turbulence the position of the interface
changes, deforms or splits into several smaller pieces. Many physical phenomena like phase
transition, heat and mass transfer, ... depend on the position and shape of the interface,
therefore the accuracy of the numerical simulations of the two-phase flow phenomena
significantly depends on the way of the interface modeling.
The first models of the two-phase flow were so the called "two-fluid models". They are
based on simplified equations [3] where the interface is not calculated explicitly. These
models, which are still in use today, enable ID modeling of the two-fluid transients. Such
simulations are very fast and can be applied to a very wide range of problems. The shortage of
"two-fluid models" is that they use a lot of empirical correlation to simplify the two-fluid flow
calculation. Since these correlations are obtained from experimental measurement, they have
limited accuracy and are the major source of errors in the calculation.
The aspiration of the computer code developers was to make a useful two-fluid algorithm
independent from the empirical correlation. The progress of computer performance and
numerical techniques in last decades enabled the use of interface tracking models in the twofluid flow simulations. These algorithms are based on fundamental Navier-Stokes equations
and therefore their accuracy depends more on the numerical scheme than on the accuracy of
the mathematical model. Their main characteristic is explicit tracking of the interface and
preserving its sharpness all the time of the calculation. A sharp interface is needed for
accurate location of the fluids and for the direct simulation of the surface phenomena such as
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surface tension. Development of the interface tracking algorithms is still in progress
worldwide and currently they are mostly applied to fundamental two-fluid flow problems like
laminar stratified flow, motion of a single bubble..., [7], [8], [9].
Volume of Fluid method (VOF) [6] is one of the well examined and established interface
tracking algorithms and successfully handles the problems with the surface topological
changes like separation or unification of several parts of the surface. VOF method was applied
for the simulation of a single bubble motion without heat transfer in this paper.
Bubbly flow is an important regime of the two-phase flow in nuclear power safety. "Twofluid models" in use do not calculate the shape and motion of every bubble separately in the
bubbly flow. They treat the whole population of bubbles by considering their common
characteristics. But some characteristics depend on the single bubble properties. "Two-fluid
model" computer codes like RELAP5 [5] determine these properties on the base of empirical
correlations. The VOF method may help determining the correlations numerically.

Equations
The two-fluid flow is described by the Navier-Stokes system of a continuity, momentum
and energy equation. In this paper dealing with the single bubble dynamics the energy
equation is omitted since the phase transition and heat transfer were neglected. For the twodimensional incompressible system of fluids the following continuity and momentum
equation are used:
V-M-0,

p-^-

+ p{u -V)w = pg-Vp

(1)

+ V-(juD} + a/cd(fXx,z))n,

(2)

where ii - (w, v) is velocity of the fluid, p is its density, p is pressure field, p is fluid
viscosity and D is viscous, stress tensor and g is gravity. A surface tension is important in
the two-fluid system. Since this singular force acts only on the interface it is included in the
momentum equation (2) in the form of Dirac delta d{fs) function. This force is represented
by last term on the right hand side of the equation (2), where, cr is surface tension coefficient,
*: is curvature of the surface, n is the unity vector perpendicular to the surface and
fs{x,z)~ 0 is equation of the surface. The system of equations (1) and (2) is discretized in
two dimensions with the second-order spatial and first-order accurate temporal discretization
scheme and solved numerically with the projection method [4].

Volume of Fluid (VOF) method
In order to mitigate the numerical diffusion at the fluid interface, the interface tracking
algorithm is applied for the simulation. Such algorithm explicitly calculates, the position of the
interface and keeps it sharp during the simulation. Among variety of algorithms VOF method
was shown to be suitable for simulations of complex interface shapes [9], [10]. This algorithm
introduces a space dependent variable F , which assigns the volume portion one of the fluids
that occupies particular point with the following values:

212

Nuclear Energy in Central Europe '98

discretization cell occupied by the first fluid,
= <j 0,

discretization cell occupied by the second

fluid,

(3)

[0 < F < 1, discr. cell occupied by both fluids, F is the portion of the first fluid.
An example of two-dimensional two-fluid area is shown in Figure 1. The gray area is
occupied by first fluid and the white area by the second one. The discretization mesh is put
over the observed field and the appropriate values of F - volume portion of the first fluid are written in each cell. The interface crosses the cells with volume portion 0 < F < 1. The
values of F are used for the interface reconstruction which is necessary for the interface
tracking. The reconstruction process is not unique. There are several kinds of algorithms
which differ in accuracy and complexity.
Interface reconstruction

0.4

, , 1.0 ,

0.07

0.0

•
• \

" ' 1.0

-;• a o "*

0.7 \

Figure 1: Two-fluid area covered with discretization
mesh

Figure

2: The numerical reconstruction of the interface

The FLAIR algorithm [1] is used for the reconstruction of interface. An example of this
algorithm is shown in Figure 2 where interface of two-fluid area from Figure 1 is
reconstructed. The FLAIR algorithm puts the interface segments over the cell boundaries
(thick black lines in Figure 2).
Calculation of the interface motion
The shape of interface is changing with the evolution of the field F . The time dependence
of F is governed by the conservative equation
dF
V-(vF)=0.
(4)
To reduce the numerical diffusion of F and therefore to preserve the sharpness of the
surface the discretized equation (4) is written in the form
(5)
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uAt

0-u)

0'.*)

Ax
", -Ax

Figure 3: Transmitted portion of the first fluid over the cell
boundary

where hXJ_y2k is a flux of the first fluid
volume portion across the boundary
between cells (j-\,k)
and
(j,k)
(Figure 3). Figure 3 represents a pair
of cells with reconstructed interface,
where the gray area signs the first fluid
and the white area the second one. The
darkest area signs the volume of the
first fluid, which will cross the cell
boundary in the next time step. It is
calculated
after
the
surface
reconstruction

(6)
where a and b are calculated by interface reconstruction algorithm FLAIR [1].
The interface reconstruction is used also for the modeling of the surface tension force
described in [11].

Results
A bubble motion is simulated in the section of a vertical channel. The fluid flows through
the channel. Bubble is accelerated upwards by the constant pressure drop. The velocity of the
surrounding fluid is regulated by the gravitational force in the way that the bubble stays on the
spot and the stationary state is reached.
The state of the bubble in the two-fluid system is described with Reynolds and Weber
numbers:
Re =

We =

2RUpf

2Rpf U2

(7)
(8)

a

where R is the equivalent radius of the bubble, U its velocity, a is the surface tension
coefficient, pf and juf are density and viscosity of the surrounding fluid respectively. The
velocity of the bubble was determined from the velocity of the surrounding fluid at the outlet
of the channel.
For determination of the system state the fluid to bubble density ratio PffPb = 50 a n d
fluid to bubble viscosity ratio Mf/^b = 50 w e r e applied for all calculations.
The shapes of rising bubbles in viscous liquids have been determined for a wide range of
Reynolds numbers. The flow field around a rising bubble is visualized with streamlines. The
surface is drawn with a thick line.
In Figures 4 and 5 the stationary streamlines and pressure field of a bubble at small
Reynolds and Weber number is presented. The shape of the bubble is nearly circular and the
pressure in its interior is higher due to the surface tension. Two vortices appear inside the
bubble.
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Figure 4: Stationary streamlines around and inside
bubble for Re=0.5 and We=0.8.

Figure 5: Pressure field of the bubble from Figure 4.

Bubble shapes at several Re and We numbers
The stationary shape of bubble is circular only at small Weber numbers (Figure 6). At
larger Weber and Reynolds numbers the shape of the bubble flattens and two additional
vortexes appear beneath it (Figure 6, Re=13 and higher).
The shapes of the bubble for several Reynolds and Weber numbers are compared to the
experimental measurements from the literature [2].

Experiment: Re=2.47,
We=16.5

Simulation: Re=2.7,
We=4.1

Experiment: Re=13.3,
We-38.5

Simulation: Re=13,
We=9.5

Experiment: Re=3.57,
We=19.3

Simulation:Re=3.75,
We=11.2

Experiment: Re=20.4,
We=44.2

Simulation: Re=22.5,
We=10.4

Experiment: Re=7.16,
We=30.6

Simulation: Re=7.4,
We=9.6

Experiment: Re=42,
We=53.1

Simulation: Re=37
We=17

Figure 6: Shapes and streamlines of a bubble for several Re and We compared to the experiment
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Shapes and terminal rise velocities have been correlated. At smaller values of Reynolds
number the bottom part of the bubble first curves into the interior of the bubble, then with the
increase of the Reynolds number its shape flattens. The concavity appears in experiment too,
but it is not seen clearly on the photos due to the spherical shape.
The stable state for Re=42, We=53.1 (last example in Figure 6) could not be achieved,
because the simulated bubble broke up into several smaller and stable bubbles.
The shape of the bubble in the simulation is similar to the experimental one at smaller
Weber number, since at the simulation the bubble is cylindrical and surface tension has
smaller effect than in the experiment.
Despite the fact that the simulation has been modeled in two-dimensional Cartesian
system, while on the other hand the experimental bubble is three dimensional, the comparison
showed up to be reasonable and gave good agreement.
Bubble breakup
At large Reynolds and Weber number the bubble is not stable and breaks up into several
smaller and stable bubbles. Time sequences of a bubble break up with no surface tension
(We~<x>, Re = 29) are presented in Figure 7. When neglecting surface tension the bubble is
stable only at zero velocity. Since there is no force to keep the bubble together, small parts of
the bubble start to fragment. Since the Reynolds number is very large, the bubble during the
transient at time t=1.8 separates into the two parts and then continues to decay.

Figure 7: Bubble break up when neglecting surface tension phenomena (We = °o, Re = 29)

In Figure 8 the bubble breakup for surface tension larger then zero (We=61, Re=29) is
presented. At the beginning of the simulation the bottom part of the bubble becomes concave
then the edges branch off the bubble. The resulting bubbles are stable and do no decay any
more.
For the unstable states the Reynolds and Weber numbers of the bubble cannot be
determined, because the bubble velocity is not constant. Those values are given only for
orientation and are calculated from the bubble size at the beginning of the calculation and the
bubble velocity at the end of the calculation.
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Figure 8: Bubble break up for Re=29, We=61

Calculation the bubble stability
The simulation of the bubble break up using the VOF method can be applied for
calculating the size of the maximal stable bubble. The size of the maximal stable bubble is
very important in "two-fluid model" computer codes like RELAP5. From this parameter the
size of the interfacial area is calculated. And then further the heat transfer correlations and the
rate of phase-transition depends on the interfacial area.
A simple example of such calculation is shown in Figure 9 where calculated stable and
unstable states are put in the We-Re diagram.
80'
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20-
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stable states
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30
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Figure 9: Stable and unstable bubble states in We-Re diagram

The results of the numerical simulation show that there is no stable state for the We > 15.
For 8<We<\5
stable and unstable states of the bubble exist and for We < 8 the bubbles are
stable. This result is compared to the RELAP5 corresponding correlation which states that
only bubbles with We < 10 exists.
The RELAP5 correlation is very simple and not very accurate but good enough for the
simulation of wide range phenomena in two-phase flow. The VOF method can be used for
determining the accuracy and the improvement of such correlation.
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Conclusions
The paper deals with the simulation of a two-fluid flow with the interface tracking method
called VOF. This method was shown to be very efficient for modeling of two-fluid problems,
where the components are clearly separated by the interface. An example of such problem is
motion of the single bubble through the denser fluid due to the buoyancy force. The
dependence of the bubble shape on its velocity and surface tension is examined and the results
are compared to the experiments. The comparison showed good agreement despite the fact
that the simulation was performed in two Cartesian dimensions while real case is threedimensional spherical bubble.
The simulation of the bubble break up at large velocity demonstrated the ability of the
VOF method to handle the problems with topological changes of the surface. The bubble
stability is tested for a wide range of Reynolds numbers and the result is compared to the
empirical correlation used by the RELAP5 computer code. The comparison shows a certain
disagreement. Despite the fact that the simulation is only two-dimensional, it shows existence
of the bubbles at higher Weber numbers then they are allowed by the RELAP5 correlation.
The interface tracking algorithms are very slow and currently cannot be used for the
general two-fluid problems. However they can be used in the cooperation'with the "two-fluid
model" computer codes for testing the accuracy of the empirical correlation and their
improvement. In the future with the computer hardware development more and wider range of
the two-fluid flow problems will be carried out by the interface tracking algorithms.
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1. ABSTRACT
BETHSY Test 6.9c OECD ISP-38 RELAP5/MOD3.2 input model was developed and simulation
performed for loss of RHR system during mid-loop operation. Initial liquid level in RCS was at
horizontal axis of the hot legs. Pressurizer and steam generator manways were opened 1 s after the
transient was initiated. Secondary side is full of air and isolated. Results of calculations were satisfied
except in surge line and in pressurizer where larger amount of water is presented. Liquid was
entrained in that part of the system during bubbly or varies stratified flow in the hot leg. Due to nonphysical results in hot leg pipe with connected surge line and pressurizer, RELAP5 horizontal
stratification model deficiencies was studied and possible improvements investigated.

2. BETHSY FACILITY AND RELAP5 RESULTS OF THE TEST OECD ISP-38
BETHSY facility is located at Centre D'Etudes Nucleaires de Grenoble (France). It is a
1/100 scaled down model of 2775 MWt Framatome PWR power plant with full plant
elevation temperature and pressures preserved. BETHSY is designed to simulate most of
accidents, which may occur in PWR, and to study the accident management procedures. It is
relatively large facility and well equipped with sophisticated measurement system.
Initial masses, temperatures and pressures in the system for the Test 6.9c and RELAP5
model are presented in Table 1. Coolant was symmetrical distributed in each loop and level
was at the horizontal axis of the hot leg. Temperatures were around 100°C and pressure was
approximately 1 bar in primary system. RCS was opened with two manways: above the
pressurizer and under steam generator 1. Decay heat in the core was which corresponds to 0.5
% or 138 kW of nominal 27.75 MW. Secondary side were full of air and isolated.
Initial conditions of the test calculated with RELAP5/MOD3.2 are presented with
Nuclear Plant Analyser (NPA) graphical postprocessor on Figure 1.

i%

liquid
two phase , |

tima

I I steam.

Figure 1. Initial Conditions from Test ISP OECD-38 based on calculation with RELAP5/MOD3.2
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Table 1: Initial masses, voids, temperatures and pressures for Test 6.9c: experimental values and REL4P5
model

TEST
upper plenum pressure
core power
primary mass inventory
vessel mass inventory

1.04 bar
0.0 W
1085.0 kg
700.0 kg
loop 2
0.55
0.
129
0.004

loop 1
0.59
0.
127
-0.031

hot leg void fraction
cold leg void fraction
loop mass inventory [kg]
intermediate leg level [m]

j

loop 3
0.52
0.
129
0.004

Fluid temp. [°C] Wall temp. [°C]
upper plenum
upper head
pressurizer
lower plenum
core heated length
downcomer

102
104
101
101
102
99

RELAP5 model
1.0244 bar
0.0 W
1090 kg
674 kg
loop 1 loop 2 loop 3
0.52
0.50
0.66
0.
0.
0.
137
136
142
-0.015 0.005 0.005
Fluid and wall temp.

rci

109
103
104
104
101

100
101
100
102
102
101

p3
;io6 $M loov.W
ii>pl!
fluid WMl; fluid;
KiKiKlS ttftii!
-iwall?'
100
hot leg
100
99
105 102 105 101 104 99
intermediate leg
104 99 109 103 105 102
100
101
100
93
90
cold leg
94 93 95 93 97 93
93
99
100
100
99
SG U-tubes
104 102 Figures 3 to 6 show some variables from the calculations in comparison with
experimental values. Most of them show satisfactory agreement.
Core Cladding Temperature at 3.600m [K] TCM28

-1000

0

1000

2000
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9000

Time (5J

Figure 2: Core cladding temperature TCM28

Primary Coolant System Mass [kg] MCP

10000

1000
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3000

4O0O

5000

6O00

7000
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9000

10000

Time [s{

Figure 3: Primary coolant system mass MCP

The core cladding temperature at 3.600m height is presented in the Figure 2. The peak
temperature is delayed for approximately 300 seconds and the highest temperature is 15°C
lower than in experiment. The primary coolant inventory is predicted very similar to the
experiment. In general the agreement is satisfactory. The timing "of gravity feed (Figure 3)
initiating was also delayed as core temperature (Figure 2).
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Time integrated SG manway total mass flowrate
MSGMT
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Pressurizer and Surge line mass MPRZ
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Figure 4: Time integrated SG manway total mass
flow rate AAS&MT
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Figure 5: Pressurizer and Surge line mass AAPRZ

Figure 4 shows time integrated SG manway total mass flow rate in comparison with the
experiment. Agreement between both curves is satisfied especially in the first 6000 seconds.
Underprediction of SG manway flow after 6000 seconds of transient time comes from
disagreement in liquid level in vertical part of the cold leg.
Figure 5 presents main problem of our calculation. Pressurizer mass of liquid shows to
higher value after 1500 seconds of transient. We are satisfied with differential pressure in
surge line and pressurizer until 1200 seconds of transient. But last peak is to high and remains
to high for next 6000 seconds. Pressurizer mass decreasing between 1200 and 6000 seconds
of transient is too slow comparing to the experiment. Almost the same phenomena show
pressurizer and surge line differential pressure.
Figure 6 presents flow regime in volume 603-05 with Value: Flow regime
pressurizer and surge line mass for the first 2500 seconds of
Horizontal
12
stratified
transient. Flow regime presents black curve and is calculated with
Slug
5
RELAP5/MOD3.2 in the volume connected to the surge line
Bubbly
4
(V603-05). Value 12 is horizontal stratified flow; value 5 means slug
flow and value 4 is bubbly flow. Grey curve is pressurizer and surge line mass. It is shown
that entrainment into the surge line happened when the flow regime in hot leg is bubbly or
slug (Flow regime 4 and 5).

Flow regime in V603-05 and MPRZ
80.0
-- 70.0
-- 60.0
- Floreg
MPRZ-R5
•MPRZ-EXP

a
0.0 S
-10.0
-500

0

500

1000

Time[s]

1500

2000

2500

Figure 6: Flow regime in hot leg (V603-05) and coolant mass of pressurizer and surge line (AAPRZ)
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Figure 7 shows void in hot leg 1 at experiment and RELAP5 calculation in first 2500
seconds. Average calculation values are gradually under experimental data.

Hot leg voids

HL void EXP
~HLvoidR5

0.0

500.0

2500.0

2000.0

1000.0
1500.0
Time [s]

Figure 7: Hot leg voids for "BETHSY" mid loop operation test

It was suspected that wrong predicted phenomenon of large amount of water liquid
coolant in surge line comes from too high level of coolant in the hot leg or incorrect
stratification model. According to Figure 7 RELAP5 simulation shows lower void fraction in
hot leg. In spite of lower void fraction liquid entrained the surge line and pressurizer. Thus
only hot leg model was excluded from the whole BETHSY facility model to analyse
phenomena in detail.
3. RELAP5 MODEL OF HOT LEG WITH SURGE LINE AND PRESSURIZER
Model of the hot leg contains the horizontal part of the hot leg, surge line, pressurizer
and pressurizer manway. Nodalization of the hot leg No. 1 model is presented in Figure 8.
surge line

01
TDV500

02

04
V603

05

01

02

03
V602

04

05
TDV700

Figure 8: Nodalization of separated hot leg model

RELAP5 transient run was divided in the following steps:
> reach right steady state conditions (vapour void fractions around 0.58 in hot leg)
with pressure equal in both sides of the hot leg (TDV500 and TDV700) from 0 to
1000 seconds
^ slowly linearly increase of differential pressure between both time dependent
volumes (0.5 Pa in 1 second) and keeping initial void fraction in volumes 602 and
603 the same from 1000 to 1500 seconds
> void fraction linearly increase from 0.58 to 0.99 from 1500 to 4500 seconds at
constant differential pressure
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> experimental data of void fraction was used as boundary and initial condition in
volumes TDV500 and TDV700 as linear increasing of void and pressure
difference
There were huge problems with RELAP5 calculation of the initial steady state condition
in the hot leg. System becomes unstable at the start of second phase as can be seen from the
diagrams (Figure 9 and Figure 10). Bubbly flow appears in few calculations time steps.
non physical
instabilities

Void in hot leg at Ap=250 Pa

603-01
603-02
---603-03
— 603-04
603-05

4500

Start of the
1. phase (0 s)

Start of the
2. phase (1000 s)

[s]

Start of the
3. phase (1500s)

Figure 9: Void fractions in the hot leg with differential pressure 250 Pa
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Vapour void fraction was stabilised close to value 0.58 in all five volumes as was in
experiment. Horizontal stratification model in RELAP5 computer code or criterion between
the horizontal stratified and bubbly is [3]:
v

v

g~

f

(1)

V

>

cn,

V

cn<

Y

crit

IS

calculated as

1 \(P, -P.\ g-ag-A

,*.

pt-D- sin©

Vapour area =

1/2

( 1 - cost

Liquid area = CCf- A

(2)

Average mixture mass flux satisfies the
condition Gm < 3000 kg jm2s calculated as Gm -ag- pg

+ a'f'Pf

[kg/m2s\.

Model of Taitel/Dukler [3] is used in RELAP5 computer code. RELAP5 model has two
deficiencies [7]:
> model does not include phenomena influence by surface tensions
> phenomena in non-linear region are not considered (such as wave breaks
happened before the wave reach the top of the pipe)
Those two deficiencies could have influence on stratification model in horizontal pipe.
Unstable area on Figure 11 and Figure 12 means that flow can not be stratified any more and
small disturbances of the flow can induce Kelvin-Helmholtz instability.
No surface tension

Stable area

Figure 11: Unstable disturbance area without surface tension taken into account [9]

a means surface tension, k is wave vector, v, is velocity of each component, p is
density and g is gravity constant. Wave vector [9] should have values described as
k>

with a, =

a.

and a2 -•

P\

+

P2

P\ + P2

where p is angle between the direction of k and velocity v. Minimum of wave vector
should be
>

•

• or when the wave vector has the same direction as velocity v.

Figure 11 shows unstable disturbances area without included surface tension. Unstable
stratified flow is possible at any (g • Ap)/\p • (v - vf f j if the k is adequate-. System is more
unstable at larger k or when the wavy length limits to zero. System becomes more stable with
larger density difference (p, - p 2 ) or smaller velocity difference \yg -vf).
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With surface tension
a
- = 0.01
Ap-g
| Stable area~|

I
i

•

^

^

'

| Unsfeible area

Figure 12: Unstable disturbance area with surface tension taken into account [9]

Figure 12 shows example when surface tension is included in the model. It is connected
with factor cr/{Ap • g). Dashed line means lower surface tension and filled line means bigger
one. If the surface tension is included, system could be stable and factor
(g • &p)/\p • \vg - Vj f J could reach value where is no unstable area.
Both are not considered in the RELAP5 criterion, but in some regions of two-phase
flow it might have significant effect on transition from stratified to bubbly flow.
Curves for four different models are presented on Figure 13. The models are
Taitel/Dukler [3], Mandhane [4], Baker [5] and Weisman [6].
OAOr-r-T-r-r-r-r-r-r
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-[—r-

Model of Taitel/Dukler
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Mode! of Weisman
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Figure 13: Comparison of calculated transition curves f o r air-water mixtures a t 1 bar and 20°C f o r a 50 mm
pipe with t h e models o f Taitel/Dukler [ 3 ] , Mandhane [ 4 ] , Baker [ 5 ] and Weisman [ 6 ] (from Ref. [2]).

On the Figure 13 are presented three curves for each model. Curves are between
partially wetting (stratified flow) and complete wetting (intermittent flow and annular flow)
regions. All curves came together in the point TMOdei. Deviation between different models in
th'e point of same meaning is more than 200%. That is the main reason why we can not easily
chose one model and calculate.
Horizontal stratification criterion in RELAP5 the velocities of each phases are not the
most important. Absolute value of difference between single-phase velocities (1) should be
lower than vcrit (2) for horizontal stratified flow.
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4. CONCLUSIONS
A horizontal stratification at lower pressure close to atmospheric has to be further
investigated what is confirmed with large uncertainty of different authors results. RELAP5
model seems to be to simple for calculation complicated interacting phenomena in horizontal
two-phase flows. It is suspected that inappropriate RELAP5 stratification model caused
problems at our calculation of "BETHSY" mid loop operation.
Figure 9 and Figure 10 shows instabilities in calculations at the beginning of second
phase increasing differential pressure in the hot leg pipe using extracted model of it. The
instabilities have not been physically explained in RELAP5/MOD3.2 code.
The influence of consideration surface tension of stratified flow on stability is shown in
Figure 11 and Figure 12. Correction of RELAP5 stratification model in this direction may
significantly improve the calculation results.
Four models of different author of horizontal stratification are presented in Figure 13.
The viewed differences between them are too huge to choose anyone easily for our
application. It should be carefully investigate which is the most appropriate for hot leg
stratification mid loop operation problem.
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Abstract
The model of the new Siemens steam generator for Krsko NPP is described. The existent
steam generators at Krsko NPP will be replaced because of degradation and relatively high
tube plugging. The new RELAP5 model has been developed to verify the influence of the
new steam generator on plant safety. The modelling of the new steam generator is described
first. The description of performed calculations and conclusion follows. Observed is relatively
large discrepancy of various results.

1. Introduction
Tube plugging in Krsko nuclear power plant approached close to 18 % which represents a
BOP limit, although the licensing limit for safe operation of the power plant is 24 %. For this
reason, the existent steam generators will be replaced. The replacement will be used also for
increasing the power of the plant for approximately 6 %. Outside dimensions of steam
generators will remain the same, but the internal geometry and arrangement will be changed.
Whenever the changes are made on nuclear power plant systems their influences on plant
safety must be verified. Therefore, we have developed the model for new Siemens' steam
generator for the computer code RELAP5.

2. Steam generator modelling
All necessary data from Siemens' documentation has been collected and database has been
established. The model has been developed in three versions and that as the basic model and
two improved more detailed models. Nodalizations for all three models are shown on figures
1, 2 and 3 respectively.
The inlet and outlet chamber are modelled each with one single volume (308, 312) and U
tubes with one PIPE component (310). All U tubes are joined into one tube whose cross area
is equal to the cross area of all tubes. The temperature gradient in each volume of U tubes is
suggested to be around 2 K [5]. U tubes' volume borders coincide with volume borders of
riser channel volumes (volume borders are support plates).
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Riser channel is modelled as one PIPE component (330) at model A and B, and two PIPE
components at model C (330, 331) respectively.
Separators above riser channel are joined into one SEPARATR component (332), whose area
is equal to all 48 vertical separator tubes. Considering an ideal separator, which means that all
water from separator returns to the downcomer channel and all steam flows to steam dome,
steam dryers are not included in the model. Water from separator flows to volumes 334 and
336 and mix itself with the feed water in volume 340.01, and one part of water flows to
volume 350 respectively. The volumes 350 and 352 represent by-pass of separator.
Downcomer channel has an annular shape and is modelled as one ANNULUS component
(340).
Steam dome is modelled as two single volumes (354, 356). The feed water inlet is also
modelled with two single volumes (322, 324). An artificial feeding is added to the model for
the steam generator water level setting. Heat transfer and accumulation are modelled with
heat structures, which are connected on volumes.
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Figure 1: Model A - basic model

3. Calculations with RELAP5 computer code
Steady state RELAP5/MOD3.2 calculations have been performed using all three models.
Siemens' and Westinghouse's new steady state data have been applied as boundary conditions
(primary coolant flow and pressure, hot leg temperature, feedwater inlet temperature and
steam pressure). As primary coolant flow we used thermal design flow at Siemens' data and
best estimate flow at Westinghouse's data. Fouling factors were 0,0000088 m2 K/W and
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0,000012 m2 K/W respectively. The temperature gradient along U tubes hot leg side
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Figure 2: Model B - first improved model; inlet riser plenum divided into two volumes
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has been too high at model A and steam bubbles have appeared in first volume of riser
channel (330.01). Therefore, we have divided the first volume of riser channel (330.01) into
two parts. Temperature difference in each volume has decreased with this change and has
approached to the recommended (2 K). Steam bubbles in first volume of riser channel has
disappeared, so the improved model seems to be more realistic. The flow phenomena of two
phase flow in boiling region is multidimensional as is shown on figure 6 [4]. Because
RELAP5 does not support two dimensional calculations each riser channel volume has been
divided into two volumes vertically. The results of steady state simulations show that with all
models the new nominal power was not reached when Siemens' data have been applied. When
Westinghouse's data for boundary conditions were applied the power has increased and has
also exceeded new nominal power. Other results such as pressure distribution, water mass and
mass flows don't deviate essentially from nominal values. Results of calculations are shown in
tables 1, 2 and 3. Water void fractions are shown on figures 4, 5 and 7 and comparison of
primary temperatures along U tubes on figure 8.
Table 1: Results of calculations - model A
Siemens
data
US calculation
heat power [MW]
1000
973,6
primary coolant pressure [bar]
155,1
155,1
primary coolant inlet temperature [°C]
325,11
325,09
primary coolant outlet temperature f°C] 286,16
287,23
primary coolant flow [kg/s]
4520
4520*
219,4
219,4
feedwater inlet temperature [°C]
steam pressure [bar]
64,86
64,86
steam flow [kg/s]
544,1
529,93
recirculation flow [kg/s]
1476,1
1469,07
circulation ratio [ ]
3,8
3,7
42744
secondary water mass [kg]
46700
* thermal design flow; ** best estimate flow

Westinghouse
US calculation
data
1000
1000,7
155,1
155,1
326,08
326,1
288,44
288,6
4645
4645 **
219,4
219,4
65,78
65,78
544,91
545,5
no data
1457,9
3,7
no data
no data
42579

Figure 4: Water void fraction in riser channel - model A
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Table 2: Results of calculations - model B
Siemens
data
US calculation
heat power [MW]
1000
982,82
primary, coolant pressure [bar]
155,1
155,1
primary coolant inlet temperature [°C]
325,11
325,09
primary coolant outlet temperature [°C] 286,16
286,86
primary coolant flow [kg/s]
4520*
4520
feedwater inlet temperature [°C]
219,4
219,4
steam pressure [bar]
64,86
64,86
steam flow [kg/s]
544,1
536,17
1469,4
recirculation flow [kg/s]
1469,07
3,74
circulation ratio [ ]
3,7
secondary water mass [kg]
46700
47210
* thermal design flow; ** best estimate flow

Westinghouse
data US calculation
1010,5
1000
155,1
155,1
326,1
326,08
288,04
288,6
4645 **
4645
219,4
219,4
65,78
65,78
548,34
545,5
no data
1473,6
no data
3,68
no data
46877

Figure 5: Water void fraction in riser channel - model B
Table 3: Results of calculations - model C
Siemens
data
US calculation
heat power [MW]
989,11
1000
primary coolant pressure [bar]
155,1
155,1
primary coolant inlet temperature [°C]
325,11
325,09
primary coolant outlet temperature [°C] 286,16
286,59
4520
primary coolant flow [kg/s]
4520*
219,4
219,4
feedwater inlet temperature [°C]
64,86
steam pressure [bar]
64,86
541,41
steam flow [kg/s]
544,1
1489,5
1469,07
recirculation flow [kg/s]
3,75
circulation ratio [ ]
3,7
46700
46797
secondary water mass [kg]
* thermal design flow; ** best estimate flow
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Westinghouse
data US calculation
1017,35
1000
155,1
155,1
326,08
326,1
287,8
288,6
4645
4645 **
219,4
219,4
65,78
65,78
549,28
545,5
1470,1
no data
no data
3,67
46732
no data
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4. Conclusion
Database and RELAP5 computer model for the new Siemens steam generator for Krsko
nuclear power plant has been developed. Siemens' and Westinghouse's data have been applied
as boundary conditions and simulations of steady state have been performed. The model can
be adapted to simulate different transients and accidents.
The primary side geometry is modelled satisfactory. There are some deviations from nominal
values on secondary side because of complicated flow paths of two-phase flow. In addition,
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we did not have all necessary geometric data, so we had to assess some dimensions from

"model A
"model B
"model C
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Figure 8: Comparison of primary temperatures along U tubes

technical drawings (example is separator). The difference between nominal and modelled
steam generator heat structure mass is about 30 t or 13 %, which is a result of neglecting some
nozzles and connections in the model. Nevertheless, this difference has no influence on steam
generator steady state operation.
The difference between calculated power in Siemens' and Westinghouse's reports depends of
their steam generator computer model. The nodalization of the steam generator is also
important and influences on results of calculations. Thus we got different water void fraction
in riser channel, but the temperature difference on primary side has remained close to the
same. With riser channel dividing we got different velocities of water and steam in hot and
cold side of riser channel what confirm multidimensional two-phase flow phenomena.
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ABSTRACT - Strong competition among the nuclear fuel vendors on the LWR fuel market is the main driving
force for improvements in the design and manufacture of the LWR fuel. Nuclear utilities are requesting more
advanced fuel, which will increase the fuel availability and lower fuel cycle cost. The fuel vendors' answer to this
request has been an introduction of several improvements in the design and manufacture of their fuel. In this article
the current trends in advanced fuel designs and development of improved materials, which have improved the fuel
utilization and availability, are discussed in more detail. Also, the impact of these improved features on the safety
analyses has been evaluated.

1. INTRODUCTION
Nuclear fuel reliability, lower fuel cycle cost, operational flexibility and safe operation
are natural goals for utilities operating LWRs. Reliability of the fuel is the most important
requirement and prerequisite for providing cost-competitive electricity. Reliable fuel
performance minimizes the risk to the health and safety of the public as well as to the plant staff.
Fuel failures can cause considerable problems for the operation of the plant resulting in costly
losses of plant availability, prolonged or unplanned outages, and increased personnel exposure.
The most efficient way to reduce fuel cycle cost is to increase the discharge burnup. The
burnup increase could be only achieved by improving the capability of the fuel assemblies to
withstand the effects of higher irradiation: increased fission gas release, waterside corrosion and
hydrogen pickup, increased fuel rod and fuel assembly growth, etc. Also, PWR fuel assembly
bow and twist and bow of BWR fuel channels become a more serious problem at higher burnup.
In the next section we will discuss which improved design and manufacturing features were
introduced by fuel vendors to overcome the above mentioned burnup dependent effects which
could cause the fuel failure.

2. IMPROVEMENTS IN THE DESIGN AND MANUFACTURE
2.1 PWR Fuel Designs
In the last few years a number of new PWR designs have been developed along with
new advanced zirconium alloys for fuel rod cladding and structural components. Generally
speaking, all of the PWR fuel designs seem to be converging to the common set of
characteristics: increased burnup, larger diameter guide tubes with thicker walls and new
dashpot configuration which increases stiffness and reduces operating stress and creep
deformation, removable top nozzle (RTN), multiple levels of debris defense, mixing vane grids,
and advanced burnable absorbers. As an option fuel vendors could offer axial blankets and
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intermediate flow mixers (IFM). These features were designed to enhance performance or to
increase margins, but also to address some performance problems associated with high duty
extended burnup operation.
Westinghouse PERFORMANCE+ fuel assembly [1] is designed for discharge burnups
exceeding 50 GWd/tU and has evolved from VANTAGE 5, VANTAGE 5H, and VANTAGE+
fuel designs. The major features are:
• Corrosion resistant ZIRLO, Zr-Nb alloy, has demonstrated an increase in corrosion
resistance, reduction in rod irradiation growth and reduced creep rates when directly
compared to standard Zr-4. Hydrogen pick-up (and consequently embrittlement) is reduced,
whilst maintaining high-temperature strength and ductility under postulated Loss of Coolant
Accident (LOCA) conditions. It is used in fuel rod cladding, guide tubes and instrument
tubes, structural intermediate and IFM grids. With ZIRLO as guide and instrumentation
tube material, growth is reduced and dimensional stability of the fuel assembly is enhanced.
Corrosion resistance of ZIRLO provides margin to limits in high power (temperature) and
high lithium environments.
• Axial blankets on the top and bottom of fuel rods are made from slightly enriched uranium
(~2.6 w/o U-235). They represent an optimal compromise between axial leakage of
neutrons from the core and axial power peaking. In addition to standard solid pellets,
Westinghouse offers annular pellets, which provide increased plenum volume to
accommodate increased fission gas release at higher burnup.
• IFM grids enhance the margin for departure from nucleate boiling (DNB) by increasing the
flow mixing and turbulence in upper spans of the fuel assembly in order to provide better
heat transfer. Testing has demonstrated that use of IFM grids typically increase DNB
margin by 20 to 25 percent. However, when alternating grids were rotated 90 degrees for
the VANTAGE 5H design to minimize the grid-to-rod fretting caused by flow induced
vibration, it was discovered that part of the DNB margin was lost.
• Integral Fuel Burnable Absorbers (IFBA) design combines fuel and burnable absorber
material in a single fuel rod. The objective of IFBA is to enhance the power distribution
control and moderator temperature coefficient (MTC) control capability. The design is
based on applying a thin coating (<100 \im) of ZrB2 to pellets in selected rods. Natural
boron and boron enriched in B-10 is used as absorbing material. IFBA rods are loaded into
the fuel assembly in specific patterns. However, the use of boron as neutron absorber
affects the fuel rod internal pressure and must be considered during fuel rod design
verification.
• Defense-in-Depth Debris Protection utilizes a set of features designed to provide for debris
failure protection. These features include a Debris Filter Bottom Nozzle (DFBN), long fuel
rod end plug in a protective bottom grid, and coated cladding. These features provide
protection against debris-induced fuel damage, which translates to increased fuel reliability.
Siemens offers two advanced fuel designs, the Fuel assembly with Optimized Cladding
and Upgraded Structure (FOCUS) design and High Thermal Performance (HTP) design [2]. The
commercial implementation of FOCUS fuel assemblies started as reload regions in 1992 in
Europe in PWR plants with 15x15, 16*16 and 18x18 arrays. The implementation of HTP fuel
assemblies with 14x14, 15x15, 16x16, 17x17 and 18x18 arrays is offered as an option in
Europe and as a standard elsewhere in the world. The average discharge burnup of FOCUS and
HTP fuel assemblies are about 50 GWd/tU and maximum assembly burnup is 60 GWd/tU.

•
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The common technical features of FOCUS and HTP fuel assemblies are:
Corrosion resistant cladding using a Prime Candidate Alloy (PCA) and DUPLEX tubes.
PCA are optimized low-tin Zr-4 cladding tubes featuring enhanced corrosion resistance,
•
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based on more narrowly defined tolerances for chemical composition and impurities and on
a more rigidly controlled manufacturing process, mainly relating to heat treatment
processes. PCA cladding tubes were still not sufficiently corrosion-resistant for "hot" plants
(plants with a higher coolant temperature). This led to the development of the DUPLEX
cladding tube which consists of a thin outer layer of an Extra Low Sn (ELS) ZrSnFeCr
highly corrosion resistant alloy co-extruded on a Zr-4 inner layer that constitutes the bulk of
the cladding.
Integrated gadolinia burnable neutron absorber is used to flatten the axial power shape at
beginning of cycle (BOC) and to minimize end of cycle (EOC) gadolinia residual reactivity.
Axial natural uranium blankets being used as an option to increase the neutron utilization by
decreasing axial neutron leakage.
Improved debris-retention capability is provided which protects against debris entering the
bottom of fuel assembly and thereby causing debris-induced fuel failure. Removable top
and bottom nozzles for ease of fuel rod inspection and repair.
Special features of FOCUS fuel assemblies are:
Improved spacer design to enhance DNB margins and operating flexibility. This has been
achieved by the implementation of Zircalloy spacer grids whose strip intersections are fitted
with split vanes, thus resulting in horizontal coolant mixing between the subchannels
delimited by adjacent fuel rods and/or guide tubes. The FOCUS fuel assembly can also
include IFM grids for additional DNB improvements.
The special features of HTP fuel assemblies are:
High thermal performance spacers and IFM grids that utilize flow-channels within the
spacers positioned at an optimum angle to the axis of the fuel rods. These flow channels
provide better coolant mixing. More uniform enthalpy distribution thereby improves the
DNB ratio, while maintaining low-pressure drop.
FUELGUARD™ debris resistant bottom nozzle which uses curved blades to effectively
capture debris; longer end plugs which prevent fretting failure at the lower end of the fuel
rods.

Fragema latest fuel assembly design is the AFA-3G that has evolved from the AFA-2G
design [3]. The AFA-2G was developed to replace the AFA (Advanced Fuel Assembly) in the
early 1990's and has been widely employed in France and elsewhere. The AFA-2G is available
in designs covering 14x14 to 17x17 arrays. The average discharge burnups are around 50
GWd/tU.
The AFA-3G design contains design features to improve corrosion resistance, assembly
stiffness, debris protection, and thermal margin. The major features are:
• Advanced M5 Fuel Cladding, the Zr-lNb alloy in the recrystallized annealed state exhibits
very low rates of corrosion and irradiation growth and reduced hydrogen uptake in
comparison to standard Zr-4. The diametral creep strength is also greater which allows an
open pellet-clad gap to be maintained beyond a second fuel cycle and improves the margin
to Pellet-Clad Interaction (PCI). The reduced creep-down rate increases the fuel rod
temperature, and therefore the fission gas release, which imposes a penalty on End-of-Life
(EOL) rod internal pressure. A larger plenum volume (longer rod) in the AFA-3G compared
with AFA-2G design compensates this for. At present, M5 is now being supplied in fuel
reload quantities. However, it should be noted that only limited performance data exist for
burnup beyond 55 GWd/tU.
• A new modified anti-debris bottom nozzle; thicker guide tubes with larger inner diameter.
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•
•

Reduced height top nozzles providing more clearances with the fuel rods; longer fuel rods
with more plenum volume.
Deflection limiters in the spacer grids to protect grid springs against excessive deformation.

ABB provides nuclear fuel to PWR's plants in United States and Europe. In the last few
years ABB introduced several improvements into their fuel design [4]:
• Advanced laser-welded GUARDIAN™ Inconel grid for improved debris retention and
resistance to grid-to-rod fretting.
• Optimized low-tin Zr-4, Zr-2P or DUPLEX is used as fuel rod cladding. Testing has shown
that these alloys possess enhanced corrosion resistance allowing to achieve the average
region discharge burnup in excess of 48 GWd/tU which corresponds to lead rod average
burnups up to 60 GWd/tU.
• Structural and IFM Zr-4 spacer grids with improved DNB performance and strength while
minimizing pressure drop have been developed and introduced. The improved spacer grid
design employs high-performance, split-vane mixing features to create a strong swirl and
turbulence to increase thermal margin. Extensive DNB testing showed a substantial
improvement in thermal margin.
• Urania-gadolinia (UO2-Gd2C>3) has been optimized (axially graded) as a burnable absorber
for shorter cycles (12-18 months) and urania-erbia (UCVEraOs) is used in reloads for long
(18-24 months) high bumup fuel cycles.
• Reduced height top and bottom nozzles, which enabled longer fuel rods and longer plenum
length. Removable top nozzle is provided for easier fuel rods inspection and repair.
2.2 BWR Fuel Design
The major change in the BWR fuel are the introduction of advanced 9X9 and 10x 10 fuel
lattice designs, replacing "standard" 8x8 lattices. These advanced fuels with large central water
rods or water cross design, have resulted in improved nuclear performance, i.e. improved
neutron flux distribution, increased reactivity and reduced local power peaking. Consequently,
the average assembly enrichment can be reduced and the average discharge burnup increased.
The larger number of fuel rods reduces the rod average linear heat generation rate (LHGR)
which results in reduced fuel temperatures, fission gas release, and in lower cladding corrosion
rates. Reduced LHGR provides greater thermal margin, as measured by the critical power ratio
(CPR), and increased LOCA margin. BWR fuel vendors have developed fuel rod cladding
designs that are resistant to both nodular and uniform corrosion in a variety of plant water
chemistries. The improved fuel designs have incorporated debris-resistant features and design
features to protect against creep collapse of fuel rods and to prohibit cladding failures due to
hydriding. Enhanced fuel channel designs have been introduced to improve fuel assembly flow
characteristics and to reduce channel bulge and bow during irradiation.
The short description of various advanced BWR fuel designs offered by ABB, Siemens
and GE follows.
ABB has developed the basic SVEA fuel assembly, design in the early 1980's. The
SVEA-64 design had already been verified for use to region average burnups of around 40
GWd/tU. Since 1988, SVEA-96/100 design[4] has replaced. SVEA-64 in most reactors. For
SVEA-96/100 the average discharge region burnup is around 48 GWd/tU.
The new feature of SVEA fuel design is a cross-shaped internal gap with non-boiling
water at the center of the assembly, dividing the assembly into four 16-rod bundles (SVEA-64),
and four 24/25-rod bundles for SVEA-96/100 design. The most advanced is the SVEA-96+ fuel
design with the improved low-pressure drop spacer grids. SVEA-96+ includes seven of the high
performance spacer grids in place of six standard grids used for SVEA-96/100. The reduced
240
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LHGR also eliminates the need for liner fuel rods since the operation stays below the PCI
threshold level. Dryout performance is improved substantially, thereby the fuel rod integrity.
The additional improved features are a high-efficiency debris trap incorporated into the fuel
assembly channel, and Zr-2 channels with the oxidation resistance superior to that of the Zr-4
channels.
Siemens latest BWR fuel design is the ATRIUM (Advanced Technology for Reload fuel
with Internal Upgraded Moderation) family of fuel assemblies [2], The ATRIUM 9 and
ATRIUM 10 families of fuel assemblies with 9><9 and 10x10 rod arrays, respectively, have the
following improved design features:
• An internal square water channel, replacing a 3x3 array of central fuel rods. The additional
moderator volume in the internal region of fuel assembly results in increased and more
uniform moderation (increased reactivity), reduced power peaking, improved shutdown
margin. It also has a less negative void fraction coefficient, which improves both transient
and steady state core behaviors.
• ULTRAFLOW™ spacer equipped with swirl vanes at the spacer strip intersections to
improve CPR margin for about 20% compared with the earlier designs.
• Eight part-length fuel rods in the ATRIUM 10 design, which reduce the two-phase pressure
loss and ensure increased resistance to instability. Natural uranium axial blankets, axial
gadolinium loading and enrichment zoning are options to improve fuel utilization.
• Inner iron-enhanced zirconium liner (barrier) cladding (optimized Zr-2 alloy) to increase
PCI resistance while protecting cladding performance in the event of cladding perforation
and water ingress. Debris-resistant lower tie plate is designed to avoid fuel rod failures by
fretting corrosion.
The average discharge burnup is 40-45 GWd/tU for ATRIUM 9 and around 50 GWd/tU
for ATRIUM 10. Maximum assembly burnup is 48 GWd/tU (ATRIUM 9) and 53 GWd/tU
(ATRIUM 10).
GE offers the advanced fuel designs in the following lattices geometry: 9><9 lattices (GE
11/13) and 10x10 lattices (GE 12/14) [5]. The maximum assembly burnups are in the range of
50 to 54 GWd/tU. The first reload of GE12 was inserted in 1995, and GEM will shortly become
the new standard. The main advanced feature of GE12/14 designs is the two central water rods,
which displaces eight fuel rods. The introduction of central water rods has resulted in improved
nuclear performance, i.e. flattened neutron flux distribution, increased reactivity and reduced
local power peaking. GE is working on improved Zr-2 cladding through further optimization of
the manufacturing processes. The additional advanced features of these designs are part length
fuel rods to ensure resistance to instability, and U-235 enrichment and gadolinia axial zoning to
control power distribution.

3. OPERATIONAL ISSUES
The thermal conductivity of UO2 decreases with increasing burnup due to accumulation
of soluble fission products, radiation damage and porosity in matrix. This degradation in
conductivity of the pellet results in the increase in fuel temperature, which strongly affects fuel
behavior such as fission gas release and PCI. Typically, at a burnup of ~55GWd/tU, the
conductivity decreases by 60-70% (Figure 1) [6], resulting in an increase in fuel center
temperature around 150 K. The greatest impact of this is on the EOL rod internal pressure and
licensing. Prediction of thermal behavior of the fuel, FGR and microstructural changes at high
burnup, together with PCI, is of prime importance to allow operation at increased burnup in
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commercial reactors. Therefore, this requires of all fuel vendors to validate their fuel
performance code by comparison of code predictions against power reactor data, in-pile
experimental data and results of post-irradiation examinations to check the code ability to
reliably predict in-reactor fuel performance.
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Figure 1: Measured thermal conductivity of high burnup UO2 pellet
With increasing burnup, the fuel pellet periphery starts to become porous. The onset of
these microstructural changes, known as the "rim effect," begins as the average burnup exceeds
40 GWd/tU. The rim has a width of about 100 to 250 um. There is a number of studies currently
underway to better characterize the rim effect and its contribution to FGR at extended burnup.
The performed tests indicate that the increased porosity does contribute to an insulating effect
within the pellet thus increase the fuel temperature and therefore enhancing the FGR. But, the
current opinion on the rim effect is that it does not provide a significant contribution to the fuel
rod integral FGR, at least under steady-state conditions. Therefore, the rim effect does not
appear to be a significant operational issue.

4. LICENSING AND SAFETY ISSUES
The utilities tend to consider operation as safe if the fuel meets operating/safety limits
approved by the regulatory agencies. Such limits are set for a maximum permissible statistical
probability of fuel failures during hypothetical transients and accidents. Utilities requirement for
improved design features increases reliability, and it will in most cases increase the plant safety
margins as well.
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In the last few years the largest concern of regulatory agencies and fuel vendors has been
paid to fuel damage criteria for Reactivity Insertion Accidents (RIA) and Incomplete Control rod
Insertion (IRI) for PWRs.
Since fuel damage following an RIA event, such as the rod ejection accident in PWRs, is
strongly dependent on the amount of reactivity insertion, the initial cladding condition
(corrosion, spalling, hydrogen content, etc.) and plutonium buildup and redistribution, this
accident must be considered carefully. Regulatory agencies require that for advanced fuel
designs proposed for extended burnup operation, the RIA criteria must address fuel
fragmentation, dispersal, and core coolability concerns. The proposed interim RIA acceptance
criteria for extended burnups are more restrictive, and include the following:
Clad failure is prevented for fuel pellet enthalpy < 100 cal/g
Core coolability is maintained for fuel pellet enthalpy < 280 cal/g (for 0 - 4 0 GWd/tU) and
< 100 cal/g (above 40 GWd/tU)
- Oxide thickness must be kept below 100 urn
- Dose must be limited to < 25% of 10 CFR100.
For the extended burnup applications, the fuel vendors must address the effects of
increased burnup operation on fuel and cladding materials, i.e.:
- Provide acceptable mechanical properties with respect to clad corrosion, oxidation, spalling
and hydriding, showing that the 100 um limit is met at burnup design limit,
- Demonstrate applicability of the RIA criteria to the proposed design and burnup limit, taking
into account the fuel rod internal pressure, degradation of fuel thermal conductivity with
burnup, control rod insertion characteristics, etc.,
- Address adequacy of the ECCS acceptance criteria (peak-clad temperature, oxidation limit,
burst/blockage behavior, etc.).
Most of fuel vendors have received operating license for maximum burnup up to 60
GWd/tU lead rod average burnup. Additional work remains to be done, on the part of fuel
vendors as well as the regulatory agencies, to justify burnup extension programs beyond 60
GWd/tU.
The IRI problem is primarily a concern for the selected PWR's 17x]7 fuel designs
(Westinghouse, Fragema). Investigations have shown that fuel assemblies with large mid grid
spans (without IFM's) and with relatively small diameter guide tubes, and high assembly holddown forces, are susceptible for assembly bowing causing RCCA stacking in the dashpot region.
Affected fuel vendors have implemented the advanced design features and fuel assembly
modifications to mitigate IRI events:
Advanced materials for guide tubes-decreases corrosion and hydriding (reduce RCCA drag
force), enhanced radiation growth and creep resistance (reduces fuel assembly bow),
Optimized hold-down spring loads (reduce axial loading on guide tubes),
- Larger inner/outer diameter guide tubes with thicker walls (increase stiffness and reduce
operating stresses and creep deformation),
- New dashpot configuration with constant outer diameter and reinforced, thicker lower
section (increased skeleton lateral stiffness and dashpot strength).
Utilities have also implemented operational remedies to minimize IRI:
- _ Limiting burnup of rodded fuel assemblies below 25-40 GWd/tU,
Restricting assemblies with degraded control rod drop times to non-rodded positions,
Surveillance of control rods drop times at BOC and EOC to assess RCCA operability.
With the above mentioned design improvements implemented for increased burnup fuel
designs, the IRI events would be probably significantly reduced. The surveillance activities
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performed by the utilities will assure that the performance of these advanced fuel designs is
monitored throughout their design burnup.
5. CONCLUSION
A number of high burnup LWR fuel designs have reached maturity since their
introduction in the early 1990's. PWR fuel vendors have introduced debris-resistant features,
along with new advanced Zr alloys for structural components, as well as fuel rod cladding to
improve corrosion resistance performance, and have developed more efficient and flexible
burnable absorbers, including integral absorbers of boron, gadolinium and erbium. The
introduction of advanced 9x9 and 10x10 lattice designs with large central water rods or water
cross design for BWRs have resulted in improved nuclear performance through greater thermal
margin and increased LOCA margin. All three BWR fuel vendors have developed debrisresistant features and the improved Zr-2 cladding materials that are resistant to both nodular and
uniform corrosion in a variety of plant water chemistry. Barrier cladding designs with zirconium
inner liners or barriers provide resistance to PCI and can be resistant to secondary hydriding.
The reduction of LHGR of advanced 10x10 lattice designs would probably eliminate the
operating restrictions related to PCI. Improved BWR fuel channel designs have been introduced
to improve bundle flow characteristics. With these advanced features, the LWR fuel reliability,
operational flexibility and fuel economy have been markedly improved.
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ABSTRACT
Full-length inspection of all active tubes in both Krsko steam generators resulted in a huge amount
of inspection records. A computerized database was developed by Reactor Engineering division to accelerate the management of about 200.000 records. The database was designed to support the development and
decisions related to the plugging criteria for damaged tubes and is utilized to gain as much experience
concerning the degradation of SG tube as possible.
In this paper, two prevailing groups of data are statistically analyzed: (1) the axial cracks in expansion transitions at the top of tube sheet (TTS) and (2) Outside Diameter Stress Corrosion Cracking at tube
support plates (TSP). Especially ODSCC caused a vast majority of repaired tubes (e.g., plugs and sleeves).
The influence of plant startups involving oxidizing transients on the repair rates of tubes affected by
ODSCC is analyzed in some detail. The results are promising and show excellent correlation in SG 2 and
reasonable fit in SG 1.
Predictions of maximum expected number of tubes repaired due to ODSCC at the last planned inspection is given as 67 in SG 1 and 400 in SG 2.

1

INTRODUCTION

In recent years, the degradation mechanisms encountered in steam generator (SG) tubes
made of Inconel-600 triggered large inspection efforts in nuclear power plants (NPP) worldwide
[1]. Krsko NPP practices full-length inspection of all tubes by standard bobbin coil since 1987.
In addition, all expansion transitions are inspected by motorized rotating pancake coil (MRPC)
since 1992. More than 200.000 records of inspection results accumulated in nearly 13 effective
full power years (EFP Y) of steam generator operation. A computerized database was developed
by Reactor engineering division of "J. Stefan" Institute to support the maintenance of steam
generators. This database was also used for the analysis presented in this paper.
The history of tube repairs in both steam generators is depicted in Figure 1. The full lines
denote the fraction of tubes plugged, while the dotted lines show the fraction of all tubes repaired
(plugged and sleeved). The sleeving campaigns in 1993 (SGI), 1996 and 1998 (SG 1 and SG 2)
are clearly seen. The observed repair rates are relatively stable since ISI 94, with the exception
of ISI 97. The explanation of this sudden excursion is attempted in Section 3.2.
The major degradation mechanisms that caused the repair of tubes are comparatively shown
in Figure 2. 80% of tubes repaired during the entire lifetime of the steam generators and about
90% of repairs during the recent outages are attributed to only two degradation mechanisms:

Nuclear Energy in Central Europe '98

245

TTS: axial stress corrosion cracking at the expansion transitions at the top of the tube sheet
(TTS) caused 24% and 17% of repaired tubes in SGI and SG2, respectively, and
TSP: outside diameter stress corrosion cracking (ODSCC) at the tube support plate intersections (TSP), caused about 56% and 63% of repaired tubes in SGI and SG2, respectively.
Multiple TSP defects per tube or tubes with both TSP and any other defects are responsible
for about 10% of repairs.
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The quantity of tubes repaired because of ODSCC varied significantly during the recent
outages [2]. Special attention is therefore devoted to TSP defects, aiming at reasonable prediction
of repair rates following the last planned inspection.
It is therefore assumed that the TSP defects will govern the status of the steam generators
after the last planned inspection. Nevertheless, information related to TTS defects [3] is updated
below. Other degradation mechanisms are expected to cause a negligible number of repaired tubes
and are therefore not discussed further.

2

AXIAL CRACKS IN EXPANSION TRANSITIONS

Axial cracks in expansion transitions are mainly caused by joint effects of high residual
stresses and chemical influence by either primary/secondary coolant or deposits in crevices,
especially between sludge on the top of the tube sheet and tubes. A criterion for the repair of
degraded tubes is based on the allowable length of an axial crack.

2.1

History of Detected Cracks

Since 1992, a routine measurement of crack lengths using Motorized Rotating Pancake
Coil (MRPC) is performed in Krsko nuclear power plant (NPP) to verify the structural integrity
of cracked tubes. A stable and moderate increase in the number of known cracks is observed in
subsequent inspections (see Table 1). The vast majority of cracks detected and measured in 1998
already had a history of recorded crack lengths. In average, until ISI 98 the cracks survived more
than 4 inspections. The oldest known crack still in operation (SGI R33 C82) was first time
detected in 1987 and measured to be 3 mm long in 1998.
This confirms that currently implemented inspection methods (MRPC) reliably detect and
measure the cracks, which are shorter than the longest allowable through-wall crack of 6.4 mm.

2.2

Measured Crack Lengths

Selected statistical parameters of measured crack lengths are given in Table 1. A moderate
increase in number of cracked tubes during recent years is observed, which is consistent with the
fact that the population of cracks is growing older. Maxima of observed crack lengths recorded
are in the range 8-11 mm. It should be however noted that less than 4% of cracks exceed 5 mm
in length since 1994 when inspection technology remained virtually unchanged.
Table 1

Selected Statistical Parameters of Measured Crack Lengths (SG 1 and SG 2)

Inspection
Year
1998
1997
1996
1995
1994
1993
1992

Measured [mm]

Cumulative
EFPY

#of
Cracked
Tubes

Min*

12.47
11.67
10.86
9.94
9.39
8.45
7.75

509
534
513
488
465
413
427

0.
0.
0.
0.
0.
0.
0.

Max
10.
Q

8.
11.
10.
8.
11.

Average
3.13
3.06
2.92
2.39
2.55
3.23
3.48

Standard
Deviation
1.63
1.63
1.62
1.49
1.62
1.79
1.80

Sum of
Crack
Lenghts
[mm]
1593.
1636.
1500.
1167.
1187.
1336.
1484.

Resolution of measurement method causes that all cracks shorter than 0.5 mm appear with length O.mm
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Occasionally, more than one crack per tube is detected. The statistics in Table 1 is based
on the longest crack per tube. In the average, about 62% of cracked tubes contain only one crack,
about 23% two cracks, and 10% three cracks. More than three cracks are detected in about 5%
of cracked tubes [10].

2.3

Propagation of Axial Cracks

Table 2 shows selected statistical parameters on crack growth between consecutive inspections. The number of available data points moderately increases. Accumulated data confirmed
conservativity of predictions concerning crack growth ([5] and [6]).
In the 1997/98 only about 1.7% of cracks propagated more than 2 mm. Only 4 cracks (0.9
% of all cracks with recorded growth) grew 4 mm or more.
Table 2

Selected Statistical Parameters of Observed Crack Growth (SG 1 and SG 2)

Inspection
Period

EFPY

97/98
96/97
95/96
94/95
93/94
92/93

0.85
0.81
0.92
0.55
0.94
0.70

Measured [mm]

#*of
Recorded
Growths

Min

389(458)
414(487)
403(460)
315(419)
204(327)
243(319)

-3.
-3.
-2.
-3.
-4.
-4.

Max

Average

6.
4.
6.
3.
6.
6.

0.37
0.36
0.64
0.09
-0.19
0.28

Sum of
AH
Standard
Growths
Deviation
[mm]
1.02
168.
177.
0.97
295.
1.10
0.93
38.
1.15
-63.
0.91
91.

cracks with recorded positive growth (all cracks with recorded growth)

2.4

Future Behavior of Axial Cracks

The Weibull fit used in predictions of future behavior of axial cracks in [3] was updated
with data from 1998 inspection. The 1998 data confirmed the trends estimated from previous
years. The expected repair rates are in the order of 20 tubes per inspection and steam generator.

3

ODSCC AT TUBE SUPPORT PLATES

Outside diameter stress corrosion cracking (ODSCC) at tube support plates (TSP) is caused
by aggressive sediments that concentrate in the crevice between tube and tube support plate and
seems to be accelerated by high temperature and oxidizing conditions. It is currently the major
cause of tube repair in Krsko steam generators. More than 90% of tubes repaired during recent
outages are attributed to ODSCC at TSP.

3.1

Distribution of defects among tube support plates

The ODSCC defects are detected at different TSPs on the hot leg side of the steam generators. Further, two or more defects per tube (denoted as multiple) were detected in about 15% of
tubes. The distribution of all defects detected during ISI 98 is shown in Figure 3. The dominant
location of single defects is TSP 5 in SG 1 and TSP 3 in SG2. Most multiple defects per tube
involve TSP 3 and TSP 5 in SG2, whereas no dominant location is observed in SG 1.
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In general, the ODSCC tends to concentrate considerably lower in SG 2 than in SG 1. Since
the temperature of the tube is higher at lower TSP, the Arrhenius type of temperature dependence
of ODSCC may lead to faster defect initiation and growth of defects in SG 2. Indeed, the analyses
of inspection results show somewhat higher initiation and considerably higher growth rates in SG
2 [2].
The enumeration of TSP's used in this paper is consistent with the Krsko enumeration
scheme with TSP #11 being the uppermost TSP.

3.2

Observed repair rates

In the following, the discussion and analysis are limited to the observed repair rates of
tubes affected by ODSCC at TSP in the time period between ISI 95 and ISI 98.
As shown in Figure 1 and Figure 4, an increase of repair rates is observed during the ISI
97 in both SG 1 and SG 2. In SG 1, the repair rate of 0.5% observed in ISI 96 increased to 1.5%
in ISI 97 and remained constant in ISI 98. In SG 2, the repair rate of about 1.6% observed in ISI
96 increased to about 5% in ISI 97 and then decreased again to 1.8% in ISI 98.
There is no evidence of any changes in operational and maintenance procedures, which
could be correlated with the increased repair rates in ISI 97. Nevertheless, two forced outages
involving ingress of air in the steam generator (leak at the flange of SG 2 inspection opening) and
steam line (failure of the steam line isolation valve; SG 2) were recorded between ISI 96 and 97.
Some preliminary evidence exists in the literature, that the development of the IGA/SCC
could be influenced by the startup oxidizing transients [7]. A startup oxidizing event would in
general need ingress of the oxygen in the secondary system before the startup of the plant. Such
conditions occur always after the refueling of the plant, but are relatively rare during forced
outages.
The number of openings of the secondary side was therefore chosen as a preliminary
measure for the tube repair rate. Each refueling outage is assumed to be equivalent of one opening. Also, the two unplanned outages between ISI 96 and 1997 are preliminary assumed to be
equally important and attributed value of one opening each. The plot of repair rates against the
number of opening of the secondary side is shown in Figure 5.
An excellent correlation between openings of the SG secondary side and the tube repair
rates is found for SG 2 (Figure 5). Thus, the explanation of the increased repair rate in SG 2/ISI
97 seems to be given by the startup oxidizing transients [7]. Of course, detailed analysis of actions
performed during both forced outages is underway, aiming at better understanding of processes
leading to the increased repair rates. For example, the preliminary analyses of inspection results
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show that the incerased repair rates are dominated by growth of defects, since the number of new
defects (ISI 97) seems to be of the same magnitude as in ISI 96 and 98.
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Fraction of tubes repaired due to ODSCC as a function of openings of secondary side
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On the other hand, the behavior of SG 1 (Figure 5) can be explained by the startup oxidizing transients [7] only for the periods until ISI 97. The repair rate observed in 1998 is namely
equivalent to the repair rate in 1997. Preliminary results of the distribution of defects among TSP
show, that new defects are found more frequently at lower TSP (e.g., 3, followed by 5). Since
ODSCC is a thermally activated process, such relocation alone may lead to faster defect growth.
Detailed analysis will be performed to characterize this phenomenon further when data on small
(non-reportable) ODSCC defects become available.

3.3

Future repair rates

The prediction of the future tube repair rates was traditionally based on the Weibull distribution. Thus, it was assumed that the fraction of failed tubes is distributed in time (effective full
power years or effective full thermal year) according to Weibull distribution. Such approach is
well known in literature (e.g., [8]) and allows for variable failure rates during the useful lifetime
of the steam generator. The parameters of the Weibull distribution are obtained from the field data
using standard fitting procedure "minimum least squares" [9]. Further details on the method are
given elsewhere [8].
The essential conditions for selecting appropriate sets of field data include the comparable
inspection methods and plugging criteria used and comparable operating conditions. More detailed description is given elsewhere [4], [9]. Nevertheless, the discussion in Section 3.2 reveals
additional parameters to be considered while predicting future repair rates.
The following approach was adopted until the results of more detailed analyses become
available. In the first step, the future repair rates were estimated using the traditional Weibull
distribution of tube failures in time (EFTY, see [2] for details). In the second step, an estimate of
necessary tube repairs per opening of steam generator was derived by simply using the repair rates
per opening observed in ISI 98 (see also Figure 5). Results of both steps are listed independently
in Table 3
Table 3

Predicted number tubes repaired due to ODSCC in the last planned inspection (1999)

Period
37(0,8%)
0,8 EFTY
1 opening

Minimum

SGI
37 (0,8%)
Best estimate

68(1.5%)

67(1,5%)
Maximum

134(2,9%)
Minimum

SG2
148 (3,3%) 400 (8,8%)
Best estimate

Maximum

85 (1,9%)

An example of the interpretation of Table 3 is as follows. If it is reasonable to assume that
the repair rates of tubes affected by ODSCC is governed by Effective full thermal year (e.g.,
normalized time at maximum temperature), then number of tubes repaired in SG 2 will be between 134 and 400. If, on the other hand, the ODSCC is governed by the openings of the
secondary side, only about 85 tubes will be repaired for each opening of the secondary system.
Thus, about 85 tubes will be repaired if there is a continuous plant operation until ISI 99 or about
170, if there is one unplanned outage involving ingress of air in the secondary system. The
information available at the present time is in favor of the "opening" approach; nevertheless, there
is no enough evidence available to reliably support this approach. Use of maximum expected
values is therefore recommended while planning the tube repair activities.
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4

CONCLUSIONS

The degradation mechanisms that cause most of repaired tubes are statistically analyzed in this
paper. These degradation mechanisms are axial stress corrosion cracking in expansion transitions
(TTS) and outside diameter stress corrosion cracking at tube support plates (TSP). Other degradation
mechanisms are considered to have negligible influence on the remaining life of steam generators.
The influence of plant startups involving oxidizing transients on the repair rates of tubes affected by ODSCC is analyzed. The preliminary results show excellent correlation in SG 2. Reasonable
fit in SG 1 is however assumed to be cause by relocation of the defects towards the lower support
plates.
The future repair rates were predicted both using Weibull distribution and simple extrapolation
of observed repair rates based on a number of openings of the secondary system between two inspections. The second approach seems to fit better with the observed data. Nevertheless, the use of
maximum expected repair rates is recommended in the planning of the repair activities,. It is estimated
that the full power of the plant can not be maintained without extensive sleeving campaign or relaxation in repair criteria.
More detailed analysis of the influence of plant startups involving oxidizing transients on the
repair rates of tubes affected by ODSCC should be performed to clarify somewhat different behavior
of both steam generators.

5
[1]
[2]

[3]
[4]
[5]
[6]

[7]

[8]
[9]

[ 10]
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Abstract:
Reracking of existing pools to the maximum extent is desirable from the economical point of
view. Although the load onto the storage rack structure and the fuel pool bottom will be
increased, new improved codes, optimized structural qualification procedures and advanced
design enable to demonstrate the structural integrity for all normal and accident conditions so
that the design provides a safe compact storage of spent fuel under any condition.
1. Back End Strategy
From the technical and economical point of view, the best place to store spent fuel
assemblies are the fuel pools of the nuclear power plants. Therefore, it is advantageous to
use the capacity of the pools to the maximum extent.
Storage of spent fuel in the water pools over many decades gives rise to no problems.
Assessment of the ability of fuel assemblies to be safely held has been base on evaluation
of corrosion mechanisms and creep behavior under the internal pressure of the fuel rods. In
German NPP's Siemens has a set of exactly measured spent fuel rods, some of which are
containing fuel with incipient and cladding wall penetration defects which have been stored
and periodically inspected over the past 20 years [1].
On the other hand, the increase of storage capacity inside existing pools is by far the most
economical solution and therefore different techniques have been developed. In the past
few years Siemens has planned and installed storage racks in 13 NPP with two region
arrangement. Together with intensive use of the available space in the pool the capacity can
be more than doubled. Above all, for many of the about 40 reracking projects, the storage
racks were designed to hold consolidated fuel. In this case, the fuel canister contains two
assemblies consolidated within the outer dimension of a single fuel assembly. By this the
capacity of the storage locations can be nearly doubled.
All these measures are increasing the load onto the storage racks and the fuel pool bottom
especially in the case of external events (e.g. earthquake). Consequently, advanced design
and new codes have been developed to enable storage of spent fuel also at reactor sites with
high seismic loads.
2. Design of the two Region Storage Racks
In the past, all the storage racks were designed to store fresh fuel assemblies in all
locations. In case of the two region concept only region 1 serves for storage of fresh fuel
assemblies with maximum reactivity. Each storage position is surrounded by a neutron
absorber to ensure subcriticality. The capacity of region 1 is for the full core reserve and a
surplus for one reload batch. Region 2 serves for storage of spent fuel assemblies with a
minimum burn-up. In region 2 there is a checkerboard arrangement of the neutron absorber
to ensure subcriticality (Fig. 1).
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Spent fuel storage rack
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of specified enrichment
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Square absorber channel enclosing
each fuel assembly (flux trap arrangement),
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• -|--J- of specified minimum burnup
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as illustrated in diagram at bottom left

Region II:
Square absorber channels in checkerboard arrangement,
resulting in single absorber channel side wall between fuel assemblies

Figure 1: Two Region Storage Arrangement
The neutron absorbers which are used by Siemens are made of borated stainless steel.
Borated stainless steel has successfully resided in spent fuel pools for 25 years without any
problems. All of them have been licensed to be operated for the entire life of the plant
without any need of in-service inspection. This is not the case for other neutron absorbing
materials.
The channels are assembled onto massive support structures of different sizes for
optimized arrangement in the pool.
For installation the modules can be handled remotely by an auxiliary crane and installed
underwater. The dead weight of an empty module is about 7 tons. It covers about 6.5
square meters of the pool bottom and has a load carrying capacity of up to 160 metric tons
of consolidated fuel canisters. For this load careful analysis is required.
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3. Structural Qualification
3.1 Objective
The high density fuel storage racks are free standing racks supported by the pool floor
only. The design for the increased loads due to consolidated fuel storage requires
extensive structural evaluation to prove satisfaction of the requirements. The objective of
the structural evaluation is to demonstrate that the rack design satisfies the structural
requirements and show that the following safety objectives to protect personnel and the
general public are met by the fuel storage system:
•
•
•
•

ability to cool the fuel assemblies
maintain the fuel in subcritical condition
prevent leakage from the pool to keep radiation exposure within limits
maintain the capability to remove and insert fuel assemblies

Therefore, structural analyses must be performed for the fuel storage racks, the liner of
the pool and the concrete floor of the pool. This summary only deals with the
investigations in the fuel racks.
The common design criteria, standards and regulations for spent fuel racks are described
in 111, 131 and IAI. Beside the general design criteria for safety related structures, the
regulations give recommendations and guidance for the structural evaluation related to
classification, seismic design parameters, damping values, etc.
The high density storage racks are designed according to the limits of ASME151 for
Class 3 component supports to maintain the structural integrity and to fulfill the safety
objectives.
•
3.2 Loading Conditions
The design and analysis of fuel racks must consider all different weight situations like
• empty rack
• partialy loaded rack with fuel assemblies, control rods or consolidated canisters
• fully loaded rack with fuel assemblies, control rods or consolidated canisters
The weight is considered under normal operating, handling conditions (installation) and
for external events like earthquake etc.
Two cases of thermal loads are usually investigated:
• loss of cooling - increase of the total pool temperature
• single hot cell - loss of cooling at a single storage location
The first thermal case generates thermal expansion of the rack and the related friction
forces for the free standing rack. The second thermal case produces local thermal stresses.
In addition some other cases of external loads are usually analyzed for fuel racks, e.g.
stuck fuel uplift force, load drop by accident, etc.
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3.3 Structural Evaluation of fuel racks
The structural evaluation of fuel racks is done in 2 steps
• dynamic analyses to simulate the dynamic behaviour of a single rack and the racks in
the whole pool
• detailed static structural analyses for all load cases to confirm the structural criteria
3.3.1 Nonlinear Dynamic Analyses
For the free standing high density fuel storage racks the dynamic load cases are the
limiting cases for the rack design. That means that a realistic simulation of the
dynamic behaviour is the most important aspect.
All the nonlinear dynamic analyses are performed using specially developed codes to
take specific effects into consideration. These are, for example:
• Fluid-Structure-Interaction (FSI)
• Impact and Friction
FSI
The fuel storage racks are submerged in water, are free standing on the bottom of
the spent fuel pool and are only separated by small water gaps. During a seismic
event the racks can lift, slide and twist in the water pool. It is obvious that the
motions of the racks are highly influenced by the motion of fluid near the racks and
vice versa. This Fluid Structure Interaction (FSI) must be considered in the dynamic
analysis of fuel storage racks to determine the realistic displacements and loads on
the rack.
A FSI-theory was developed for fuel storage racks on the basis of potential flow
theory for incompressible fluid. This theory has been implemented in the codes and
extensively verified by
- comparison with analytical result of a simplified 2D-rack model
- comparison with fluid forces obtained by a 3D numerical simulation of the
moving rack in a water pool using the CFD code STAR-CD.
- comparison with natural frequencies of analytical results of submerged cylinders
and squares applying the added mass theory whereby the added mass coefficients
are in good agreement with experimental data.
Impact and Friction
The coupling between the rack feet and the bottom of the pool is described by
impact friction elements accounting for the dissipated energy by impact.
The coupling between the racks themself, between the racks and the walls of the
pool as well as the coupling between the rack structure and the fuel assemblies is
described by means of gap elements.
In the mathematical model friction between rack feet and pool bottom is considered
as Coulomb friction. The calculations are performed for coefficients of friction in
the range of- u >.0.2 and n <.0.8.
Nonlinear dynamic analyses are performed for 3-D Single Rack models and for 2-D (or 3D) Multi-Rack models using displacement time histories as simultaneous excitation. The
artificial absolute displacement time histories are generated for'both orthogonal horizontal
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directions and for the vertical direction on the basis
of response spectra at the pool floor level.
The 3D single rack finite element model of the thin
walled cellular structure is modeled out of
equivalent elastic beams, rigid beams and coupling
elements as described above (Fig. 2). This model is
intended to simulate the dynamic behavior for the
study of all parameters, such as:
• variation of coefficient of friction
• variation of occupancy of the rack
• variation of level of seismic input
The main purpose of the 2D (or 3D) multi rack
finite element model is to simulate the
displacement behavior of the whole pool. For the
analyses the most unfavorable directions are
selected; highest uplift, highest displacements. The
modeling is similar to the 3D model that means all Top view
the specific aspects are introduced in this
_
analyses too.
The results of the nonlinear dynamic analyses are
used for the pool liner and pool floor investigation
as well as for the structural rack analyses. Typical
shown in Fig. 3 and Fig. 4.
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Figure 2: 3D single rack model
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Figure 3: Vertical force at one rack foot
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TIME

Figure 4: Horizontal displacement at one rack foot
3.3.2 Structural Analyses
All loads specified by the applicable regulations are considered in the structural
analyses. For the dynamic events the loads are input in such a way that the most
unfavorable distribution of forces resulting from the nonlinear dynamic analyses are
covered. The stability of a channel is of great importance during dynamic events, so
special buckling investigation is performed for the channel in the vicinity of a rack
foot. In addition, forces due to fuel assembly / rack interaction and hydrodynamic
pressure is taken into account.

Figure 5: 3D Finite Element Mode]
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Accident events are defined for postulated load drop onto the storage rack. In this
case, it is demonstrated that no severe damage occurs to the rack and the pool liner and
that the rack keeps its functional capability.
The total structural analysis consists of various investigations to accomplish the
different requirements. The most important one is the global model of one rack
which is a 3D finite element model of up to 50 000 plate elements, approx. 3000
spring elements and some beam elements (Fig. 5).
To check the stability of the channels, especially in the neighborhood of the rack feet, a
separate FE-model is used for the buckling analysis. Other separate models are used to
analyze the food pad and the limit loads due to FSI pressure for the outer walls.
Typical results of the structural analyses are shown in Fig. 6 and Fig. 7.
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Figure 6: SSE stresses in the lower grid
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Figure 7: Stability of the channels (nonlinear buckling)
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3.4

Acceptance Criteria for fuel racks
The acceptance criteria for storage racks are in accordance with the limits of ASME
151. For each analysis result and for the different service levels an assessment is
made as shown in the following table.
Limits for Service Level A and B
Limits for Service Level D

ASME Sect. Ill Subsection NF
ASME Sect. Ill Appendix F
Service
Level A

type of assessment
• primary stress
(plate and shell)

Pm

• primary stress
(linear type)

tension
shear
bearing
bolting

• weld stress

Pm, PL + Pb, etc.

• stability

1/2 of crit.
buckling stress

• limit load
• primery plus secondary stress

stress range

|
I

Service
Level B

Service
Level D

; tension
; shear
i bearing
i bolting

tension
shear
bearing
bolting

j 1/2 of crit.
j buckling stress

2/3 of crit.
buckling stress

!. 2/3 of collapse load

collapse load

i
j

The assessment of the structural analysis results of the new high density storage rack
design confirms the structural criteria and shows that the design provides a safe
compact storage of spent fuel under normal and accident conditions.
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Abstract
The nuclear industry world-wide has developed different design procedures to prevent the occurrence of
unexpected and sudden failures in reactor pressure vessels of nuclear power plants. The standards and codes on
the nuclear safety field in different countries contain many of the specific requests regarding the behavior of the
flaws and defects in the reactor pressure vessel, during the fabrication, preoperational tests and specially during
the exploitation.
The presence of the flaws and other sources of the high stress concentration in the reactor pressure vessel can
decrease its load - carrying capability. The reactor pressure vessel flaws are affected by the service loadings and
the general observation must be made quantitative. What should include such observation is described and
commented.
In the paper, the implementation of the fracture mechanics concept as a fracture control of the reactor pressure
vessel is described. The reactor vessel material toughness properties are discussed in the light of some
parameters affecting them.

1. Introduction
For the nuclear power plant Pressurized Water Reactor type, the reactor pressure vessel
integrity is the most important in the light of safe operation. Different operational conditions,
mainly emergency and faulted, could have strong impact on the structural integrity of reactor
pressure vessel. This component represents one of the most important barriers to prevent
release of radioactive products into the containment. Due to the physical effects, like neutron
induced irradiation, the permanent degradation of the thermomechanical properties of the
reactor pressure vessel is present during the operational phase.
One of the most important parameters in reactor pressure vessel integrity studies is the
toughness of its material. Fracture mechanic criteria and procedures deal primarly with the
effect of toughness degradation and influence on the existing crack propagation in the case of
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unallowed operational conditions .
2. Main Principles of Fracture Control Procedures
Worldwide intensive activity on design procedures to prevent the occurrence of unexpected,
sudden failures in the reactor pressure vessel is under progress. In the past years, many of the
factors which need to be considered for reliable assessment are now known.
For the engineering design and operational control purposes, the following quantitative
observation must be made [1]:
•

all important material properties of the reactor pressure vessel, which determine the
magnitude of the strength reduction

•

the relation between strength reduction and geometry of the flaw

•

the influence of reactor pressure vessel geometry (critical locations) to the stress state
with the rate and kind of applied loads

•

the presence of nonapplied loads such as residual stresses from welding

3. Fracture Mechanics Concept
The basic analysis assumes elastic behavior of the stresses in the reactor pressure vessel,
including the region around the crack tip. The stress distribution near the crack tip is always
the same and the stress magnitudes all depend on a single quantity termed the "Stress
Intensity Factor"; Kj. All equations has the identical form:
K^CoCita)*
where :

,

.

(1)

a = nominal tensile stress perpendicular to the plane of the crack
a = characteristic crack dimension, such as crack depth for surface cracks
C = nondimensional constant whose value depends on the crack geometry, the
ratio of the crack size to the size of the structural member and the type of
loading.

The basic premise of linear elastic fracture mechanics concept is that unstable propagation of
an existing flaw will occur when the value of K, attains a critical value designated as K,c .
K,c is generally called the fracture toughness of the material. It is a temperature dependent
material property.
The implementation of the fracture mechanics concept for the reactor pressure vessel fracture
integrity assessment consists of two essential steps:
•

determination of the K]C properties of the reactor pressure vessel material using
suitable test specimens and conditions

v

determination of the actual or anticipated flaw size in the structural component and
then calculation of the limiting value of stress which will keep the value of K,
in the component less than K1C . The conservatism with applying a safety factor for
the stress and flaw size may be used.
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4. Reactor Pressure Vessel Analysis
For the Pressurized Water Reactor (PWR) type, an ASME Code in section III Appendix G
prescribe the analysis methods for normal, upset and test conditions of reactor pressure
vessel. The analysis methods are applied to four locations in the reactor pressure vessel
(Fig.l):
•
closure head to flange region
•
nozzle to shell course region
•
beltline region
•
bottom closure head to shell course region

Control rod drive
mechanisms
Closure head

Closure head
region

thickness
transition
Closure flange

Outlet.

Nozzle
shell-course
region

,

nozzle \ J

-Vssse! watl
thickness
transition

Beltline /
region \

Reactor
core
-Thickness

Radius

-Vessel wall to
lower head
thickness
transition

Lower head
region

In-core
instrumentation
penetrations

Figure 1 Reactor Vessel Critical Areas
The reactor pressure vessel beltline region is adjacent to the reactor core and is of the major
interest because of the neutron flux in this area. High energy neutrons
(> lMeV) cause damage to the metal's crystalline lattice structure and causes increase in the
temperature at which brittle fracture occurs.
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5. Temperature Influence
Brittle fracture is the most severe type of fracture, which can occur in reactor pressure vessel
under specific circumstances. Brittle fracture occurs at low temperatures with very little
expenditure of energy and is characterized by very fast crack propagation. Brittle fracture
usually occurs with very little plastic deformation.
The temperature below which the metals fails by brittle fracture is called the nil-ductility
transition temperature (NDTT). It is very important to know reactor pressure vessel material
NDTT, in order to avoid brittle fracture.
The determination of NDTT involves the testing of reactor pressure vessel samples. The
testing of these samples is a part of reactor pressure vessel surveillance program [2].
Code of Federal Regulations (CFR) in chapter 10CFR50 Appendix H contains requirements
for periodic testing of specimens. The testing will determine the change in NDTT caused by
the expository to high energy neutrons.
The testing methods are Drop Weight Test and Charpy V- Notch Test, which is usually used,
due to the form of pre-prepared test samples, that are in specimen holders, which are located
on the inside of the reactor pressure vessel. These specimens are exposed to a neutron fluence
from the reactor core that is proportional to that of the beltline.
The purpose of these tests is to determine the temperature where plastic failures start to
appear.
Article NB-2331 of ASME Code, Section III gives the acceptance criteria for the Charpy VNotch Test:
•
at a temperature not greater than NDTT + 60° F, each specimen shall exhibit at least
35 mils lateral expansion and not less than 50 ft-lb absorbed energy
Crack arrest intensity as a function of reference NDTT (RTNDT) is called the reference stress
intensity factor Km. The recommended values of the reference stress intensity factors are
shown on Figure 2.

150
6.78 -1.233 exp [0.0145 (T-RT NDT + 160)]. whe re
K(p —reference stress Intensity factor, klav/in.
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The relationship between stress intensity factor K,R and

is:

K1R = 26,78+1,233 e°- 0 1 4 5 { T - R \NDT + 160>
Any point on the line or below represents a stress/temperature combination where the crack
will not propagate. Values of stress must be limited to values that are less than or equal to
allowable values of KIR .
6. Neutron Fluence Influence and Impurities in Material
In the past research work, mainly done in USA, it was established, that copper (Cu) and
phosphorus (P) content in reactor pressure vessel material has strong influence on irradiation
induced damage in the crystalline material lattice [3]. These two materials are treated as most
undesirable impurities in reactor pressure vessel material. The weight percentage content for
these two elements is strictly limited by the nuclear regulation in the countries producing
reactor pressure vessels. Due to the neutron fluence, these two elements form ultra fine
precipitates on the material grain boundaries with the embrittlement and toughness lowering
as direct consequences.
Neutron fluence has the effect on increase of RTNDT . This relation is shown on fig. 3, for
different contents of Cu in reactor pressure vessel material.
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Figure 3 The Effect of Neutron Irradiation on RTNDT
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7. Conclusions
The importance of detailed reactor vessel integrity assessment is in countries with operating
nuclear facilities strongly present. For an effective assessment it is necessary to made:
•
•
•
*•

detailed stress analysis for different operational conditions, taking into account
temperature gradients
surveillance program with reliable results of reactor pressure vessel samples
in service inspection of reactor pressure vessel boundaries, using ultrasonic and eddy
current testing methods, to establish the presence of flaws
fracture mechanics analysis by ASME Code

Using all these data, the pressure - temperature limit curves ( Fig.4) could be verified and if it
is necessary, recalculated. It is essential to ensure that the reactor pressure vessel is not
subjected to pressure transients due to reactor operation which would cause the pressure and
temperature stress limits to be exceeded. With the presence of flaws in critical vessel
locations, such situation could have severe consequences.
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ABSTRACT
The stress corrosion cracks as seen for example in PWR steam generator tubing made of
Inconel 600 are usually found to be of highly irregular kinked and branched shapes.
Numerical analysis of kinked and branched cracks in bi-axial plane stress fields using
methods such as finite or boundary element method may provide useful and cost effective
solutions. However, accurate analysis of complex shaped cracks requires very fine meshes
and, consequently, excessively high computational efforts.
This paper discusses some possible strategies of numerical modeling of kinked and branched
cracks in general bi-axial stress field using the general-purpose finite element code ABAQUS.
The strategies discussed include J-integral and stress intensity factor solutions with different
mesh densities. The accuracy of the numerical results obtained is compared with reference
solutions from the literature.
The main result of the paper is an optimal numerical strategy, which maximizes the accuracy
of the results at as low computational efforts as feasible. The selected optimal strategy is
expected to be used in the future simulations of large networks of inter-granular stress
corrosion cracks at the grain-size scale using incomplete random tessellation.

1. INTRODUCTION
The inter-granular stress corrosion cracks are one of the main causes for early retirement of
tubes in steam generators of PWR nuclear power plants [1.]. Combined influence of
mechanical loads and aggressive environment causes the development of random crack
networks. Typical pattern obtained by numerical simulation of inter-granular crack
propagation, which is in agreement with metalographical analyses of pulled out tubes from
the steam generators [2.], is presented in Figure 1. .
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Figure 1: Simulated crack pattern within a radial slice of a steam generator tube [2.]
The most important part of the simulated crack growth (Figure 1) is - besides of realization of
the random grain structure - a model of crack initialization and propagation. Adequate crack
initialization is obtained by a random process, which considers for example the contact of
cracks with the aggressive medium and orientation of stress field. The crack propagation is
also a random process assuming more frequent propagation of cracks with larger stress
intensity factors. Large degree of branching and relatively important interactions between
neighboring cracks make the use of available methods of linear elastic fracture mechanics [4.]
hardly possible.
At the moment, the simulations of crack patterns are based upon estimation of stress intensity
factors by appropriate empirical models, which correlate the actual crack shape with a simple
replacement crack [3.]. This approach is - like any interpolation - unpredictable, when
unknown crack forms are considered.
Another possibility is direct numerical analysis of stress intensity factors of all the cracks of
the crack pattern (Figure 1). Regardless of the numerical method used for the analysis, an
automatic mesh generation is appropriate. The aim of this paper is to optimize the analysis of
the stress intensity factors of branched cracks in the bi-axial stress field with finite element
method [5.]. The goal of optimization is as accurate stress intensity factors as possible with as
reasonable computational effort as feasible. The development of the automatic mesh
generation and simulations of the entire pattern of cracks are closely linked future tasks, based
on the results discussed in this paper.

2. MATHEMATICAL MODEL
2.1 CRACK TIP LOADING
Stress intensity factor K is the most frequently used measure of the crack tip loading. It
determines the stress tensor ay around the crack tip with known geometry [4.]:

where r and & are polar coordinates of a point of interest (r = 0 at the crack tip) and fy is
weight function, which basically depends on the geometry of the crack. According to the type
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of the crack loading, two independent stress intensity factors K\ (opening) and K\\ (shear) [4.,
6.1 are used in planar problems.
Stresses or deformations in at least one point should be known to determine stress intensity
factors K\ and K\\. However, the singularity of the stress tensor around crack tip (Eq. 1) makes
numerical determination of the stress intensity factor with finite element method rather
difficult. The estimates of stress intensity factors A'I and K\\ must be extrapolated towards the
crack tip. Therefore models with large numbers of elements are needed to support the
extrapolation.
2.2 J- INTEGRAL
Better numerical stability of the results could be obtained using energy quantities, such as Jintegral [4., 6.]:

J-(wdy-As)
dx
A
)

(2)

where F is an arbitrary closed integration contour around crack tip, Tt is stress vector
perpendicular to curve F.
T.-W

(3)

u is displacement within direction x and Wis deformation energy given by:
W=

W(x,y)=W(s)=)alld£iJ
(4)

Sy is the deformation tensor.
State-of-the-art techniques for numerical evaluation of J-integral value are based upon
integration over area (or volume for three-dimensional cases) instead of integration along the
curve (Green's theorem). Additional dimension of integration contributes to the stability of
results obtained using coarse meshes and therefore less computational efforts.
2.3 DECOMPOSITION OFJ-INTEGRAL TO STRESS INTENSITY FACTORS K{ AND Kn
In elastic fracture mechanics the J-integral and stress intensity factors are related as:
J
E
Exact procedures for decomposition of J-integral into the stress intensity factors K\ and K\\ are
given in the literature [7.]. In general, the stress field should be divided into symmetrical and
anti-symmetrical part, resulting in symmetrical and anti-symmetrical part of J-integral. In our
case (Figure 1), such procedure should be repeated for every crack tip. This would exceed
available computational capacity. Therefore, we developed and tested the method, which is
described below.
Finite element method enables calculations of displacements around the crack tip.
Displacements u at point T (r, 3) are given as:

,\(L
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where vis Poisson number, E is Young's module and/is weight factor with index denoting
the coordinate and the loading type of the crack. Stress intensity factors K\ and K\\ depend
upon the displacement field, the size and the geometry of the crack. Values of stress intensity
factors K\ and K\\ can be calculated using:
_ fyll
J.xl ' J yll

Jxll ' Jyl

i+ ^ V f

J xl • J yii

J x/i • J

y!

Numerical values of stress intensity factors K\ and K\\ depend strongly on position of the
chosen point with respect to the crack tip. Therefore the ratio of both stress intensity factors
was introduced:

^1

fyll ' Ux - fxll ' Uy

(g)

Ratio k was found to be reasonably stable, especially at nodes, which are collinear with
observed crack tips. Hence there is no need for extrapolation of stress intensity factors K\ and
K\\ towards the crack tip. Apart from k ratio, the value of ./-integral, which is a sum of
contributions of K\ and K\\ (Eq. 5), is needed for decomposition. Stress intensity factors K\ and
K\\ are:

Ku =k-Kl
at which Jmm is a numerically obtained value of J-integral.
3. NUMERICAL EXAMPLES
Two numerical examples will be presented here. The first is kinked crack shown in Figure 2,
and the second is branched crack shown in Figure 3. An analytical result of the first example
is known from literature [9.] within 3%. This result is used as a reference value. Uni-axial
stress is - due to the assumed elastic behavior of material (principle of superposition) enough to verify the results in a bi-axial stress field. Reference results for branched crack in
an equi-bi-axial stress field were obtained by calculation with boundary element method [3.].
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Figure 2: Coarse (left) and fine (right) finite element mesh of a kinked crack

Figure 3: Coarse (left) and fine (right) finite element mesh of a branched crack.
The cracks were modeled with meshes of different densities. The finest and the coarsest
meshes used in calculations are shown in Figures 2 and 3. As a measure of the mesh density
typical length of element at the crack tip was used as shown in Figure 4. Therefore the finest
mesh has a relative size of a typical element equal to 12.5% and the coarsest mesh has a
relative size of a typical element equal to 100% of the crack length.
size of a
typical element
crack tip

mesh

Figure 4: Size of a typical element
The calculation was performed using finite element code ABAQUS/Standard. Meshes around
crack tips were modeled using collapsed singular elements. Singular elements describe the
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singularity of the displacements at the crack tip [5.]. Figure 5 presents the value of k ratio as a
1/Vr function of the different mesh density (different relative size of typical element) and
compare it to the reference solutions (100%) [9.]. Accuracy of the numerical results is higher,
if finer meshes are used. Nevertheless, coarse meshes with typical element length of 50% give
reasonably accurate results (within 10%).

10%

20%

30%

40%

Relative size of typical element [%]

Figure 5: Value of k ratio as a function of relative size of typical element and crack
model
Figure 6 and Figure 7 compare the scatter of the k ratio results at the nodes that are nearly
collinear with the analyzed crack tip. Comparison between the k ratio results for kinked and
branched crack is shown in Figure 6. The majority of the results are within 10% error
margins; furthermore average error is in the order of 5%.
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Figure 6: Value of k ratio as a function of relative distance from the crack tip and crack
model
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Comparison of the k ratio results as a function of the relative distance to the crack tip and
different mesh densities is shown in Figure 7. The finest mesh provides the best results.
However, even the coarsest mesh can provide results within averaged errors in the order of
6%.

4. SUMMARY
The paper discusses optimized analysis of stress intensity factors of kinked and branched
cracks in bi-axial stress field using finite element method. Analyses were made by simple
decomposition of ./-integrals, which were obtained by computer code ABAQUS. The
following actions are recommended for more accurate results:
• Use of singular elements to model the crack tip.
• Meshes with typical element length of 50% of a crack length should be used for
reasonable accurate results (within 10%).
• Decomposition of ./-integral should be performed at nodes that are nearly collinear with
analyzed crack tip.
• Decomposition of/-integral should be performed at nodes within 50 % relative distance
from the crack tip.
The averaged estimates of stress intensity factors are then expected to be within 6% error
margin.
Future work will focus on simulations of large networks of inter-granular stress corrosion
cracks at the grain-size scale using incomplete random tessellation. The optimal strategy
discussed in this paper will be used as a basis.
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A B S T R A C T - When evaluating system safety with Probabilistic Safety Assessment (PSA), data of
component reliability are necessary input data. Despite a significant effort which has been devoted to the
collection and processing of reliability data during the last ten years, the quality of data available is still not
satisfactory. In the present paper, a method for a suitable failure rate estimation with the help of expert
judgement of maintenance people is proposed. Expert judgement about component state is combined with
information gathered from a classical reliability database. With the proposed method, generic data are adapted to
specific components with combination of probability and fuzzy logic theory.

1

Introduction

Probabilistic Safety Assessment (PSA) is a widely used tool for evaluation of safety of
complex technologies, since it enables processing large amounts of information. However,
precise information, necessary for modeling, is often limited or even missing. The main
sources of uncertainty in PSA are:
limited knowledge of physical phenomena:
at some stage in evaluating the probabilities of events, models of relevant physical
processes must be used (e.g. does molten fuel- coolant interaction occur).
probabilistic modeling of systems:
a system model may be imprecise due to assumptions, predictions or because of analyst's
limited knowledge about the system.
input reliability data:
three main components of input reliability data uncertainty are stochastic uncertainty,
subjective treatment of data and non-specific databases. The so-called stochastic
uncertainty of input reliability data is related to the stochastic nature of random processes.
The second source of uncertainties is introduced by subjective treatment of data, which
depends on analysts, for instance, whether assumptions were adequately taken into
account when estimating failure rates. The third type of uncertainty is due to non-specific
databases. A lot of events have a low frequency of occurrence, so the use of non-specific
data is unavoidable.
Despite a significant effort which has been devoted to the collection and processing of
reliability data during the last ten years, the quality of data available is still not satisfactory
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[3]. The component reliability is significantly dependent on environmental and operational
factors, materials used, design, maintenance, etc. The parameter which is normally generated
for a PSA database is the failure rate, whereas other factors with high impact on component
reliability and on its failure rate are usually not explicitly given. Furthermore, data in data
bases are often gathered from different sources under the assumption that all the data come
from a homogenous sample with a common constant failure rate, which is usually not the
case.
PSA applications for Technical Specification improvements, the development of PSA to
Living PSA and the use of PSA to represent actual plant safety status reveal that the present
models are not sufficient [8]. A major limitation is the uncertainty of parameter data, for
example uncertain failure rates [10].
Maintenance people often develop their own opinion, so-called expert judgement, about the
state of system components. They may identify some indications of deterioration in
components during overhaul, for example the grease or lubrication may be dirty, traces of
corrosion may be found, etc. [1]'. Although this opinion could be helpful for a more
trustworthy selection of the component failure rate, it is usually not included in PSA analyses.
In the present paper, an approach for expert judgement integration into an existing component
probabilistic model is proposed. Because expert judgement is of linguistic nature, fuzzy logic
theory was used to evaluate this type of information.

2

Fuzzy Logic

In traditional mathematical modeling, based on "classical" mathematics, often the assumption
that precise data or data with precise error bounds are available is used. The sets of objects
(numerical data, frequencies) are named crisp sets and are uniquely characterized: an object is
or is not a member of a crisp set. However, in real life, it seems quite often that the transition
between membership and non-membership is gradual (e.g. unhealthiness of radiation levels)
[4]. Fuzzy sets are designed to realize the gradual transition from membership to nonmembership.
Mathematically, the membership of element a to fuzzy set A is realized by a characteristic
function, called membership function JUA(CI). It is a translation over a universe of discourse X,
associated with the base variable %, to membership degrees between 0 and 1 (Equation 2.1).
jUA (x): X -» [0,l]

Equation 2.1

Two basic examples of fuzzy sets are the empty fuzzy set ^(Equation 2.2) and the universal
fuzzy set X (Equation 2.3).
Vx e X: jil0 (x) = 0

Equation 2.2

Vx e X: jUx (x) = 1

Equation 2.3

Fuzzy variables are such variables, which have fuzzy subsets of some suitable universe of
discourse X as their values [4]. It is often additionally assumed, that these fuzzy values
vaguely indicate "true" values of these variables, which are points of the universe X. A
linguistic variable is a variable, which takes fuzzy variables as its values [9]. Selected fuzzy
variables constitute a term set of the linguistic variable. For example, the linguistic variable
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age may have its universe of discourse [0,100] and a possible term set T with fuzzy variables
young, middle-aged and old (Figure 1).
T = {young, middle - aged, old]

on

Equation 2.4

•S-

-s:

-o

o

o

o

o

o

o

o

o

o

o

o

time [years]

Figure 1. Linguistic variable age

3

The Use of Expert Opinion for Estimation of Component Unavailability

Necessary input data for system unavailability estimation are component failure rates X. For
specific PSAs, usually specific data bases are build, for example [5]. However, experience has
shown that specific data of some components are too scarce to estimate a specific failure rate,
e.g. data on electrical components. For such components, generic data gathered from other
data bases, such as [1],[2] are used. The method, described in this paper, enables a suitable
failure rate estimation with the help of expert judgement of maintenance people.
The basis of the method is expert judgement about component state, e.g. good, fair, bad. This
information is combined with the information, gathered from classical probability theory and
reliability data. The result is a component reliability parameter (failure rate), which reflects
the current state of a specific component.
The basic requirement for the application of the new method is the use of available PSA data
and component models, which have already been developed. Another very important
requirement is that the method has to be general enough to cover any specific component,
system or mode of operation.
3.1

Mathematical Background

Let component state be a linguistic variable with the term set T, containing fuzzy variables Fi:
T s {Fl, F2, F3} = {good, fair,bad]

Equation 3.1

For each fuzzy variable a triangular membership function JUFI is defined, where the base
variable is the component unavailability U (see also Figure 2):

l-U + l
2-U

•2-U + 2

0<U<0,5
0 < U <0,5

0,5<U<l
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Equation 3.3
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J*F3(U)=2-U-1

0,5 < t/ < 1

Equation 3.4

... good
fair
...bad
MF3

MF2 ...

Figure 2. Linguistic variable component state
(F1,F2,F3)
For interpretation of expert judgement (FI, F2 or F3), a mapping function called the
performance pattern p(U), needs to be selected. This function maps the component state, in
this case component unavailability, into the time elapsed from the beginning of the
component operation. The shape of the performance pattern might be known from previous
performance monitoring or from probability distributions, found in various data bases.
In this paper, a "classical" exponential component probabilistic model is used to relate
unavailability Uto time t (Figure 3). Parameters (failure rates) were selected from an existing
specific data base [5].
= 1 — e~ '

Equation 3.5

After rearrangement, we obtain:
Equation 3.6

X
2.50E+06

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

u
Figure 3. Component performance pattern p(U).
From the equation of the linguistic average of function p(U) for fuzzy variable Fi [9], [6], the
(expected) average time Tiav elapsed from the beginning of component operation can be
estimated, if the component is evaluated with linguistic term Fi and performance pattern p(U):
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Tiar = Av(p; Fi) =

-.
\(jj)du

Equation 3.7

V

If the component is evaluated with linguistic term Fi, the unavailability Ufi(Tiav) is:
UFi(Tiay)^U(Tiav)

Equation 3.8

The unavailability, concerning the selected component state term Fi, is compared with the
component unavailability, calculated with the classical probabilistic approach. The difference
between unavailabilities based on probabilistic and combined probabilistic-fuzzy approach is
used to estimate the new mean value of the component failure rate.
Eq»ation3.9

where:
To
3.2

...

observation time: time, at which the component was linguistically evaluated

Procedure

1. Select the linguistic variable and its term set.
T(component state) = {F\, F2, F3\ = {good, fair, bad]
2. Determine membership functions JUFJ(U).
See Equations 3.2-3.4 and Figure 2.
3. Select component unavailability model U(t) and its probability parameters.

X ...

probability parameter, selected from appropriate data base

4. Calculate component unavailability U(TO) with classical probabilistic approach.
5. Estimate, if the component unavailability, calculated with classical probabilistic approach,
agrees with the unavailability interval of the selected fuzzy variable Fi.
The criterion of maximal membership function (See Figure 2) is:
0 < U(T) <Ul2

.. .component estimated with FI
.. .classical model suitable
... component estimated with F2, F3 ... estimation of Xnew needed

Un <U(T)< U23 .. .component estimated with FI
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.. .estimation of Xnew needed
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.. .component estimated with F2
... component estimated with F3
U23<U(T)<\

.. .classical model suitable
... estimation of Anew needed

... component estimated with F1,F2 .. .estimation of Xnew needed
.. .component estimated with F3
.. .classical model suitable

6. Calculate average time Tiav elapsed from the beginning of component operation, if the
component is evaluated with linguistic term Fi.
See Equation 3.7.
7. Calculate component unavailability UFI, if the component is evaluated with linguistic term
Fi.
See Equation 3.8.
8. Calculate XneWj, taking into account the linguistic data of the component.
See Equation 3.10.
3.3

Example

Let the failure rate of a reviewed component be lognormally distributed with parameters:
A = 2E-6 1/h
EF= 10
We estimate the component state at time T= 105.216 hours (« 12 years).
From Equations 3.7 and 3.8, we obtain:
Tlav« 96.574 h » 11 years
T2av* 403.426 h « 46 years
T3av « 1.096.574 h * 125,5 years

0,55

If the component state is Fi, then the corresponding, linguistically evaluated failure rate XneW
is (Equation 3.10):

ew2 ~ 7,7E-6
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On Figure 4, the resulting probability densities for component failure rate are shown, after the
component was evaluated with combined probabilistic-fuzzy approach. It was assumed, that
the new failure rates are also lognormally distributed with error factor EF= 10.
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Figure 4. Possible probability densities after linguistic
evaluation
The probability density of the generic failure rate is the lognormal distribution f(AgenenC).
Using the linguistic variable component state, the shape of the probability density distribution
is modified. If the selected fuzzy variable is good, then the mean of the component failure rate
assumes a lower value; on the other hand, if the selected fuzzy variable is fair or bad, the
mean of the component failure rate assumes a higher value. The modification of the mean
value of the failure rate depends on the observation time and the selected fuzzy variable.
In our case, the failure rate can change for a factor of 10 if the component state is bad. For
components with high importance factors, calculated during system or power plant analysis,
this increase in failure rate is not negligible and should be included in further assessment. If
the component is continually linguistically evaluated, then the method can be used as a basis
for plant specific data base building, failure data trending programme (ageing) or TS
optimization.
4

Conclusions

A method for estimating the component failure rate, and consequently component
unavailability, with the help of fuzzy logic methods, was proposed. With this method, the
failure rate reflects the knowledge of probability and fuzzy theory, generic information from
classical reliability database and expert judgement of maintenance people about a specific
component.
The method is still in the phase of development and has two main weaknesses:
1.

The result of the method is a point estimation of the failure rate. For a probability
distribution of the new failure rate to be obtained, some additional assumptions are
necessary.
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2.

In the present paper, the linguistic variable component state has only three elementary
fuzzy variables: good, fair, bad. The selection of fuzzy variables, the shape of their
membership functions, and the appropriate time of observation should be studied
separately for specific components or groups of similar components in the plant.

However, the concept of combining probability and fuzzy logic theory seems to be
appropriate for transformation of generic to specific data.
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CONTAINMENT PHENOMENA DURING A SEVERE ACCIDENT WITH
REACTOR VESSEL FAILURE AT LOW PRESSURE IN A TWO-LOOP
PRESSURIZED WATER REACTOR
Ivo Kljenak, Iztok Parzer, Iztok Tiselj
Reactor Engineering Division
"Jozef Stefan" Institute
Jamova 39, Ljubljana, Slovenia
E-mail: ivo.kljenak@ijs.si

ABSTRACT - The containment response during the first 24 hours of a low-pressure severe accident scenario in
a nuclear power plant with a two-loop Westinghouse-type pressurized water reactor was simulated with the
CONTAIN 1.2 computer code. The accident is caused by a large-break loss-of-coolant accident which is not
successfully mitigated by the action of safety systems. The analysis includes pressure and temperature responses,
as well as analysis of the influence of condensation and gas generation due to molten core - concrete interaction.
Convective mixing between the reactor cavity and the containment main compartment is also considered.

1. INTRODUCTION
In the event of a large-break loss-of-coolant accident (LB LOCA) in a pressurized water
reactor (PWR), coolant mass and energy are first released from the reactor coolant system to
the containment through the break. If the accident is not successfully mitigated by the action
of safety systems, core meltdown, relocation and release of radioactive material to the
containment through the break followed by reactor vessel failure and debris ejection will
eventually occur.
The containment response during the first 24 hours of such a cold leg LB LOCA in a nuclear
power plant (NPP) with a two-loop Westinghouse PWR was simulated with the CONTAIN
1.2 computer code [2], which was developed by Sandia National Laboratories under US
Nuclear Regulatory Commission sponsorship. Initial and boundary conditions, which result
from processes not modelled by CONTAIN, were obtained from a simulation with the
MELCOR code. Core-concrete interaction, including the attack of the basemat concrete by
molten core material, was modeled with the CORCON code, which is included in CONTAIN.
The analysis is focused on the thermal-hydraulic aspect of the containment response. Pressure
and temperature responses as well as the influence of condensation and gas generation due to
molten core - concrete interaction are analyzed. Convective mixing between the reactor cavity
and the containment main compartment is also considered.
2. INPUT MODEL
Containment Compartments - The geometry of the containment input model is based on
[1]. The containment is subdivided into the following compartments (Fig. 1): main
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compartment with dome (two cells), annulus, reactor cavity, north steam generator (SG)
compartment, south SG compartment and pressurizer compartment. The containment main
compartment is divided into two cells A and B by a vertical divide to model natural circulation
from the reactor cavity.
Flow Paths and Engineering Vents - Five flow paths and 16 engineering vents are modeled.
Connections between compartments are shown schematically on Fig. 1 (each connection may
represent several flow paths or engineering vents). Flows between compartments are modeled
by applying the recently developed hybrid flow solver [3], except for the flow between the
reactor cavity and the containment main compartment.
Heat Structures - The following heat structures are taken into account: containment vessel
cylinder and dome, shield building cylinder and dome, polar crane, electrical and
miscellaneous equipment, piping, HVAC (heating, ventilation and air-conditioning systems),
platforms, embedments, refueling canal and interior concrete [1].
Engineered Safety Systems - Four fan coolers and 2 spray systems are modeled. Sprays are
initiated when the containment pressure reaches 2.06 bar.
Physical Models - Among the many modeling options offered by the CONTAIN code, the
following are most relevant to the present work:
flowrates between compartments are calculated with the inertial flow model,
default natural convection correlations (heat transfer between atmosphere and
structures) are used,
- liquid coolant may remain dispersed in the containment atmosphere (it does not drop
instantly to the floor),
aerosol particles which exceed the maximum size are deposited in so-called
compartment lower cells,
- molten core - concrete interaction is modeled with the CORCON code,
energy generation in the core melt is taken into account by applying the CONTAIN
implementation of the ANSI-standard decay power curve; in this work, 10% of the
decay heat was applied to the cavity atmosphere, whereas the rest was applied to the
concrete layer and the intermediate layer between the concrete and the coolant pool,
burning of combustible gases is not considered.
Boundary Conditions : Coolant, Gas and Aerosol Releases and Melt Ejection - The
CONTAIN code does not model phenomena which take place in the reactor coolant system.
To obtain time-dependent sources of coolant, gases, aerosols and molten core material which
could be included in the CONTAIN input, a LB LOCA with no safety injection actuated was
simulated with the severe accident code MELCOR 1.8.3, as in [4]. The following sources
were obtained:
liquid and vapor coolant,
- gases: N2, O2, H2, CO2, CO,
- aerosols: Ba, Ce, Cs, Csl, Mo, U, Xe,
molten core material: the majority of the core inventory is released to the cavity at low
pressure after vessel creep rupture at about 5500 s.
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Initial Conditions - The initial time (t = Os) is defined by the occurrence of the large break.
The initial pressure in the containment was assumed to be 1.15 bar. The initial temperature of
the containment atmosphere and heat structures was 322 K, except for the reactor pressure
vessel, steam generators and pressurizer, whose initial surface temperature was 342 K.
3. RESULTS AND DISCUSSION
Three different simulations were performed:
- base case,
- case with no coolant condensation on heat structures,
- case with no coolant condensation on aerosols.
The pressure response is very similar in all three cases. The pressure in the containment main
compartment-cell A (Fig. 2) first increases sharply due to coolant release from the primary
system and then decreases as coolant condenses on heat structures or aerosols. The long-term
pressurization is mostly due to generation of non-condensable gases (H2, CO, CO2) caused by
molten core-concrete interaction. This is illustrated on Fig. 3, which shows the evolution of
gas mole fractions in cell A of the main compartment for the base case. The small difference
in the pressure if condensation on heat structures is not modeled suggests that condensation
on aerosols is perhaps overestimated.
Figure 4 depicts the atmosphere temperature in cell A. Again, the shape is similar in all three
cases. The temperature behaves inversely than the pressure: it is lower in cases where the
pressure is higher. This suggests that the absence of latent heat released by condensation
prevails over the larger amount of coolant vapor present in the containment atmosphere. The
long-term temperature behavior shows that, with the present distribution of the decay heat
over the reactor cavity lower cell and atmosphere, energy generation in the core melt does not
have a strong influence on long-term pressurization.
Figures 5 and 6 show the coolant distribution in the entire containment for the first two cases,
respectively, when the pressure begins to fall after having reached its maximum value (t =
150 s) and at the end of the simulation. It may be observed that the final coolant distribution is
similar in both cases. The main difference is the large amount of liquid on structures in the
base case-at t = 150 s. This shows that condensation on heat structures does not play an
important role in the long-term coolant distribution.
Figure 7 shows the total aerosol deposited mass in the first two cases. In the case with no
condensation on heat structures, much more vapor coolant condenses on aerosols, causing a
larger deposited mass. Besides, a much higher deposition rate is observed in the initial stage
of the same case, as particles exceed faster the maximum size after which they are deposited
in compartment lower cells.
Figure 8 illustrates the hydrogen distribution in the containment (base case simulation). It may
be observed that most of the hydrogen generated by molten core - concrete interaction in the
reactor cavity is entrained into the main compartment via natural circulation.
Decay heat and molten core - concrete interaction cause the gas temperature in the cavity to
increase to values up to 1500 K. The temperature difference between the cavity and the main
compartment causes intensive natural circulation through the opening around the reactor
pressure vessel. To model the ensuing convective mixing, the reactor cavity is connected
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separately to cells A and B of the main compartment with a vertical engineering vent. Cell A is
connected to the SG compartment in which sources of coolant, gases and aerosols are placed
(fig. 1), whereas cell B is connected to the other SG compartment. The initial temperature
increase in cell A, which is mainly due to coolant release, creates an imbalance which initiates
natural circulation flow from the cavity into cell A and from cell B into the cavity. Without the
subdivision of the main compartment, both vent junctions from the cavity would experience
identical boundary conditions, which would inhibit any countercurrent flow. During the
simulation, the pressure difference between cells A and B remains negligible.
Figure 9 shows that, owing to the" modeling of natural circulation between the reactor cavity
and the main compartment cells (base case simulation), mole fractions of generated gases may
be higher in one of the cells. Local concentrations of flammable and non-condensable gases
may thus attain artificially high values. This may perhaps unrealistically influence the
modeling of combustion and condensation processes. If gas generation in the cavity ceases,
mole fractions evolve towards a common equilibrium value.
4. CONCLUSIONS
Containment phenomena during a LB LOCA with low-pressure vessel failure in a two-loop
Westinghouse PWR were simulated with the CONTAIN code. The following conclusions can
be drawn:
- with the decay heat distribution prescribed in this work, short-term containment
pressurization is due to coolant release, whereas long term pressurization is determined
mostly by gas generation due to molten core - concrete interaction,
- condensation on heat structures does not have an appreciable effect on long-term coolant
distribution,
- most of the hydrogen generated by molten core - concrete interaction is entrained into the
containment main compartment via natural circulation,
- modeling of convective mixing with the CONTAIN code may temporarily cause artificially
high local concentrations of flammable and non-condensable gases.
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Abstract
The severe accident including loss of coolant scenario using computer program MELCOR
1.8.3 was modeled. There have been number of analysis using other integral computer
packages performed in the past including MAAP and STCP programs as well as mechanistic computer packages such as RELAP5.
MELCOR is state of the art program maintained by United States Nuclear Regulatory
Commission and is currently used at University of Maribor to assess some of the accident
sequences.
Advantages and shortcomings of the nodalization are discussed and future plans are presented, accompanied by test run results applied to NPP Krsko geometry.

Introduction
At the University of Maribor the database describing Krsko Nuclear Power Plant was
developed to be used with MELCOR 1.8.3 computer code. The database was developed
using mainly Updated Safety Analysis Report, and other available documentation collected both through Slovenian Nuclear Safety Administration and Krsko nuclear power
plant. This database optimization and further development is subject of this work.
The special attention was given to containment nodalization. Also, the database is currently modified for loss of coolant accident scenario used as benchmark as it has been
studied previously using MAAP integral code so several assumptions embedded therein
were contemplated.
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Several thermodynamics parameters were followed: time for the core to uncover, time to
core starts to relocate, time to open accumulators valves, time to reactor vessel failure,
time to containment failure and time to shield building failure.
For melting criteria, the temperature of Zircalloy cladding at different levels in core and
the temperature of the melted material in the cavity

Division into nodes
The model consists of mainly two types of elements: control volumes and flow paths. The
primary side is modeled with 35 control volumes and 40 flow paths, the secondary side is
modeled with 18 control volumes and 20 flow paths and containment is modeled with 5
control volumes and 9 flow paths. Together for all mesh the 35 heat structures were used.
On the figure 1 the nodalization of primary side without steam generators is shown.

CV900
\FL901

Containment

FL1H

STEAM

STEAM

GENERATOR

GENERATOR

Figure 1: The nodalization of primary side without steam generators

On the figure 2 the nodalization of steam generators is presented. Figure 3 shows the
nodalizations of containment to which the special attention was given, where CV701
presents upper compartment, CV702 lower compartment, CV703 volume around steam
generators and pressurizer, CV704 cavity and CF705 annular compartment.
Among engineered safety features, only accumulators are modelled. Neither pressurizer
sprays nor low/high pressure injection are used during loss of off-site power sequence thus
omitted in the current version.
The program solves the continuity equation in control volumes, and momentum equation
in flow paths. For solving energy equation heat structures were used. The turbine is not
modelled, because it has no influence on solved scenario.
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Figure 2: Steam generator
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Figure 3: Containment

The core consists of three main segments: a reactor vessel wall, a lower plenum and a
lower head, and an active core. It is'modeled with seven radial nodes and fourteen axial
levels, the first two modeling the reactor vessel wall, the second two the lower head and
the lower plenum, and the remaining ten the active core. The active core nodes are linked
to the three control volumes and ten heat structures, in accordance with MELCOR requirements for dT/dz model.

Scenario
As stated previously, loss of off-site power was chosen as the benchmark, with rather
simple scenario consisting of the following assumptions:
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full power, normal operating conditions
loss of off-site power
reactor scram, all pumps start the coastdown
seal leak developed on one leg (FL157, d = 0.75 inch )

There are no other assumptions, the plant is left to simulation.

Results
There were roughly 60 thousand seconds simulated with the following summary of important events:
core uncovering
core starts to relocate
debris refreezes in lower third of active core
reactor vessel fails

2 hr 34 min
3 hr 28 min
4 hr 04 min
11 hr 47 min

Containment and shield building did not fail in the simulated time.
Figure 4 shows the containment pressure, showing the vessel breach as the rapid change
of presure. Increasing of containment pressure before vessel fail is mainly consequece of
seal leak, and pressure growing in shield building is consequence of heat transfer.
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Figure 4: Pressure in containment and shield building
In the figure 5, pressure on primary and secondary side is presented. Both the effects of
steam generator boil-off and accumulator discharge are shown. Acuumulators are open
first time at 18432 s.
Figure 6 shows the discharge through the seal leak, where the mass flow is decreasing with
decreasing pressure in primary side . It is evident that when lower head became open,
the mass flow rate through seal leak became zero.
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Figure 5: Pressure on primary and secondary side
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Figure 6: Seal leak discharge
Figures 7 shows containment volumes vapour temperature where is clearly evident increasing of temperature in annular compartment because of heat transfer from the containment
volumes.
On the figure 8 the temperature of debris in the cavity is presented.
Figures 9, 10, and 11 show the temperatures of the cladding on the top, middle, and
bottom of the core, respectively. An interesting phenomenon is shown. The core starts
to slump in the center of the bundle in the upper third of the active core, however, the
outer layers of the core are first melted in the middle third of the active core.
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Figure 10: Zircalloy cladding temperature on the middle of the core
2.75
2.50

—

T(Zlrcoloy clodding 105)
T(Zlreoloy cladding 405)
T(Z!rcoloy clcddlng 705)

—

2.25
2.00

/I

1.75

?
o

?

125

1/
/'I
!
1

1.00

1

0. 75

1
,1

^j

1-50

1

/

Q.

I

0 . 50
t

0.2 5

i

10

t

r

i

1

30

,,l

40

1.

50

60

TIME (105s)

0 , 00
NSS98 - REV 1.0
IHISDZTPN

:

20

9/08/98

18:45:17

MELCOR

HP

Figure 11: Zircalloy cladding temperature on the bottom of the core
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Figure 12: Particulate debris temperature on the bottom of the vessel
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After the debris has been relocated to the support plate the melt refreezes, and reheats.
Several hours later the lower vessel fails and the melt is ejected into the cavity. Figure
12 shows the temperature of the particulate debris on the bottom of the lower head with
nicely shown step function after the debris has actually been formed.

Conclusion
In the present paper the sucessful nodalization of the containment is presented.
For the evaluation of the problem MELCOR 1.8.3. computer code, which enables beyond
design analysis of nuclear power plant, was used.
According to the results of the described work it is advisable that the guide lines of the
future research should be more detailed description of the source term.
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Abstract - A modification of the fault tree analysis is presented. The new fault tree integrates
structural and behavioural models of a system. Information on the system structure is captured
in the name of each gate and basic event of the fault tree. Information on the system
behaviour is captured in their description. Behaviour is expressed using the axiomatic
notation based on first order predicate logic. The new fault tree is a useful model for analysis
and improvement of software requirements specification. The benefit of such improvement is
reduced probability of failures in specification, which in turn results in increased reliability of
the software.

1

Introduction

Software in computerised systems has been recognised as that element, which largely
defines the overall system reliability. Because the software executes exactly as it is written,
the causes of its faults are hidden in the entire process of software life cycle. Investigation of
the software life cycle identified the requirements specification, as one of its most important
phases when assuring high level of software reliability and safety. The traditional safety
analysis techniques, which successfully evaluate and improve safety and reliability of
traditional safety-related systems, are not suitable for the analysis of software requirements
specification. So, they have to be modified or new ones have to be developed.
In this paper a modification of the fault tree analysis is presented. The new fault tree
integrates structural and behavioural models of a system from the side of possible failure
propagation. Creation of structural and behavioural models of the system is defined by the
object-based method '. The structural model shows the static structure of the system. A class
diagram represents it, because system is composed of classes. Classes are groups of objects
with similar properties, common behaviour, and common relationships to other objects and
common semantics. Behavioural model of the system represents the behaviour of all classes
identified in structural model. The behaviour of each class is modelled with an interactor. The
interactor is a set of declarations and predicates written in a structured table using the formal
axiomatic notation.
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2

Review of Applications of the Fault Tree to Software Improvement

Fault tree analysis is an analytical top down technique, whereby an undesired state of the
system is specified 2'3. Then the system is analysed in the context of its environment and
operation to find all the credible ways in which undesired event can occur. Undesired state of
the system is defined as top event in the fault tree.
Fault trees have already been used for analysis of software. Leveson & Harvey 4 and
Leveson, Cha & Shimeall 5 developed software fault trees which were used qualitatively in
later phases of software life cycle as a debugging technique intending to prove that the
software will never reach an unsafe state. Dugan extended the fault tree analysis to the
system including N-version programming software on redundant hardware using both:
qualitative and quantitative analysis of the fault tree combined with Markov models. The
software deviation analysis by Leveson et al. 7 and by Reese includes fault trees for finding
potential hazards based on formal requirements specification.
To better address timing in originally static fault tree analysis, two main methods were
developed: Dynamic Flowgraph Methodology (DFM) 9 and Formal Fault Tree Analysis 1O'H.
Garrett, Guarro & Apostolakis 9 in DFM included timing into the fault tree analysis by
integrating into sequence of static fault trees. Each static fault tree corresponded to a discrete
time point. Within fault trees, the logic of the system was expressed in terms of causal
relationship between physical and software variables. Nevertheless, one may argue, as Yih,
Fan & Shirazi 12 did, that not all of the program variables were taken into the consideration,
this approach, which is under further development B , have shown promising practical results.
Cepin & Wardzinski and Gorski & Wardzinski extended the traditional fault tree
analysis with a formal model using the Vienna Development Method (VDM) 14. With this
approach two important conclusions are identified 15. First, the timing requirements are
successfully incorporated into the formalised fault tree: top event occurs if basic events in
certain minimal cut set occur and if they overlap in time. Second, the use of formal methods
removes the ambiguities in the specification using the natural language and provides better
precision in the system specification.
3

Modification of the Fault Tree

Modified fault tree as the original one consists primarily of logic gates including top
event and basic events. Instead of description of possible fault propagation in natural language
for gates and basic events the formal axiomatic notation is used. It is the same notation as it is
used for the specification of behavioural model within the object-based method '. Such fault
tree identifies the causal relations and possible ways of failure propagation through the classes
of the system. Information on the system structure is captured in the name of each gate and
basic event of the fault tree (e.g. class named "A.B" means that class "A" is assembly class
for its part class "B"; in other words class "B" is subclass of class "A"). Information on the
system behaviour is captured in description of each gate or basic event. Behaviour is
expressed using the axiomatic notation based on first order predicate logic 16.
Development of a fault tree proceeds by following these steps:
Identification of the top class according to the selected undesired state or event. If exists
more than one, more than one fault tree is to be developed.
Identification of the top event (the most important logic gate of the fault tree). Top event
represents the undesired event. That is the undesired operation of the top class. The name
of the top class and the formal notation of the undesired event identify it.
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Development of the portion of the fault tree connected with the class under investigation
according to the following steps:
- Investigation of the behaviour (its inputs and its behaviour) of the class under
investigation. Formal axiomatic notation of the class behaviour bases on first order
predicate logic. Basic events describing the class failure behaviour are connected
to the gates with the solid line. They are of primary importance in the fault tree.
Examination of the data transformation between the class under investigation and
other classes. Basic events describing possible failures in the assignment
statements are connected to the gates with dotted line. They are of secondary
importance in the fault tree, because the consistency check is not the primary goal
of the fault tree. They are included in the fault tree to show the fault tree as capable
to model the data transformation through the system. They are not considered in
fault tree analysis.
Investigation and determination of the logical causal connections between the class
under investigation and other classes which impact it. With the identification of
causal connections to classes, which impact the class under investigation, they
(one after another) become the class under investigation.
Repeat the examination in the last three steps for all the classes.
3.1

()/li,

Fault tree analysis for improvement of functional requirements specification

Qualitative fault tree analysis identifies the minimal cut sets. Those are the smallest
combinations of basic events, which cause the occurrence of the top event in the fault tree.
The minimal cut sets are then qualitatively ranked by number of basic events in each minimal
cut set. The most important and the most critical are single minimal cut sets, which consists of
single basic event (as this is true for traditional systems, the ranking itself may not be very
effective for software). Occurrence of such single basic event (representing a behavioural
failure of certain object) causes the top event to occur.
Logical notation of the top event represents the top event as a sum of minimal cut sets:
TE =
where:
TE ... top event
MCSi ... minimal cut set i
n ... number of minimal cut sets
Notation of minimal cut set represents it as a product of included basic events (under
assumption that the basic events are independent):
rm
where:
Oj ... basic event j
mi... number of basic events included in minimal cut set i
In the application domain, identified minimal cut sets are the basis for system design
changes to increase their reliability. E.g. to add redundant equipment to avoid the most critical
minimal cut sets.
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In the software domain, one may consider that avoiding the most important minimal cut
sets may be accomplished by improving the functional requirements specification. Avoidance
of the minimal cut sets is necessary, if the interpretation of the results of fault tree analysis
concludes that they are of high importance or critical. By defining additional functional
requirements specification the occurrence of identified critical minimal cut sets can be
prevented. Logical notation for additional requirements is the following (using de Morgan
theorems of Boolean logic there are two equal notations for RSFT):
RSFT

= f[ -^MCSi = -• J MCSi

where:
RSFT • • • additional requirements specification based on fault tree analysis
MCSi • • • minimal cut set i
nc ... number of considered minimal cut sets (nc<n)
n ... total number of minimal cut sets
The number of considered minimal cut sets might be equal or smaller than the total
number of minimal cut sets. This condition allows skipping some of minimal cut sets from
mathematical expression to prevent too complex requirements specification. The reason for
this condition is in the nature of fault tree itself: the number of its minimal cut sets may
increase significantly due to increase of number of basic events. Usually we are the most
interested in the most important minimal cut sets numbered from 1 to nc, if they are ranked by
their importance.
Example: in reactor protection systems in nuclear power plants the manual actuation is
intended in parallel to the automatic actuation. If the same class is defining the transfer (or
certain mathematical operation) of the manual and automatic signal, its failure may fail both:
automatic and manual actuation. Such class is identified by the fault tree analysis as (the
most) important minimal cut set. One may be satisfied with such results (additional
verification confirms the correctness of the class behaviour), one may direct the changes in
the model, or one may require that such condition should not occur anywhere (additional
requirement).
One should be aware that introduction of new requirements might: change the results of
the fault tree analysis, cause the change in user specifications or at worse introduce
inconsistency in the requirements. So, a new iteration of models and the fault tree is to be
performed in such case.
4

Fault Tree Analysis and Results

Figure 1 shows the fault tree of the simplified case study (Engineered Safety Features
Actuation System in a nuclear power plant) described in ref. '. Class "ESFAS_SI_SMALL" is
identified as one which failure may fail the system. The top event represents the failure of
system output actuation (-i esfas_out) if the inputs to the system required its actuation.
Abstraction of any of the inputs to the system, which requires system actuation, is presented
by fictitious variable: requirement_from_environment. The formal notation is the following:
-i esfas_out A requirement__from_environment
Examination of the class "ESFAS_SI_SMALL" shows, that its behaviour is defined by
its subclasses. It only couples its subclasses. Examination of data transformation identifies
basic event determining possible failures in assignment statements. The basic event describing
the possible failures of assignment statements consist of five such statements: one represents
class output as system output, other four represent connections with class "CHANNEL". The
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investigation of causal relations shows only connection to class "TRAIN". At this point the
class "TRAIN" becomes the class under investigation.
-i esfas_out A
requirement_from_environment
ESFAS SI SMALL

m.
Failure in assignment statements:
Vie{l.. 4} •esfas_in(i)=channel(i). reading
esfas out=trairi:actuation

Contribution of connections
with other classes
ESFAS SI SMALL

ESFAS SI SMALL

o

(man_vote v auto_vote) A
-i actuation
ESFAS SI SMALL.TRAIN

Failure in assignment statements:
auto_vote=automatic_actuation.vote
man_vote=manual_actuation.manual_signal

Failure in behaviour:
(man_vote v auto_vote) A
-i actuation

ESFAS SI SMALL.TRAIN

ESFAS SI SMALL.TRAIN

TJ

Contribution of connections
with other classes
ESFAS SI SMALL.TRAIN

TJ
(3 ije{1..4}»(i*j) A(ch_signal(i) A
(ch_signal(j))))A -> vote

manual_input_l A manual_input_2 A
-I manual_signal

TRAIN.AUTOMATIC ACTUATION

TRAIN.MANUAL ACTUATION

h\
Failure in behaviour:
manual_input_I A manual_jnput_2 A
-1 manual_signal
TRAIN.MANUAL ACTUATION

TJ
Contribution of connections
with other classes

Failure in assignment statement:
Yie{1..4}«train.automatic_actuation.ch_signal(i)=
=channel(i).channel signal

TRAIN.AUTOMATIC ACTUATION

ESFAS SI SMALL .CHANNEL

TJ
(reading > setpoint) A
-i channel_signal
ESFAS SI SMALL .CHANNEL

Failure in behaviour:
(3 ije{1..4W<*J) A (ch_signal(i)
(ch_signal(j)))) A -. vote
TRAIN.AUTOMATIC ACTUATION

Failure in behaviour:
(reading > setpoint) A
-1 channe!_signal

O

ESFAS SI SMALL CHANNEL

TJ
Figure 1: Fault tree of the simplified case study
Investigation of formal notation of undesired event associated with class "TRAIN"
specifies the logic gate. The logic gate represents the failure of class "TRAIN" output signal
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actuation (-1 actuation) if one of two: automatic actuation (auto_vote) or manual actuation
(man_vote), is directed from its subclasses. Such failure of class "TRAIN" behaviour is
specified in the basic event describing the class failure behaviour. Examination of data
transformation between class "TRAIN" and other classes identifies basic event with possible
failures in two assignment statements. Investigation of the causal connections with other
classes identifies the causal connections to two classes: "AUTOMATIC_ACTUATION" and
"MANUAL_ACTUATION". They are logically connected with AND gate (2 out of 2 gate).
Both have to fail to provide their outputs for class "TRAIN" to fail. At this point, one of both
identified classes becomes the class under the investigation.
Let it be "MANUAL_ACTUATION" the first one and "AUTOMATIC_ACTUATION"
the second one.
Investigation of formal notation of undesired event associated with class
"MANUAL_ACTUATION" specifies the logic gate. The logic gate represents the failure of
class "MANUAL_ACTUATION" output operator signal (-1 manual_signal) if both manual
operator controls (manual_input_l A manual_input_2) are directed from the operator.
Operator inputs are treated as the inputs from environment. Operator represents the
environment and is not included in the model. Failure of class behaviour is specified in basic
event specifying the class failure behaviour:
manual_input_l A manual_input_2 A -1 manual_signal
Class "MANUAL_ACTUATION" is not impacted from any other class. So with the
basic event on its failure behaviour this part of the fault tree ends.
Investigation of formal notation of undesired event associated with class
"AUTOMATIC_ACTUATION" specifies the logic gate. The logic gate represents the failure
of class "AUTOMATIC_ACTUATION" output actuation signal (-, vote) if at least two of the
input signals (3 i,je{1..4}- (i*j) A (ch_signal(i ) A (ch_signal(j)))) are directed from instances
of class "CHANNEL". Failure behaviour of class "AUTOMATIC_ACTUATION" is
specified in basic event specifying the class failure behaviour:
3 ij G {1 ..4}• (i^j) A (ch_signal(i) A (ch_signal(j))) A -, vote
Examination of data transformation between class "AUTOMATIC_ACTUATION" and
other classes identifies basic event with possible failure in four assignment statements.
Outputs
from
instances
of
class
"CHANNEL"
are
inputs
to
class
"AUTOMATIC_ACTUATION". Investigation of the causal connections with other classes
identifies the causal connections to class "CHANNEL".
Investigation of formal notation of undesired event associated with class "CHANNEL"
specifies the logic gate. The logic gate represents failure of class "CHANNEL" output signal
(—1 channel_signal) if the input signal (reading) exceeds the setpoint value "setpoint". Failure
of class behaviour is specified in basic event specifying the class failure behaviour:
reading > setpoint A -1 channel_signal
Any other class does not causally connect class "CHANNEL". So with the basic event
about its failure behaviour this part of the fault tree ends. Class "CHANNEL" is the last
examined class. With investigation of class "CHANNEL" the fault tree is developed.
Three minimal cut sets were identified by the fault tree analysis of the simplified case
study. One minimal cut set is single and consists on one basic event. Two minimal cut sets are
double and consist of two basic events. The list of minimal cut sets is the following:
1. TRAIN: failure in behaviour: (manjvote v auto_vote) A -1 actuation
2. MANUAL_ACTUATION: failure in behaviour: manual_input_l A manual_input_2 A
-1 manual_signal

308

Nuclear Energy in Central Europe '98

AUTOMATIC _ACTUATION: failure in behaviour: (3 i,je{1..4}- (i*j) A (ch_signal(i ) A
(ch_signal(j)))) A -I vote
3. MANUAL_ACTUATION: failure in behaviour: manual_input_l A manual_input_2 A
-i manual_signal
CHANNEL: failure in behaviour: (reading > setpoint) A -I channel_signal
The most important class identified from results is "TRAIN", whose single failure causes
the top event. Identification of such class directs its further examination. Earlier iterations of
the simplified case study, the qualitative results identified the class "TRAIN" as the most
important. Its further examination revealed inconsistency in the models and directed the
change in the behavioural model. Behaviour of the logic two out of four modelled in the class
"AUTOMATIC_ACTUATION" was repeated in class "TRAIN".
Obtained results are reported to the system level (system is integrating at least software,
hardware and man-machine interface), where they are taken into account when dealing with
the requirements at the system level (single failure criterion, common cause failures).
5

Conclusions

In practise the design of safety-related software systems requires elaboration and
certification of sets of methods and tools for their development. Modified fault tree its figure
integrates both: information on structural and information on behavioural aspect of the system
from its negative side, describing possible faults.
Fault tree construction contributes to the following:
Process of the fault tree development represents the guideline for verification of the
structural and behavioural models themselves against the criteria (e.g completeness,
consistency, precision). This provides additional assurance that the software specifications
agree with the desired concept.
Identification of combinations of failures (minimal cut sets), which could lead to a
software failure. Their elimination is accomplished either by changing the system models
or by adding new requirements. Those requirements are based on negation of qualitative
fault tree analysis results i.e. minimal cut sets.
In general, the difficulty of fault tree is that it is not oriented to identify all possible
failures of the system portions and their connections, but is limited only to those, which may
jeopardise the system failure as specified at the top event. With the appropriate definition of
the top event this difficulty may be minimised.
Such fault tree reduces the probability of failures in the process of analysing the
requirements specification for safety-related software system. Failures in requirements
specification are highly undesired, because they easily propagate through other phases in the
software life cycle and may result in faulty software. Reducing the probability of failures in
requirements specification phase increases the reliability of the software, however it does not
confirm this in a quantitative manner.
To compare the developed method with other closely related methods is a difficult issue.
Namely, one has not to repeat the problem of software reliability identified by Littlewood in
chapter 4 of ref. 17 edited by Lyu: relatively poor take-up of software reliability modelling
techniques has been a result of certain models being sold as universal panaceas. So when
comparing the methods for improvement of requirements specification one has not only to
compare the methods but has also to take into account the systems to which they are
developed for.
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We compared the developed object-based method with statecharts and with block
diagrams. Detailed results of the comparison are documented in ref. 18. The comparison
concludes that for specific purpose of developing actuation systems in a nuclear power plant
the proposed method could suit the best. Its main attribute, which prevailed, is the clearness of
the method for all involved: software users to order and obtain, software developers to
develop, safety analysts to evaluate and assess and regulators to examine and approve the
resulted models.
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ABSTRACT - The ESE (Evaluation of Steam Explosions) computer code has been developed to model the
interaction of molten core debris with water during the first premixing stage of a steam explosion. A steam
explosion is a physical event, which may occur during a severe reactor accident following core meltdown when
the molten fuel comes into contact with the coolant water.
In this paper the numerical treatment of probabilistic multiphase flow equations on which ESE is based is
described. ESE is a general two-dimensional compressible multiphase flow computer code. Each phase in the
multiphase flow - usually water, steam, melt and air - is represented by one flow field with its own local
concentration and temperature and is described with its own set of partial differential mass, momentum and
energy equations. These transport equations are solved on a staggered grid in a 2D rectangular or cylindrical
coordinate system using a high-resolution finite difference method. The pressure equation is solved using the
stabilized squared conjugate gradient method (CGSTAB), which converges fast also for high density ratios.
The numerical methods used in ESE were precisely tested on a number of carefully chosen cases where the
analytical solutions are known. All results are presented in form of graphs and they clearly show that the applied
high-resolution method most exactly reproduces the analytical behavior.

Nomenclature
C

P

E
Fr0

i

h
Ah
I

M
Ma
P
Pe0
Re0

specific heat
heat transfer
Froude number vo/^[golo
gravity
enthalpy
interphase enthalpy difference
length
friction
Mach number v0 /(cv0) = \/c
pressure
Peclet number

V

volume

Greek Letters
a
phase presence probability
P thermal dilatation
compressibility
X
X
thermal conductivity
dynamic viscosity
M
vapor generation
r
density
p

voIocpOpo/A.o

Reynolds number v o / o p o /// o
time
time step
V
velocity
Av
interphase velocity difference
x, r, z spatial coordinates
t
At
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Subscripts / Superscripts
0
characteristic value
h
constant enthalpy
i
mesh point
n
time step
phase or pressure
P

1. Introduction
The paper describes the numerical treatment of the probabilistic multiphase flow equations on
which the computer code ESE (Evaluation of Steam Explosions) is based. ESE has been
developed to model the interaction of molten core debris with water during the first premixing
stage of a steam explosion [1]. A steam explosion is a physical event, which may occur during
a severe reactor accident following core meltdown when the molten fuel comes into contact
with the coolant water.
Many other premixing codes exist in the literature, e.g. CHYMES [2], IFCI [3], PMALPHA [4], MC3D [5], IVA3 [6] and COMETA [7]. The common feature of these codes is
that they are based on first order accurate numerical methods, whereas ESE uses the second
order accurate high-resolution method. High-resolution methods combine first and second
order accurate numerical schemes in such a way that the weaknesses of both schemes, the
poor numerical accuracy and large amount of numerical dissipation of first order accurate
numerical schemes and the oscillations of second order accurate numerical schemes occurring
in the vicinity of non-smooth solutions, are suppressed and the method still remains second
order accurate [8].

2. Numerical Treatment of Multiphase Flow Equations
Each phase in the multiphase flow is described using the probabilistic mass
ap) + V • (apv) = I

at

(1)

momentum
av |
dt
and energy equations
y

^

w^_

rx

1

'

Fr

o

1
Fr

r

o

Re0
AkT

dh
P

A-Ti

i

f

a

(2)

(3)

Pe
a
rc 0
obtained by ensemble averaging [9]. The mass equation (1) is solved in conservative form to
achieve mass conservation, whereas the momentum (2) and energy equations (3) are solved in
nonconservative form since the numerical solution of the conservative form of the momentum
and energy equations did not give the correct results at non-smooth distributions of the phase
presence probability a occurring at phase interfaces.
The discretised multiphase flow equations (1-3) are solved in 2D cartesian or
cylindrical coordinate system on a staggered grid using a high-resolution finite difference
method. High-resolution methods assure second order accuracy and give well resolved,
nonoscillatory discontinuities. The applied high-resolution method is based on the first order
time and space accurate upwind scheme and the second order time and space accurate LaxWendroff scheme. The total variation diminishing (TVD) condition for the convective terms
was satisfied by choosing the smooth van Leer flux-limiter function.
To allow also the treatment of shock waves, the discretisation of the convective term
in the nonconservative momentum equation (2) had to be carried out in a special way
dt

[(v • V)v],. = max(v,_,, v,., v;+1)

(4)

since otherwise the shock would not propagate if the velocity in front of the shock would be
zero. For better clarity the discretisation was presented only for positive velocities and in only
one dimension.
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The pressure equation for the assumed common pressure field p was derived from the
sum of the conservative form of the compressible flow continuity equation (1) over all phases
using the projection method

1

V
P

n+l/2

(p" -p"+])Ma
n+1/2
F
P
P

(5)

1l

Ma'

where
«+ l

=

(6)

and

Despite the similarity in appearance to the pressure equation for incompressible flows,
there are important differences. The incompressible pressure equation is a Poisson equation,
i.e. the coefficients in the discretised form represent an approximation to the Laplacian
operator. In the compressible case, there are contributions that represent the fact that the
equation for the pressure in a compressible flow contains beside diffusive terms also
convective and unsteady terms. At low Mach numbers, the Laplacian term dominates and we
recover the Poisson equation. On the other hand, at high Mach numbers, the convective term
dominates, reflecting the hyperbolic nature of the flow. Thus this compressible flow pressure
equation (5) automatically adjusts to the local nature of the flow and therefore can be applied
to all types of flow including also the treatment of temperature expansion.
The pressure equation is solved using the stabilized squared conjugate gradient
method (CGSTAB) [10], which was chosen since it converges fast also for high density
ratios. The convergence rate of the CGSTAB method was tested for different density ratios of
a two phase flow (rise of a big bubble) and was compared with other proposed pressure
equation solvers - the Alternate Direction Implicit solver (ADI) and the Stones Strongly
Implicit Procedure (SIP). As seen on Fig.l, it was found out that the used CGSTAB method
has the fastest convergence rate, which is nearly independent on the density ratio, whereas the
ADI and SIP methods become useless if the density ratio is greater than about 1000.
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Figure 1: Convergence rate of pressure equation solvers for different density ratios.
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3. Results of Basic Test Calculations
The numerical methods used in ESE were precisely tested on a number of carefully chosen
problematic basic cases where the analytical solutions are known. These test-cases include
phase presence probability shock propagation and velocity shock propagation in cylindrical
coordinate system in different directions regarding to the coordinate axes, jet free fall in a
vacuum in the absence of any pressure forces, phase generation, compression and expansion
under temperature and pressure changes, etc. For each calculation the conservation of mass
and momentum was checked and a convergence analysis was performed. The results were
compared with the known analytical solutions and the calculations, which were performed
using the first order accurate upwind method and the second order accurate Lax-Wendroff
method. All test calculations clearly show that the used high-resolution method most exactly
reproduces the analytical behavior. In the following we will present some of these results in
form of graphs.
3.1 Phase presence probability shock propagation
A phase presence probability shock in the form of a box with phase presence probability
a = 1 for ( r e [0.1,0.3]) A (Z e [0.1,0.3]) and a - 0 otherwise has been moved with constant
velocity v = 1 (movement of a big bubble) parallel (Fig.2, Fig.3) and diagonal (Fig.4) to the z
and r axis on a mesh 160x160 grid points. The Courant number was 0.5. The convergence
analysis, which was performed on meshes 20x20, 40x40, 80x80 and 160x160 grid points,
showed that the results obtained with the high-resolution method are approaching to the
analytical solution. As expected the upwind method had the highest numerical diffusion and
the Lax-Wendroff method produced spurious oscillations and gave unphysical results since
the phase presence probability was also negative. The mass has been conserved perfectly by
all three numerical methods.
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Figure 2: Phase presence probability shock convection in z direction calculated with
the upwind, Lax-Wendroff and high-resolution method for different times.

Figure 3: Phase presence probability shock convection in r direction calculated with the
upwind, Lax-Wendroff and high-resolution method for different times.
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Figure 4: Phase presence probability shock convection diagonal to the r and z axis
calculated with the upwind, Lax-Wendroff and high-resolution method.

3.2 Velocity shock propagation
The propagation of a ID velocity shock in the form of a step has been studied. This situation
appears in multiphase flow when for example a molten fuel jet of low phase presence
probability moves through resting air. Since the jet velocity is defined only in the jet it is
assumed that the jet velocity is equal to the air velocity vjel = vajr « 0 in the region where the
jet phase presence probability is zero: a = 0. The convergence analysis, which was
performed on meshes 20, 40, 80 and 160 grid points, showed that the results obtained do not
approach to the analytical solution. The velocity shock did not propagate with the jet speed
(Fig.5) despite the improvement (4) and therefore the jet phase presence probability achieved
very high unphysical values at the front (Fig.6) also for the high-resolution method. None of
the numerical methods conserved the jet momentum either (Fig.7).
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Figure 5: ID velocity shock propagation calculated with the upwind, Lax-Wendroff and highresolution method for different times. Courant number = 0.5. Mesh: 160 grid points.

Figure 6: Jet phase presence probability calculated with the upwind, Lax-Wendroff and highresolution method for different times. Courant number = 0.5. Mesh: 160 grid points.

Since these results are not satisfactory the numerical model was significantly improved with a
simple but physically correct prescription that the velocity at the mesh point next to the front
where the phase presence probability is zero and therefore the velocity is not defined is equal
to the front velocity. With this improvement the convergence analysis showed that the
velocity and phase presence probability correctly approach to the analytical solution (Fig.8)
and that the mass and momentum are conserved well.
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Figure 7: Jet momentum at calculations with the upwind, Lax-Wendroff and highresolution method. Courant number = 0.5. Mesh: 160 grid points.
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Figure 8: Jet phase presence probability calculated with the improved model for
different times. Courant number = 0.5. Mesh: 160 grid points.

3.3 Jet free fall

To check the numerical model on a problem with an ununiform velocity field occurring
together with a shock in the jet phase presence probability field and the velocity field, the jet
free fall (particles falling in a vacuum in the absence of any pressure forces) has been
simulated. The jet phase presence probability and the jet velocity at the inlet boundary were
a = 1 and v = 1. The convergence analysis, which was performed on meshes 20, 40, 80 and
160 grid points, showed that the results obtained using the upwind and high-resolution
method approach to the analytical solution (Fig.9), whereas the Lax-Wendroff method
produced highly oscillating and divergent results.
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Figure 9: Jet free fall phase presence probability for different times. Courant number = 0.5
Mesh: 160 grid points.

3.4 Phase generation
The correct numerical treatment of the vapor generation term F appearing in the mass (1) and
pressure (5) equations was established on the following combined artificial test case. An open
vessel was filled with two liquids - liquid A occupied the lower part of the vessel and the
other liquid B with equal density occupied the upper part. In the middle of the lower part of
the vessel liquid A was generated with the generation rate F^ = VresselpA /Isec. The
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calculation was performed on mesh sizes 10x15, 20x30, 40x60 and 80x120 grid points in the
cylindrical coordinate system. The results of the convergence analysis showed that the upwind
and high-resolution methods correctly predicted the phase volume, whereas the Lax-Wendroff
method underestimated the phase generation since the phase interface did not move with the
right velocity.
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Figure 10: Phase volume of liquid A and B during phase generation of A. Mesh: 10x15 grid points.

3.5 Pressure compression and temperature expansion
The ability of ESE to correctly consider the compressibility {dp/dp)h and the temperature
dependency of density p"+]n = p[h"+l ,p") was also proved. An open vessel was again filled
with two liquids - this time a compressible liquid A with^f = lbar"' and temperature
dilatation J3 — 0.005 K"1 occupied the lower part of the vessel and an incompressible liquid B
with % ~ 0 bar"' and /?=0K~' occupied the upper part. The following artificial test cases
were simulated:
the pressure was risen with a speed dp/dt = lbar/s (Fig.l 1) at constant temperature,
the temperature was risen with a speed dT/dt = 100 K/s (Fig. 12) at constant pressure,
the vessel was closed and the temperature was risen with a speed dT/dt = 100 K/s
(Fig.13).

Figure 11: Phase volume of liquid A and B during the pressure rise Mesh: 10x15 grid points.

Figure 12: Phase volume of phase A and B during the temperature rise. Mesh: 10x15 grid points.
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was altered (At = 1E-1, 1E-2, 1E-3) and it was shown that the pressure rise is correctly
predicted if the time step is small enough (Fig. 13).

4. Conclusions
The numerical treatment of the probabilistic multiphase flow equations on which ESE is based
has been described. ESE (Evaluation of Steam Explosions) is a general two-dimensional
compressible multiphase flow code, which has been developed to model the interaction of
molten core debris with water during the first premixing stage of a steam explosion.
The mass, momentum and energy equations are solved on a staggered grid in a 2D
rectangular or cylindrical coordinate system using a second order accurate high-resolution finite
difference method. The pressure equation is solved using the CGSTAB method, which
converges fast also for high density ratios.
The numerical methods used in ESE were precisely tested on a number of carefully
chosen basic cases where the analytical solutions are known. All test calculations clearly show
that the applied high-resolution method most exactly reproduces the analytical behavior.
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ABSTRACT - ESE (Evaluation of Steam Explosions) is a general second order accurate two-dimensional
compressible multiphase flow computer code. It has been developed to model the interaction of molten core
debris with water during the first premixing stage of a steam explosion. A steam explosion is a physical event,
which may occur during a severe reactor accident following core meltdown when the molten fuel comes into
contact with the coolant water. Since the interfacial exchanges of mass, momentum and energy are regime
dependent, different exchange laws have been incorporated in ESE for the major flow regimes.
With ESE a number of premixing experiments performed at the Oxford University and at the QUEOS
facility at Forschungszentrum Karlsruhe has been simulated. In these premixing experiments different jets of
spheres were injected in a water pool. The ESE validation plan was carefully chosen, starting from very simple,
well-defined problems, and gradually working up to more complicated ones.
The results of ESE simulations, which were compared to experimental data and also to first order
accurate calculations, are presented in form of graphs. Most of the ESE results agree qualitatively as
quantitatively reasonably well with experimental data and they are in general better than the results obtained
with the first order accurate calculation.

Nomenclature

C
D

f
F
h
n
Pr
Q
Re
T
v
We

specific heat at constant pressure
drag coefficient
length scale (diameter)
function

s
<f>
y
A

emissivity
area concentration factor
surface tension
thermal conductivity

interfacial force
heat transfer coefficient
number of drops per unit volume
Prandtl number
enthalpy of evaporation
interfacial heat transfer
Reynolds number
temperature
velocity
critical Weber number for bubble/drop
breakup

/u
•9-

dynamic viscosity'
phase presence probability
fraction
density
Stefan-Boltzmann coefficient

Greek Letters
a
phase presence probability
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p
a

Subscripts / Superscripts
c,d
continuous, dispersed
/ , w, v
fuel, water, vapor phase
lam,turb
laminar, turbulent
r,c
radiation, convection
s
saturation
vm,l
virtual mass, lift force
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1. Introduction
The ESE (Evaluation of Steam Explosions) computer code has been developed to model the
interaction of molten core debris with water during the first premixing stage of a steam
explosion [1]. A steam explosion is a physical event, which may occur during a severe reactor
accident following core meltdown when the molten fuel comes into contact with the coolant
water.
ESE is a general second order accurate two-dimensional compressible multiphase flow
computer code. It takes into account the violent steam generation when melt pours into water,
the thermal-hydraulic interaction between the melt, water, steam and air phases, and the
resulting fragmentation and cooling of the melt. Since the interfacial exchanges of mass,
momentum and energy are regime dependent, different exchange laws, which were taken
mainly from the PM-ALPHA computer code [2], have been incorporated in ESE for the major
flow regimes. The flow regimes considered in characterizing interface transfers are bubbly
flow, churn-turbulent flow, droplet flow and flow through a porous bed of fuel particles.
These flow regimes are identified by simple phase probability criteria. In the calculation of
interfacial momentum coupling and interfacial heat transfer special phenomena like the added
mass effect, lift forces and radiation are also considered.
With ESE a number of premixing experiments performed at the Oxford University [3]
and at the QUEOS facility [4] at Forschungszentrum Karlsruhe has been simulated. In these
premixing experiments different jets of spheres were injected in a water pool. The sphere
properties like density, size, temperature, impact velocity and also the number of spheres were
systematically changed between these experiments. The ESE validation plan was carefully
chosen, starting from very simple, well-defined problems, and gradually working up to more
complicated ones. The hydrodynamic part of ESE could be tested separately using results
from the Gilbertson experiments performed in rectangular geometry and the isothermal
QUEOS experiments performed in axial-symmetric cylindrical geometry. The complete
behavior of ESE was validated using results from the hot integral QUEOS experiments. To
get a better understanding of ESE's numerical behavior all calculations were performed,
beside using ESE's second order accurate high-resolution method, also using a first order
accurate upwind method and a convergence analysis has been done.

2. The Exchange Laws
The interfacial exchanges of mass, momentum and energy are clearly regime dependent, and
uncertainties remain even for two-phase flows. For now, our approach aims to incorporate
first-order physics that accounts for the major flow and heat transfer regimes as identified by
simple criteria of fuel presence probability a f and vapor presence probability fraction
®v = avl{av +aw)• The flow regimes are shown in Fig.l. For af < 0.3 we consider the fuel
particles immersed in a two-phase gas-liquid flow, whose own flow regimes are defined by
the value of the vapor presence probability fraction: &r < 0.3 (bubbly), 0.3 < #,, < 0.7 (churnturbulent), and &v > 0.7 (droplet). For a f > 0.3, as the fuel particles are densely packed, we
consider a flow of gas and liquid through a porous bed of fuel particles.
We use the. exchange laws available for two-phase systems after making suitable
modifications to account for, as a first approximation, the effect of a third phase. In
calculating interfacial momentum exchange, one needs to know the projected area
concentration of the dispersed phase. Also, in calculating interfacial heat exchange, one needs
to know the interfacial area concentration. In a two-phase system, these area concentrations
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Flow over Immersed Fuel Particles
af <0.3
Bubbly Flow
Churn-Turbulent
Droplet Flow
Flow
0.7 < A.
9V < 0.3
0.3 < 3 < 0.7

Flow Through a
Porous Bed of
Fuel Particles
0.3 < af

Fuel
Vapor
Water

Figure 1: Schematic diagram of flow regimes considered in characterising interface transfers.

can be estimated from the length scale and the presence probability of the dispersed phase.
However, the presence of a third phase reduces the area concentration as the third phase must
also share the same area. Therefore, we modify the area concentration by a factor
(pjj = a i I [a i +ock), which represents the effect of the phase k on the area concentration of
phase i for its interaction with phase j .
2.1 Interfacial momentum coupling
The interfacial momentum coupling is primarily due to drag. For the bubbly flow regime
(&v < 0.3) we have also included the added mass effect
" r i T 1 " \ Dt

(1)

Dt

and lift forces
(2)

For a f < 0.3 the drag force is calculated from
- _3
adPcdc

"-^

C
c

Td

- v rf |(v c - v d ) ,

(3)

where the drag coefficient for churn flow (0.3 < 9V < 0.7) is defined by

r -8
-v,c-w,
and for dispersed flow by
9r< 0.3, d = v,c = w,
9 > 0 . 7 , <i = w,c = v,

(4)

~3

f = (l-9v)
f = 9^
,1.5

C = 0.45

17.67//7
18.67/

(5)

The length scale (diameter) Dr/ is obtained from
-

Pc

2

^

- = We,.,

8

d=v

y
[12 d = w
For the "dense fuel regime" ( « / >0.3) we use laminar and turbulent
permeabilities
7 mrh
F~~df —where
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-
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with
(10)
2.2 Interfacial heat transfer
The distinction of the fuel-to-coolant heat transfer mechanisms is made again on the basis of
the flow regimes. The key distinction is whether or not there is sufficient water in the coolant
phase to completely engulf the fuel particles, thus a vapor presence probability fraction
criterion is used.
For i9, < 0.7, heat transfer to water is estimated by superposition of radiation and film
boiling heat fluxes

(11)

The emissivity value ef - 0.7 is selected for the calculations of typical interest. Heat transfer
from fuel to vapor in this regime need not to be accounted for separately.
For 9r > 0.7, we assume a vapor-continuous regime in which heat is transferred to
liquid drops by irradiation and to the gas by convection. The gas is allowed to superheat and
convert heat to the liquid drops, which boil at saturation. Thus
(12)
where for a f < 0.3
Dt

v,.

A..

(13)

and for a f > 0.3

K=0.9\cpfavPv

,,-0.51 p - X
Pr,./3 , Re" < 50
v.. - v , Re

v v - V / D,
6a,

(14)
Pr,, ^ , Re: > 50
Similarly, for vapor-to-water heat transfer we have, for 9V < 0.7 with vapor as the
dispersed phase

K =°-
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/2p r /3 V71

Q,, = nJm,7iDvA

f "I

(15)

while for #,, > 0.7 , with liquid as the dispersed phase

/Ofo
-Tv),
7

(16)

3. Description of the Premixing Experiments
3.1 Isothermal experiments at the University of Oxford
Isothermal premixing experiments have been performed at the University of Oxford [3], in
which a two-dimensional array of 6 mm diameter balls, initially held at predetermined
spacing by perforated belts, was projected downwards into a tank of water 475 mm wide, 925
mm deep and 7.8 mm thick. The planar two-dimensional geometry provided a good
visualization of conditions within the jet. Most of the experiments were performed with
stainless steel balls and a few with aluminium balls. In the experiment considered stainless
steel balls were projected in a jet 10 columns (87 mm) wide and entered the water at a
velocity of 1.7 m/s and a phase presence probability of 0.10.
3.2 Experiments at the QUEOS facility
In these QUEOS experiments [4] up to 20 kg of spheres, made of steel, zirconia or
molybdenum, were heated to temperatures up to 2300°C and discharged into 0.5 m3 of
saturated water (Table 1). The water level in the vessel with an inner cross section of 70 cm x
70 cm and a height of 138 cm was 100 cm. In all experiments the jet diameter was 9 cm and
the spheres entered the water at a velocity of 5.12 m/s and a phase presence probability of
0.17. The following QUEOS experiments were simulated:
Experiment

Material

Diameter
[mm]

Q01
Q02
Q05
Q09
Q06
Q07
Q08
Q04
Qll
Q12

steel
steel
ZrO2
ZrO2
ZrO2
ZrO2

4.7
4.7

5.0
5.0

10.0
10.0

Mo
Mo
Mo
Mo
Table 1:

4.2
4.2
4.2

4.2

Mass
[kg]
20
10
7.0
7.0
7.0
7.0
10
10
5.7
6.9

Volume Number of
[cm3]
spheres
4440
46000
2220
23000
1830
18000
1880
18000
1900
2340
1900
2340
1800
24000
1800
24000
1025
13700
1183
16600

Temperature
[K]
300
300
300

1300
300

1300
300

1300
1800
2300

Conditions of simulated QUEOS premixing experiments.

4. Results of the Simulation
4.1 Isothermal experiments at the University of Oxford
The simulation of the Gilbertson experiment [3] has been performed in the rectangular
coordinate system on meshes 14x37, 26x72 and 50x142 grid points. Since the analysis of video
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data from the experiments showed that the drag coefficient was 0.76, this increase above the
standard value 0.44 presumably being caused by the presence of the tank walls, the correct
higher drag coefficient was taken for the calculations. The results of the simulations are
presented on Fig. 2 where they are compared to experimental data and also to the first order
accurate upwind calculations. The convergence analysis showed that the ESE results calculated
with the second order accurate high-resolution method don't depend much on the grid density.
On the largest mesh 50x142 grid points also the upwind method produces nearly perfect results.

E -0.1

H -0.2
g -0.3

-ESE

i

exp

I J .n«=

mesh: 14 x 37

Figure 2: Comparison of Penetration depth and Plume half width between ESE, experiment and upwind method
calculations.

4.2 Experiments at the QUEOS facility
The simulation of the QUEOS experiments has been performed in the cylindrical coordinate
system on a mesh 41x120 grid points. For the cold experiments the penetration depth and the
plume half width have been compared to experimental data and to the first order accurate
upwind calculation (Fig. 3), whereas for the hot experiments also the comparison of the steam
flow rate and the total steam volume is presented (Fig. 4, 5).
4.2.1 Cold experiments
The first spheres touch the water surface with a velocity of about 5 m/s and are decelerated to
approximately 3 m/s. The succeeding spheres push the spheres which are already in the water
sideways and downward, thereby opening a gas channel twice as wide as the original diameter
of the sphere jet. Since the later spheres fall within the gas channel they still accelerate and meet
the sphere front at a higher velocity and the front velocity increases again.

The results of the ESE
simulation agree qualitatively
as quantitatively relatively well
with
the
experimental
measurements (Fig. 3). The
calculation with the upwind
method produced a slightly
Figure3: Comparison of Penetration depth and Plume half width between faster front propagation as a
ESE, experiment and upwind method calculations.
consequence of the artificial
numerical diffusion and less
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spreading since the inverted mushroom structure did not develop completely. The described
decelerating-accelerating-decelerating front velocity behavior was reproduced only with the
ESE simulation.
4.2.2 Hot experiments
In the tests with hot spheres an effect occurs which breaks up the front of the sphere cloud.
While the spheres are resting upon the middle valve in the radiation furnace the pressure
increases due to the heat up of the gas in the closed space between the upper and the lower
valve. When the lower valve is opened a gas burst, which disturbs the water surface, can be
observed. When the middle valve opens, there is still some overpressure above the spheres and
gas is forced through the spheres accelerating the front spheres. In these tests always a small
number of spheres is ahead the bulk. Therefore a pressure relief valve was installed above the
middle sliding door which opens together with the lower sliding door valve. This reduced this
effect somewhat (starting with Ql 1).
The comparison of the penetration depth and the plume half width between the second
order accurate ESE simulation, the experiment measurements and the simulation performed
with the first order accurate upwind method is presented on Fig. 4. The results of the ESE
simulation are in relatively good agreement with the experimental data.

It is interesting that for the
Q04 experiment, where the
described spreading
effect
caused by the gas burst is
significant, the upwind method
gives better results than the
high-resolution method applied
in
the ESE code. The reason
Figure4: Comparison of Penetration depth and Plume half width between
may be that the numerical
ESE, experiment and upwind method calculations.
diffusion of the first order
accurate upwind method produces similar spreading of the spheres than the not modeled gas
burst.
On Fig. 5 the comparison of the steam flow rate and the total steam volume between the
ESE simulation, the experiment and the simulation performed with the upwind method is
presented. The results of the ESE simulation show qualitatively the correct dynamics of the
steam production, but there are some deviations in the absolute value of the steam flow rate. In
all simulation the steam flow rate is zero till the first hot spheres enter the water, whereas in the
experiments there is significant steam flow also before. The reason is the heating of the steam
atmosphere above the water during the hot spheres free fall, which was not simulated, and
maybe also little evaporation of the water surface due to radiation. Radiation was taken into
account in ESE only with an intracell model not considering the intercell radiation influence. In
the first part of the premixing phase the upwind method and the high-resolution method applied
in ESE give similar results for the steam flow rate, whereas in the second part the steam
generation is higher for the upwind method. The main reason for that behavior is the high
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5. Conclusions
ESE the general second order accurate two-dimensional compressible multiphase flow computer
code has been validated against a number of premixing experiments performed at the University
of Oxford and at the QUEOS facility at Forschungszentrum Karlsruhe. In these premixing
experiments different jets of spheres were injected in a water pool. The ESE validation plan was
carefully chosen, starting from very simple, well-defined problems, and gradually working up to
more complicated ones. The hydrodynamic part of ESE could be tested separately using results
from the Gilbertson experiments performed in rectangular geometry and the isothermal QUEOS
experiments performed in axial-symmetric cylindrical geometry. The complete behavior of ESE
was validated using results from the hot integral QUEOS experiments. To get a better
understanding of ESE's numerical behavior all calculations were performed, beside using ESE's
second order accurate high-resolution method, also using a first order accurate upwind method.
Most of the ESE results agree qualitatively as quantitatively reasonably well with
experimental data and they are in general better than the results obtained with the first order
accurate upwind calculation. The greatest deviation between the simulation and the
experimental measurements appeared for the steam flow rate most likely because of the
unrealistic determined initial conditions (gas burst spreading, ...) in combination with
uncomplete modeling (steam atmosphere heating, intercell radiation, ...).
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Connection between P3 and ORAM codes with p2o code
Roman Kocnar, Ivica Basic, Joze Spiler
Krsko Nuclear Power Plant, Vrbina 12, Krsko, Slovenia
Abstract
The Outage Risk Assesment and Management (ORAM) Package is a software tool developed by
ERIN Engineering and Research, Inc. for the Electric Power Research Institute (EPRI) to aid to the
management of nuclear power plant outages from a safety and risk perspective. Primavera Project
Planner is a software tool (planing tool) developed by Primavera Systems, Inc. used by Krsko NPP for
outage planing.
Since there is no electronic connection between P3 (Primavera Project Planner code) and ORAM,
NEK developed a p2o code. In this article the process of planning in P3 and the use ofp2o code, is
described.

1.0 Introduction
There are two major modulees within the ORAM software:
i)
Probabilistic Shutdown Safety Assessment (PSSA) and
ii)
Risk Management Guidelines (RMG)
Each module accomplishes different objectives, and can be developed and used separately.
Within the ORAM RMG model, the following key Safety Functions are evaluated:
Containment Integrity and Cooling
Decay Heat Removal
Electrical Power Availability
Inventory Control
Reactivity Control
Spent Fuel Pit Cooling
Cooling Water and Other Vital Support System
In addition to the above Safety Functions, elements of Shutdown Fire and Shutdown Flooding
vulnerabilities are also included in the ORAM RMG model.
ORAM is able to receive equipment unavailability information from outage/maintenance
planning schedules (Krsko NPP uses the Primavera Project Planner (P3)). For this purpose
p2o code (Primavera to ORAM code) is connected to Primavera Project Planner for Windows
(P3 version 2.0 for Windows, Primavera Systems, Inc.) and Outage Risk Assessment and
Management (ORAM version 2.1 for Windows, Electric Power Research Institute).
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There is no possibility of direct connection between those two codes. In handwritten notes
mistakes are most likely to occur. Having this problem in mind, the Krsko NPP saw a
possibility developing a new code as a solution that will fullfill the following requirements:
1. Easy and fast connection
2. Error free connection
3. Simple usage of anew code
The steps to get connected are:
1. Preparing data in P3, which shall be used in ORAM (using P3)
2. Data input to P3 (using P3)
3. Data export from P3 (using P3)
4. Data Conversion (using p2o)
5. Data import to ORAM (using ORAM)
2.0 Preparing data in P3, which shall be used in ORAM
In P3 project for planning an outage, new Scheduling Software System Code named ORAM
shall be added (refered to as ORAM Activity System Code). With those additional characters
ORAM code can be assign for every one activity in outage plan (figure 1.). If an outage
activity does not recognize the ORAM code, the input would be code zero (00).
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Figure 1. Coding activities in Primavera Project Planner
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3.0 Export data from P3
Because P3 can not prepare data to be readable in ORAM, we need export data (figure 2)
from P3 to ASCII file which can be readable by p2o code. The information ORAM needs to is
as follows: Early Start, Early Finish, Activity Codes and Activity Description. P3 does not
export data with ORAM Activity Codes with value 00.
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Figure 2. Export ORAM codes from Primavera Project Planner
4.0 Conversion Data
p2o code was written in C language for DOS environment, and can be executed in Windows
95 Microsoft Operating System. p20 starts with the next command:
p2o < source_file > destination_file
As a source_file we use p3.out that comes from the export operation from P3. As a
destination_file, we take the file with name which ORAM uses: psdbfile.dat. If the above
command is used without destination_file, output data will be directed to the screen (this
option is usefull for testing before the final conversion).
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p2o < p3.prn > psdbfile.dat

Example:
For p3.prn file with next lines:
ES

11MAY95
11MAY95
11MAY95
11MAY95
11MAY9 5
11MAY95

EST

04
08
02
04
08
08

00
00
00
00
00
00

EF

EFT

ORAM

11MAY95
11MAY9 5
11MAY95
11MAY95
11MAY95
11MAY95

05:59
10:59
05:59
07:59
10:59
10:59

DOB

LOK

SLU

TITLE

Activity
Activity
Activity
Activity
Activity
Activity

Al
A2
A3
A4
A5
A6

004
006
006
006
006
006

as results we take file with next lines:
Al
A2
A3
A4
A5
A6

11MAY9S
11MAY9S
11MAY9 5
11MAY95
11MAY95
11MAY95

04:00
08:00
02:00
04:00
08:00
08:00

11MAY95
11MAY95
11MAY95
11MAY95
11MAY95
11MAY95

06
11
06
08
11
11

00
00
00
00

Activity
Activity
Activity
Activity

004
006
006

006
Activity 006
Activity 006

5.0 p2o code Flow Diagram description
Starting the program (Figure 3.) p2o writes a greeting message on screen. In the first line of
the source file p2o shall read which data is in the data lines (ES for Early Start, EST for Early
Start Time, EF for Early Finish, EFT for Early Finish Time and ORAM for ORAM code). If
there is all the required data for ORAM, p2o shall read the second and the third line. In the
second line p2o shall find the location of data column. From the fourth line to the end of file
is value data required for ORAM. p2o takes line 4 and reads ORAM code, ES and EST and
writes them to the destination file in columns 1, 29 and 41. P3 calculates the end of activities
in the 59th minute (example: instead 11:00 the end of activities would be at 10:59), thus p2o
reads EF and EFT. adds 1 minute and recalculates EF and EFT. The new value for EF and
EFT is written to the destination file by p2o. Then, p2o checks if there is the end of source
file. If there is no new data line p2o closes the destination file and stops the execution.
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p2o < p3.prn > psdbfile.dat

Write greetings massage on
screen

Read 2. line of source file

Read ORAM code and write to
destination file

Read 1. line of source file

Read 3. line of source file

Read ES code and write to
destination file

Find data position in source file

Read EST code and write to
destination file

•

Read 4. line of source file

Read EF and EFT

Write missing data on screen
Add 1 minute
Exit

Yes

Write EF and EFT to
destination file

Read Title and write to
destination file

Read next line of source file

Figure 3. p2o Flow Diagram
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6.0 Conclusion
Semiautomatic connection between both P3 and ORAM codes reduces the possibilities of
making typographical errors and reduces time of performing "what i f analysis.
7.0 Reference
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TRENDS IN SIMULATION AND THE KRSKO FULL SCOPE SIMULATOR '
Robert Boire, Michael Chatlani
CAE Electronics Ltd.
Montreal, Canada
ABSTRACT - The nuclear power plant simulation industry is a fast-paced industry yielding
continual development as a result of innovations in technology and customer requirements. This
paper will discuss the current trends in simulator requirements, the status of simulation technology
and the expected future developments, particularly in the context of the NPP Krsko full scope
simulator.
CAE Electronics has been awarded the contract for the design, construction, integration, testing and
commissioning of the NPP Krsko full scope simulator (KFSS) by Nuklearna elektrarna Krsko (NEK).
KFSS, as an integral part of the NPP Krsko Modernization plan, has been the subject of an extensive
procurement process. KFSS will also take into account the steam generator replacement and plant
uprate projects which will be delivered to provide initial training in the modernized plant
configuration. As a result, the completed KFSS will meet NEK's goals for reliable training in safe
plant operation as well as the licensing requirements of the Slovenian Nuclear Safety Administration.
KFSS will be a state-of-the-art facility featuring high fidelity process and control models, proven
technology and superior maintainability that will push the envelope of traditional simulator uses. In
addition to serving its role as a high quality training vehicle, KFSS will be used for engineering
purposes including procedure development and validation, optimization of plant operation and study
and validation of plant modifications.
KFSS models will be built for the most part with CAE's ROSE™ toolset. ROSE, is a componentbased, visual programming environment for the creation, calibration, testing, integration and
management of simulator models and supporting virtual panels. The NSSS will be simulated using
the ANTHEM two-phase drift flux model, while reactor kinetics will be simulated using the COMET
two-group, three-dimensional model. Software design and testing will be supported by an extensive
series of quality procedures throughout the software design process.
1.

Introduction

CAE Electronics was awarded the contract for the Krsko Full Scope Simulator (KFSS) project
in 1998 following an extensive procurement process undertaken by NEK. The procurement
process ensured that KFSS would be a state-of-the-art facility. As one of the most recently
awarded full scope nuclear power plant simulator projects, KFSS thus represents a convenient
context in which to discuss current trends in simulator requirements and technology.
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2.

Simulator Technology Today

2.1

Background

This summer marked the 30th anniversary of the delivery of the first power plant simulator.
The simulator was originally designed as a partial replacement for performing startup and
shutdown training on the actual, plant [1]. However, it was following the TMI accident in
1979, which highlighted the importance of operator training in safe plant operation and
transient mitigation, that the role of simulators in nuclear power plants became so important.
Since that time simulator technology has been paced as much by the evolution of computer
hardware and software technology as by the evolution of training requirements. Hence it is
convenient to classify the evolution of simulators according to the dominant technology at the
time.
Simulators can be grouped into the following generations:
•
•

•

•

first generation: assembler based programming; limited scope of operations; primitive
instructor stations.
second generation: computer platforms dominated by Gould/SEL/Encore line of mini
computers with proprietary operating systems and limited address space, emergence of
FORTRAN- based programming for modeling applications, emergence of two-phase
thermal hydraulic models and limited nodalization 3-D neutronic models, training in
malfunctions and transients; component-based malfunctions; emergence of the first
simulator standards.
third generation: first RISC/UNIX-based 32-bit multi-processor applications (CAE
1989), emergence of the graphical user interface for instructor stations and high quality
mimic panels; improved fidelity for BOP models.
fourth generation: introduction of large scale graphical modeling tools (CAE 1991); high
nodalization thermal-hydraulic and neutronics models; 64-bit RISC processors, UNIX
and Windows NT operating systems, PC-based platforms.

The most important trends to discuss in the current generation of simulators includes:
•
•
•
•
•
•
2.2

model development tools
low cost, high performance computer platforms
modeling fidelity
glass simulators
pre-commisioning delivery
standards
Model Development Tools

The introduction of graphical model development tools is the most significant recent
development in the power plant simulation industry and has quickly become an essential
requirement for most new simulators. The development of these tools has been a cause of
major investment for most simulator vendors. The scope, depending on the vendor, typically
includes varying degrees of thermal-hydraulic, instrumentation and control and electrics
modeling and varies from initial model definition to integrated testing and configuration
control environments. More advanced systems enhance flexibility through object-oriented
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programming techniques. The quality and flexibility of graphical model development tools
remains one of the major technology discriminators between simulator vendors.
The advantages sought through model development tools include:
•
•
•
•

standardized models
automated code generation
intuitive visualization
reduced life cycle cost

Model development tools are, changing both the process of simulator development by
simulator vendors and the long term expectations for maintenance by simulator owners.
2.3

Computer Platforms

Interest in Windows NT and PC-based platforms is currently very high. The combination of
Windows NT and PC's is poised to fulfil the long sought goal of low cost, off-the-shelf, open
systems. Several Windows NT-based platforms have been deployed in the past two years.
However, these platforms have all exclusively been rehosts from second generation simulators
with modest computational requirements. To date, no fourth generation Windows NT
simulators have been delivered, though one was awarded in 1996 and another major upgrade
was recently awarded. Up until very recently, only RISC/UNIX-based processors have been
able to provide an affordable combination of raw computer power, bandwidth, processor
scalability, graphics engine and real-time operating system control to meet the computational
requirements of CAE's fourth generation full scope simulators.
The recent introduction of the 400Mhz Xeon processor with the 100MHz system bus and
450NX chipset, which will support 4- or 8-processor servers, will remove all purely
computational restrictions to using PC-based solutions for fourth generation simulators.
Windows NT is not a real-time operating system, hence there have been concerns over realtime and repeatability. Nevertheless, it is generally believed that real-time and repeatability
can be guaranteed by using a dedicated server for running the simulator modeling applications
and blocking all other applications, including (and especially) graphics from this server
during execution.
Up until the current generation, modeling fidelity has been as strongly influenced by
computational cost as by technique and compromises have been necessary. Computational
cost now typically accounts for less than 5% of the overall simulator cost. Thus one of the
most significant features of the current generation of computers, from a modeling point of
view, is the virtual decoupling of modeling fidelity from computational cost.
2.4

Modeling Fidelity

Modeling fidelity includes both the scope of simulation and model scope and performance.
The scope of simulation systems refers to the scope of modeled systems, components, flow
paths, controls and malfunctions and the simulated plant operations that they support. Model
scope includes issues such as two-phase thermal-hydraulic models and nodalization and
support for cycle-specific core data upgrades.
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The scope of simulated systems is typically a trade off between the customer's training
requirements, which is in turn sometimes strongly influenced by the local regulators, and
budget. Simulation cost is directly related to scope. Historically plant systems have been fully
simulated, partially simulated or functionally simulated. In a fully simulated system all
components and flow paths are modeled whereas in a partially simulated system, redundant
equipment trains, components and flow paths may be physically lumped or simply ignored. In
either case modeling is based on physical principles. Functional simulation, in which a
specific response is pre-programmed, is typically reserved for unimportant systems with little
control or interaction with other plant systems.
In general, most plant systems that interact with the main control room are either fully or
partially simulated. In this aspect, the current trend is not very different from that of third
generation simulators. However the availability of efficient graphical development tools has
drastically reduced the cost differential between fully and partially simulated systems and
hence the general trend is to provide full simulation for virtually all systems. While some
third generation simulators did include generic malfunctions, the availability of model
development tools has facilitated the introduction of generic, component-based malfunctions
without increasing modeling effort. Component-based malfunctions allow instructors to
create virtually a limitless number of training scenarios.
In terms of the scope of operations, virtually all plant operations and postulated transients are
within scope, with the exception of pipe draining and filling outside of the NSSS. Draining
and filling of the RCS and steam generators and training at mid-loop (including LOCA's) is a
particular challenge for some two-phase models and consequently many third (and perhaps
even fourth) generation simulators do not support these operations at all or switch to vastly
simplified models or nodalizations. The simplified models have limited scope and switching
is often a source of stability problems. These operations have been the focus of increased
regulatory attention in recent years and support for them are now standard requirements in
many new simulator specifications. Simulation of severe accidents (fuel melting and beyond)
has been a requirement for some European simulators but has generated little interest in North
America. Draining, filling, mid loop operations and severe accident modeling is not required
by the ANSI/ANS 3.5 standard.
In terms of two-phase models, the de facto minimum requirement is a five-equation drift flux
model and all full scope simulator vendors offer some manner of drift flux model (though
perhaps through subcontract to other vendors). Providing detailed comparisons is difficult,
given the highly proprietary nature of these models, however it is known that they differ
widely in the use of graphics and tools, time step, computational burden, numerical scheme
and in the density of nodalization. Sensitivity to the Courant limit is a serious consideration
for some models.
There is an emerging trend towards expanding model fidelity and training possibilities by
incorporating full two-phase modeling capability in traditionally single phase systems such as
feedwater, steam systems and cooling systems. Some vendors have chosen to enhance their
traditional models, some have developed entirely new models and some have chosen simply to
extend the NSSS models into these areas. The latter method is particularly tempting from a
fidelity point of view, though it may in fact limit simulator flexibility, if the NSSS model is
not supported by graphic model development tools.
For core neutronics calculations, two-group models are the norm with typical axial
nodalizations of 8 to 16 nodes and one node per fuel assembly for PWR's or 4 nodes per
assembly for BWR's. Separation of variables is still used by some vendors to solve the
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neutron diffusion equation while others use more sophisticated finite difference approaches.
A report by the Institute for Nuclear Power Operations (Significant Operating Experience
Report (SOER) 96-02, Recommendation 6) has recently underlined the importance of cyclespecific simulator models. Thus, an important consideration is not only the model itself, but
the availability of user friendly tools that allow the end user to easily update simulator models
to reflect current fuel cycles.
Finally, while hardly a trend, it is important to mention the emergence of the six-equation best
estimate thermal-hydraulic codes originally developed for transient analysis, such as
CATHARE and RELAP5, for NSSS simulation. These codes have been modified for realtime applications and are maintained by their parent organizations. They are available from
third parties under license from the parent organizations. It is debatable if these codes add a
distinct fidelity advantage over their five-equation counterparts for training applications.
Recent comparisons of simulated transients show very similar results for some five-equation
and six-equation models [2], [3] and have pointed out that a judicious choice of nodalization
probably plays a more important role than the number of equations. At least until recently,
simulation of non-condensables at very low pressure during LOCA's and mid loop operations
are known within the user community to be problems for RELAP5 [4]. In addition, licenses
costs and computational requirements make these models considerably more expensive than
their five-equation counterparts.
2.5

Glass Simulators

We define a glass simulator as a simulator with full scope plant simulation and a graphical
user interface (GUI) instead of a replica control panels. The GUI typically consists of an
instructor station and operator workstations consisting of mimic (soft) panels, P&ED and logic
displays and other visualization aids.
The most important applications of glass simulators are as a supplement to traditional full
scope simulators and as engineering simulators. In the case of the former, the simulator
owner can significantly reduce the training time burden on his full scope simulator. In the
case of the latter, the full scope simulator owner can have a second simulator for engineering
uses at a fraction of the cost of the original simulator. The engineering simulator presupposes
high fidelity models for all plant systems. The engineering simulator can be used in
optimizing plant operations, procedure development and validation and carrying out what-if
studies. Coupled with model development tools, it can be used to quickly simulate and pretest proposed plant modifications. Of course, it can also be used as an additional training
tool.
2.6

Pre-Commissioning Delivery

This trend refers to the availability of simulator prior to plant startup or commissioning of a
major upgrade. Early plant-specific training is an important tool in safe and economic plant
operation. In this case the simulator design is based almost entirely on design data, rather
than a combination of design and operational data. High fidelity models with reasonable
predictive capability are clearly a requirement. Successful implementations require innovative
simulator development plans and schedules that take into account the plant constraints such as
construction schedule, data availability, and post-commissioning tuning as operational data
becomes available.
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2.7

Standards

The ANSI/ANS 3.5 standard [5] establishes the functional requirements for full scope nuclear
power plant simulators in the United States. ANSI/ANS 3.5 stipulates the minimum standard
for scope and performance criteria of simulated operations and malfunctions, testing and
maintenance. Simulator regulation elsewhere is determined by each country's internal
policies. However ANSFANS 3.5 has become a de facto international standard for full scope
training simulators.
The newly issued 1998 revision includes new requirements, particularly for stimulated
devices and the validation and verification tests required to demonstrate simulator operability.
The impact of these new requirements will depend on current utility practices and quality
procedures and the application of the standard by regulators. It is likely though that the
standard will place an extra burden on simulator owners in order to maintain a clear audit trail
for all aspects of simulator maintenance.
The ANSI/ANS 3.5 standard does not attempt to regulate non-full scope simulators, such as
glass simulators and engineering simulators. However it does for the first time address them,
by trying to provide guidance with respect to which sections of the standard may apply. An
IAEA technical document on selection, specification, design and use of various types of
training simulators, including glass simulators and engineering simulators, has recently been
published [6].
3.

The Krsko Full Scope Simulator (KFSS)

3.1

Simulator Hardware

KFSS will be delivered in two configurations. The full scope simulator complex will consist
of a four-processor Silicon Graphics (SGI) Origin 2000 host computer featuring the MIPS
RISC R10000 196MHz RISC chip, two RIOOOO-based SGI 02 workstations as instructor
stations, and one 02 workstation and one Pentium II PC as engineering development stations.
The control room scope includes four local emergency shutdown panels, integrated sound and
audio visual systems and a stimulated plant process computer, the Process Information System
(PIS) supplied by ABB Power Oy. The second simulator is a glass engineering simulator
consisting of an Origin 2000 host computer, an 02 instructor station and three PC's as
operator stations. The second simulator host computer also acts as a spare to the full scope
simulator. All interprocessor communication will take place via Ethernet.
3.2

ROSE Modeling Tool Set

All KFSS modeling software, with the exception of the containment process and the reactor
kinetics models, will be developed using the ROSE tool set [7]. ROSE, an acronym for Realtime Object-oriented Simulation Environment, is a visual programming environment for the
development of simulation models. ROSE is used for the entire simulator life cycle, from
model design through to testing, documentation and long-term maintenance. ROSE was first
introduced by CAE in 1991.
ROSE has specifically been designed to support desktop applications and large scale simulator
development in a work group environment. The ROSE tool set consists of editors, code
generators, a test environment and configuration management tools.
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ROSE editing tools allow users to create icons, objects and object libraries, to graphically
build models using these objects and to define testable configurations. A ROSE user creates a
simulation model by drawing a graphical representation of the system. The graphical
representation, referred to as a schematic, consists of object instances, selected from libraries
representing the applied discipline. Library objects are the lowest level building blocks used
in the design of models and are specified by an object definition. The object definition
consists of model variables, their description, dataflow and connect point definition, object
documentation and object code. Connect points specify the dataflow between objects when
they are connected. Multiple connect points with independent variable lists are supported.
The model code can be implemented using a language independent pseudo code and/or as
calls to external subroutines. The latter facilitates encapsulation of legacy or validated code
into ROSE objects.
The builder or configuration editor allows the user to graphically group schematics together
into testable configurations by extracting the desired schematics from the ROSE database. In
the test environment, referred to as Runtime, the user can graphically control the simulation,
browse between schematics, manipulate, observe and plot variables and visualize results
through object dynamics. An important feature is the ability of the user to control the
simulation through whatever soft panels are relevant to his system. The user can easily
browse back and forth between the modeling schematic and the soft panels. On the Krsko
project CAE engineers will be using runtime and soft panels to test and integrate models prior
to on-site integration with the physical simulator control room panels.
Schematics can be designed to resemble very closely the plant P&ED's and other drawings.
ROSE schematics can be displayed at the instructor station and engineering simulator
workstations. ROSE schematics are used by the instructor to insert malfunctions, local
operation actions, panel overrides and to monitor the progress of the simulation.

m

3.3

Advanced Models

The Krsko simulator will use ANTHEM [8] to simulate the two-phase thermal-hydraulics of
the NSSS and COMET to simulate the core neutronics. ANTHEM is a five-equation drift flux
model. As on other third generation CAE simulators, draining, filling and mid loop
operations are in scope and a single model is used without switching. The nodalization for
KFSS will be about 80 nodes and 100 links. COMET [9, 10] is a multi-nodal model based on
homogenization techniques. Both models are generalized, data driven models that have been
used on many previous simulators and have received wide acceptance.
What is unique about KFSS are the graphical tools associated with these models. The
ANTHEM model for KFSS will be created in ROSE using the newly developed
ANTHEM2000 code generator [11]. The ROSE environment will provide superior data
traceability, testing and visualization to the ANTHEM model. In the case of COMET, a
Windows NT GUI, referred to as CHORUS, which is used to define the model and perform
the offline cycle specific data calculations, is being provided. Both tools should greatly
enhance long term maintainability for these models.
KFSS will also include severe accident modeling. The MAAP4 code will be used to simulate
NSSS, core and containment response. CAE will rehost the MAAP4 code to the simulation
computers, integrate MAAP4 with the simulator database, executive and other modeling
modifications
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3.4

Steam Generator Replacement and Plant Uprate

The KFSS project is a good example of pre-commissioning delivery and innovative project
planning. KFSS is being developed in parallel with the other projects of the overall Krsko
Modernization program: Replacement Steam Generation (RSG) (design, manufacturing and
delivery of new steam generators), Software Services(SS) (performance of required safety
analysis and plant operation justification at higher power and Steam Generator Replacement
(SGR) (actual steam generation replacement and implementation of power uprate related
modifications). The RSG project is expected to be complete only in October 1999 while SS
project completion is scheduled for December 1999, far too close to the January 2000
deadline imposed by the Slovenian Nuclear Safety Administration (SNSA) for the availability
of plant-specific full scope simulator. Hence, initial simulator development is based on the
existing design. As detailed design data becomes available a second configuration based on
the design data for the upgrade will be created. In order to ensure a reliable benchmark,
acceptance testing will be based on the existing design. However selected tests will be
repeated using the RSG configuration and transient simulation data from a new RELAP5 input
deck prepared as part of the RSG project. Training will be based on the RSG configuration.
The project includes a post delivery update, approximately one year after simulator delivery,
to take into account actual operational data from the RSG.
4.

Future Trends

What does the future hold for power plant simulation ? What quantum leap will mark the start
of the fifth generation ? We are expect to see the following trends:
•

Computer platforms and operating systems:

We believe that the choice of UNIX vs Windows NT, and RISC vs PC-based architectures for
new fourth generation simulators is a question of the buyer's preference and cost. It is too
early to decide if Windows NT will ultimately supplant UNIX. We expect, nevertheless, that
the traditional RISC processor vendors will be forced to provide Windows NT options and
possibly INTEL-based products in order to be competitive.
•

Best Estimate Codes:

As stated earlier, the case for the use of best-estimate codes in training simulators has not
been made as yet. Nevertheless, we expect to see more applications of best estimate models to
simulators as computer costs come down. Parent organizations will provide Windows NT
versions of the real time codes.
•

Pre-commissioning delivery:

Delivery of simulators before plant commissioning is expected to become more common as
new plants are developed. Regulatory, safety and economic requirements will make this
inevitable.
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•

Intelligent control rooms:

Up until now, developers of microprocessor-controlled control room equipment, plant process
computers and automation systems have for the most part ignored the special requirements of
interfacing their equipment to simulators. This has resulted in expensive custom solutions,
difficulty maintaining concurrency with the actual plant equipment and sometimes loss of
fidelity. As these devices become more common and more complex, we expect more and
more utilities to consider simulator requirements as part of equipment selection criteria. Thus
we expect major equipment vendors will include the necessary simulator capabilities as part of
the overall design.

With over 25 years experience in the power plant simulation industry, CAE remains
committed to staying on top of emerging trends to ensure that the most innovative solutions
are available to its customers.

5.
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EU Nuclear Policy Towards Countries in Central and Eastern Europe
Linda GUNTER, Communications Officer
FORATOM

The European Union has undergone many changes over the last decade as a result of
both internal and external pressures. Two successive enlargements have raised the number of
Member States to fifteen. Two major Treaty reforms - the Single Act and the Treaty on
European Union - have radically modified the EU's institutional and political framework.
It was the 1993 Copenhagen European Ministers Council meeting which began the
discussion on enlargement of the EU by including as members the countries of Central and
Eastern Europe. The Madrid Council in December 1995 called on the European Commission
to submit a paper on enlargement, which includes a communication on the future financial
framework of the Union beyond 2000.

As a result, the European Commission produced a communication, "Agenda 2000: For
a Stronger and Wider Union", which outlines in a single framework the broad perspectives for
the development of the Union and its policies beyond the turn of the century. Agenda 2000
identifies political and economic factors as the main criteria for accession to the EU. Other
obligations of membership are associated with the adoption of the so-called "acquis
communautaire" or existing body of rules and legislation and it is under this obligation that
energy and nuclear safety criteria are found.

European Union energy policy rests on three pillars: competitiveness, security of
supply and environment. The energy legislation includes competition and state subsidies, the
internal energy market, nuclear energy, energy efficiency and environmental rules. The
development of Trans European Energy networks, support for energy R&D and the
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liberalisation of the gas market are other important elements of the Union's energy policy. In
the field of nuclear energy, the original treaty (EURATOM Treaty) has evolved into a
substantial framework of legal and political tools, including international agreements. For
example, one of these agreements is the EU-US agreement for nuclear co-operation, which
establishes a framework for trade in nuclear materials under safeguards and for scientific cooperation on nuclear projects between the parties.
The European Union believes that enlargement will benefit the energy sector by
ensuring stability of energy supplies, research and energy efficiency on a continental scale,
and therefore make a positive impact on security and peace in the region. However the
European Union also recognises that important investments will be required to ensure that all
countries conform with EU legislation. The Energy Charter Treaty which establishes an
investment framework for the energy industry in both east and western Europe is another
important part of plans to improve the situation. The energy policy of an enlarged Union will
also need to take into account increased dependency on Russian energy resources, especially
natural gas. The economic and social consequences of mine restructuring is another sensitive
issue which will no doubt influence the establishment of an internal energy market.

Nuclear energy and safety is a topic which causes many heated debates within the
European Union institutions and especially the Parliament. The treaty which covers nuclear
energy, is the Euratom Treaty. It addresses issues of health and safety, including radiation
protection, safety of nuclear installations, management of radioactive waste; investment,
including EURATOM financial instruments, promotion of research, nuclear common market,
supplies, safeguards, and international relations. A long but somewhat misleading list, as most
Member States retain the right to set their own energy policy. A fact for which we, as the
nuclear industry, are extremely grateful. However the EU legislation is helpful in funding
common research into specific areas of reactor safety and radioactive waste programmes.
FORATOM intends to support the continued enforcement of the EURATOM Treaty because
without it, to be an economically viable industry in an EU political framework, which
includes formally anti-nuclear countries like Austria and Ireland, would be difficult if not
impossible.
How is the nuclear question and enlargement seen by EU officials?
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Nuclear safety in some candidate countries cause serious concern to the EU, even
independently of enlargement. The western European nuclear industry shares these concerns
and we are actively working so that safety issues at some eastern nuclear plants are urgently
and effectively addressed. The European Union's stance is that, in co operation with accession
countries, solutions should be found to these issues in accordance with the Community
nuclear legislation. We want a "nuclear safety culture", similar to that in the West, is
established as soon as possible, irrespective of EU membership negotiations. Public opinion is
likely to be increasingly sensitive to nuclear safety as a consequence of some nuclear power
plants in candidate countries, and this could affect major EU policy developments in this area.
Our recent experience with Austrian opposition to the Mochovce nuclear plant entering
operation, which involved a public hearing in the European Parliament followed by passage
of a resolution is only one example.

What does the European Union propose?

The G7 Munich summit in 1992 recommended that closure of older generation nuclear
power plants should follow the upgrade of more recent designs. This approach is reinforced in
the Commission's categorisation of plants into upgradeable and non-upgradeable reactors.

It is recognised that long-term strategies will need to be endorsed to achieve nuclear
energy legislation, exemplified by a strong safety culture and independent regulatory bodies.
The economic, security of supply and energy independence brought about by nuclear power
will need to be balanced with the existing EU legislation. And here, many issues need to be
resolved.

Environmental legislation also influences to a certain extent the debate on nuclear
energy and more specifically radioactive waste management. Given the present environmental
problems and the need for investments in the Central and Eastern European Countries, none
of the ten candidate countries is expected to fully comply in the near future. Major differences
in environmental protection between Member States and new members would significantly
affect the development of a common European environmental policy.

A number of true tasks have to be considered
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on Energy legislation :
" No applicant has its energy legislation in line with the European Union acquis
communautaire".
on Nuclear legislation :
Internationally recognised safety standards will have to be met, with the establishment
of independent safety authorities and international conventions on waste and spent fuel
must be ratified. Decommissioning costs will also have to be met in the pricing of
electricity. Adequate waste management policies will need to be implemented.
on Environmental legislation :
The European Commission warns that the environmental dimension of the next stage
of the accession negotiations will represent the greatest challenge yet. The
Commission estimates that upwards of US$135 billion will be needed to enable East
European countries to meet EU environmental standards.
The message is clear: The task at hand are immense, complex and difficult. Neither
the European Union nor the candidate countries are ready yet to move towards the goal of
enlargement. The European Union must restructure its institutions and its finances in order to
embrace enlargement and accommodate an extra 100 million new citizens. The candidate
countries may restructure their political institutions, economy, judicial system amongst other
areas in order to adopt the rules and legislation in order to become a Member State of the
Union. The nuclear industry, both in the Union and the CEECs, has an inescapable duty to
fully participate in and assist with this process.

Co-operation and communication are the key words and actions the nuclear industry
should have as underlying principles during this time of change. The nuclear industry in the
European Union has followed European Union legislation for most of its life. Through
enlargement, the nuclear industry of the central and east European countries can become part
of the European Union nuclear industry and as such, your interests will be the same as those
of the current Member States.
FORATOM is the trade association of the European nuclear industry and is based in
Brussels with a staff of 7 people. FORATOM's members are the 12 national nuclear Fora
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from EU Members States, Switzerland and the Czech Republic. We hope that in the near
future other central and eastern countries will join our association.

The objectives of FORATOM are:
*

To organise the views of the European nuclear industry and represent them towards
European institutions such as the European Parliament and the Commission

*

To act as the voice of the nuclear industry in European debates

*

To communicate information back to its members

*

To act as an adviser to the international institutions, like the OECD/NEA and the IAEA
In this context one of the primary roles of FORATOM is to improve perceptions of the

industry in the Institutions of the European Union, especially the European Parliament and the
European Commission. A further role is to act as the voice of the industry in European policy
debates which may affect the industry. The main mechanism to accomplish these tasks is
through Working Groups. The four current working groups have representatives from a
variety of industrial sectors, who are nominated by their national Fora. These are Strategy,
Transport, Civil Liability and Quality Assurance working groups.

These working groups are formed by nominations of corporate representatives from
the national Fora. The working groups are currently covering a variety of different subjects
like the role of nuclear energy for sustainable development, the enlargement of the European
Union to include central and eastern European countries and how this may affect nuclear
safety assistance programmes, to topics within the 5th Framework Programme on Research
and Development, which is the only EU financed programme for nuclear R&D.

FORATOM publishes position papers on these issues and distributes them widely
within the Institutions of the European Union. Recent position papers include subjects like
*

the views of the nuclear industry on renewable energy sources

*

the role of nuclear energy in helping prevent greenhouse gas emissions

*

harmonisation of transportation safety standards
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*

nuclear safety cooperative programmes in CEECs regarding the TACIS and Phare
programmes
FORATOM also publishes a newsletter for Members of Parliament and officials of the

European Commission on current events in the industry, a monthly bulletin on the work of the
Secretariat, and a yearly Almanac which surveys the entire industry, and occasional Fact
Sheets and briefing notes. The trade association of the European nuclear industry also has an
internet site where information about the European industry and recent press releases can be
consulted.

Despite all activity, much more effort is necessary. FORATOM's limited resources,
mean that we can not be in contact with every Member of the European Parliament and we are
unable to issue our publications in more than three languages. FORATOM hosts dinnerdebates three times a year on a variety of subjects such as advanced technologies for nuclear
energy R&D, and nuclear safety in eastern European plants. This later event, which
FORATOM hosted last year involved a joint invitation to Members of the European
Parliament and the Council of Europe, which includes many representatives from Parliaments
of Central and Eastern European countries.

To conclude, FORATOM is working to help the institutions of the EU understand the
situation of nuclear energy in each of the candidate countries and welcomes parties to join us
in this effort.
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Twenty years of operation of WWER 440/230 Units in
Jaslovske Bohunice.
Jozef Tomek
Slovenske elektrarne a.s., 919 31 Jaslovske Bohunice
Slovak Republic
E-mail: Tomek_Jozef@ebo.seas.sk
Phone: +421 805/591 501, Fax: +421 805/591 527

ABSTRACT
It is twenty years this year since the first unit WWER 440 of Slovak Nuclear Power Plant Jaslovske
Bohunice was commissioned. There are four units WWER 440 in operation at Jaslovske Bohunice site. First
two units of older soviet PWR design V-230 (also known as V-1) and other two units of newer V-213 type (also
known as V-2). The goal of this presentation is to summarize and evaluate the operation of Unit 1 and 2 for
this period of time and mainly to describe what has been done and what is planned to be done to increase the
nuclear safety and operational reliability of both units. The operating organization and regulatory authority
assume that an internationally acceptable level of safety will be reached by accomplishing of the upgrading
programme.

1. General overview
The Slovenske elektrarne, joint stock company (SE) is the dominant electricity generator
in the Slovak Republic (SR) with a total installed generating capacity of 6,147 MW at the end
of 1997, which represents approximately 86% of the total installed capacity of power plants in
the SR [Fig.l]. In the year 1997 SE generated in their own sources 21,170 GWh, from which
51 % at nuclear, 29 % at thermal and 20 % at hydro-electric power plants. The import of
electricity represented 14% of total electricity consumption of Slovak Republic.
Figure 2 shows the power sources of SR including two NPP sites:
• four WWER 440 units in operation at Jaslovske Bohunice site. First two units of older
soviet PWR design V-230 (also known as V-1) and other two units of newer V-213 type
(also known as V-2).
• one unit in trial operation (full power reached in August 1998), one unit to be commissioned
next year and two units under construction at Mochovce site (4 units WWER 440/V213),
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1.1 Main goals of Slovenske elektrarne a.s.
Management of Slovenske elektrarne, aware of dominant position of company on
Slovak energy market, declared the main company goals, which include following targets :
® safe, ecological, reliable and economical operation of electric and heat energy
sources and power system
® ensure - in accordance with governmental program of economy development balanced consumption and production of energy (do not exceed 15 % share of
electricity import)
© increase safety of nuclear sources and keep them on an internationally acceptable
level of nuclear safety
a apply Least Cost Planning methods in development plans and design energy sources
with reasonable costs for future
« decrease long term ecological impact in according with international commitments of
SR
® intensify co-operation between UCPTE and CENTREL countries and gradually
integrate power system of EU and Slovak Republic
Among the most important power sources of SE, a.s. belong the WWER 440/230 units in
Jaslovske Bohunice. In Table 1 the information of their commissioning schedule and the total
electricity produced till 1997 is given.
Table 1
1-

*

*"

J

L

Unitl

17.12.1978

26.03.1980

Unit 2

01.04.1980

01.01.1981

.

52 335
50 348

The operation of these units has been safe and reliable since their commissioning. They
provided by now a reliable contribution to the country's power supply without any accident or
off-site impact (all reported operational events were reviewed by IAEA ASSET mission in
1990 and ranked according to the INES scale). This statement can be supported by the fact
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that since 1990, when the ASSET operational event investigating methodology was adopted
by the plant staff, no INES level 2 and above happened. Figure 3 shows the total number of
operational events at both units evaluated as INES 1 for this period of time. Site management
also adopted this parameter among its main safety and operational indicators. The target for
this year is not to exceed the value one INES level 1 event per unit which corresponds with the
decreasing tendency clearly visible on Fig. 3.

Number of INES 1 events on unit 1 and 2

V)

•£
>

Hi
JQ

1990

1991

1992

1993

1994

1995

1996

1997

year

Fig. 3 Total number of operational events evaluated as INES level 1 on unit 1 and 2.

2. Bohunice V-1 Units Nuclear Safety Upgrading
Management and staff of the Bohunice NPP were always aware of their responsibility for
the safe operation and understand the nuclear safety as a continuous process. Out of this
reasons, safety improvements and equipment modifications have been performed just since the
plant commissioning. More than 1200 minor or major modifications were implemented.
Increased effort for safety upgrading of Unit 1 and 2 started in middle 80-ties, when the first
backfitting programme, focused mainly on the RPV irradiation embrittlement decrease
(installation of shielding assemblies around the core, using of so-called low-neutron-leakage
fuel loading, measures to reduce thermal stress of the reactor pressure vessel during
operational transients, etc.) and on improvements in fire protection area, was developed and
executed.
After the political changes in former Czechoslovakia in 1989 the country opened for the
cooperation with foreign bodies. Since 1990 twenty specific safety missions reviewed the
status of the NPP both in the design and operational area. In 1990 IAEA initiated a programme
to assist the countries of central and eastern Europe in evaluating the safety of the first
generation WWER-440/230 NPP's. Major design and operational safety issues were identified
and gathered in the document TECDOC-640 ,,Ranking of safety issues for WWER-440/230
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NPP's". As a result of findings, recommendations and suggestions for further safety upgrading
programmes were adopted.
According to decision No. 5/91 issued by the regulatory authority
of former
Czechoslovakia, so called ,,Small reconstruction programme" was performed at Unit 1 and 2
between 1991 and 1993 with total investment of USD 67 million eighty-one improvements
were performed within this programme both in design and operational field and considerably
improved the safety of both units. The programme included:
• annealing of reactor pressure vessels of both units,
• validity verification of the LBB
upgrading of the equipment,

(Leak Before Break) method including the seismic

• improvement of confinement leaktightness,
• installation of fast-closing isolation valves at the steam generator steamlines,
• installation of diagnostic systems at the primary and secondary circuit equipment,
• reconstruction of the containment spray system delivery lines,
• interconnection of emergency core cooling systems of both units,
• reconstruction of pressurizer safety valves and installation of pressurizer relief valve,
• installation of emergency control room panels,
• reconstruction of the self consumption electric system including the installation of an
additional diesel generator and an accumulator battery,
• replacement of the fire signalization system, extension of the stable fire extinguisher system
and fire resistance upgrade - replacement of cables with fire-proof ones, covering of the fire
protective walls and cables with non-flammable material,
• emergency operating procedures and surveillance programmes development,
• development of level 1 probabilistic safety assessment study,
Slovak regulatory authority issued decisions No. 1/1994 and 110/1994 based on the
Safety Analysis Report elaborated in the frame of the ,,Small reconstruction programme" and
other technical sources listed below:
• Preliminary Safety Analyses Report for Gradual Reconstruction,
• "Ranking of Safety Issues for WWER 440 model V-230NPPV IAEA - TECDOC 640,
• "Bohunice V-l Major Safety Upgrading" IAEA consultant's meeting report,
• IAEA report - "A common basis on which the safety of all operating nuclear power plants
built to earlier standards can be judged",
• Report of IAEA consultant's meeting "On containment and confinement performance in
NPP^s with WWER 440/213 and 440/230",
• Report of the IAEA consultant's meeting "Major improvements for WWER 440/230
NPFs",
• PSA level 1.
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In decisions No. 1/1994 and 110/1994 requirements for further improving were
expressed and the future operation of both units was conditioned by fulfillment of prescribed
requirements. Only in case when they are met, the regulatory authority issues the license for
operation which is valid one year. Basic Engineering for major reconstruction was prepared
and so called ^Gradual reconstruction programme" started in 1996 and should by finished in
1999. The REKON consortium formed by Siemens KWU Group and the Slovak research
institute VUJE a.s. is the main supplier of this reconstruction programme with total estimated
cost of approximately USD 180 million. The Bohunice NPP intends to meat the following
targets by the realization of this programme:
a) deterministic targets:
• to cope with the newly defined maximum Design Bases Accident LOCA 2 x § 200 mm by a
conservative approach and coping with Beyond Design Bases Accident LOCA 2 x (j) 500
mm by best estimate method,
• the confinement leaktightness and accident localization systems must assure that the dose
equivalent is less then 50 mSv for the whole body and 500 mSv for the thyroid in case of
DBA and the dose equivalent is less then 250 mSv for the whole body and 1500 mSv for
the thyroid in case of BDBA in the controlled area,
to finish the seismic upgrading of all safety and safety related systems and constructions to
withstand 8°MSK-64 scale with horizontal acceleration 250 cms"2 and vertical acceleration 130
cms'2.
b) probabilistic targets:
• the failure probability of safety systems 1 0 ° / per demand or less
• the failure probability of automatic reactor trip system 10 "5 / per demand or less
• severe core damage probability (CDF) 10 "4 / reactor year or less
The V-l units safety upgrading process is carried out gradually during extended outages
and general overhauls within 1996-1999 (this is why it is called ,,Gradual Reconstruction"),
and includes, among others, the following safety improvements:
• increasing of reactor coolant system integrity,
• confinement leaktightness improvement and installation of isolation valves at the hermetic
zone boundary pipes (the improvement brought about so far is evident from Fig. 4),
Last results:
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1991

Fig. 4

1993

Confinement of the Bohunice V-1 units
leaktightness improvement
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strength improvement of the hermetic
zone structures to withstand maximum
overpressure during LOCA 2 x O 500
mm, backfitting of the accident
localisation system to cope with
accidents within the confinement,
modifications of the emergency core
cooling system including residual heat
removal in case of a seismic event and
provisions for a sufficient boric acid
concentration in the reactor coolant

system (separation to 2 x 100% ) and possibility of primary side Bleed and Feed heat
removal,
spray systems modifications (separation to 2 x 100 %),
secondary side Bleed and Feed introduction (improvements of emergency
systems and installation of the steam generators steam dump stations),

feed-water

building up the essential service water system for safety related systems,
installation of digital RTS, ESFAS, reactor power control and power limitation system,
replacement of in-core temperature and neutron flux measurements,
hydrogen detection system and hydrogen recombinators installation,
implementation of safety improvements on electrical systems - motor generators
replacement, diesel generators control and excitation system upgrading, emergency AC
power supply possibility from Hydro plant Madunice (third grid)
significant seismic upgrading of key safety equipment,
implementation of measures in the fire protection area
ventilation systems modifications and installation of new ones
Fig. 5 shows results of PSA Level 1 studies for the individual safety improvements stages
of the initial project of V-l units. After the gradual reconstruction including the
implementation of symptom-oriented emergency procedures (SOEP), the CDF calculated value
is 5,39 E-05 per reactoryear.

Initial level
•12/1991

After Small
RECO
12/1993

Basic
Upgraded BE
SOEP
Engineering
Implemented
12/1999

Fig. 5 Results of the PSA Level 1 studies of Bohunice V-1 units and
reconstruction objectives

Certain projects have a general effect on the entire Bohunice site, as evident from the
following implemented projects:
• Quality Assurance Program and Personal Training Program - in co-operation with the
Nuclear Electric Pic. and funded by the UK government
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Multifunctional simulator - development of a simulator with international co-operation
with CORYS, BELGATOM and Siemens, funded by the European Commission
Installation of a number of diagnostic systems (evaluated as a ,,Good Practice" by OS ART
96) - Fig. 6
AKOBOJE Site Security System - implemented by CEGELEC-TERMATOM .
Teledosimetric system - monitoring of the 15 km radius area around the Bohunice site
(evaluated as a ,,Good Practice" by OSART 96) - Fig. 7

Continual monitoring
Bohunice site and
surrounding area;
Stations layout:
• 5 - Bohunice site
•15 <• 6 km circle
• 4 - 1 5 km circle
: On-line data output to
Emergency Response
Center of SR NRA

Fig. 6 Diagnostic systems at the NPP Bohunice

Fig. 7 Teledosimetric system at the NPP Bohunice

3. Conclusion
I would like to stress once again that the nuclear safety is the first priority of Slovenske
elektrarne, a.s , which is expressed also in the „Nuclear and Radiation Safety Policy". We
assume that an internationally acceptable level of safety will be reached by accomplishing of
this ambitious upgrading programme. This fact enables the operating organization to get the
regulatory authority license for the operation of both units minimum till the end of the planed
lifetime, that means till the year 2005.
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ABSTRACT
Nuclear Power Plant Krsko (NEK) is producing electricity with the high level of
reliability, safety and at acceptable price for 17 years. Energy is shared between both
Slovenian and Croatian grid.
The specifics of sharing the initial investment costs, later covering the operations costs
and energy supply between Croatia and Slovenia is causing specific decision making
problems about energy cost and future investments, however not influencing the plant safety,
by now.
NEK is continuously following the international nuclear technology practices,
standards' changes and improvements and introducing them into the processes and equipment
upgrades. As the member of the most important international integrations, NEK is having the
possibility of sharing its experience with others.
Slovenian Energy Consumption and Supply Strategy is recognizing the NEK as a long
term supply of energy in Slovenia being a strong decision making base for the future.
According to the above mentioned Slovenian Energy Consumption and Supply
Strategy the plant is obliged to keep all the radioactive waste, produced during the plant life,
on site. The extensive efforts are taking place to reduce the radioactive waste production and
save the area available for temporary waste deposition.
The plant is licensed for the period of 40 years of commercial operation which started
in 1983, so the Life Time Management is getting more and more important, including the
performance tracing of the essential components, their maintenance and surveillance
programs and also replacement plans of critical equipment.
The major problems the NEK is confronted with at the moment are the Steam
Generators which are reaching their end of life, and a very limited radioactive waste storage
area. They are excerting influence on the plant availability and operations and maintenance
costs.
At the moment the process of Modernization is in progress, covering the Steam
Generators replacement and a Plant Specific Simulator supply. Those are the investments that
are driven by the strategy of the long term operation until the end of the plant's life.
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INTRODUCTION
NPP Krsko (NEK) is running its 15th fuel cycle and during the 17 years of operation
has supplied over 68 TWh of energy to the electrical power grids of Slovenia and Croatia as
the biggest energy supplier to those systems.
The latest period of operation has been recognized as a very stable. Obviously the
plant has reached operational and organizational maturity, which guarantees a reliable source
of energy also for the times coming. The initial years of operation have brought the extensive
experience and knowledge. Most of the problems from the first phase of operation have been
overcome and prerequisites for stable plant operation have been reached. The organizational
structure and work processes have developed in accordance with standards and practices used
in countries with advanced nuclear technology. It is now our duty to look for further
improvements. The plant has entered the second third of its lifetime and preparations for the
final phase of operation have to be started.
The construction of the plant began on 1 February 1975. The plant became a nuclear
facility in May 1981, when the initial core was loaded. The first criticality was achieved in
September 1981. On 2 October 1981, the generator was synchronized to the grid for the first
time. In August 1982 the plant reached the 100% power level. On 1 January 1983, the plant
started its commercial operation. The average availability factor since the start of commercial
operation is above 81%, while the load factor is above 77%. The cumulative forced outage
rate is only 1.6%.
The specifics of sharing the initial investment costs, later covering the operational
costs, and sharing the energy produced between Slovenia and Croatia is causing specific
decision making problems about ownership, energy cost, business decisions and future
investments, but has however not been influencing the plant safety by now.
Slovenian Energy Consumption and Supply Strategy, recognizing the NEK as a longterm source of energy in Slovenia, has been a strong decision making base for the plant's
future. It requires that prerequisites to Krsko shutdown be adopted at least 10 years in
advance.
PRIORITY TO SAFETY
NPP Krsko's policy is that all individuals concerned shall constantly be alert to
opportunities to reduce risks to the lowest practicable level and to achieve excellence in plant
safety. One of the most important objectives is to protect individuals, society and the
environment by establishing and maintaining in the nuclear power plant an effective defense
mechanisms against radiological hazard. Accident prevention is the primary safety priority of
NPP Krsko. It is achieved through the use of reliable structures, components, and systems,
well-defined processes supported by procedures and plant personnel committed to a strong
safety culture.
In order to justify the current levels of safety of the plant by comparing it with current
safety standards and practices and to confirm that the plant is at least as safe as originally
intended, we performed systematic compliance review with United States regulatory
requirements issued since 1975. As a result of the compliance review more than 80% of
overall items evaluated have been resolved and additional 10% is under implementation.
During plant operations no. event with a significant off-site or on-site impact has
occurred. According to the International Nuclear Event Scale (levels from 0 to 7) NPP Krsko
has never experienced events above level 1. This means that sufficient defense in depth to
deal with additional failures has remained and the plant remains fully safe.
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A nuclear safety overview is achieved through the functioning of various committees
and departments such as Krsko Operating Committee, Krsko Safety Committee, Independent
Safety Engineering Group and Radiation and Environmental Protection Committee.

PERFORMANCE INDICATORS
In order to enhance positive competition and comparability with other operating units
in the world, NPP Krsko is using a standard set of World Association of Nuclear Operators
(WANO) performance indicators and, in addition to those, some established internally to give
a better quantitative overview of the plant performance.
The WANO performance indicators are intended principally for plant management to
enable it to better trend performance and progress, to set challenging goals for improvement,
to gain additional perspective on performance relative to other plants, and to provide an
indication of the potential need to adjust priorities and resources to achieve improved overall
plant performance.
Operating results and performance indicators achieved confirm that the plant is
producing electricity with a high level of reliability, safety and at an acceptable price, in
accordance with nuclear regulations and positive industry practices. In 1997 we exceeded the
WANO goal which is set for each indicator by six out often WANO performance indicators:
unit capability factor, unplanned capability loss factor, unplanned auto scrams per 7000 hours
critical, collective radiation exposure, safety system performance (high pressure safety system
performance, auxiliary feedwater system performance, emergency AC power system
performance), and chemistry index.
Conservatively estimated dose burden received by a member of the reference (critical)
population group as the result of NEK emission is less than 1% of the annual dose received on
average from natural and artificial sources by a member of the general public in normal
environment.

EXPERIENCE EXCHANGE
NEK is continuously following the international nuclear technology practices,
standards changes and improvements, and introducing them into processes and equipment
upgrades. As a member of the most important international integrations, NEK has enjoyed the
possibility of sharing its experience with others (World Association of Nuclear Operators WANO, Institute of Nuclear Power Operations - INPO, International Atomic Energy Agency
- IAEA, Nuclear Operations Maintenance Information Service - NOMIS, Nuclear
Maintenance Experience Exchange - NUMEX, Electric Power Research Institute - EPRI,
Westinghouse Owners Group - WOG, etc.).
Voluntary activities and good practices related to safety are achieved by international
missions (IAEA Assessment of Safety Significant Events Team - ASSET, IAEA Operational
Safety Review Team - OSART, WANO Peer Review, International Commission for
Independent Safety Analysis - ICISA) and operating experience exchange programs through
international organizations.
Those missions are promoting the highest levels of excellence in nuclear power plant
operation, maintenance and support. Following each mission a written report of strengths and
areas of improvement noted by the visiting team is provided to the management staff in order
to help define further safety goal improvement.
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PROCESSES
All the activities going on in the plant are defined through processes, which integrate
different organizational units with the main goal to support a safe and reliable plant operation.
The most important one, running well, is the operation process. It is the most
developed process, historically carefully conducted, upgraded and supported by training with
much of experience exchange information. Nowadays, during the long periods of stable
operation, it is getting more and more important but also very hard to keep the operators in
good condition, and ready to act in delicate situations requiring proper decisions and
responses in a short time. It will become possible by the introduction of a specific plant
simulator, a replica of an existing control room. That will be the tool which will help the
operators train how to act, communicate and use the procedures in different normal and
offnormal situations, plant operating evolutions and transients.
The maintenance process was improved in previous years with clear goals to be
reached in the near future. Well-organized maintenance with high quality performance,
experience and attention to details resulted in reliable operation with high plant availability.
Great efforts are devoted to good component condition and area cleanliness positively
affecting the professional attitude of all the personnel performing the activities in the plant.
Shortening of outages to less then 35 days has been possible by performing a part of
maintenance and other activities on-line, during plant operation. Even shorter outages can be
achieved after the Steam Generators replacement, when tube inspections and corrective
actions will be significantly shorter.
The modification process is continuously, step by step, implementing improvements in
plant technological processes and systems, introducing new industry practices into NEK.
Better solutions coming also from in-house experience are additionally improving the plant
safety and reliability.
The procurement process is getting more and more challenging because of changes in
the market and the disappearance of the initial and qualified vendors for plant components
and spare parts.
Significant improvement was made with the erection of the new warehouse building
and the transfer of spare parts and materials from the old one. Thereby some very important
achievements were obtained. Every moved item was checked by users from maintenance,
which provided an opportunity to discard inadequate pieces. New software for the warehouse
status control has been developed giving a better overview of the warehouse stocks.
Conditions for keeping sensitive items and chemicals have been established and storage area
conditions and layout of the shelves have been generally improved, which makes the daily
activities more accurate and easy.
The operating experience program has been in effect for five years, and was recently
very extensively promoted and supported by international organizations.
The plant goal for operating experience is to effectively and efficiently use lessons
learned from industry and plant operating experience to improve station safety and reliability.
Learning and applying lessons from operating experience is,an integral part of plant culture
and is encouraged by managers throughout the organization. Through the operating
experience process an in-depth analysis of nuclear operating experience is provided, which
allows applying lessons learned in the industry for NPP Krsko's benefit as regards nuclear
safety and reliability improvement.
In response to licensing Amendment issued by Slovenian Nuclear regulatory body in
1991, NPP Krsko performed a Probabilistic Safety Analysis (PSA) study. The PSA study
contains Internal Initiating Events Level 1 and Level 2, Seismic Level 1 and Level 2, Internal
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Fire Level 1 and Level 2, PSA for internal flooding and other external events as well as PSA
for shutdown modes based on the EPRI Outage Risk Assessment and Management (ORAM)
methodology. ORAM is being effectively applied as a decision making tool to help evaluate
equipment outages both at shutdown and during power operation (on-line maintenance). The
deterministic portion of ORAM is used to model the NPP Krsko Shutdown Technical
Specification and administrative considerations. The probabilistic portion of ORAM uses
industry and NEK specific initiating events and other risk elements pertaining to shutdown to
derive a quantitative risk assessment for various end states, including core damage and RCS
boiling.

PROBLEMS
The status between the original founders of NPP Krsko has not been finally defined,
which has a negative influence on the public acceptance of the plant and on employee feelings
at a time when the plant is operating very well and stably. It is expected that an agreement
between all the parties involved must be reached in the near future to support safe and reliable
plant operation.
The major technical problems NEK is confronted with at the moment are the Steam
Generators reaching their end of life, and a very limited radioactive waste storage area. They
are influencing the plant availability and operations and maintenance costs.
Steam generators replacement planned for the year 2000 is going to solve some highly
important issues affecting long term operation. Maintenance costs will be significantly
reduced, availability of the plant will be higher because of shorter outages, plant output will
be increased, collective doses of the workers will be reduced, and the probability of tube leak
will be minimized.
According to the above mentioned Slovenian Energy Consumption and Supply
Strategy, the plant is obliged to keep all the radioactive waste produced during the plant life
on site. Extensive efforts are being made to reduce radioactive waste production and save the
area available for temporary deposition of low and intermediate level waste. An action plan is
being prepared to increase employee awareness of the waste storage area problem. The plant
is looking for work practices that lead to waste reduction. Waste processing technology is also
being improved by the construction of In Drum Drying System that is significantly reducing
the volume of evaporator concentrate waste and spent resins. Also the existing waste
processing equipment is being improved. All of this, in conjunction with campaigns for
reduction of already existing waste, is expected to enable plant operation with the same
capacity of the waste storage area.
The Spent Fuel Capacity is sufficient (operation at full power) up to year 2002.
Activities have already started to increase the capacity of the Spent Fuel Pool to get enough
area for spent fuel storage for the plant lifetime.

PUBLIC RELATIONS
NPP Krsko has established a public information program to build up confidence
between the public and those involved in nuclear power generation. We set up permanent
exhibition in visitor center in Krsko. In addition we organize tours of the NPP for particular
groups. Our nuclear professionals introduce approximately 4500 visitors per year (65% of
them are school children and students) to nuclear activities and specifics. In the local
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community we are presented by a cable TV channel with essential nuclear power plant data
such as radiological effluents, status in radioactive waste storage, thermal pollution data, etc.
By all those activities we build up high confidence and acceptance in the public.
FUTURE PLANS AND GOALS
At the moment a process of Modernization is in progress, covering Steam Generators
replacement and a Plant Specific Simulator delivery. Those are investments driven by the
strategy of long-term operation until the end of the plant's life.
The plant is licensed for the period of 40 years of commercial operation, so the Life
Time Management is getting more and more important, including performance tracking of the
essential components, their maintenance and surveillance programs and also replacement
plans for critical equipment.
Another issue is the knowledge conservation or its transfer from experienced workers
to new ones, supporting the fluctuation of the plant staff and making the processes less
vulnerable to the retirement of the personnel. This is accomplished through the development
of programs for different areas of plant activities, and writing implementation procedures for
all plant processes. Additionally, training for the entire key personnel affecting the plant
operation has to be improved in the near future.
CONCLUSIONS
The plant is operating in a safe and reliable way, and is ready to deliver energy until
the end of projected life.
Modernization is necessary and it is additionally improving long term and profitable
plant operation.
It is expected that an agreement between the original founders of NPP Krsko must be
reached in the near future to support safe and reliable plant operation.
With the plans and goals established, NPP Krsko is ready to operate in accordance
with the highest technology standards at least until the year 2023.
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ABSTRACT
Two units of WER 1000 type of the Czech nuclear power plant Temelin, which are under construction
are being upgraded with the latest digital instrumentation and control system delivered by WEC. To
confirm that the functional design of the new Reactor Control and Limitation System, Turbine Control
System and Plant Control System are in compliance with the Czech customer requirements and that
these requirements are compatible with NPP Temelin upgraded technology, the verification of the control
systems has been performed. The method of transient analysis has been applied. Some details of the
NPP Temelin Reactor Control and Limitation System verification are presented.

1. INTRODUCTION
There are four pressurised water reactors of the VVER 440 type under operation and two
pressurised water reactors of the VVER 1000 type under construction in the Czech Republic at
present. Nuclear generated electricity represents about 20% of total production and this share
will grow up to 40% after two 1000 MW units of Temelin NPP start to operate.
Construction of the NPP Temelin VVER 1000 units has continued with the upgrading of the
original design. The Temelin upgrading program includes the modernisation of all parts of the
NPP, which could negatively influence the future license issue. The following innovations have
been implemented:
• Modernisation and upgrading of the instrumentation and control systems including the
reactor protection system and engineering safeguard features,
• Fuel replacement and modification of the reactor core,
• New diagnostic system,
• Innovations of some components and subsystems of the primary and the secondary
systems,
• Design and construction of a full scope simulator,
• The improvement of safety documentation.
The US company Westinghouse Electric Corporation (WEC) was selected for the delivery of
the instrumentation and control system, primary side diagnostic system and nuclear fuel.
The instrumentation and control system upgrade includes:
• Primary Reactor Protection System (PRPS) and Diverse Protection System (DPS),
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•
•
•
•
•
•

Reactor Control and Limitation System (RCLS),
Plant Control System (PCS) and Turbine Control System (TCS),
Post Accident Monitoring System (PAMS),
Incore Instrumentation System (IIS),
. Unit Information System (UIS),
Main Control Room (MCR), Emergency Control Room (ECR) and Technical Support Center
(TSC).
The WEC Eagle Family microprocessor based system is applied for the safety related systems
(PRPS, RCLS, PAMS) and for the systems that are non-safety related (PCS, TCS, IIS, UIS,
MCR, ECR, TSC) the Westinghouse Distributed Processing Family microprocessor based
system is used. All instrumentation and control systems are interconnected by a network of
communication data interface highways WESTNET II, WESTNET III .
The detailed requirements on the functional design of the RCLS, TCS and PCS have been
specified by the Czech specialists. To confirm that these functional requirements are
compatible with existing plant systems, components and technology and that RCLS, TCS and
PCS are in compliance with customer requirements, the Czech experts apply the method of
dynamic simulation and transient analysis.
Using both full scale simulator and the dynamic plant model of EGP the specialists of the CEZ,
SKODA and EGP companies have evaluated the performance of RCLS, TCS and PCS during
the normal operation and anticipated transients. A brief outline of the Temelin control system
philosophy and functional design and some details of its verification follows, next.

2. REACTOR CONTROL AND LIMITATION SYSTEM
Reactor Control and Limitation System is a high integrity system that must automatically
maintain key process variables within a normal operating region well below the safety limits.
The RCLS consists of three major functional parts with the following priorities:
• the limitation functions (Limitation System),
• the coordination functions (Control Coordinator),
• the reactor control functions (Reactor Control System which includes main safety related
control systems and subsystems).
Limitation System (LS)
The main objectives of the LS are the enhancement of defense in depth and the prevention of
protection system actuation in the event of a series of upsets specified by Czech customer.
The LS directs the action of the Reactor Control System in response to a specified set of plant
component failures or electrical grid upsets. This response is characterised by one or more of
the following actuations:
• Actuation ,,b"- the LS logic blocks automatic or manual withdrawal of the control rods,
• Actuation ,,a"- the LS logic actuates a control rod bank insertion at the maximum controlled
speed,
• Actuation ,,c"- the LS logic actuates a full trip of one bank of control rods,
• Actuation ,,d"- the LS logic actuates a full trip of several banks of control rods (in the early
operation period the full trip of all control banks is assumed)
All Limitation System actuations override manual rod control.
The LS contains more than sixty limitation functions and each of them is specified by logical
algorithms. Many of LS functions resulting in actuation ,,a", "c", ,,d" are interlocked, so that they
are active only above a specified reactor power. The remaining LS functions requiring control

3(56

Nuclear Energy in Central Europe '98

rod insertion do not require reactor power interlock and remain active until initiating condition
clears.
Detailed functional requirements (logical algorithms) for the Temelin limitation system as well as
the list of anticipated upsets were specified by the Czech customer. Recently all LS functions
have been simulated by the Czech analysts and compatibility with plant technology has been
analysed.
Control Coordinator (CC)
The Control Coordinator represents a quite new approach in the NPP control philosophy and
therefore it will bee discussed in more details.
The CC provides system management and coordination. It identifies the requirements of the
various systems and subsystems and links the systems together to obtain appropriate
operation of the plant from shutdown conditions to full power. It generates signals that modify
operation of plant systems in response to the plant conditions and to the requirements of the
electrical grid.
The CC manages the reactor and turbine control modes and provides interfaces between the
Reactor Control System, Steam Dump Control System and the Turbine Control System. It
initiates the transition between system statuses as required during transients and for the start
up and shut down.
There are 6 possible reactor modes and 6 possible turbine modes, as follows:
Reactor modes:
• Manual control on control rod position RUR
• Automatic control on reactor power NR
• Automatic control on main steam collector pressure PR
• Automatic control on primary coolant average temperature TR
• Limitation system (automatic and manual control is not possible)
• Reactor trip (reactor trip breakers open, rod control is not possible)
Turbine modes:
• Manual control RUT
• Automatic control on turbine power NT
• Automatic control on main steam collector pressure PT
• Automatic control on turbine speed ST
• Fast Valve Control RRV
• Island operating mode OST
Each control mode combination in conjunction with other plant operating conditions defines a
unique system status. The transition allowed between the system statuses are defined in the
transition matrix. Using the system status transition matrix, the Control Coordinator is able to
provide systems management in the events of the change of plant operating conditions,
operator input and in the event of the actuation of the LS. The LS actuations ,,a", ,,c", ,,d" will
block the selection of all reactor power control modes until the reactor power level has been
reduced to a defined safe power level.
The Control Coordinator is the central location for three main unit set point controllers and unit
power set point calculations. These include:
• Main Steam Collector Pressure Set Point Controller which provides the main steam collector
pressure reference set point used by the Reactor Control System, Turbine Control System,
and Steam Dump Control system,
• Reactor Power Set Point Controller which provides reactor power reference set point used
by the Reactor Control System,
• Primary Coolant Temperature Set Point Controller which provides the primary coolant
temperature reference set point used by the Reactor Control System.
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The turbine power reference set point is calculated in the TCS but the Control Coordinator
provides interfaces to the Turbine Power Set Point Controller in the TCS.
There are still some additional functions performed by the Control Coordinator.
• Management of the remote dispatching interface in the TCS, while the turbine is in mode NT.
The remote dispatching interface allows a dispatcher to change the target load reference
and to coordinate the operation of NPP Temelin with other production facilities on the
electrical grid.
• Management of the cooldown mode control. This mode is designed for unit operation
between hot standby and cold shutdown to set up the proper operating modes in the Steam
Dump System.
Although the Control Coordinator acts as direct interface only between Reactor Power Control
System, Turbine Control System and Steam Dump System, in consequence of its actions the
operation of other control systems and subsystems is affected.
RCLS Control Functions.
The RCLS control functions are performed by the following control systems:
• Reactor Power and Rod Speed Control System.
• Pressurizer Pressure and Water Level Control System.
• Feedwater Control System (Steam Generator Water Level Control, Feedwater Pump Speed
demand Control)..
• Auxiliary Feedwater Control System
• Steam Dump Control System.
• Feedwater Tank Pressure and Water Level Control System.
• Condenser Hotwell Level Control System
Implementation of the control systems listed above is accomplished using the WEC Eagle
Family microprocessor based system. This system is manufactured from the high quality
hardware modules that are housed in cabinets designed to withstand seismic events and to
reject interference from outside noise sources. But if any functional deficiency is identified
during or after control system installation on the Temelin site, it will be difficult to carry out any
corrections and changes. Therefore substantial verification of all arts of the RCLS before its
installation is very important.
3. REACTOR CONTROL AND LIMITATION SYSTEM VERIFICATION:
The program for Temelin Control and Instrumentation System verification was prepared by the
specialists of SKODA , CEZ and EGP two years ago. The main objectives of this program
have been:
• To confirm that functional requirements on RCLS, TCS and PCS defined by the Czech
customer are compatible with NPP Temelin technology.
• To confirm with a high degree of confidence that RCLS, TCS and PCS functional design are
in compliance with Czech customer requirements.
• To obtain evidence that the new main control systems can control the Temelin power unit
with acceptable performan'ce for all specified normal operating conditions and events.
• To identify deficiencies and required changes, if necessary.
The method of transient analysis has been selected for the verification. Two analytical tools
have been used:
• Full scale plant simulator
• The detailed dynamic model designed by the Temelin general designer EGP
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Both computer codes contain complete technology (all systems of the primary and secondary
sides of the Temelin NPP and full scale of the RCLS, TCS and PCS in compliance with WEC
documentation for the Temelin Unit 1.) They can cover the full scope of normal and anticipated
transients for which the RCLS is designed.
The verification program has been divided into two stages. During the first stage the testing of
the individual (separated) control systems without respecting interfaces between main control
systems have been carried out. The second stage of the verification program has been
concentrated on the RCLS and TCS full verification. The verification of the Control Coordinator
in cooperation with Limitation System and reactor and turbine control systems has been
performed by transient analysis.
The following events have been analysed:
• Loss of one reactor coolant pump at reactor powers: 100% Nnom (LS(a+c) actuation), 88%
Nnom (LSa actuation) and 68% NnOm (without LS actuation- stabilisation only by means of
control system)
• Simultaneous loss of two opposing reactor coolant pumps at reactor powers: 100% NnOm
(LS(a+e) actuation), 72% Nnom (LSa actuation), and 50% Nhom (without LS actuation)
• Simultaneous loss of two adjacent reactor coolant pumps at reactor powers: 100% Nnom
(LS{a+e) actuation), 72% Nnom (LSa actuation), and 40% Nnom (without LS actuation)
• Step load changes and full load rejections
• Reactor trip
• turbine or generator trip without reactor trip from the powers: 100% NnOm (LS(a+c)
actuation), 73%Nnom (LSa actuation), and 38% Nnom (without LS actuation)
• Loss of a 400kV transformer from the same power levels as turbine trip
• Loss of one turbine driven feedwater pump at reactor powers: 100% Nnom (LS(a+c)
actuation) and 73% Nnom (LSa actuation)
• Loss of both operating turbine driven feedwater pumps at reactor powers: 100% Nnom (LSd
actuation) and 38% Nnom (LSa actuation)
• Loss of one circulating water pump at reactor full power (LSa actuation )
• Loss, of both operating circulating water pumps at reactor powers: 100% Nnom (LSd
actuation), and 38% Nnom(LSa actuation)
• Loss of one or two operating condensate pumps (without stand-by) at turbine full power
(LSa actuation)
• Loss of all three operating condensate pumps (without stand-by) at turbine full power (LSd
actuation) and at 38% of full power (LSa actuation)
• Loss of low pressure feedwater heaters. The LSa initiated by the loss of feedwater heater
reduces reactor power to such a level that a required feedwater flow corresponds to the
available condensate flow. Ten different scenarios related to the loss of feedwater heaters
or the heater bypass line have been simulated and functional algorithm and system logic
have been confirmed.
• Loss of high pressure feedwater heaters- changes in feedwater temperature
• Island Mode event and Fast valving event
• Evaluation of performance of the control system during remotely dispatched control and load
regulation and during power unit shut down to cold conditions and power unit heatup
Partial evaluation of protection system actuation has been performed. The following events
have been analysed:
• coolant pipe breaks (different size of break)
• main steam line breaks and main feedwater line breaks
• steam generator tube rupture (one and more tubes)
For illustration, some results of transients caused by two of the above listed plant anticipated
incidents are presented.
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A. Loss of the two adjacent main coolant pumps at full reactor power.
The design of the plant is such that plant operation is allowed to continue with up to two main
coolant pumps idle. A simple trip of 1 or 2 main coolant pump must not, therefore, cause the
reactor to trip when the RCLS operates as designed. The promptly initiated LS must bring the
plant to power condition maintainable for a long period of time, if needed.
The test started from the initial steady state at nominal reactor power and pressure in the main
steam collector of 6.2 MPa. The trip of two coolant pumps caused LS actuation (c+a).
Maximum allowed reactor power of 4 1 % was established as the reactor power setpoint. The
major calculated parameters of the primary and secondary system are provided in Figures 1 to
8. Dynamic behaviour of the plant in response to the limitation actuation has been analysed.
The Limitation System, Control Coordinator and all reactor and turbine control, systems
actuated properly. Non of the plant parameters resulted in a reactor trip.
B. Loss of one of the two operating turbine- driven feedwater pumps at full reactor power
Two turbine- driven feedwater pumps are designed for NPP full power operation. One feed
water pump was manually tripped. The LS received neutron flux information from PRPS and
status information indicated that the feedwater pump is out of service. This status information is
generated in the Plant Control System. The Control Coordinator analysed the information and
initiated actuation LS (c+a) which caused a rapid reactor power reduction to 50%. This quickly
reduced the demand on feedwater flow to avoid potential reactor trip. The major plant
parameters are illustrated in Figures 9 to 16.
Upon tripping one of the main feed water pumps the total feedwater flow to steam generators
decreased instantaneously. The steam generator pressure increased and SG level decreased
rapidly mainly due to the decrease in feedwater flow rate and level collapse caused by
pressure increase. The SG level decrease initiated the start up of one of the auxiliary feed
water pumps. The Feedwater Control System restored the water level to the nominal water
level in 10 minutes.
The turbine- generator power decreased simultaneously with the reactor power, but at the
beginning of the transient the rate of decrease of generator power was less than that of reactor
power. This difference was primarily the consequence of the large energy content stored in the
Moisture Separator and Reheaters, which are located between the high and low pressure
turbines. .

4. CONCLUSION
The NPP Temelin control system is being upgraded with the new digital technology delivered
by WEC. To confirm that the functional design of the RCLS, TCS and PCS is in compliance
with the Czech customer requirements and that these requirements are compatible with NPP
Temelin upgraded technology, the verification of the control system has been performed. The
method of transient analysis has been applied. The evaluation has not yet been completed, but
the preliminary results of analyses demonstrate that the new control system can ensure
acceptable operation of the Temelin units in normal operating conditions as well as during
anticipated transients.
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(at Full Reactor Power)

1000

1,2 •

Wide-Range- SG 1, 2
£

-Nuclear Power
—- Nuclear Power
(Demanded)
Turbine Power

0,8 •[

Wide-Range- SG3.4

3•
'
\ '
)

Narrow-Range- SG 1, 2
>

•750

rrr.

Narrow-Ranae SG 3, 4

22 •

1

• 500

0,6 •

0,4 • "

•250

1 •

0,2 ••
0

•

¥
250

200

400

800

600

750

500
Tirre[s]
Figure 5

1000

Time [S]
Figure 1

1000

1.0E-02

„

Main Steam Collector
Pressure
M ain Steam Collector
Pressure (Oemanded)
•—-"— Feedwater Pressure

5.0E-03 •

y -200

S.

•1.

w

....-"\.

T 7

O

-Total Reactivity

rx

-5.0E-03 •

100

-Control Rod Position (Group 10)
•1.0E-02
200

400

600

800

§

0
1000

400

1000

600
TJmefs]
Figure 6

Timefs]
Figure 2

5 0 •>

Steam Flow RatefromTurbineto the 1
Feed Water Tank
Steam Flow Rate from the Main Steam
Collector to the Feed Water Tank
----- -Steam Flow Rate to tneTurbinef-}

1
0,8
0,6
0.4

-Pressurizer Pressure

• £ • •

•- Pressurizer Water Level

0,2

"Pressurizer Water Levef (Derranded)

200

400
Time[s]
Figure 3

600

800

200

1000

400

600
Timefs]
Figure 7

800

230
Feed Water Tank Temperature
Feed Water Tank Pressure

l-

Reactor
—~~-Loop 1, 2
-

Loop 3,4
150

400

600
Tims [s]
Fig ure 4

central Europe y

200

400

600

800

1000

Time [s]
Figure 8

371

Loss of one Turbine- driven Feedwater Pump
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NPP KRSKO FULL SCOPE SIMULATOR MODELLING
Bruno Glaser, Bozidar Krajnc, Joze Spiler, Martin Novsak
NPP Krsko Engineering Services Division
Krsko, Slovenia
bruno.glaser@ne-krsko.si, bozidar.krajnc@ne-krsko.si, joze.spiler@ne-krsko.si, martin.novsak@ne-krsko.si

ABSTRACT - The paper describes the purpose and modeling approach of the
Krsko Full Scope Simulator. The main architecture of the simulator and basic theory
of applications for thermohydraulic calculations within Rose™ environment gives an
idea how the simulation is accomplished. The example of Service Water System
model demonstrates the simplicity and user-friendly use of Rose™ tools that have
been used to develop majority of the models. Fine tuning of the models based on NEK
specific data gives realistic, plant specific response in normal, abnormal, accidental
and severe accidental operation. NEK participation is significant in a way to acquire
knowledge for development, support and later maintenance of the simulator.
1. INTRODUCTION

NPP Krsko (NEK) will, as a part of the Modernization plan, obtain also Krsko Full Scope
Simulator (KFSS). Contract has been awarded to CAE Electronics for the design,
construction and integration.
NEK requested a state of the art plant specific simulator, which will represent exact copy
of NEK systems. NEK requested involvement in the phase of simulator development,
integration and testing to acquire knowledge about the tools and models.
CAE has developed ROSE™, the Real-time Object-oriented Software Environment.
ROSE™ is a state of the art, object-oriented, graphical/icon-based suite of tools.
ROSE™ allows a user to describe a system by drawing schematics using components
located in object libraries. Application specific code generators create software models
based on the schematics. The models generated can be tested and the schematics can be
edited iteratively during development.
Typical NEK systems consists of different parts: hydraulic, I&C and electrical part. All
this parts are modeled within ROSE™ as separate portions, which can be developed and
tested separately and optionally integrated. The final result is integrated system with full
functionality, which can be cross-connected, and integrated into bigger system at the end
into the whole plant model.
This paper is focused on presentation of Essential Service Water (ESW) System model.
The main aspects that will be presented are the state of the art user friendly modeling
approach and simplicity of maintenance and later modifications.
In the paper we will present detail models of different hydraulic, electric and I&C portions
of NEK systems as well as possibilities for later plant modifications upgrades and features
that are accessed to the models.
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.2. SIMULATOR DESCRIPTION AND SYSTEM MODELING

The simulator consists of five hardware elements,
1) The simulated control room will be a full scale replica of the Nuclear Power Plant Krsko
control room. All control panels, cabinets, consoles, tables, and devices located in the
control room will be exactly duplicated in appearance, feel and apparent function. All
instrumentation and controls located on the front, back and selected inside surfaces of the
panels will be provided with identical appearance and operation.
2) The remote shutdown panels room will house three remote shutdown panels and reactor
trip switchgear panel. The panel will in appearance and operation duplicate the operation
of the remote shutdown panels.
3) The simulator instructor station provides for the instructor to operate the simulator and
set up, control, and monitor the training session. The Instructor Station will consist of a
separate console, which houses all necessary equipment. The instructor remote control will
be a wireless "hand-held device" which will allow the instructor to enter selected control
commands from anywhere within the simulator complex.
4) The computer complex consists of a state-of-the-art real time digital processor with
appropriate capacities and peripherals and the software necessary to simulate the physical
plant processes, including control and support software, and
5) The Process Information System a stand alone replica of the NPP Krsko process
information system will be provided. Simulator PIS will be stimulated by input signals
from simulator models.
PLANT SYSTEMS SIMULATION

The systems simulated will be modeled with all necessary components, piping,
instrumentation and controls fully dynamic to enable appropriate interface among all
directly and indirectly connected systems. The systems will adequately respond to the
status of connected systems including state of applicable parameters like temperature,
flow, pressure, moisture content, time, inventory (level, mass, concentration...) with all
associated interlocks and arming signals, control and protective functions. Instrumentation
output shall provide accurate replication of control and protection logic, and indications
and alarms available to the operator in main control room and on remote shutdown panels
hardware. All parameters (indications, positions, etc) which are available on PIS, will be
simulated. The following high fidelity performance criteria will be used:
(a) Models of the simulated systems will be based on first principles: conservation of
mass, momentum and energy.
(b) Models will be designed based on NEK specific data. All relevant system components
(valves, pumps, tanks, heat exchangers, etc.) will be modeled as individual entities.
(c) Dynamic characteristics of the systems will be reproduced by the incorporation of the
actual dynamic characteristics of pumps, motors and valves as provided from the
reference plant station data. The reference plant steady-state thermal-hydraulic data
(heat balances, flows, pressures) are used to derive system parameters (piping
resistances, heat transfer coefficients, valve admittance's).
(d) All the systems models will be extensively tested using CAE testing utilities. The tests
will be performed against reference data, whereve'r available, and calibration of
important parameters will be fine-tuned accordingly. Tests will be performed on
individual modules (programs) and on integrated modules comprising entire systems.
The testing utilities will include all the functions necessary to perform the required
operations within the same environment as the simulator. Particular attention will be
given to the critical parameters to ensure they conform to the specified tolerances.
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SYSTEM MODELING

To simulate Reactor Coolant System two type of simulation tools are used. First primary
core is simulated by COMET. This is a real-time program to calculate time dependent
neutron diffusion equations, using concepts of equivalence theory to enable finite
differences as the discretization to deal with large, multi assembly size clusters.
Second, for RCS thermohydraulic simulation ANTHEM is used. This is a five-equation
non-equilibrium, non-homogeneous drift flux model based on the following equations:
• liquid mass conservation
• vapour (steam + n-c) mass conservation
• non-condensable mass fraction conservation
• liquid energy conservation
• vapour (steam + n-c) energy conservation
• mixture (liquid + vapour) momentum conservation
These equations are solved every time step. Other transport equations are used for the
transport of boron, impurities, radioactive species and non-condensables.
To simulate hydraulic network within ROSE™ environment admittance method is used.
The bases for this approach are described in the following section.
ADMITTANCE MATRIX

In admittance methods, the hydraulic network is solved by applying a linearization of the
steady state solution of the conservation of momentum equation to the conservation of
mass equation. By applying conservation of mass at each control volume within a network,
a set of linearized equations with pressures as unknowns is derived. This matrix is then
explicitly solved by the standard Cholesky LU method for linear systems.
The implicit assumption in the admittance method is that the transient response of the
conservation of momentum equation within the node is rapid with time constants much
smaller than the iteration time, and that the dominant transient response is determined by
the transient response of the flow elements, the capacitance of the control volumes
themselves, and the transient response of the external pressure and flow sources acting as
forcing functions. In the following section the derivation of the generalized form of the
matrix will be performed.
Consider the following control volume j shown in Figure 1:
• Flows Wy (i e Nl, i * j) are inflows to j from
control volume I, whose pressure is unknown.
• Flows WJk (k € N2, k * j) are outflows from j
to control volume k, whose pressure is
unknown.
• Flow JF B!/ (meMl)is an unknown flow from
a known source pressure Pm to j . Pm is a
pressure calculated outside the network of
interest.
• Flow Wjn (n e M2) is an unknown flow to a
Figure 1: Typical Control Volume
known source pressure Pm from volume j .
• Flow Wsj(s e SI) is a known flow source from
stoj.
• Flow Wj, (t e S2) is a known flow source from
j tot.
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By applying conservation of mass at this node we obtain:
dM

IX + I X + I X -1 w * - IX» - 2X =
v-i

v-i

v-i

x-i

meMl

x-i

keNl

neM2

t-i

Eq. [1]

leS2

where:
Wab = mass flow rate from volume a to b
Mj = volume j mass
pj = volume j density
Vj = node j volume

isN

meM

SGS

^**

Eq. [2]

where:
N = N\ u N2
M = M\ KJM2
S = S\yj S2

The prime indicates the value of the pressure at j from the previous iteration and dt is the
iteration time step.
Writing equation [2] in matrix form:
__ A

••

- A J

PX

Eq. [3]
— A

— A
"ii

A

~AjJ

s,

The general steps to calculate an admittance matrix solution of a hydraulic network are as
follows:
1. Calculate the admittance using admittance equations for all links within the network
including those links connected to known pressure sources.
2. Set up the off-diagonal elements of the matrix Ay.
3. Set up the diagonal elements Ajj.
4. Set up the source vectors for each node Sj.
5. Solve the matrix for the node pressures Pj.
6. Determine the flows Wij.
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ADMITTANCE EQUATIONS

Having reviewed the admittance matrix solution, the actual admittance equations used in
the hydraulic process simulation are given below, for the various types of fluids, which are
simulated.
The Single Phase
equation is as follows:

The Compressible
equation is as follows:

Two Phase
Admittance Equation:

A=

JPr-P2+Pel
where:
A=link admittance
c=Iink conductivity
Pi=upstream pressure
P2=downstream pressure
Pei=pressure rise (decrease) across link
(normally due to an elevation change)

Usage: liquid phase,
homogeneous hydraulic
systems (i.e., water, oil).

where:
A=link admittance
c=link conductivity
Pi=upstream pressure
^downstream pressure
3
ei=pressure rise (decrease) across link
(normally due to an elevation change)
D=average nodal density

where:
A=link admittance
c=link conductivity
Pi=upstream pressure
P2=downstream pressure

Usage: Homogeneous
gases (i.e., air, H2, N2).

Usage: Homogeneous
mixture (steam and water)

3. EXAMPLE OF SW SYSTEM MODEL
PROCESS SCHEMATIC

The basis for process modeling represents
drawing and tuning of the system as described
in the following steps.
1. Nodalization of the process schematics.
2. Determination of nodal steady state
pressures and flows using plant specific
data and documentation (eg. flow diagrams,
PIS data)
3. Device
(eg. pumps, valves, heat
exchangers) parameter tuning using plant
specific
device
manuals, measured
parameters etc.
4. Conductivity tuning of pipes between nodes
using rose Calibrator or "paper and pencil"
approach using appropriate formula.
5. Testing: localy, comprising optional
number of nodes and/or other objects
(setting surrounding nodes capacity to very
large values). Overall, after localy testing
whole system behaviour must be tested.
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Figure 3: Typical ROSE™ Hydraulics Process Diagram
Figure 3 shows typical schematics created by ROSE™. The ESW system is considered as
a single-phase thermodynamic system. Development and simulation are performed with
objects from NEK specific library. These libraries were developed especially for NEK
simulator and base on NEK specific data and device features. Using this plant specific
library schematic represents similar system layout as on original D-3 02-251 flow diagram.
Interconnections to other systems are made via external nodes (Fnodes) and connections
to analog/binary or relay logic diagrams are made using interconnections (Offcons).
Tuning can be performed in developing phase or simulation mode through the info matrix
where all variables are accessed. A special tool called calibrator is used to tune certain
parameters with calculation of predetermined input variables (example: pipe conductivity
can be tuned using calibrator, where downstream and upstream pressure, flow and other
needed parameters are entered to calculate conductivity, pump curve can be entered as an
array of flow vs. head etc.). During simulation all input parameters can be online changed
and monitored to see the impact of them to the entire model or using them to re-tune the
system. To tune the systems NEK specific data is used (isometric drawings, device
manuals, process diagrams, calibration lists etc.). Very important step in tuning and/or
verifying transient responses as well as steady state operation is NEK process information
system (PIS) data. This will play significant part during testing the simulator. In the
following example a relay logic diagram is presented.
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Figure 4: Example of Relay Logic Diagram (B-208-...)
Figure 4 shows typical relay logic diagram (analogy to the B-208... NEK diagrams). Using
NEK specific library objects are connected together forming relay-logic circuit to operate
ESW pump. Power supply bus bar is supplied from hierhically higher power supplies
through indexing (integer number index is true when voltage is presented and false if
voltage is absent). That approach is used for loads lower than 50HP for all others they are
electrically simulated (connection to the voltage circuit, calculating nodal voltage, phase
angle, losses... performing nodal voltage analysis). Connection to the MCB hardware
devices (pump control switch, alarm, indication lamps...) are made by special hardware
objects. Connections to hydraulic part and interconnection to other systems are made with
Offcon connectors. ROSE™ environment allows user friendly testing with all kinds of
features.
Object oriented modeling represents simple and useful approach, which allows user to
change model in very short time. This is very useful for later plant modifications. Let
suppose that a pump is replaced in a system. The amount of work needed to perform this
modification is only to retune parameters of new pump and test model to assure proper
stable and realistic behavior. Such changes are very simple and relatively fast and can be
performed by NEK simulator specialists. Time needed to perform such minor changes can
be estimated in hours.

Nuclear Energy in Central Europe '98

379

SIMULATION IN REAL TIME

Figure 5, Simulation in real time (Autograph)
The example on Figure 5 represents Autograph display during real time simulation
transient. The example was recorded during clogging ESW supply pump A line and after
that, automatic start of the B ESW pump occurred. This tool allows user to define any one
variable from any object info matrix and display it on the graph. The other useful property
is dynamic Rose™ display, which changes colors dependent on different flow/temperature
conditions and displays typical values at nodes, switches, meters or info matrices.
4. CONCLUSION

The KFSS models based on ROSE represents high quality accurate coded programs
running in real time. The application is very user friendly and allows one to incorporate
plant specific equipment data or detail system features. Interface between different systems
and subsystems allows user to develop, test and integrate optional parts together as well as
to integrate smaller systems into complex bigger ones.
Using such tools simulator can be developed in a very short time with small probability of
errors to occur. Low time consuming represents also short factory acceptance tests and
deficiency abolishment. Tuning and later maintenance is thus simple, fast and fairly
reduces costs.
5. REFERENCES
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Abstract
The article presents the approach to nuclear licensing in Slovenia. The paper describes, the
initialization, internal authorization and review process in the Krsko NPP. The overall process
includes preparation, internal independent evaluation, the Krsko Operating Committee and the
Krsko Safety Committee review and internal approval.
In addition, the continuation of the licensing process is discussed which includes independent
evaluation by an authorized institution and a regulatory body approval process. This regulatory
body approval process includes official hearing of the licensee, communication with the
licensee, and final issuance of a license amendment.
The internal evaluation, which follows the methodology of US NRC (defined in 10 CFR 50.59
and NUMARC 125) is described. This concept is partially implemented in domestic legisltion.
1.0

Introduction

Slovenian utility operates only one nuclear power plant that is the Krsko NPP. The plant
costruction was started in seventies and commissioned in early eighties. The basic licensing
document is the Safety Analysis Report (SAR) which has 17 chapters. Those plant
modifictions (design and procedure changes or test and experiments) which have implications
on the SAR are subject to a safety evaluation. The level and extent of the safety evaluation
depends on safety implications which should be assessed at the very beginning of the process.
Responsibility for all initiatives related to the SAR changes and safety assessment are primarily
on the licensee side which is in accordance with the premise that the licensee has the prime
responsibility for nuclear safety.
By definition the SAR contains information which is important for the plant safety.
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Having that in mind, SAR has a role also as an information source during the licensing process.
Therefore, it is natural that the SAR represents a starting point of safety assessment of any
change or plant modernization program during the licensing process. This paper concentrates
on the licensing and regulatory review of the SAR of the Krsko NPP.
2.0

Legislation Framework for Safety Analysis Report and other licensing
documents

At present the Slovenian regulatory system is mainly based on laws and regulations issued in
the past by the former Yugoslavia and maintained in force in the Republic of Slovenia
following its independence. With regard to the licensing of the NPP design modifications and
consequently the SAR changes, the following laws and regulations are applicable:
1.

Act on Radiation Protection and the Safe Use of Nuclear Energy (Off. Gaz. SFRY,
62/84)
The law requires Preliminary SAR for construction permit and final SAR for operating
permit. The law provides general statements on the safe operation of the plant. More
specifically it states that national regulations and technical standards may be applied
and, when not available, regulations and technical standards of the country of origin
can be applied, subject to the approval of a regulatory organization.

2.

Regulation on Safety Analysis Reports (Off. Gaz. SFRY, 68/88)
This regulation provides detailed statements that the SAR is the basic licensing
document for nuclear installation with respect to nuclear safety. The SAR shall be
supplemented during the plant life with data and analyses on all changes, which were
done at a nuclear plant. This regulation establishes 3 categories of changes to the SAR.
The first category requires a notification to the SNSA after the completion of
modifications. The second category requires a notification to the SNSA before
implementation. The third category requires an approval by the SNSA before
implementation.

3.

Regulation on Siting and Construction and Operation of Nuclear Facilities (Off. Gaz.
SFRY, 52/88)
This regulation requires that licensee monitors and analyzes the level of nuclear safety,
whereby he must take into account the experience of other nuclear facilities and new
technological developments. This regulation establishes, beside others, that for
Technical Specification (TS) changes a third part independent evaluation, performed by
organizations authorized by the SNSA, is mandatory. The arrangements to perform
this independent evaluation are implicitly under the responsibility of the licensee.

4.

Act on Administrative Procedures (Off. Gaz. SFRY, 47/86)
This regulation establishes the general licensing procedure adopted in Slovenia and also
establishes the procedure to manage appeals of the licensee against the Regulatory
body.
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3.0

Krsko NPP Internal Process for Licensing

The internal licensing process is divided into several steps:
a Preparation of Proposed Change (plant modification, Safety Analysis Report (SAR)
Change, Technical Specifications Change)
a

Safety Evaluation Screening preparation and internal independent review

a

Safety Evaluation preparation and internal independent review

a

Krsko Operating Committee Review

a

Krsko Safety Committee Review

a Approval of Engineering and Nuclear Oversight Director
a

Licensing package preparation

After the package is sent to the licensing and analysis department, and independent review of
Safety Evaluation Screening and Safety Evaluation is done, the package is sent to the Krsko
Operating Committee. After positive review of KOC the package is sent to the Krsko Safety
Committee. If the package fulfilled all necessary requirements, the Director of Engineering
and Nuclear Oversight internally approves the package.
Since there are no criteria for categorisation of plant changes, the Krsko NPP implemented the 10
CFR 50.59 rule. For that purpose, the new procedure ESP-2.303, AUTHORIZATION OF
CHANGES, TESTS AND EXPERIMENTS (10 CFR 50.59 REVIEWS) was developed. The
adoption of that rule in the specific case of the SAR changes is shown on the flow chart (Figure 1.)
in the Safety Evaluation Screening and the Safety Evaluation preparation step.
The current practice is: if an unreviewed safety question appears, the whole external licensing
process starts; if there are no unreviewed safety questions, the regulatory body is informed about
the modification or other activities which involve the SAR change, and the SAR Change Package is
sent to the Regulatory Body (SNSA) for review before the SAR change is implemented. The
Regulatory Body may by its discretion request licensing process even if there is no unreviewed
safety question.
4.0

Licensing Process and Practice

At present more detailed requirements for the licensee on the management of the SAR changes
and plant modifications (i.e. criteria to categorize them, content of application document,
independent review, documents updating etc.) are not established neither in regulations nor in
the operating licence. Therefore, on the basis of the legal framework mentioned above, the
NPP Krsko follows the criteria established in the regulation (i.e. 10 CFR 50.59) of the vendor
country (USA) and notifies all design modifications to the SNSA.
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Technical specifications determine that the plant is obliged to submit the report on planned
modifications, tests and experiments on the plant 45 days prior issuing a licence by the SNSA.
The NPP Krsko submits to the SNSA for approval every change of the plant Technical
Specifications. The plant is obliged to submit also the report, independent expert opinion about
the change, written by Technical Support Organization (TSO). TSO's have to be authorized by
the SNSA. Therefore, the SNSA approval process is thus supported by independent third party
assessment.
TSO's have developed QA procedures for the area of expertise for which they are authorized.
Joint (SNSA and NPP Krsko) QA audits are carried out on approximately two year period
basis.
As mentioned before the Krsko NPP provides to the SNSA all safety evaluations of plant
changes which have impact on SAR. On the request NPP Krsko submits to the SNSA the
safety evaluation screening of plant changes which have no impact on SAR, based on the
screening results. The Krsko Operating Committee and the Krsko Safety Committee approve
the safety evaluation change before it is sent to the SNSA for approval.
The formal administrative procedures (according to the Act on Administrative Procedure) are
obeyed in the following cases:
• major modifications,
a when safety assessment shows the elements of unreviewed safety question,
a changes in the organization structure (organizational chart, definition of responsibilities,
communication lines, etc),
a technical specification changes,
a changes of important programmes and procedures (such as ISI Programme, Fire
Protection Programme, Radiation Monitoring Programme, etc.) which are defined in the
SAR, but are not a part of the SAR.
Typical submittal documentation of the SAR change for approval should involve: proposed
SAR change, licensee's safety assessment report, licensee's safety analysis or safety analysis
justification report (if necessary), technical/working report packages, and the TSO report positive independent expert opinion about the change. During the process of regulatory
review, safety evaluation and decision making at least one hearing takes place where both
sides, the plant representatives and the SNSA representatives, consider and discuss open
issues. The process concludes with the SNSA's formal decision on the changes of the SAR and
other licensing conditions.
At the end of licensing process, the SNSA issues the Licensing Amendment.
5.0

SAR Regulatory Review Concept

The SAR regulatory review for operating plant is carried out as a part of the licensing process
which is related mainly to the following typical situations:
•
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SAR changes due to plant design or procedure changes,
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a

SAR existing content evaluation due to gained new knowledge based on experience or
research,
a SAR existing content evaluation due to changes in the plant which are not explicitly
described in the SAR but may have impact on nuclear safety.
From the above it is clear that the regulatory review of the SAR is connected to the licensing
process, but sometimes it could be part of the relicensing safety assessment and analysis due to
some change or due to some new information which may have impact on plant safety as
described in the SAR.
The review of the SAR and associated supporting documents requires from the regulatory
body the competence of integrated approach of the safety assessment review.
The main objectives of adopting such safety assessment are:
a
a
•
•

to maintain an up-to-date view of the overall safety of the plant,
to promote a balanced implementation of the "defense in depth" principle,
to assure the correct exploitation of interfaces (i.e. among plant systems during different
plant conditions, among different competencies during the design and review process),
to assign priority to safety issues, assessment and inspection activities, etc.

Table 1. shows some most important assessment elements of licensing process and the SAR
review, organized on a hierarchical manner. Not all levels and details are described.
Furthermore, all elements are not always applicable. Therefore the table should be understood
as an indicative guidance.
Beside the integrating competence for licensing and SAR review other competence is also
important especially in the areas of safety analysis and evaluation such as: neutron and thermal
hydraulic analysis, structural and mechanical analysis, PRA analysis, power supply and I&C
evaluation, severe accident analysis, etc.
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Table 1.; Safety assessment framework during licensing and SAR review

- to maintain an up-to-date view of the
overall safety of the plant,
- to promote a balanced implementation of
the "defense in depth" principle,
- to assure the correct exploitation of
interfaces,
- to prioritize safety issues, assessment and
inspection activities.

Identification and evaluation of applicable
rules and standards,

Plant design basis evaluation,

- evaluation of plant design basis and its compliance
with safety objectives and design limits in different
plant conditions,
- verification of correct liaison between safety
objectives, general design criteria and design
requirements at system and components level,
- evaluation of the integrated plant response to normal
and abnormal events,
- evaluation of correct exploitation of technical
interfaces among different competencies during review
process
First level regulations and standards

- inherently questioning attitude,
- top bottom thinking approach,
- r&luctance to get lost in not relevant
details,
- prone to catch priorities,
- proactive character,
- prominent attitude to synthesis,

Second level regulation

- USNRC regulatory guides,
- ANS/ANSI standards
- IEEE criteria, etc.

Third level rules

- ASME code,
- NFPA codes, etc.

Definition of plant safety objectives,

- radioprotection criteria,
- risk criteria in different levels,

Identification of plant reference conditions and design
limits,

- definition of four conditions and internal
events grouping into defined plant
conditions,
- functional requirements for each plant
conditions,
- dose limits for each plant conditions,
- safety limits for each plant conditions,
- design codes and standards for SSC-s
- internal events (main basis is RG 1.70)
- external events (natural and man made
events),
- area events,
- reactor subcriticality,
- core cooling,
- heat sink,
- integrity of pressure boundary,
- inventory,
- containment,
- Safety classification and quality groups,
- Seismic classification,
- QA classification,
- Design load combination,
- Redundancy, independency, separation,
diversity and qualification requirements,
- Protection against area events,
- safety function assigned to the system,
- applicable regulations to the system
design,
- system and components classification
- netronic and thermal hydraulic analysis,
- PRA analysis,
- Instrumentation and control,
- mechanical and structural analysis,
- radiological consequence evaluations,

Identification and classification of design basis events,

Identification of safety functions,

Design requirements for plant structures, systems and
components,

ill
Design basis compliance assessment

System analysis and interfaces evaluation

Transient and accident analysis review:
- transient and analysis objectives,
- analysis methodology,
- adequacy of adopted assumptions
Identification of major safety issues

Major interfaces in the safety assessment
process
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- national laws and regulations,
- USA regulations,
- selected international rules and guides
(IAEA), etc.

Information sources:
- analysis of operating experience,
-results of systematic evaluations programs,
- inspection findings,
• PRA analysis
• power supply and I&C evaluation
• neutronic and thermal hydraulic analysis,
• SSC structural analysis,
- radiological consequence evaluation,
• reactor safety research,
- Inspection
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Figure 1. shows the flow chart of entire licensing process.
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6.0

Conclusion

The review of licensing documents and the review of associated safety evaluations and analyses
represent the key part of licensing process. It is important to develop the adequate competence
at both levels, integrated safety assessment and specific areas of safety analyses. Technical
support organizations could provide the capabilities in areas of safety analyses
For the correct regulatory management of plant modifications and S AR reviews it is necessary
to establish more precise regulation on requirements to the licensee and to develop internal
written procedures related to the assessment of the documentation presented by the licensee.
To assure a high quality and effective process, the experience shows that it is worth respecting
as much as possible the following premises of safety culture:
a
a
a
a
a

open communication channel at different levels between licensee and regulator,
early involvement of regulator in open issue resolution process including the presence of
regulatory representatives on routine in-plant meetings related to the matter in question,
follow the rules of reporting with slight tendency of "over-reporting",
maintain good documentation,
discuss reports and resolve open issues early.

7.0
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START - Glass Model of PWR
Jure Marn, Matjaz Ramsak
University of Maribor
Faculty of Mechanical Engineering
Smetanova 17
2000 Maribor
Abstract
Recognizing the importance of nuclear engineering in the area of process engineering the
University of Maribor, Faculty of Mechanical Engineering has invested in procuring and
erecting glass model of pressurized water reactor. This paper deals with description of the
model, its capabilities, and plans for its use within nuclear engineering community of
Slovenia.
The model, made primarily of glass, serves three purposes:
(a) educational:
(b) professional development;
(c) research.
As an example, medium break loss of coolant accident is presented in the paper.
Temperatures within primary and secondary side, and pressure on primary side of reactor
coolant system are followed. The characteristic points are emphasized, and commented.
Introduction
The experimental apparatus described in this contribution was obtained by University of
Maribor as a donation from Paul Scherrer Institute of Switzerland where it operated under
name of GLAMOUR (see Hudina and Skerget, 1994, Muelli, 1985).
The paper first discusses geometrical characteristics of the setup. Then it moves to possible
uses of the setup with an emphasis on its research capabilities. It concludes with description
of three sets of results obtained during test runs simulating medium loss of coolant accidents.
Geometrical characteristics
Figure 1 shows the schematics of experimental setup used to simulate the transients in PWR.
It is made primarily of glass, with maximum allowable pressure of 1.5 bar(g) and 35 kW of
nominal power. It consists of
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(a) primary circuit with the following components:
- reactor vessel containing heating elements connected to transformer;
- hot and cold leg,
- steam generator comprised of U tubes,
- primary pump,
- pressurizer containing spray and heater;
(b) secondary circuit comprising the following components:
- condenser,
- system for secondary water;
(c) auxiliary components such as:
- system of regulation and control,
- water treatment system,
- vacuum and spray pump,
- data acquisition system.
Figures 2 through 5 show most important parts of the experimental setup.
Possible uses
There are three main areas in which the experiment can be used, as follows:
(a) educational:
Faculty of mechanical engineering teaches future mechanical engineers, among them those
who will be specializing in process engineering among which issues of nuclear engineering
are of particular interest. Within the scope of their education they need to be subjected to
experimental as well as general simulations to deepen their understanding of the processes
encoutered in real world applications.
START offers various issues which can be both measured and discussed. Among those the
issues connected to two phase flow such as flashing, instability, flow regimes, inception of
boiling are significant, and easily visible in the experimental apparatus.
In addition, START features state of the art data acquisition system through the control panel
which permits simultaneous observation of data values on the control panel as well as on
attached computer display via applicable software. The students can learn how to use these
features and modify them for their needs and purposes.

(b) professional development:
While there is no doubt of how the operators of nuclear facilities perform their tasks using
established routines it is also interesting to subject their actions to immediate feedback of the
system. In addition, certain responses of the system such as seal loop clearance can be seen as
well as behavior of system for control of pressure (pressurizer spray and heaters).
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(c) research:
The research which is going to be performed on the experimental apparatus in mainly
twofold: curiosity driven, and research for computer program validation and verification.
The curiosity driven research consists of scaling experiments needed for various answers to
behaviour of primary and secondary loop during midloop operation such as during refueling.
The main problem of the experimental apparatus is in pressure limitation which is
significantly different from actual pressure in the PWR. To succesfully overcome this
problem either the fluids with appropriate critical pressure ratio should be employed (which is
not feasible), or accident sequence portraying actual accident conditions at low (i.e.
atmosphere) pressure is foreseen.
The validation and verification program consists of following and developing the
methodology well established in other types of mechanical engineering, e.g. for compressible
flows as depicted in available literature (see Aechliman and Oberkampf, 1998). This
methodology adapted for use in nuclear energy can then be used to sucesfully answer, or
attempt to answer the questions arising from verification and validation efforts.

Medium break loss of coolant accident simulation
To show possible uses of the system, and its drawbacks, medium LOCA was simulated. In the
beginning the system is stabilized at operating temperature and pressure. The secondary side
is slightly below ambient pressure (-0.3 bar (g)), and primary side around 0.55 bar (g). At
time = 0 the break in cold leg is opened. As soon as the level in the pressurizer drops below
preset value the power is reduced to approximately 30% of nominal power. While the target
value is 7% (to simulate the decay heat) significant consideration is given to heat losses of
uninsulated glass model compared to very well insulated reactor coolant system of PWR.
Also, no safety system (e.g. emergency core cooling) engages in order to faster achieve the
core uncovery.
Three sets of experiments were performed, see Figs. 6 through 8. Temperature of pressurizer,
cold leg, and steam generator, pressure in primary and secondary systems, and reactor power
are plotted as a function of time.
The temperatures of pressurizer varies significantly, depending on its status. First, the
temperature is higher than in the cold leg, which is understandable and predicatble. Following
the initiation of the accident, the temperature drops until it reaches the saturation conditions in
the primary system, to drop below the value due to high cooling of the pressurizer vessel in
the experimental setup.
In all three cases significant drop in reactor coolant system pressure is seen, followed by
coasting toward the steady state, ended by core uncovery. After the liquid level falls bellow
cold leg rupture level, and after some boil-off period (approximately 900 seconds after the
initiation of the accident) the seal loop clears which is indicated by sharp rise in pressurizer
pressure as the pressures in the code leg off-sets the pressure difference in hot leg. After that
the accident progresses untill the pressure starts to rise again.
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The power is not uniformly distributed in time which is due to control of the transformer by
pulses. The integral of power peaks, however, can be assumed to be essentially constant.

Conclusions
This paper deals with overview of capabilities and plans for use of existing experimental
facility START at University of Maribor. First, the experimental facility is discussed from the
geometrical characteristics point of view. Then, the foreseen uses are described, and briefly
commented. Lastly, three test runs of medium loss of coolant accident are presented, and
briefly discussed.
To conclude, the experimental facility is believed to offer a lot of possiblities to nuclear
engineering in Slovenia, and it should be used as much as possible. Its research capabilities
are limited due to its glass composition, but the transparency on the other hand gives
tremendous educational and professional opportunities.
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Figure 1. The schematics of START (from Muelli, 1985).

Figure 2. The START.
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Figure 3. The pressurizer.
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Figure 4. The control panel and data acquisition system.
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Figure 5. The detail of the cold leg break.
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Andrej Stritar, Radko Istenic
"Jozef Stefan " Institute
Nuclear Training Centre
Jamova 39
Ljubljana, Slovenia
andrej. stritar@ijs. si

Abstract
In the Nuclear Training centre in Ljubljana we are polling our visitors on a
yearly basis. The visitors are elementary and high school students. They are
polled before they listen to the lecture and visit the permanent exhibition. This
year we can observe some improved attitude towards nuclear energy. This
could be influence of the absence of open attacks against the nuclear power
plant Krsko in the media in last two years.

Introduction
Nuclear Training Centre Milan Copic at the Jozef Stefan Institute in Ljubljana is
performing extensive public information activities. All the elementary and high schools in
Slovenia are invited to visit our permanent exhibition and attend the lecture about the
nuclear energy or radioactive waste disposal. We receive about 7000 visitors per year.
Most of them are from the 7th and 8th grade of elementary school, age 14 to 15.
Every year in the spring we ask several hundred of visitors the same set of questions about
their knowledge and opinion about nuclear energy. They are polled before they listen to the
lecture or visit the exhibition. In that way we are trying to obtain their opinion based on the
knowledge they obtain in everyday life.
Result of the 1998 Poll
In the following graphs we will present the results of the poll, that was performed in the
spring 1998. Results are compared with the similar polls in the previous years.
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Demography
In the spring 1998 1409 visitors were polled. Most groups were from the high schools,
while the others were from 7th and 8th grades of elementary schools. This year there were
more girls than boys:
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Questions about the nuclear energy

With this set of questions we are trying to evaluate understanding and opinion about the
nuclear energy. They were defined already some years ago, when there was substantially
stronger anti-nuclear movement in our country. Therefore some of them are becoming
obsolete and will have to be reformulated in the future.
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From the answers to the question What are the reasons for the use of nuclear energy?
we can conclude that more work should be done on education about the environmental
harmlessness of this kind of energy production. There was one answer allowed.
From the answers to the similar question about the reasons against the use of nuclear
energy we can see that the disposal of the waste is loosing on importance, while radiation
from NPPs is still considered important problem. There was one answer allowed.
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Next question was What will be stored in the low-level radioactive waste repository? It
is obvious from the answers that there is considerable misunderstanding of facts present.
There were several answers possible.
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The last question in this group is the one that is becoming most obsolete. In the beginning
of nineties there was serious threat from green government to shut down NPP Krsko in
next 5 years. Since there is no such threat anymore, the question is becoming irrelevant.
However, there is an impressive increase of people that support the operation of NPP
Krsko until the end of its planned lifetime.
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Questions about the environment and personal values
With these three questions we are trying to determine what is the relationship of the person
towards the general environmental issues.
From the answer to the question What is most harmful to the environment? we can see,
how media are influencing perception about importance of environmental problems.
Several years ago everybody was talking about ozone holes, so this problem has attracted
more concerns. Today ozone holes are not discussed so much anymore in the media,
therefore they have lost on importance among the polled population. Similar development
can be observed also for the other issues. There were 3 answers allowed.
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The answers to the question How should place where you live look like? were strait: by
far most of people would like to live in the nice, turistically interesting place, which is
quite understandable.
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Finally, we are asking every year our visitors about their acceptance to live close to some
industrial or otherwise disturbing facility. This year it is encouraging, that for the first time
more people are afraid to live close to an operating nuclear power plant than close to the
radioactive waste repository. Maybe it is the influence of our permanent information about
the low environmental impact of the passive repository.
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Conclusions

Comparison of the results with previous years shows improving public acceptance of
nuclear energy in Slovenia. The following conclusions can be obtained:
"

Cleanliness of nuclear power is not well understood and should be stressed in
information activities
• Radioactive waste is loosing on importance as the major negative aspect of nuclear
energy
" About one third of population still believes, that the radioactive ash from thermal
power plants will be stored in the low level waste repository
• Percentage of people believing that NPP Krsko should operate until the end of its
lifetime has increased from 66 to 84%. Absence of major anti-campaigns and better
understanding is evident.
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These results are one of the main indicators how are we going to improve our information
activities in the coming season.
Relatively favourable public acceptance can change over night. Therefore a permanent
information activity is essential.
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Radiation Protection Courses in the Milan Copic Nuclear Training
Centre
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Abstract
We have briefly described the legal framework for the radiation protection
training in Slovenia. The history of that activity at the Milan Copic Nuclear
Training Centre in Ljubljana is than described with the detailed description and
summary of all performed courses.

Introduction
The beginning of the radiation protection education and training in the Milan Copic Nuclear
Training Centre has been connected with courses on nuclear technology organised for Krsko
NPP and supporting organisations. These courses, organised for more than two decades,
include radiation protection as one of the principal subjects requested for licensing by
Regulatory Authority. Training in the field of radiation protection is also basic requirement
for other persons permitted to work in Controlled Area of Krsko NPP. The scope and the
approach to the radiation protection were therefore adjusted to the Authority demands and
combined with other subjects on nuclear technology thus presenting a part strongly connected
with the rest of the course. The organisation of the nuclear technology courses was originally
result of co-operation of different Departments of "Jozef Stefan" Institute, but since 1989 the
courses are performed on regular basis in the Milan Copic Nuclear Training Centre.
Four years ago we decided to expand our activities in the field of radiation protection training
and education to other workers with occupational exposure to ionising radiation and also to
others concerned with public exposure. Apart from nuclear technology the field of
occupational exposures covers various practices in medicine, research, industry and even
some activities in tourist organisations. Activities in some public services and emergency
organisations are also qualified as practice with occasional or potential exposure to ionising
radiation. The main characteristic of all these practices is diversity and variety regarding
sources, exposure pathways and doses. Therefore it was necessary to develop and implement
different courses for different groups within the framework of current legislation. We coped
with this challenge involving radiation protection experts from our Institute and also from
other research, professional and educational organisations. With their help, we have managed
to implement courses for well-defined groups of professional workers and also to develop a
number of custom-made courses for groups with specific demands.
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Legal framework
In 1981 "Jozef Stefan" Institute was authorised by Ministry of Health for different activities
related to radiation protection and safety of radiation sources. This authorisation also included
education and training in the field of radiation protection. At that time also the Regulations
(Ref. 1) related to this field were approved. All these steps were done in support of initial
operation of Krsko NPP.
Regulations divided occupationally exposed workers to the nuclear and non-nuclear group
with radiation protection professionals as a special third group that requires extensive training
in this field. Short Syllabus (with addendum for nuclear workers) has been given and minimal
duration of the course for each group has been defined. The shortest required courses (4
hours) are for occasionally exposed workers in non-nuclear organisations, and the longest
required course (200 hours) is for radiation protection workers in nuclear power plant.
Different courses and their duration are presented on Fig. 1.
Required Course Duration According to 1981 Regulations

Radiation protection in Ni

|

Radiation protection in other nuclear obje
Radiation protection in all other organisatu
Regularly exposed workers in NPP
Occasionally exposed workers in NPP
Medical/veterinary workers with university'
Medical/veterinary workers w/o university
Medical/veterinary workers occasionally exposed
Nondestructive exam, in industry - no radiography
Radiography and other sources
Miners in uranium mi ne
Other workers exposed occasionuly
Oh

50 h

—r—
100 h

150h

200 h

Figure 1

These Regulations have also established requirement of periodical verification of radiation
protection knowledge based on two years period for radiation protection workers and five
years period for all others.
Apart from these Regulations, there was additional requirement for nuclear workers imposed
by Slovenian Nuclear Safety Administration. According to this requirement INPO
recommendations related to training of nuclear workers should be followed.
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In 1984 and in 1987 all aspects of radiation protection were legally covered when the federal
Law for Protection Against Ionising Radiation (Ref. 2) and related Regulations (also related
to training - Ref. 3) were approved.
This Law and related Regulations are still in force, as well as Regulations from 1981. With
time it became obvious that these Regulations were outgrown. Therefore the Ministry of
Health appointed the special Commission in 1994. The assignment of this Commission was to
review current status and propose update for training in the field of radiation protection. The
Commission found the status in the field of nuclear training satisfactory and issued
recommendations for radiation protection training of non-nuclear workers only. These
recommendations should become part of new radiation protection legislation that is currently
being developed.
The Commission recommended that the course should consist of two parts: first part should
be fundamental and general and the second part should be specialised for different groups.
The duration of general and special part of a course should be 10 hours each, i.e. the course
should consist of 20 hours of lecturing and practical exercises and should be concluded with
the written exam. Course approach should be adjusted to participants with secondary school
or academic education. The Commission also presented Programme for general part and for
five special parts aimed at five different target groups of participants: those working with
unsealed sources, therapeutical sources, industrial sources, for miners and radiologists.
Although not yet obligatory, these recommendations serve us as a framework for our courses.
We use them also as a starting point for other courses, organised for people not working
professionally with sources of ionising radiation. Their occupational exposure is connected
with higher concentration of natural radioactivity or it is potential exposure for those
participating in possible emergency response to nuclear accidents. There is no mandatory
programme for these groups so we have created our own with approval from competent
authority. These custom-made courses are therefore recognised to be in harmony with our
legislation.
Nuclear Technology Courses
Since 1975 there have been 25 Nuclear Technology Courses in "Jozef Stefan" Institute. At the
beginning these courses were oriented toward introduction of technology and knowledge
indispensable for construction of Krsko NPP, but later they evolved into introductory courses
of nuclear technology for licensed personnel and technical staff. Course programmes were
compiled according to international recommendations with obligatory inclusion of radiation
protection training and education.
In mid-eighties two forms of Nuclear Technology Courses were developed together with the
Training department of NPP Krsko. The more extensive one is intended as introductory
course for potential licensed personnel and for members of engineering staff. The duration of
this course is 30-35 weeks with very demanding and condensed schedule with regular weekly
examination. Practical exercises and site visits are also part of the course. This form of the
course retained the name Nuclear Technology Course.
The shorter, less extensive course is now called Basic Nuclear Technology Course. The
duration of this course is approximately 10 weeks and is intended for technical staff of Krsko
NPP and also for others who need an overview of nuclear technology. This course is slightly
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less demanding for participants than the longer one, but not less condensed and also with
regular weekly examination, practical exercises and site visits.
The extent of radiation protection and relevant contents is very similar for Nuclear
Technology and Basic Nuclear Technology Course. In both cases it is well above the level
required by the legislation. On Fig. 2 the comparison between legally required number of
hours, radiation protection with related contents number of hours and course duration is given
for both courses.
Up to now there were 21 Basic Nuclear Technology Courses and 7 Nuclear Technology
Courses (one is in progress now) with 309 and 113 participants respectively. On Fig. 3, Fig. 4
and Fig. 5 the number of courses, the number of course participants and participant-weeks are
presented on annual basis.
Duration of Nuclear Technology Courses
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Number of Participants per Year
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Figure 5

Being basically highly sophisticated training in a special field, these courses also demand
highly specialised teachers with experience and practice in the field of the nuclear technology.
On average, 8.8 teachers are involved in Basic Nuclear Technology Course and 12.4 teachers
in Nuclear Technology Course.
Radiation Protection Courses for Research, Industry and Medicine
Radiation protection courses for research, industry and medicine in Milan Copic Nuclear
Training Centre evolved from courses for Krsko NPP. We had basic knowledge from
radiation protection, there were qualified experts in our Institute presenting potential lecturers
and there was also demand from different organisations for qualified courses in this field. We
also had logistics and equipment required for organisation and implementation of radiation
protection courses. Therefore we decided to expand our activities in this field.
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In 1994 we organised two courses, one for officers of Slovenian army and one for mining
engineers. These two courses were aimed at special target groups and course programmes
were "job oriented" toward their particular needs.
Courses we have organised since could be divided in two groups. First groups are courses
organised for particular professionals from different organisations. These professionals use
sources in their work on regular basis. Second group are courses for members of different
organisations and services involved with potential exposure or exposure to higher
concentration of naturally occurring radioisotopes. This second group of custom-made
courses we are going to discuss later.
We co-ordinated our efforts in course preparation with Health Inspectorate in order to meet
their requests and also for adjusting to recommendations of the Commission, as mentioned
before. According to the needs and our resources, we decided for courses related to unsealed
sources, industrial sources and elevated natural radioactivity, found in certain mines.
The course for unsealed sources covers medical research application of these sources. The
course for industrial sources covers radiography sources, detectors and measurement
equipment. The course for miners covers the problem of radon in mines, caves and also
dwellings to some extent.
For members of our Institute we prepared the course oriented toward research applications of
ionising radiation originating from sealed and unsealed sources like nuclear reactor or
accelerator. This course is also suitable for other research organisations.
All these courses comply with our current legislation (Ref. 1) also regarding the required
duration (see Legal Framework). The radiation protection Course is obligatory for beginners,
but we came to the conclusion that it is very useful to have shorter "refreshment" courses for
those who have to be re-examined. These courses are usually shorter (one day typically with
exam) and they are abbreviated versions of standard courses.
In both cases, for standard and for refreshment course, we try to adapt the course content and
presentations to participants. This is done with course content readjustment and with proper
selection of lecturers. The discussion on these subjects and other aspects of course
problematic can be found elsewhere (Ref. 4).
Once developed, courses are organised on regular basis. Since 1994, there were 12 standard
courses covering industrial, unsealed and research sources with 176 participants and 5
refreshment courses with 168 participants. The average number of lecturers per course is 5.4
for standard course 4.8 for refreshment course. Number of courses per year, number of
participants per year and number of participant-weeks could be found on Fig. 6, Fig. 7 and
Fig. 8 respectively. On these figures also the custom-made courses are represented.
Custom-made Radiation Protection Courses
This last group of courses were prepared to satisfy the particular needs of particular
organisations or public services whose members are either potentially exposed or are exposed
to elevated levels of natural radioactivity. Courses were organised for police officers involved
with possible emergency response to nuclear accident in Krsko NPP, health inspectors
responsible for assessment of the consequences to food chain and environment in case of such
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accident, custom officers controlling the international transport of various goods, workers in
organisation with technologically elevated concentration of naturally occurring radionuclides
and people working in environment with elevated radon concentration. These groups of
people are homogeneous regarding education, knowledge and required approach.
For each of these courses we had to prepare special programme to cover their particular needs
and also to compensate for their lack of knowledge on radiation sources and effects.
Preparations were demanding and also extensive with freshly developed written material and
practical exercise as result.
The number of participants at these courses was higher and the number of teachers involved
per course was lower then on other courses. We organised 8 courses with 493 participants and
with 3.9 teachers per course on average.
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Conclusion
Since 1975, when the activities connected with Krsko NPP started at our Institute, there were
28 courses of Nuclear Technology with 422 participants. All these participants were properly
trained in the field of radiation protection. These activities were widely enhanced since 1989,
when Milan Copic Nuclear Training Centre was founded. In 1994 we decided to participate
also in the training of other professionals and people connected with radiation sources. 26
courses for 856 participants were organised for that purpose. 60% of participants were people
not using radiation sources professionally.
For the future we predict that the number of Nuclear Technology Courses per year and the
number of introductory radiation protection courses per year would stay constant, covering
young workers employed by different organisations. The number of refresher courses would
increase periodically due to legal demands. The number of courses for non-professionals is
hard to predict, but there is no reason for pessimism as the permanent education and repetitive
training are obligatory for all professions we have met on our courses.
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Abstract
NPP Kr§ko (NEK) will, as a part of the Modernization plan, obtain also KrSko Full Scope Simulator
(KFSS). Contract has been awarded to CAE Electronics for the design, construction and integration. KFSS
will support in real time, the trainning for the complete range of operation which can be performed from the
main control room and some selected plant areas (remote shutdown panels, etc). Based on the lessons learned
on development of NPP KrSko Basic Principle Simulator we decided for active approach. That means that
NPP KrSko personnel will be heavily involved into all phases of KFSS development and testing. Since NPP
KrSko is going to replace the existing steam generators, raise the nominal power and perform necessary
modifications to support the power uprate, it was decided that the development of the KFSS will be
conducted in two steps:
1. Development of the models as well as all the hardware interface in the MCR for the existing
plant -Cycle 15 and then
2. Models and hardware will be modified, added or replaced as needed to take into account the
steam generator replacement and plant uprate projects.
In spite of the fact that the simulator will be used for the training of the plant operators for the
uprated conditions and with new steam generators, the upper described approach was selected since we want
to be sure that the models will at the beginning adequately simulate the existing plant. For the existing
conditions we have available reference data for different plant conditions, as well as data for different plant
transients. By verifying that simulator will be able adequately simulate the existing conditions the level of
confidence for the "uprated" simulator will be much higher. This is of special importance since it will support
initial training for modernized plant conditions.
In this paper the plan for verification and qualification of KFSS as well as the amount of the work
needed on NPP KrSko side to develop the test acceptance criteria will be presented.

1.0

Intoduction

As part of the modernization plant NPP Krsko will obtain full scope plant specific
simulator. Significant test plan will be developed and performed to verify as much as
possible that the models adequately simulate the behavior* of the real plant during its all
possible states (normal, abnormal and accident conditions). To be able to support data
requirements for the existing plant configurations tests and uprated plant tests, significant
effort is needed. Due to that NPP Krsko started the program of development and
verification of the RELAP5/mod2 plant specific model, which should assure data - best
estimate analysis results, for the major design bases accidents and transients. Similarly the
effort started on collection of process information system records of different plant
transients and steady state data at different plant configurations and power levels.
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2.0

Licensing requirements

Regarding the licensing requirements it was clear from the beginning of the project that the
ANSI/ANS 3.5 standard [1] will be used in the licensing process. This standard establishes
the functional requirements for full scope nuclear power plant simulators in the United
States but became an international'standard used throughout the world. It stipulates the
minimum standard for scope and performance criteria of simulated operations and
malfunctions, testing and maintenance. Slovenian Nuclear Administration (SNA) accepted
this standard as a basis for the licensing of NPP Krsko specific full Scope Simulator.
3.0

NEK requirements - scope of simulation

For the NPP Krsko specific full scope simulator it was decided to implement it in two
configurations. First simulator models - configuration development will be based on
existing design, while second will incorporate all changes due to steam generator
replacement and power uprate. This approach was selected due to the fact that the
simulator will be developed in parallel with other projects of the Modernization program
(Replacement Steam Generator (RSG) - design, manufacturing and delivery of new steam
generators, Software Services (SS) - performance of required safety analysis and plant
operation justification at higher power and Steam Generator Replacement (SGR) - actual
steam generator replacement and implementation of power uprate related modifications).
Regarding the scope of simulation it was requested that KFSS shall be capable to simulate
plant behavior in all its possible states:
• plant normal operation including draining of the primary system and mid loop
operation with and without nozzle dams installed;
• abnormal plant operation during any of the normal operation states;
• accident operation:
• design bases accidents as well as
• beyond design bases accidents
In order to ensure a reliable benchmark, acceptance testing and verification will be divided
into several phases. First the acceptance tests will be performed for the existing plant
configuration - models. In next phase the second KFSS model - uprated plant with new
steam generators will be verified - tested.
4.0

KFSS test plan

Verification and testing of NPP Krsko plant specific full scope simulator can be divided
into five phases:
1) Factory Acceptance Tests (FAT) for the existing plant configuration
models.
The purpose of this testing is to verify that the plant specific simulator is
capable to simulate all requested states and that the simulation meets the criteria
established in ANSI/ANS 3.5 standard [1]. For this scope of testing the
simulator vendor will develop Test Plan which shall per NPP Krsko
Specification [1] (contractual document) contain the following sections:
• Hardware Inspection and Verification
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••• Computer Systems Tests including Stimulated Process Information System
• Simulator Control Systems Tests
• Simulator Performance Tests
• Initial Conditions Verification at different modes and core cycle
conditions
• Continuous Plant Operation
Cold Shutdown to 100% Power to Cold Shutdown in Continuous
Operation by Plant Procedures
• Induced Transient Tests
• Malfunction Tests
• All Malfunctions Individually
• Selected Multiple Malfunction Tests
• Remote Shutdown Panels Tests
• Core Performance Tests
• Systems Tests
Verification of Any Systems Not Tested by Above Procedures
• Establishment of Deliverable Initial Conditions
Discrepancies identified during the testing will be analyzed and corrected before
shipment to the site.
2) Factory Acceptance Tests (FAT) for the uprated plant configuration models
Within this scope of testing all the tests affected by plant uprate and steam
generator replacement will be repeated. This mean that mainly Simulator
performance tests will be performed - repeated. Again, the purpose of those
tests will be to prove that the simulator is capable to meet the requirements criteria established in ANSI/ANS 3.5 standard [1],
Discrepancies identified during the testing will be analyzed and corrected
before shipment to the site.
3) Free testing by purchaser - NPP Krsko
For this phase of testing NPP Krsko will develop its own test plan which will be
focused mainly on the areas not covered by tests described above. Those are:
• Simulation of some abnormal and accident conditions during mid loop
operation as well accident conditions during operation in Mode 6 (for
example loss of RHR cooling with Rx vessel open and containment
closed).
• Simulation of some plant specific transients induced by balance of plant
systems - instrumentation malfunctions, outside reasons. Transients test
are not included in FAT test plant in phase 1 due to either time or data
limitation (for example low pressure and high pressure feedwater
reheaters isolation and turbine runback operation or transmission lines
fault, etc.).
• Simulation of severe accidents including containment response on
reactor vessel failure and molten core concrete interaction.
Discrepancies identified during the testing will be analyzed and corrected before
shipment to the site.
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4) Site Acceptance Tests (SAT) - Phase 1
The purpose of this set of testing is to repeat the limited number of tests already
performed in the scope of Factory Acceptance Testing phase and to show that
the simulator does function properly after transportation and reassembling it at
the site.
Discrepancies identified during the testing will be analyzed and corrected
before Ready for Training status will be declared.
5) Site Acceptance Tests (SAT) - Phase 2 (testing at the end of warranty
period)
Since NPP Krsko will not have any real plant data for conditions after steam
generator replacement and power uprate (pre-commissioning delivery of the
simulator) it will be necessary to verify simulator performance after complete
cycle of plant operation. During that time significant amount of plant data will
be obtained - recorded and archived through Plant Process System (PIS). Data
will be collected during steady state power operations (including transients if
experienced) at different power levels and plant modes as well as during
warranty tests for replacement steam generators and performance of some
startup tests (repeated due to power uprate).
Discrepancies identified during the testing will be analyzed and corrected
before the warranty period ends.
5.0
5.1

Acceptance Procedures Reference data
Industry practice

For the reference data for the acceptance testing of the simulator the following list of data
sources could be used:
• recorded plant transients and steady state data;
• best estimate analysis of transients and design basis accidents;
• operator experience, expectations;
• engineering judgement;
• conservative analysis (USAR type of analysis);
As the simulator models are becoming better, it is becoming more important against what
the results of simulation are compared. Lately the first two sources of data listed above are
preferred sources of data for the simulator acceptance testing.
5.2
5.2.1

NPP Krsko reference data
Best Estimate Analysis

NPP Krsko as a plant operator is aware that only simulator that will go under schematic
and detailed testing program will meet requirements and expectations. This is of special
importance in such approach - precommisioning delivery, since the operators will first be
trained at the simulator and then they will experience real plant behavior and response on
their actions. That is why we decided that first the existing plant shall be modeled and
tested first. After we will verify that the simulator is capable to simulate adequately the
existing plant, the required changes in the models due to power increase for 6.3% and
steam generator replacement will be implemented. After that the second set of tests will be
performed.
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To be able to support data requirements for the existing plant configurations tests as well
as uprated plant tests, significant effort is needed. Due to that NPP Krsko started several
years ago the program of development and verification of the RELAP5/mod2 plant specific
model, which should assure data - best estimate analysis results for the major design bases
accidents and transients. Effort started in 1995 and was finalized this year. The updated
best estimate RELAP5/mod2 nodalization includes all important components'of the NEK
primary and secondary side, simplified best estimate model of ECCS, protection system
trips, and real plant control systems. The model is documented in two NEK Technical
Reports:
•
•

NEK ESD TR 12/97" NEK RELAP5/mod2 Nodalization Notebook, June 1998
[3] AND
NEK ESD TR 13/97 "NEK RELAP5/mod2 Steady State and On Transient
Qualification Technical Report", June 1998 [4]

The model described within this documents has been developed with necessary fidelity of
geometrical and operating parameters. It is verified against NEK steady state reference
data and data from selected transients.
The described model [3] is suitable for calculation of all transients and accidents for which
RELAP5/mod2 can give reasonable predictions. The model as prepared can not be used for
large LOCA beyond end of blowdown. In [4] additional data related to input preparation,
verification of the model and restriction on model usage is available. In particular in [4]
there is also a section on dynamic qualification of the model on four selected plant
transients (reactor trip, closure of mains steam isolation valve (MSIV) on nominal power,
closure of main feedwater isolation valve (MFWIV) on nominal power and opening of
pressurizer spray valve at nominal power).
The model was subject to intensive and comprehensive review process (both internal and
external), results of which are incorporated within [3] and [4].
For the Containment analysis computer program GOTHIC was selected. First GOTHIC
NPP Krsko Containment model (including containment heat removal systems) was
developed in 1995. The analysis of Containment pressure increase after loss of RHR in
Mode 6 was documented in [5]. The Containment response analysis was done for selected
number of transients where containment response analysis is applicable - Main Steam Line
Break [9], Loss of Coolant Accidents [10],..
For verification of the simulator response on design bases accidents the following analysis
have been performed for the existing plant and will be repeated for the uprated plant:
•
•
•
•
•

Partial (case a) and Total loss of main feedwater with (case b) and without AFW
flow available (case c) documented in [6].
Partial (case a locked rotor) and total loss of reactor coolant flow (trip of both RCP
- case b) - (one train of ECCS available) documented in [7].
Steam line rupture inside the Containment documented in [8].'
Stuck open PRZ PORV with emergency core cooling system inhibited documented
in [9.]
SB LOCA - 1 (case a) ,2(case b), 3 (case c) and 8 inch (case d) 4 CL break
(one/two trains of ECCS available) documented in [10].
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•

ATWS with loss of main feedwater and AMSAC unavailable (case a) and AMSAC
available (case b) documented in [11].
• SGTR - double ended SG tube rupture documented in [12]
• Manual Rx trip from 100% power documented in [13]
For each of the above selected transient analysis Technical Report was/will be prepared. In
the report all the initial and boundary conditions are defined. This include operator actions
and equipment availability and status (for example one train of Emergency Cooling System
unavailable and Rod Control System in Manual control). Each Technical report contain the
graphical presentation of all major parameters available in the MCR. For each of the
parameters presented the table of data was also added (time, value of the parameter) in the
soft form - 3.5 inch diskette). This will assure easier data manipulation during test
procedure preparation and acceptance criteria verification. Usage of reference data in
different testing phases is shown on Figure 1.
5.2.2

Recorded Data

NPP Krsko has since 1992 a modern Process Information System (PIS) capable to support
data archiving either triggered manually or automatically (by status of selected variable).
Due to that the majority of selected transients is from the period between 1992 - 1998. In
PIS archive we do have a records of different plant transients as well as steady state data
for different power levels (Cycle 15) and plant configurations.
For normal power evolution and steady state point verification data was collected at the
following points, plant evolutions (Cycle 15 pant stratup after refueling):
• plant heatup
• power escalation from 0% to full power
• mid loop operation
• hot standby
• power 6% - conditions before generator synchronization on the grid
• 25% power
• 50% power
• 75% power
• 100% power
Recorded data for the following plant transients are available:
• failure of PRZ spray valve at full power
• inadvertent closure of MSI V at full power
• inadvertent closure of FWIV at full power
• OPAT turbine runback operation due to secondary side induced transient
(isolation of feedwater reheaters)
6.0

Conclusions

NPP Krsko is aware that even the KFSS will be state of the art product it has to go through
systematic and detailed testing program to prove that it is cable to reproduce the real plant
behavior during its all possible states. Such simulator will significantly contribute to
reliable and safe plant operation in the future. At the same time this will provide solid
bases for licensing of the simulator according to US and domestic regulations.
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Figure 1.

Phases of KFSS Performance Tests and usage of different reference data
source
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Krsko Avgust 1998;
[13] NEK ESD TR 22 /98 Analysis of Manual Reactor Trip From 100% Power, Krsko
Avgust 1998;
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The simulator NEK-MFS and its training status
Tomaz Setnikar, Oton Gortnar, Jelislav Kovacic, Franc Pribozic, Egon Srebotnjak, Andrej Stritar
Nuclear Training Centre, Jamova 39,1001 Ljubljana, Slovenia
Krsko Nuclear Power Plant, Vrbina 12, 8270 Krsko, Slovenia
ABSTRACT - This paper presents the status and training possibilities on Krsko NPP MultiFunctional Simulator (NEK-MFS). Since spring 1997 it serves as a training facility in Nuclear
Training Centre. During first year of operation the simulator NEK-MFS was found to be a very useful
Krsko NPP specific tool which is capable to support both the initial operator training program and
licensed operator retraining activities.

1

Introduction

In year 1995 the decision was made at Krsko NPP to start the development of Basic Principle
Simulator (BPS) aiming to enhance the quality of plant training activities. The French
company CORYS was selected and a team of engineers was formed in Krsko NPP to prepare
necessary input data, to cooperate with CORYS team during development process and to
perform final tests of the simulator facility [1].
The first development phase started in spring 1996 by preparing input data for neutronkinetics and thermal-hydraulic part of simulator models, and for electrical and reactor
protection systems. The development continued by building models of individual plant
systems. In a close cooperation with CORYS the Krsko NPP's team of engineers developed
quite an important part of input models, especially those associated with plant control
systems, reactor protection and electrical systems. The integration of individual systems into
the full simulator model was performed in January 1997.
Immediately after systems were integrated and the full model response was appropriately
tuned, the simulator was delivered to the training department of Krsko NPP. During two
months of on-site testing period most evident model deficiencies were identified and
successfully eliminated. Thus, the delivery process was finished and in April 1997 the facility
was moved to the Nuclear Training Centre (ICJT). The training group started with
development of training materials and performing first training courses. In further cooperation
with CORYS several additional simulator deficiencies were eliminated and some model
responses were improved. Altogether approximately 120 observation forms were solved and
in March 1998 the warranty period ended with model revision 6.
During initial training activities the simulator was found to be a relatively complex and a very
Krsko NPP specific tool, which capabilities even surpassed the initially intended scope.
Following the established simulator standards the device was decided to be characterized as
the Multi-Functional Simulator (MFS) instead as the Basic Principle Simulator (BPS).
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2

Configuration of the simulator NEK-MFS

The hardware configuration of the simulator NEK-MFS is mainly based on three Unix
operated SUN Sparc stations (two Sparc-20 and one Sparc-5), five large monitors, laser
printer and some other hardware components. The simulator software configuration is
relatively complex [2]. If simplified: the first Sparc-20 station performs numerical
calculations associated with the simulation of physical processes, the Sparc-5 station supports
the graphics interface while the second Sparc-20 enables the simulator integration and serves
as the instructor station.
reactor operator

BOP operator

instructor
position

Figure 1: The simulator NEK-MFS environment (front view)
In NEK-MFS there are two trainees working places, the first one for reactor operator (RO)
and the second one for balance of plant (BOP) operator. Each operator position has its own
keyboard with mouse and two large displays (Figure 1). The man-machine interface is based
on approximately seventy "soft panels". These are easy to operate interactive images which
represents either soft copies of real plant panels or synoptic images of simulated systems
(Figure 2). All the synoptic images are the same as used in real Krsko NPP Process
Information System (PIS). In addition, plant processes can be also explained using didactical
images and analyzed on displays with trend curves.
2.1 Scope of the simulator NEK-MFS
The simulator NEK-MFS can perform real-time simulations covering wide range of plant
operating condition:
I. normal plant operation from depressurized cold shutdown with reactor vessel open to full
power operation (and vice versa), e.g. mid-loop operation, solid reactor coolant system
operation, reactor startup, plant heatup/cooldown, generator synchronization and power
operation
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II. incidental and accidental situations, e.g. primary leaks, secondary leaks, steam generator
tube ruptures, wide spectra of instrument failures and component malfunctions.
MFS display with real plant panel

•DDBanaaD

typical synoptic image
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example of didactical image
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display with MFS trend curves

Figure 2: Illustration of MFS man-machine interface (4 examples out of 70 panels)
There are several standard initial states available, which enable the initiation of exercise at
different power levels (from full power to cold shutdown) and different core ages (BOL,
MOL and EOL). Instructors can also develop exercise specific initial states. Since during the
exercise a periodic snapshot is taken every minute, it is possible to select any of recorded
snapshots and to repeat the simulation by changing or correcting the operator actions.
Instructor can insert any combination of malfunctions and change its status during the
simulation. Activation and value of each malfunction can also be associated with time elapsed
or any selected plant parameter. Malfunctions can be divided into two groups:
• standard malfunctions of generic system components, e.g. pumps, valves, instrumentation
channels, electrical breakers, protection relays, etc.
• specific malfunctions, e.g. loss of coolant accidents up to 8 inch diameter, pressurizer
steam space breaks, steam generator tube ruptures, steam line breaks, loss of heat sink
accidents, anticipated transient without SCRAM, etc.
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2.2 NEK-MFS modeling tools
NEK-MFS is based on CORYS codes for modeling and calculation of plant physical
processes. The construction and modification of input decks representing real plant systems
are supported by CAD-type graphical modeling tools.
• Neutron kinetics calculations are performed by code DINOSOR ID, which considers two
energy neutron groups and six precursor groups. Krsko NPP specific input model includes
10 axial zones and is able to simulate the spatial Xe-oscillations.
• The simulation of thermal-hydraulic processes in reactor coolant system and part of
secondary system is powered by nonequilibrium two-phase flow model DRAC. Thermal
hydraulic processes in other plant systems are modeled and calculated by HYDRAULIX
component, which is based on equilibrium model of two-phase flow also containing
noncondensible gases.
• The NEK-MFS component ELECTRIX describes generators, plant electrical network and
its consumers. In connection with models of plant control systems it enables the realistic
synchronization of main generator and both diesel generators.
• A component of special importance is CONTROLIX. It simulates components associated
with plant instrumentation, control systems and protection system. Approximately 550
input decks with plant specific logic diagrams were developed realistically implementing
the system of interlocks, channel redundancy and coincidence logic.
• The DRO component is a graphic tool which supports the man-machine interface. It
enables the construction and modification of all NEK-MFS "soft panels".
There are also some other CORYS tools included into NEK-MFS code package to support the
maintenance and simulator configuration.
3

Basic NEK-MFS training approach

As a plant specific tool, the simulator NEK-MFS can support both the initial operator training
program (Phases I and II) and the experienced operator retraining.

initiill
train ing

combined
events
incidental
operation

NPP
systems
reactor
kinetics

instrum. &
control
man-m.
nterface

thermaJhydraulics

AOP

lesson
plans

GOP

op ei ator
retrelining

EOP
initial
states

training
scenarios

0
instructor
knowledge

simulator
maintenance &
development

Figure 3: A schematic overview of NEK-MFS training application
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When implemented in initial training NEK-MFS contributes to understanding of physical
phenomena and system operation during normal or accidental plant operation, while in
operator retraining it enables the consolidation of operator skills associated with Krsko NPP
specific General Operating Procedures (GOP), Abnormal Operating Procedures (AOP) and
Emergency Operating Procedures (EOP). All training activities must be supported by
qualified instructor knowledge, well prepared training materials and good maintenance of the
facility (Figure 3).
3.1 Application of NEK-MFS for initial training
The simulator NEK-MFS has been included into initial training program in form of Simulator
Exercises. They supplement lectures in following areas:
area of initial training

contents of associated NEK-MFS exercises

reactor physics

•
•
•
•
•

thermal-hydraulic
processes

•
plant systems
presentation

•
•

instrumentation and
control

•
•
•

man-machine interface
solutions

incidental plant
operation

•
•
•
•
•
•
•
•

neutron cycle and subcritical multiplication
achieving reactor criticality
reactor power operation
Xe-poisoning effects
phenomenological description of plant processes using NEKMFS didactical images
analysis of energy and mass balances in pressurizer, steam
generator, reactor coolant system and turbine
description of plant systems using NEK-MFS synoptic images
practical demonstration of system operation, e.g. CVCS and SI
lineup
load reduction transient and comprehension of basic plant
control principles
analysis of RCS heat accumulation and need for feed-forward
control of average coolant temperature
analysis of SG level swell/shrink and need feed-forward control
of SG liquid levels
sensitivity study of RCS pressure control
reactor control panel
nuclear instrumentation panels
turbine control panel
diesel generator panels
annunciator panels
instrument failures
initial emergency operating procedures training

After being delivered to Nuclear Training Centre the simulator NEK-MFS was used for
following initial training activities:
• In year 1997 it was first involved into two eight-week courses Basics of Power Reactor
Technology which were intended for personnel not working in main control room.
• Currently (during 1998) it is regularly implemented in a nine-month course Power Reactor
Technology, which represents the initial phase of operator licensing program.
Simulator Exercises were supported by instructor lesson plans, training materials to be
distributed to trainees and necessary MFS initial states.
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3.2 NEK-MFS and operator retraining
During first year of the NEK-MFS simulator application five modules have been formed for
operator retraining purposes:
I.
II.
III.
IV.
V.

General Operating Procedures (GOP)
Instrumentation failures and Abnormal Operating Procedures (AOP)
Accidents and Emergency Operating Procedures (EOP)
Analysis of normal plant transients
Analysis of abnormal plant transients.

3.2.1

Module I: General Operating Procedures (GOP)

This module is divided into classroom lectures and simulator exercises. It covers procedures
to bring the plant from cold shutdown to full power operation and vice versa. Some
characteristic operations are written down to illustrate NEK-MFS training capabilities:
•
•
•
•
•
•
•
•

solid reactor coolant system operation
pressurizer heatup and steam bubble formation
maintaining hot standby condition and coordination of reactor- and BOP-operator actions
main steam line heatup, turbine rolling and generator synchronization
load changes
plant cooldown using steam dumps or power operated relief valves
putting residual heat removal in operation
pressurizer cooldown and filling up to solid operation.

The GOP-module was the first operator retraining module fully covered by training materials:
all necessary MFS initial conditions were prepared and lesson plans were written for
transients from cold shutdown to full power operation. The simulator specific version of
GOPs was printed in which all non-MFS-applicable steps were shadowed.
3.2.2

Module II: Instrumentation failures and Abnormal Operating Procedures (AOP)

Second operator retraining module covers instrument failures which may influence plant
control systems response. In these cases, appropriate operator actions are required by
Abnormal Operating Procedures (AOP) and Technical Specifications (TS). The module deals
with instrument failures associated with following control systems: rod control, pressurizer
pressure and level controls, steam dump control and steam generator level control system.
3.2.3

Module III: Accidents and Emergency Operating Procedures (EOP)

EOP-module is associated with accidental plant operation.. First, it includes the classroom
comprehension of basic physical phenomena and basis of emergency operating procedures.
Classroom lessons continue with simulator exercises in which operators are requested to
manage simulated accidental situations using both EOPs and critical safety function status
trees. Until now basic events like loss of reactor coolant accidents, steam generator tube
ruptures, steam line breaks and loss of heat sink were included into operator retraining
program. Lesson plans for combined and more complex accident scenarios are being
prepared.
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3.2.4

Module IV: Analysis of normal plant transients

This module was developed to improve the understanding of reactor kinetics phenomena
following reactivity changes at different reactor power levels: source range operation, power
operation below point of adding heat and power operation with temperature feedback effects.
Exercises include classroom calculations of power responses following reactivity insertions
and practical simulator exercises checking previously calculated curves. Following exercises
were developed:
•
•
•
•
•
•
•
•

subcritical multiplication and source range detector response
1/M plot while approaching reactor criticality
power response following the step reactivity change below point of adding heat
power transient based determination of startup rate (SUR) and doubling time
determination of startup rate based on reactivity insertion using the INHOUR equation
SUR based calculation and simulation of reactor power transient
power changes and temperature feedback effects
achieving P-6 condition after reactor trip.

3.2.5

Module V: Analysis of abnormal plant transients

Calculation exercises and transient analyses of following abnormal plant events are included
into fifth operator retraining module:
• uncontrolled closure of main steam valve at different power levels considering either
automatic or manual operation of rod control system
• increased secondary site steam demand by relief valves failure at power operation or at
power levels below point of adding heat (POAH)
• small rod withdrawal or insertion at power operation or below POAH
• emergency boration at power operation or below POAH.

4

Development of training materials

The development of written training materials started simultaneously with preparation of first
simulator training courses. The approach was similar to methods on full scope simulators:
each simulator exercise had to be supported by training scenario and associated instructor
lesson plan.
Training scenario defines objectives and critical tasks of simulator exercise. It also contains
information necessary to start the simulation, e.g. description of selected initial state and
chosen combination of initial events (Figure 4).
Since instructors must be satisfactorily prepared to guide and supervise trainees activities,
they have to write lesson plans. Typical lesson plan mainly consists of comments of ongoing
actions and processes, which should be presented to trainees during the exercise. In addition,
there are also short notices about where to find the most interesting information and access to
the simulation - note that there are approximately 70 interactive displays available in the
simulator NEK-MFS.
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Figure 4: Development of NEK-MFS training materials
5

Conclusion

The simulator NEK-MFS was found to be a very useful tool which can be used in classroom
environment. It gives trainees the possibility to analyze the status of any system variable,
including variables not displayed in control room. In the future it will serve as a link between
classroom lectures and training on future full scope simulator which will be located at Krsko
NPP. During the NEK-MFS testing period programs were developed for training of different
categories of plant personnel:
I.

The simulator has been successfully involved into the initial operator training and it is
regularly used in courses Basics of Power Reactor Technology and Power Reactor
Technology.
II. Associated with operator retraining activities altogether six courses were organized for
Krsko NPP personnel during testing period. Four of them are one-week courses for NPP
staff just before passing the license exam.
In the year 1998 Nuclear Training Centre aims to cover a part of regular NPP personnel
retraining activities using the simulator NEK-MFS. Therefore a booklet representing the
training program was published and distributed to all Krsko NPP departments. Our future
activities will be mainly oriented into fmalization of written materials for all operator
retraining modules, preparation of exercises for the course Power Reactor Technology and
development of some additional components of "man-machine" interface (e.g. computerized
emergency and alarm response procedures). In Nuclear Training Centre we are aware of the
fact that only with experienced instructors and supported by good training materials the
simulator NEK-MFS will serve as an excellent training tool for NPP operators of the next
century.
6
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ABSTRACT
The Nuclear Power Plant Krsko Probabilistic Shutdown Safety Assessment (PSSA) was recently
enhanced to refine the modeling and quantification of human errors during shutdown operations. The
use of EPRI's ORAM software allows for human error probabilities to be~ calculated based on the
time available to perform an action, which varies considerably during shutdown operations and
typically has a significant impact on human error probabilities. The enhanced human action
modeling uses a cause-based methodology for most response times. For short times, such as early in
an outage with reduced inventory, the human error probability calculation is based on an empirical,
time-based analysis. Operator interviews provided a basis for calculations in both methodologies.
An analysis was performed to determine the impact of human actions on the quantified core damage
risk and the factors contributing to important human actions.

ORAM PSSA METHODOLOGY
ORAM is a software tool developed by EPRI for evaluating outage risk using deterministic
and probabilistic evaluations. The Probabilistic Shutdown Safety Assessment (PSSA)
module of ORAM allows for a plant specific model to be developed and used to calculate
outage risk (e.g., Core Damage Frequency - CDF) based on the actual configurations present
during an outage. Event trees are used to calculate CDF using sequences that initiate from a
loss of decay heat removal event. Each unique configuration is evaluated separately, so the
factors that significantly affect the CDF quantification are explicitly evaluated. In this way,
ORAM differs from traditional shutdown PSA analyses and provides greater insights into the
significant contributors to calculated risk during an outage. Configuration information, such
as decay heat level, RCS configuration, equipment status and risk significant activities are
tracked throughout the outage. Each unique configuration is evaluated using time- and
configuration-dependent variables, which are based on component availability, decay heat
level and RCS status.
THE ROLE OF HUMAN ACTIONS IN THE ORAM PSSA
Human action failures play a major role in the evaluation of shutdown risk. In general,
recovery from most adverse events while in the shutdown condition requires significant
human recovery actions to prevent core damage. During at power operations, automatic
safety system actuations are important in preventing undesirable end states (e.g. core
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damage). Human intervention is typically needed to recover from system failures or to
perform long term actions. However, the shutdown condition is very different. Following a
loss of decay heat removal, the operator attempts to recover the normal mode of decay heat
removal. If that mode fails, the operator must initiate alternate means to remove heat from
the reactor. Nearly all the steps involved in these recovery strategies require operator action,
since very few automatic actuation systems are available in the shutdown mode to assist the
operator.
For example, following a loss of offsite power (LOOP) event, the emergency diesel
generators will automatically start and energize the safety related electrical buses. However,
the Residual Heat Removal (RHR) pumps must be restarted by the operator, since the pumps
do not restart automatically. If the RHR pumps fail to restart or subsequently fail, the
operator must evaluate the situation and determine how to re-establish decay heat removal. In
this example, the two human actions that must be explicitly evaluated are failure of the
operator to restart the RHR pump(s) and failure of the operator to establish alternate decay
heat removal (ADHR). The operator's failure probability is based on different factors, many
of which are determined by the • configuration of the plant (e.g., is the RCS full or at
midloop?) and the decay heat level, which sets the bounds on the time available for the
operator to respond. These factors are tracked in the ORAM software and the human
reliability analysis (HRA) takes them into account.
The ORAM analysis also considers human action failures implicitly. The failure probability
of the operator, for certain recovery actions, is not explicitly quantified using an HRA
methodology. Rather, industry data collected over several hundred shutdown years is used to
determine the probability of recovery from certain initiating events. For example, data has
been collected to determine the time required recovering from a loss of shutdown cooling due
to inadvertent RHR system isolation. This data is used to develop a time-based probability of
non-recovery from the initiator. This data is strictly empirical and includes the potential for
equipment failure; it is not included in the scope of this paper.
Most human actions evaluated in the ORAM PSSA are complex, multi-step actions. In the
example of the LOOP event described earlier, two human actions are discussed. The first
action involves a simple procedural step, that is, to restart an RHR pump following a loss of
offsite power. However, the second action, establishing an alternate mode of decay heat
removal involves many steps in more than one procedure. The HRA methodologies
described in the following sections are used for both simple and complex actions. Complex
actions are broken down into discrete steps for analysis, but the failure probability of the
entire action (e.g., establish alternate decay heat removal) is quantified to obtain a single
human error probability (HEP)

METHODOLOGY
Two methods of quantifying human action failure probabilities are used in the NPP Krsko
PSSA model. They are the time-based Human Cognitive Reliability / Operator Reliability
Experiments (HCR/ORE) Correlation and the Supplementary Cause-Based Approach both
developed by EPRI [1]. The use of the cause-based methodology is an enhancement to the
original Krsko PSSA model, in which only the HCR/ORE method was utilized.
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The PSSA model uses the time-based approach during periods when the excess time is short
(e.g., less than 15 minutes). Excess time is the difference between the time available to the
operator and the time required to diagnose and perform the action. The cause-based approach
is used during periods when the excess time is longer.
HCR/ORE Correlation
The time-based approach relies on simulator exercises, operator interviews and analysis of
operating procedures to determine the mean crew response time for various actions. To calculate
the human error probability, the ORAM software compares the response time with the time
available to perform the action.
hi the case of the NPP Krsko model, simulator exercises were not available to use as
benchmarks for crew response time. Instead, operator interviews were conducted, in which the
operators were requested to provide time estimates for each step of the procedure being
modeled. This data was used as the basis for the median crew response time (T1/2). In order to
calculate the HEP, a formula is used in the ORAM event tree to compare the mean response
time with the actual time available (e.g., time to core damage) for each configuration in the
outage. The formula used is provided by the EPRI HCR/ORE analysis [1]:
P c = Prob (Tr > T) = 1 - <>
j [ (In (T/T1/2))/CT]
where:
Pc
Tr
T
T [/2
a
<j)

Crew non-response probability
Crew's actual response time
Time available for successful response (total time available minus time
required to perform task)
Median crew response time
Logarithmic standard deviation of normalized response time
Standard normal cumulative distribution

The experimental data indicates that the curve fit formula should be limited to normalized
time values (T/ T1/2) below 10. For high-normalized time values, the formula leads to
extremely low estimates of non-response probabilities. Because of this, the PSSA uses a
bounding minimum Pc of 1E-3. Additionally, if the normalized time values are less than 1.0,
the PSSA uses an operator failure probability of 1.0 (guaranteed failure). In the PSSA model
the <() function is represented by a third order polynomial.
Supplementary Cause-Based Approach
The cause-based method uses an analytic approach rather than an empirical correlation
method. This method decomposes the operator actions into error-causing mechanisms and
evaluates each mechanism for its affect on the failure probability of the operator to diagnose
and respond to the situation. This methodology is similar to the various methods used to
calculate HEPs for at-power PSAs. Two general failure modes are considered in determining
the failure of the operator to diagnose and perform the action.
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Failure Mode 1: Failures of the Plant Information-Operator Interface

•
•
•
•

The four mechanisms evaluated for this failure mode are:
The required data are physically not available to the control room operators.
The data are available, but are not attended to.
The data are available, but are misread or mis-communicated.
The available information is misleading.

Failure Mode 2: Failure in the Procedure-Crew Interface

•
•
•

The three mechanisms evaluated for this failure mode are:
The relevant step in the procedure is skipped.
The error is made in interpreting the instructions or diagnostic logic.
The crew decides to deliberately violate the procedure.

In the cause-based approach, a decision tree is constructed which incorporates questions
concerning the principal factors that influence each failure mechanism. An example .of the
decision tree used to model the first failure mechanism is provided as Figure 1. This decision
tree consists of four yes/no questions which are asked. Based on the responses to the
questions, a path through the event tree is taken and each endstate has a value associated with
it. The values are defined in the EPRI report [1].
Indication Available
in Control Room?

Control Room
Indication Accurate?

Warning in
Procedure?

Training on
Indication?

Yes
No

Figure 1 - Decision Tree for Failure Mechanism: Data Not Available
Time is factored into the cause-based HEPs by applying recovery factors, which reduce the
base failure probabilities calculated in the decision trees. As the time available for the
operator increases, the HEP decreases. This accounts for changes in crew personnel and the
availability of additional technical support resources. For the NPP Krsko study, different
recovery factors were considered for three time frames: 15 m'in to 6 hours, 6 to 14 hours and
14 - 24 hours. Recovery factors are only applied to applicable failure mechanisms. The final
probability of non-performance is equal to the sum of the failure mechanisms multiplied by
the recovery values.
Another failure probability that must be considered is the failure to properly operate the
equipment. The error probability is estimated based on the ease of selecting the proper
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control equipment and operating the equipment in the proper manner. Constant values for
these error probabilities were selected from industry data sources [2].

HUMAN ACTION SELECTION
The PSSA considers operator actions that are necessary to manually initiate alternate or
backup systems following a loss of decay heat removal or loss of coolant inventory from the
RCS. During shutdown operations, a significant amount of time may be available for
operator response. Hence, operator actions modeled in the NPP Krsko PSSA may include a
number of options. Five human action groups are modeled in the NPP Krsko PSSA.
1. Operator Restores RHR Following a Loss of Offsite Power Event - The operator is
required to manually start the standby RHR Pump, or restart the tripped RHR pump after
a loss of the running train has occurred due to a LOOP. The RHR Pump does not
automatically restart after power has been restored, either from offsite or the emergency
diesel generators. Separate HEPs are calculated for RCS at midloop and non-midloop
conditions.
2. Operator Implements Alternate Decay Heat Removal - Following a loss of normal
shutdown cooling via the RHR system, the operator must establish ADHR. The methods
of ADHR are detailed in the NPP Krsko Loss of Residual Heat Removal Cooling
Procedure [3]; they include Steam Generator Heat Removal (SGHR) and Feed and Bleed
Cooling. The NPP Krsko PSSA model only allows one of these methods to be credited in
each sequence, depending on the status of the RCS. If the RCS is intact, SGHR is used,
otherwise Feed and Bleed is used. A separate HEP is quantified for each method,
depending on the scenario (LOOP or non-LOOP) and whether or not the RCS is in a
midloop condition.
3. Operator Initiates Gravity Feed from the RWST to the RCS System - If other methods of
ADHR are not available to the operator, then the operator is directed to attempt decay heat
removal using this method. This action is only credited in configurations when the
method is viable (i.e., RCS is open with a sufficient vent path).
4. Operator Isolates RHR or RCS System Leak - In the event of a loss of inventory from the
RCS or RHR systems, the operator is directed to attempt to stop or isolate the leak.
5. Operator Re-establishes RCS Inventory - Following a loss of inventory event, the operator
is directed to re-establish and maintain sufficient RCS inventory to prevent core uncovery.

HUMAN ERROR PROBABILITY EVALUATION
Several operators, having various levels of experience, were interviewed. The results of these
interviews, investigation into operational procedures and a review of industry data were used
as inputs into the human error probability calculations. The HEPs are expressed as timevarying formulas, which are used in the ORAM event tree calculations.
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For the time-based correlation, 10 operators were interviewed and asked to estimate the time
required completing each action. The operators were given the necessary procedures and
were to estimate how long each step or functional group of steps would take. In this way, the
operator is not challenged to estimate the time required performing a complex series of
procedural steps, which would lead to a greater range in the estimates and thus higher levels
of uncertainty. Significant correlation was obtained in the times estimated, even though the
operator responses were given independently. Any outlier responses were investigated and
noted.
For the cause-based method, several methods were used to determine the value to use for
each of the failure mechanisms. As described previously, a decision tree is developed to
calculate the probability of failure due to a given mechanism. A set of questions with 2 or 3
possible responses was developed to determine the path through the event tree that ultimately
provides an answer. This series of questions was provided to four operators of varying
experience levels. It was initially intended to interview 10 operators, but the responses to the
questions were almost identical between the first four operators interviewed. Additionally,
the PRA analysts conducted a review of the procedures and a walk-down of the control room
to ascertain their judgments on the failure mechanisms. Based on the results of the interviews
and using the judgment of the analysts, the failure mechanism values were calculated.

INSIGHTS ON HUMAN ACTION FAILURES
The cause-based approach allows for analyses to be performed so that an understanding of the
failure probability mechanisms can be developed. For each important human action
evaluated, the most significant barriers to the operator's successful action are identified by
determining the contribution of each failure mechanism to the overall failure probability. The
failure mechanism can in turn be decomposed to determine the most significant factors
contributing to the value of the failure probability (i.e., the nodes in the event tree which have
the most impact). This provides the plant staff with useful insights into areas for
improvement, in order to reduce the operator's contribution to risk.
As an example, the action "Operator Restores RHR Following a Loss of Offsite Power
Event" during midloop was evaluated. The failure mechanism, which contributes nearly 80%
to the overall failure probability of the human action, is that an error is made in interpreting
the instructions or diagnostic logic. This failure mechanism is affected mostly by the
complicated procedural logic and relative inexperience of the operators in using this
procedure.
Although the cause-based method is not used for very short available times (less than 15
minutes), the insights gained from the cause-based evaluation are still applicable, since each
operator action is evaluated using this method.
The NPP Krsko ORAM model was constructed to allow JFor easy evaluation of the impact of
human error probabilities on calculated risk. Risk levels during various configurations were
compared, with and without operator failures considered. Times during an outage when
human actions play the most significant role can be identified to allow plant personnel to take
any compensatory actions necessary to minimize risk.
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The results of the overall impact on the quantified risk in the NPP Krsko PSSA are shown in
Table 1. This table lists the Initiating Event, the reduction in the initiating events'
contribution to CDF, and the overall Risk Reduction Worth (RRW). It is clear from this table
that human action failures have the most impact during LOOP events, from both an initiating
event perspective and with respect to the overall CDF. However, while the impact of human
actions on a rapid draindown sequence is significant, the overall impact on CDF is minor.
This is due to the relatively low importance of the rapid draindown scenario on overall
quantified risk.
Initiating Event
RAPID DRAINDOWN
SMALL LEAK
LOSS OF OFFSITE POWER
RHR ISOLATION
LOSS OF ESW/CCW
LOSS OF AC BUS
RHR PUMP FAILURE

% Reduction CDF RRW
31%
0.9%
39%
13.3%
89%
33.2%
26%
0.03%
0.2%
0.03%
1%
0.02%
7%
0.04%

TOTAL CDF

48%

Table 1 - Impact of Human Errors on CDF
The applicability of these insights is to make operators aware of those times during the outage
where human errors are most critical, so that additional awareness and training may be used
to reduce the impact on risk associated with the human errors.

CONCLUSIONS
The NPP Krsko Shutdown PSA model has been enhanced in the area of Human Reliability
Analysis. The ORAM software provides an excellent framework with which to evaluate the
complex interaction of human actions on the various plant configurations present during
shutdown operations. By incorporating two methodologies for determining HEPs, the new
NPP Krsko PSSA better estimates the impact of human actions during shutdown. During
periods where time is critical, a time-based method is used. Each action is also evaluated
using a cause-based approach, which allows a decomposition of the failure mechanisms and
important insights into the mechanisms that mostly affect the failure probability of operators
during shutdown events.
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A B S T R A C T - Westinghouse is developing advanced safety analysis technologies for both LOCA and
Non-LOCA events. The Best-Estimate LOCA (BELOCA) technologies for cold leg injection and direct
vessel injection have been licensed to support plant modifications which require significant PCT margin.
The development of a BELOCA methodology for Upper Plenum Injection (UPI) plants has been completed
and submitted to the USNRC. A Best-Estimate Small Break technology is also being developed. For
Reactivity Insertion Accidents (RIA) and DNB limited events, Westinghouse is developing a three
dimensional core kinetics methodology based on the extremely flexible EPRI codes, RETRAN and VIPRE.
Studies have been completed to demonstrate the applicability of Westinghouse's existing methodologies to
the developed RETRAN models. These advanced technologies will significantly enhance the reliability of
the safety margin evaluations which are required to improve the plant operation economics.

1. Introduction
Operating nuclear power plants were initially analyzed and licensed for a single set of
plant parameters at the nominal design operating conditions. The systems, the safety analyses
and the Technical Specifications were developed on the basis of the safety analysis and
hardware technologies available at the time of the design. As the commercial nuclear power
industry progresses, the need to change the originally assumed parameters develops at
numerous plants.
Power uprating is one of the most timely and cost effective means to maximize the
nominal electrical power of the plant. Other operating condition modifications include steam
generator tube plugging, steam generator replacement, hot leg temperature reduction, higher
core peaking factors, operating parameters window concept, relaxation of Technical
Specifications requirements which prove difficult or expansive to support over time (like
emergency diesel generator start-up delay time, safety injection flow rates degradation, longer
surveillance intervals, increased instrument uncertainties), longer fuel cycles, advanced fuel
assembly designs, higher fuel discharge burnup, reduced reactor vessel neutron exposure.
The list of modifications, which positively impact the economics of the plant operation, is
so long that there is never enough margin available to accommodate all the potential
enhancements. It is therefore essential on one hand to increase the available operational and
safety margins and on another hand to strategize the management of the allocation of the
margin available.
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So far Westinghouse has produced the safety analyses supporting power uprating
programs for thirty-six reactors in Europe and the USA. The considerable experience
accumulated in Nuclear Steam Supply System (NSSS) design, operation and licensing,
enables Westinghouse to pursue the development of major improvements of all its nuclear
safety technologies with the objective to help plants to become more competitive and improve
the reliability in the evaluation of their safety margins.
The status of the developments and the main axes of the future developments are
described in the following sections for respectively the Large Break Loss-Of-Coolant
Accident technology, the Small Break Loss-Of-Coolant Accident technology and the NonLOCA accident technology.

2. Best-Estimate Large Break LOCA Technology
The Large Break Loss-Of-Coolant Accident (LBLOCA) scenario is one of the most
limiting transients for nuclear power plant design and operation. When the Final Acceptance
Criteria (FAC) governing the LOCA for light water reactors was issued in Appendix K of 10
CFR 50.46 in 1973, both the USNRC and the nuclear industry recognized that the rule was
highly conservative. Using the then accepted analysis methods, the performance of the
Emergency Core Cooling System (ECCS) would be conservatively underestimated. At that
time however the degree of conservatism in the analyses could not be quantified.
In 1988, as a result of the improved understanding of LOCA thermal-hydraulic
phenomena gained by extensive research programs sponsored by the USNRC and the nuclear
industry, the USNRC amended the requirements of 10 CFR 50.46 and Appendix K, so that a
realistic evaluation model may be used to analyze the performance of the ECCS during a
hypothetical LOCA [l]. The revised regulation also requires however, as part of the analysis,
an assessment of the uncertainty of the Best-Estimate calculations.
Prior to this revision, the regulations were a prescriptive set of rules defining the
assumptions to be made about the plant initial conditions and how various physical
phenomena should be modeled. Because of the conservatism in the prediction of the
performance of the ECCS, those regulations result in placing tight constraints on the plant
operation : maximum core rated power, core power distributions, ECCS setpoints and
functional requirements, and surveillance and testing. For operating plants, using BestEstimate models and assumptions to predict a realistic response generally shows that the
current operating limits are overly restrictive.
Shortly after the rule revision, the USNRC issued a regulatory guide [2], and sponsored a
program to develop a structured method for evaluating the uncertainties affecting the Peak
Clad Temperature (PCT). The Code Scaling, Applicability, and Uncertainty (CSAU)
evaluation methodology was developed [3] and was used by Westinghouse as a guide to
develop its Best-Estimate LOCA (BELOCA) technology.
The CSAU approach is a discipline methodology requiring a thorough documentation of
the code and its models, a rigorous assessment against test data, the determination of the code
uncertainty, assessment of the scalability of the code results and its component models.
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In addition, thorough plant analyses and sensitivity studies are performed to determine the
resulting PCT for the plant with all uncertainties identified and addressed. The CSAU
approach has set the licensing standard which BELOCA technologies and their licensing
submittals must achieve.
Westinghouse has selected the COBRA/TRAC code [4] as the base code for the
BELOCA methodology. Further improvements to the code were made to conform to the
revised 10CFR50.46 and Regulatory Guide 1.157. WCOBRA/TRAC uses a two-fluid, threefield representation of flow in the vessel component. The three fields are a vapor field, a
continuous liquid field and an entrained liquid drop field. Each field in the vessel uses a set of
three dimensional continuity, momentum, and energy equations with one exception.
A common energy equation is used by both the continuous liquid and the entrained liquid
drop field. The one-dimensional components consist of all the major components in the
primary system, such as pipes, pumps, valves, steam generators and the pressurizer. The onedimensional components are represented by a two-phase, five-equation drift flux model.
The methodology has been approved by the USNRC in July 1996 for applications to three
and four loop PWRs with cold leg injection. This culminates 10 years of development and
code assessment working in partnership with EPRI and several utility customers, including
five years of licensing review. Since then more than ten US and European plants have applied
this advanced technology to support a large range of plant modifications requiring significant
PCT margin. These modifications include power upratings, FQ and FAH peaking factors
increase, 24-month fuel cycle management, plant operation relaxation, and Technical
Specifications relaxation.
The objective is to pursue the development of the BELOCA technology for all types of
safety injection systems. A generic topical report documenting the methodology for the Upper
Plenum Injection (UPI) plants was submitted to the USNRC in August 1996. Moreover, the
USNRC has recently approved the Westinghouse BELOCA methodology for the AP600
reactor which has a Direct Vessel Injection (DVI). Test simulations provide justification for
generic capability of WCOBRA/TRAC to predict vessel downcomer injection.

3. Best-Estimate Small Break LOCA Technology
The use of the Large Break BELOCA technology may result in that the Small Break
Loss-Of-Coolant Accident (SBLOCA) scenario becomes the limiting PCT in the future and
prohibits an optimal use of the margin made available from the LB BELOCA. Also because
of the more rigorous and reliable PCT evaluation generated by a BELOCA study with its
associated PCT uncertainty analysis, the trend in the licensing requirements is expected to
phase out the prescriptive Appendix K methods. Westinghouse is developing a
WCOBRA/TRAC Small Break LOCA Best-Estimate methodology. The methodology
validation based on integral effects and separate effects tests will be pursued in 1998. A
significant SBLOCA PCT margin is. anticipated with the application of the future SB
BELOCA technology.
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4. Non-LOCA Nuclear Safety Technology
Over the last 25 years Westinghouse has used LOFTRAN and FACTRAN extensively for
Non-LOCA accident evaluations for Safety Analysis Reports (SARs) as well as for control
system performance and equipment sizing studies.
The LOFTRAN reactor core model uses a lumped fuel heat transfer model and point
neutron kinetics and includes the reactivity effects of variations in moderator density, fuel
temperature, boron concentration, and control rod insertion and withdrawal. The secondary
side of each steam generator is represented by a single volume model (water and steam
phase) with a homogeneous, saturated mixture for thermal transients. The pressurizer model
accounts for the effects of pressurizer heaters, spray, and relief and safety valve operation. The
LOFTRAN code also includes a detailed model of the reactor protection and control systems.
LOFTRAN has the capability to estimate a conservatively low transient value of the
Departure from Nucleate Boiling Ratio (DNBR) based upon the input of defined core limits.
The FACTRAN code calculates the local fuel rod heat transfer from the fuel pellet to the
coolant at the hot spot.
Non-LOCA events like the Loss of Flow, the Locked Rotor, the Feedline Break, the Rod
Ejection and the Main Steam Line Break events may be severely limiting depending upon the
specific design configurations and the specific licensing requirements, challenging the
currently licensed methodologies.
For instance more stringent requirements for the Reactivity Insertion Accident (RIA)
events with high burnup fuel or with new fuel rod design may require the use of advanced
three-dimensional space core kinetics and fuel rod heat transfer codes and methodologies to
analyze the Rod Ejection Accident. In some plants due to the specific configuration and sizing
of the feedwater system, the Feedline Break Accident may require additional safety margin
which could be generated by the relaxation of the restrictive "no bulk boiling" criterion to a
less restrictive criterion acceptable for a condition IV event. The current licensed
methodologies are also expected to be very conservative for events where asymmetric power
distributions occur such as during a post-reactor-trip main steamline break event or a dropped
Rod Cluster Control Assembly (RCCA) event. Specific licensing requirements for this kind of
events may require the use of advanced technology which integrates three-dimensional core
kinetics, three-dimensional core thermal-hydraulics and primary system thermal-hydraulic
transients.
Westinghouse is now transitioning from LOFTRAN/FACTRAN to the EPRI developed
RETRAN [5] and VIPRE codes.
RETRAN is an extremely flexible one-dimensional, best-estimate, two-phase flow
thermal-hydraulic transient analysis computer code, which uses generalized geometry and
component models. The RETRAN code is a variable nodalization code. The user builds the
desired plant model by defining the control volumes and flow paths with heat slabs to account
for heat transfer in both the primary and secondary system elements. The RETRAN code
allows either point kinetics or one-dimensional space time kinetics.
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Generic Westinghouse PWR plant models have been developed for use in analyzing NonLOCA transients with RETRAN and studies have been completed to demonstrate the
applicability of Westinghouse's existing Non-LOCA safety analysis methodologies to the
developed W RETRAN models to perform licensing basis safety analyses. Indeed provided
the code capabilities and the models are appropriate the existing non-LOCA accident analysis
methodologies are essentially independent of the thermal-hydraulic code with which they are
used. The reason is that the accident analysis methodology focuses on identifying the
conservative assumptions for key parameters to ensure that a conservative bounding analysis
is performed.
The VIPRE computer code is an extremely flexible Thermal-Hydraulic (T/H), subchannel
analysis code, which can be used to model and analyze all types of PWR fuel rod design. The
VIPRE code has already been used by Westinghouse for the Temelin fuel development, core
T/H design and safety analyses.
Both the RETRAN and the VIPRE codes were approved by the USNRC for use in
analyzing the Non-LOCA events. In 1997, Westinghouse submitted VIPRE and RETRAN
topical reports to the USNRC documenting the use of these codes with the Westinghouse
nuclear safety methodologies. Safety analyses for Safety Analysis Report (SAR) are currently
being performed with RETRAN and VIPRE for two nuclear power plants.
In the last years, Westinghouse has produced, for the USNRC, analyses of core transients
with three-dimensional core kinetics computer code in the frame of Westinghouse Owners
Group (WOG) sponsored programs aimed at evaluating the impact of a more stringent fuel
failure criterion for high burnup fuel in the Reactivity Insertion Accidents (RIA). These
analyses have shown that the current licensed analyses for RIA are considerably conservative.
Developments of the three-dimensional core kinetics and fuel heat transfer computer code and
methodology for licensing applications of RIA are being finalized with a submittal to the
USNRC planned this year. The full integration with the system transient capabilities of
RETRAN is planned to be completed next year.

5. Conclusions
Several years ago, Westinghouse embarked on major programs to develop the integrated
advanced nuclear safety technologies which are required to support the numerous potential
plant modifications which positively impact the economics of the plant operation and to
improve the reliability of the safety evaluations.
The WCOBRA/TRAC BELOCA technology for cold leg injection has been licensed in
both the USA and in Europe to support the licensing of a wide range of plant modifications
requiring significant PCT margin like power uprating and core peaking factor increase.
USNRC approval for WCOBRA/TRAC model for Direct Vessel Injection has also been
obtained in the licensing process of the AP600 reactor model while the BELOCA
methodology for Upper Plenum Injection plants has been submitted to the USNRC and is
expected to be approved soon.
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Westinghouse is now transitioning to an advanced Non-LOCA technology, which will
integrate three-dimensional core space kinetics and thermal-hydraulics with the system
transient code RETRAN. As a first important step the W RETRAN with point kinetics and the
W VIPRE topical reports have already been submitted to the USNRC and safety analyses for
licensing applications are being carried out with these two codes applying the Westinghousedeveloped methodologies. The three-dimensional core space kinetics methodology for
Reactivity Insertion Accident will be submitted to the USNRC later this year. The integration
of the three-dimensional space core kinetics with the system transient capability of RETRAN
for analyzing the DNB limited events is planned to be submitted next year.
Together the BELOCA and the Non-LOCA three-dimensional integrated technologies
will provide the best nuclear safety tools to optimize the allocations of operational and safety
margins in the plant uprating projects and more generally in any plant modifications which
impact the plant safety.

6.
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Abstract
NEK plant components, including those critical to safe plant operation, deteriorate and wear over
service life due to the effects of aging and harsh environmental conditions. Since the plant
environment is a source of common-cause failures, an Environmental Qualification (EQ) program
is required to ensure and demonstrate the ability of safety-related equipment to perform its design
safety function during a design-basis event (DBE), even after aging over its service life in the plant
EQ is a requirement for plants licensed by the USNRC, in accordance with 10 CFR 50.49,
Regulatory Guide 1.89, NUREG-0588, and IEEE-323. This paper presents the current EQ
Program status at Krsko NPP.
Environmental Qualification Basics
Requirements for implementing EQ in nuclear power plants are prescribed by various national and
international standards, codes and guides. Domestic EQ regulations and standards do not exist, so the
United States regulations, guides and standards are applicable to NPP Krsko. The principal
references for EQ are described below.
The general regulations applicable to the nuclear power plants addressing general equipment
qualification are found in the General Design Criteria in 10 CFR 50, Appendices A and B, and 10
CFR 50.49, the latter being known as the EQ Rule. The EQ Rule was first issued in 1983 and applies
to the environmental qualification of Class IE (electrical equipment important to safety) components
located in potentially harsh environmental areas in the plant.
The EQ Rule divides eligible components into three categories:
• Safety-Related equipment required to remain functional during and following design-basis events
(DBE).
• Non-Safety Related equipment whose failure during a postulated DBE could prevent satisfactory
accomplished of safety functions.
• Certain post-accident monitoring equipment.
The principal NRC documents providing guidance "on equipment qualification are:
•
•
•
•

Division of Operating Reactors (DOR) Guidelines
NUREG0588
Regulatory Guide 1.89
Standard Review Plan (SRP) Sections 3.10 and 3,11
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The criteria in these documents differ and may overlap. Determining which document applies to the
qualification of a particular item is a function of the plant's age, whether the equipment is presently
installed or being replaced, and the licensee's specific qualification commitments. The DOR
Guidelines generally apply to installed equipment in plants that became operational prior to 1980.
The Category II criteria of NUREG-0588 apply to the plants that became operational after 1980 and
originally committed to the requirements of IEEE 323-1971. Compliance with the criteria contained
in either the DOR Guidelines or NUREG-0588 does not necessarily mean the equipment is qualified
to the criteria of 10 CFR 50.49. The Category I of NUREG-0588, the regulatory guide, and the
Standard Review Committee Plan meet the intent of 10 CFR 50.49 and principally apply the plants
committed to the requirements of IEEE 323-1974 and replacement equipment in all plants.
In November 1977, the Union of Concerned Scientists petitioned the NRC commissioners to the
upgrade the current standard for environmental qualification of safety-related equipment in operating
plants, so the NRC Division of Operating Reactors (DOR) issued IE Bulletin 79-0 IB in June of 1979.
Enclosure 4 of this bulletin contained the Guidelines for Evaluating Environmental Qualification of
Class IE Electrical Equipment in Operating Reactors, commonly referred to as the DOR Guidelines.
The DOR Guidelines were originally intended for use by the NRC to evaluate qualification of existing
equipment in reactors operating prior to May 23, 1980. However, the DOR Guidelines soon became
the qualification criteria applicable to these facilities as well.
NUREG-0588, "Interim Staff Position on Environmental Qualification of Safety-Related Electrical
Equipment" was issued in 1979 to provide guidelines to the NRC staff for qualification of Class IE
electrical equipment for new plants and plants under construction. Like the DOR Guidelines, the
NUREG addressed only environmental qualification; seismic qualification is not discussed. NUREG0588 established two environmental qualification categories based upon the 1974 and 1971 versions
of IEEE 323, and clarifies their criteria. Category I applies to the equipment whose qualification is
based upon IEEE 323-1974, and Category II applies to equipment qualified to the earlier version,
IEEE 323-1971. Per 10 CFR 50.49, qualification must be established for new and replacement
equipment using the Category I guidance.
The NRC Issues Regulatory Guides to provide clarifications and suggested compliance methods for
the requirements established by applicable regulations (e.g., 10 CFR 50). Regulatory Guide 1.89,
Revision 1, should be considered as the NRC's formal guidelines regarding compliance with the EQ
Rule (10 CFR 50.49). The regulatory guide develops the clarifications and guidelines based on IEEE
323-1974. Most of the information provided by the guide in extracted from NUREG-0588 for
Category I plants, with one significant difference: consistent with the EQ Rule, the NUREG permits
ongoing qualification and revisions of qualified life based on the results of surveillance and testing
programs.
The Standard Review Plan (SRP), Chapter 3.11, addresses qualification of electrical and mechanical
equipment for both harsh and mild environments, according to the information and methodology
presented in IEEE 323-1974 and NUREG-0588. Chapter 3,.1O on seismic and dynamic qualification
addresses mechanical and electrical equipment and their supports.
Industry standards applicable to equipment qualification may be classified into these three categories:
•
•
•

General technical guidance for seismic and environmental qualification and replacement parts.
Specific technical guidance on environmental qualification of specific equipment types.
Quality assurance guidance

IEEE 279, issued in 1971, was the first nuclear standard developed by the IEEE. The standard
contains requirements for design, qualification, manufacture, and installation of reactor protection
systems. In paragraph 4.4, Equipment Qualification, IEEE 279 calls for verification of system design
capabilities through tests of analysis. This requirement initiated the development of generic standards
on environmental and seismic qualification (IEEE 323, IEE 344, and IEEE 627), and the "daughter"
standards addressing qualification of specific equipment items.
IEEE 323 is commonly known as the definitive standard for electrical equipment. The standard was
originally issued in 1971, and it specified that qualification may be achieved through analysis, type
testing, operational experience, or a combination of these methods. The 1974 standard expanded
technical requirements, including the concept of aging. IEEE 627, as a result of joint ASME/IEEE
agreement, covers the qualification of both mechanical and electrical safety system equipment. The
standard was intended to be the generic industry qualification while IEEE 323 would apply
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specifically to electrical equipment. As a generic standard, IEEE 627 provides broad concepts
applicable to qualification. IEEE 344 provides specific guidance on seismic qualification of electrical
equipment.
According to the regulatory documents, EQ requirements can be summarized as follows:
•
•
•
•
•
•

Each NPP shall establish a program for qualifying electrical equipment important to safety,
All electrical equipment which must be qualified is classified in three classes according to 10
CFR 50.49,
Each NPP licensee shall prepare and maintain a list of equipment important to safety
Each equipment classified as important to safety shall be qualified by testing an identical item
under accident conditions with supporting analysis to show that the testing demonstrates the
qualification of the equipment or is otherwise acceptable,
A record of qualification, including supporting documentation, must be maintained in a suitable
form for the life of the component's installation and plant service,
Replacement equipment must be qualified in accordance with 10 CFR 50.49.

To achieve EQ, each NPP must determine equipment operating requirements and associated
environments, and use this data to establish qualification requirements as well as qualify equipment
by test and analysis.
The qualification process alone depends upon the type of equipment, its location, the service
conditions under which the equipment must perform its safety function, and the duration of the harsh
environment to be qualified to. The first two of these are determined during the EQ Master
Equipment list preparation, while the latter two are determined by EQ conditions.
The following parameters must be identified and analyzed for Environmental Qualification:
Operating Time
Temperature
Pressure
Relative Humidity
Chemical Spray
Radiation
Aging
Submergence
One of the requirements stated in 10 CFR 50.49 is to produce EQ documentation which is used to
describe the qualification status of equipment in the NPP during the component's life. The format and
organization of EQ documentation is not specifically prescribed in regulatory and industry standards,
but should generally include:
•
•
•

•

EQ Master List (or EQMEL). Contains safety-related electrical equipment (Class IE) located
within plant areas potentially subject to a harsh environment during a postulated accident
scenario.
EQ Worksheets: contain detailed information on equipment specifications and operational
requirements.
EQ Diagrams: Provide "as-built" record of qualified equipment and associated equipment
installed within harsh environment zones, including the effect and interrelationship of
subcomponents supporting safety related components. EQ diagrams are prepared for each piece
of equipment subject to 10 CFR 50.49 requirements.
Qualification Documentation Review Package (QDR): provide a detailed review of the EQ
documentation for each type of 10 CFR 50.49 equipment which includes necessary information
about the status of the equipment. QDR's should be maintained and updated periodically.
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Krsko NPPEO Program
NEK is committed to establishing a comprehensive EQ program bases upon the requirements
described here and, in fact, many NEK activities have already prepared the plant to implement and
support an NEK EQ program. The first element is the Master Equipment Component List (MECL)
database, which tracks all plant equipment components by component number, type, location, safety
class, function and other relevant parameters, including EQ status.
The NEK EQ project staff has completed a draft EQ Program Manual, containing a detailed
description and procedures for implementing and maintaining Equipment Qualification. An EQ zone
map has also been prepared by the Faculty of Electrical Engineering and Computing in Zagreb,
Croatia (FER) and reviewed by Parsons and the NEK staff. The zone map defines the environmental
parameters (temperature, pressure, humidity, submergence, radiation dose) in the plant. The zones
are established by locations where Loss of Coolant Accident (LOCA), High Energy Line Breaks
(HELB) and other Design Basis Accidents (DBA) can affect plant components.
These three documents, along with EQ staff training from EPRI, form the basis for development of
the EQ NEK Equipment Qualification Program. NEK has designed the EQ program to take
maximum advantage of existing resources (such as generic EQ documents and EPRI/PSE EQ
database software), as well as like-plant programs from Kewaunee, Ginna, and Indian Point 3.
Scope
The scope of plant equipment to be included in the EQ Program is determined from the requirements
of 10 CFR 50.49, which states the "EQ Rule":
Safety Related Equipment: Safety Class IE equipment that NEK directly relies upon during and
following a DBA.
Non-Safety Related Equipment: Supporting equipment which is not essential to safety, but failure of
which could prevent safety-related components from performing their function.
Post-Accident Monitoring: Certain instrumentation equipment required for
Monitoring in accordance with USNRC Reg Guide 1.97

Post-Accident

Based upon this generic scope and the environmental parameters from the NEK EQ zone map, the
actual NEK equipment to be included in the EQ List is extracted from the MECL. A logic diagram
for the process of determining the equipment items to be included in the EQ Program is shown in
Figure 1.
NEK EO Documentation
Once EQ equipment and environments have been determined, the basic element of EQ documentation
is the EQ Documentation Package (EQDP).
The structure of the packages consists of:
•

Equipment Qualification Assessment Report (EQAR)

•

System Component Evaluation Worksheet

•

Exhibits (Certifications, Test Reports, other supporting documentation)
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Determining EQ Equipment
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Figure 1: Determining EQ Components
EQ Assessment Report (EQAR) includes:
relates similar equipment items to applicable environmental parameters
compares EQ Zone requirements with Test Report parameters
compare installed equipment to sample test equipment
test results assuring that equipment is capable of performing its safety function following
exposure to harsh environment(s) and aging
describes requirements for installation (orientation, location and configuration) of EQ equipment
and for checking installation of existing EQ components
defines qualified lifetime of equipment and sub-components
provides maintenance requirements (surveillance, PM and subcomponent replacement)
defines EQ requirements for procurement, purchasing and storage of components
System Component Evaluation Worksheet (SCEW) describes the details for each component from
the EQ List, including test and ambient environment parameters as well as other information, such as
installation/replacement dates, make/model, etc.
Exhibits and Other Supporting Documents that are not directly part of the EQAR or SCEW, such as
test reports, evaluations, analyses and graphs, vendor/utility communications and memos, catalogues,
purchase orders and relevant NRC documents.

NEK EQ Data Base
The EQ Database is one of the principle elements for tracking data acquired during the initial EQ
process. The database was created by selecting those components from the EQ List contained in the
MECL along with selected data elements. These data were imported into a new, PC-based file. EQ
zone information and parameters were then entered, and each EQ component matched by location
code to its LOCA, HVAC and Radiation EQ Zone.
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At this point, the static EQ data from this database could be linked to the GLS PQE/GQE database
which contains generic and EPRI-member plant-supplied EQ data. SCEW sheets could then be
created and/or updated and printed as required on a component basis. EQ Zone Parameters and/or
EQAR's may also be created from the database on demand, following a "similarity analysis". The
GQE/PQE software then permits tracking of supporting EQ data at the component level, such as test
reports, communication, procurement documents and analytical media. The EQ database will also
integrate with several existing NEK Management Information Systems (MIS) to support NEK-wide
EQ interfaces.
The database structure used for the EQ Database is shown in Figure 2.

EQOst

Room ID
(SOH1D «
Purchase Order Ho,

Procurement

Test Data

Purchase Order No.

OQEID

Figure 2: EQ Database Structure
Impact ofEO on other NEK Processes
Maintenance
EQ maintenance requirements for component procurement, installation, surveillance, maintenance and
overhaul, and eventual replacement will be defined in EQ Packages. These EQ requirements will also
be included in appropriate NEK maintenance procedures. EQ procedures will include the
mechanisms to ensure that changes to any EQ package will trigger the appropriate review and
modification, as necessary, of any maintenance procedures, as well as a review of high-level
maintenance procedures to ensure EQ requirements are adequately addressed. Principal data elements
relating to maintenance intervals and history will also be maintained in the EQ database. The EQ
software will interface with the NEK Work Order System (WOS).
Procurement
Purchase orders for plant equipment components contain basic configuration management data for the
component, such as manufacturer/model, vendor, qualification standards, and other data important to
EQ. EQ components also require procurement specifications related to EQ qualification and testing,
as well as supporting documentation, for the operating and accident conditions that apply to the
component location and function. These include test data, material analyses and results, installation
and maintenance instructions, and any certificates of compliance or other vendor documents. This also
extends to procurement of qualified replacement parts for EQ components. This becomes more
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important for an EQ category II plant such as NEK, where EQ components are required for
installation as original components are replaced through normal service.
Modifications
Modification engineers will verify EQ status for all components involved in plant modifications
through the MECL. New components must be evaluated for EQ eligibility through location and the
EQ zone maps and related parameters. The modification must also be reviewed for impact on current
EQ zones and parameters. All modification packages will be reviewed by the EQ staff when the
engineer identifies an EQ requirement for the modification.
Krsko Operating Committee (KOC)
Safety evaluations and decisions for EQ component replacement must be reviewed, evaluated and
approved by the KOC.
Future NEK EQ Activities
In addition, these activities are planned to continue the development and maintenance of a
comprehensive NEK EQ program:
•
a
•

Review and revision of EQ Zones as required
Reduction in size of EQ List
Continue use of the EPRI/PSE and GLS software, eventually transferring data to the NEK EQ
MIS application
• Continuous review and revision, as required, of the NEK EQ Manual and Program Plan
• Design and utilize EQ plant walkdown checklists for physical verification activities
• Conduct walkdowns to gather EQ data and verify MECL
a Research and acquire any missing test reports from NEK archives, component manufacturers and
vendors, and/or other plants
• Completing the NEK EQ database from documentation and walkdown results
H Review Maintenance, Procurement, Design Modification and other applicable NEK Plant
Procedures for EQ interfaces and requirements.
H Conduct EQ training and presentations to increase plant awareness of EQ requirements
Conclusions
Generally, a reasonable EQ List should consist of between 200 and 600 plant components based upon
the experience of plants similar to NEK. In addition, parameters such as Operating Time and Safety
Function should be included for each EQ Component. NEK EQ Zones are currently too conservative
(large), creating a large EQ List, and will be reviewed. Category II plant rules permit some older
components to be replaced with new, qualified models when appropriate, avoiding qualification of
selected older equipment. Although minimal in number, any EQ components for which no other
qualification method or documentation may be utilized must be tested and qualified.
The NEK EQ program will realize a considerable economy of scale by utilizing industry experience,
like-plant programs and the EPRI/PSE EQ support program, software, and test report repositories.
NEK has already establish liaison with several plant similar to it in the USA for information
exchange, and NEK's EPRI membership entitles it to full EQ support through the EQDB and
GQE/PQE programs.
The NEK EQ program will demonstrate NEK's recognized attention to safe operation and plant
betterment programs by bringing NEK into compliance with regulatory requirements and industry
standards for EQ.
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i

33.

INTRODUCTION - history
NEK in 1991792 based on evaluation of
SG status initiated and proposed SG
-replacement in 1995.
NEK supervisory board discussed the
issue in1995 and proposed the
replacement in 1998.
In^September199& the[Slovenian
government reviewed and supported the
SG replacement project

INTRODUCTION - history
The parliament in January1996 approved
the document "Strategy for consumption
and supply of energy in Slovenia"
assuming the SG replacement project.
December 1996- RSG contract
February 1998- SScontract
February 1998 -SGR contract
March 1998 -SIM contract
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INTRODUCTION - goals and
objectives
^Stabilise long term plant operation
^increase net electrical output by 6,3%
^Reduce annual outage duration to 30^40
days
a?- increase availability to 85% (unit forced
outage rate < 2%)
3° Increase annual energy production
by~1 TWh
^ Safety improvements (simulator, IGGM)

INTRODUCTION - scope of
the project
Supply of 2 steam generators
Replacement activities and associated
modifications for replacement and power
increase
An a lyses necessary for SGr(ep|aCen-jent
and power increase + LQCM
Su jp ply an d i hsta I latio n of pi a nt s pec if ic
simulator
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INTRODUCTION - scope of
the project
•«-Other activities:
s MPB and SIM buildings
s Transport of 2 SG's
s Licensing

PROJECT STATUS - overall
*• Project orga nization and project team for
the preparation and implementation of
the project are established
p
All subprojects and activities are defined
and under implementation
p
Licensing process n^uclear an:dl_cjassicaI
is defined
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Organization Chart
General
Director NEK
Stane Rozrnan
Modernization
Project
Manager
Martin Novsak

Financing
Rudolf Mlinaric

Steering
Committee
Stane Rozman
Predrag Sirola
Josip Drcec
Martin Novsak

SGR
Janko
Cerjak

Safety
Analyses
Joze Spiler

I

Legal
Darinka Kordelc

QA,QC
Franc Pribac

isory
Adviso
mittee |
Committee

RSG
Kresimir
Nemcic

Commercial
Lidija Vuksic

Simulator
Franc
Pribozic

Transportation
Joze Kerin

PROJECT STATUS RSG - Replacement Steam Generators
•*** SG'sare currently being in the 21 st
month of manufacturing schedule of 33
months altogether
^ Man ufactu ri n g of fqrg i n gs in JSW is
completed
^ Tube manufacturing in Sandyik is
completed
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PROJECT STATUS RSG - Replacement Steam Generators
^ Activitiesin Ansaldo: secondary parts
manufacturing are close to completion
^Activities; in ENSA : steam generators are
ready for activities in the clean room

NEK Steam Generator

•r.7

:

\\\i

~Z. .1 t}

,

ii

I
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SG Basic Data
•

Hoaf transfer"'
Heat transfer area
Tube Material
No oT tubes
Dia. of U-tubes
Tubo Wall Thickness
Steam pressure
FeocJwaler Temperature
Steam mass flow
Primary design pressure
Secondary design
pressure
SG Height
Weight of SG
Hax. moisture
Circulation ratio

"D4
~ " " 941MWT " "
4487 m '
Inconel 600 MA
"
4578
19.05 mm
'
109 mm
6.3S MPa
""
221 -C""
•
-•
515kg/s
" ""
17.13 MPa
3 17 IBPa
"

Z0 6 m
330 t
0.25
2 OS

72W-D472
•

"

1000'MWt '""
7177 m '
Inccnei 690 TT
5428
19 05 mm
1 (19 mm
6.50 MPa
219.4'C
544 kg/s"
17 13 MPd ~
8 17 BlPa
20 6 m
3451
"0.10
3 07

PROJECT STATUS
SGR - Steam Generator Replacement
^ Co n ceptua I Des i g npackages f or system
and equipment modifications will be
completed by 15/09/1998
^ MPB design well in progress
^ S n u b b e f feductionprogfam
i m p I e m e ntatip n p h as e is u n de r ey a I u ati o n
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PROJECT STATUS
SGR - Steam Generator Replacement
^Additional subcontracts (rigging,
handling etc.) are being prepared
^ Engineerm
has been initiated

PROJECT STATUS
UPR - Analyses for replacement and power
increase
<** Work report on the operating window is
developed and under review
^ Verification analyses based on prepared
operating window parameters are in
progress
^ Seismic
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PROJECT STATUS
UPR - Analyses for replacement and power
increase
^Functionalrequirements for equipment
and systems modifications due to power
increase are developed, reviewed and
approved

PROJECT STATUS
SIM - Simulator
Modelling is in progress. NEK completed
its part of participation in modelling
Factory acceptance tests are reviewed by
N E K

: : :

: :

•

• •

• -

:

:

_ - - ^

• • •

:

•

•

Work is initiated for control panel
manufacturing and installation of
instrumentation
Bid invitation was issued for the
construction of the simulator building
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PROJECT STATUS
Nuclear Licensing
Licensing process for design and
manufacturing of new SG's is initiated
and in accordance with schedule.
4 authorized institutions are involved
Licensing process for the SG
replacement and the power increase is
initiated. Additional 4 authorized
institutions are "mvdlvecT"
Licensing process for the simulator is
initiated

PROJECT STATUS
Nuclear Licensing
Licensing process for activities to be
performed during the replacement is
suggested to be a part of outage
licensing process expanded for the SG
replacement and iriodificatibh activ'ti es
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PROJECT STATUS
Classical Licensing
Licensing process for new buildings is
well in progress
^ Mottrguiggse building::;
v Simulator building
Licensing process for SG replacement
and temporary activities is defined as
NPP rejcoristriiction and will
processed accordingly

Simplified Licensing Process
- • " - -

-

Project Announcement to Regulatory Body

' •

-.

Application for formal initiation of licensing process with project description and specification submittal

Step by step review of project documentation and safety analysis from Authorized Institution and regulatory body

-s-~' - « -

j Incorporation and resolution of comments from review process and approval/acceptance of reports J
'

•v-

• •

•

Formal application for approval of proposed changes and associated safety analysis/evaluations j

| Final regulatory body review and approval of project and safety analysis |
-

- .

j Implementation

t
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Authorized institutions
Rjpl .lament Sic tni (
I Strojna Fakulteta
_ Institut za varilstvo
1
Institut za kovinske materiale in
tehnologijo
1 Institut za metalne konstrakcije
* Aditional support to NEK
review process is provided by
US

SJei\
1. Institut Jozef Stefan
2. Fakultet za elektrotehniku 1
racunarstvo - Zagreb
3. Gradbcna fakulteta
4. Enconet - Dunaj

Additional authorized institution will participate in replacement
activities review process and classical licensing

Project Status - Financing
Finaneial Sourees for
Modernization Project
1. Total
2.L Own Source*
2.2. Loan

464

•

Planed
265,310
• 75,825
' 12!M8f

realiz.
Used
52,630 26%
52,630 69%
0 0%

v 000 DEM
Planed per year
lUttlU
1999
2000
2001
28,255 44,180 76,640 11345
6,194 7,353 . 12,508 4.880
22,060 36,826 64,133 6,465
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Project Status - Financing
BASIC DATA ON CREDIT
FACILITIES
Loan Amount:

130,0 m io D EM

Bank Consortium:

Helaba Landesbank Hessen-Thuringen
Kreditanstalt
fur
Wiederaufbau
in
Bayerische Landesbank

Interest Rate:

variable LIBOR (DEM) plus a margin "of
0,65 % p.a.

Paying of Interest:

semiannua'tly
during the
repay ment
period prior to overdue capital, after the
repayment period simultaneously with
the overdue capital

Loan Availability:

until December 30, 2001

Repayment Schedule:

20 equ a I cons ecu ti v e
s e rri ia hfiu'aI
instalments, the first installment to bo
repayed 6 months after the date of the
last disbursement.

Project Status - Financing
Payment Status
Subproject
I.
H.
III.
IV.
V.

RSG
Safety Analysis
SGR
Simulator
Additional Cost
TOTAL
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Planed
. 53,053
, 25.9S2
70,890
• 23,197
3118$!
205310

USED
26,526
5,424
3,552
8,191
1,835
52,630

realiz.
50%
21%
5%
35%
6%
26%

5,305
6,210
7,082
3,408
5,612
27,617

v 000 DEM
Planed per year
2001
1999
2000
10,611 5,305 • 5.305
6,303 8,044
0
10,634 4^623
0
9,279 1,160 ' U60
7,353 12,508 •4,880
* 44,180 76,64(1 11345
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KEY ISSUES FOR PROJECT
SUCCESS
,3° Early involvement in the design and
planning phases of the project by the key
plant organizations and personnel
^ Teamwork and open communication
esta b I is h ed ea rlya n d contin u o us ly
throughout the project between the
diverse organisations inside NEK and the
contractors
"
'.

KEY ISSUES FOR PROJECT
SUCCESS
^ Implementations of lessons learned from
past SGR's by both NEK and main
contractors
^ Commitment to safety and ALARA
&
Use of ex pe"t\e n ced co ntractors and
subcontractors
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KEY ISSUES FOR PROJECT
SUCCESS
& |\jf[anagement support from within the
participating companies
^ Theeverybody's; goal to complete the
project in a
s safe;
v- quality and
s efficient manner

FUTURE ACTIVITIES
Follow overall project with attention to:
. v quality of the work
y interfaces between different projects
f controland follow project schedule
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A new approach to the LILW repository site
selection
Irena Mele, Nadja Zeleznik
Agencija za radioaktivne odpadke
Ljubljana, Slovenija

Abstract
After the failure of site selection, which was performed between 1990-1993, the Agency for
Radwaste Management was urged to start a new site selection process for low and
intermediate level waste (LILW). Since this is the most sensitive and delicate phase of the
whole disposal project extensive analyses of foreign and domestic experiences in siting were
performed. Tliree different models were studied and discussed at a workshop on preparation
of the siting procedure for LILW repository. The participants invited to the workshop
supported the combined approach to the site selection, which is presented in this paper.

If
Introduction
As a radioactive waste producer Slovenia needs a permanent solution for different
types of radioactive waste. In the first step a repository for low and intermediate level
waste (LILW) should be constructed. At present the operational waste from the
nuclear power plant is stored in LILW storage at the Krsko site, while low and
intermediate level waste from all other producers is stored at the Research Reactor
Center near Ljubljana. These storage capacities are limited and will soon run out,
which is specially true for the LILW storage at Krsko. Although by waste volume
reduction, improvements in waste treatment and reduction of waste production the
operation of the storage in Krsko can be prolonged, it can not be a substitute for the
final solution.
Unfortunately previous attempts to locate a disposal facility in Slovenia were
unsuccessful. The siting process for LILW repository, performed between 1990 1993, was suspended in its final phase. The project continuation was estimated as not
feasible.
Therefore, the RAO Agency, with the assignment of providing conditions for final
disposal of radioactive waste, was urged to start a new site selection process for the
LILW repository. Since this is the most sensitive and delicate phase of the whole
disposal project good preparations based on foreign and domestic experiences are very
important and can significantly contribute to the final result.
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Experiences in previous LILW repository siting project
The first preliminary studies concerning the LILW repository started before the
nuclear power plant went into operation but the siting process actually started in 1990.
Mainly due to economic and technical reasons it was limited only to surface and near
surface type of repository.
The technical part of the project, based on systematic technical screening of the
territory to identify the most suitable areas/locations, was concluded in 1993. As a
result five most suitable locations were identified. The presentation of the results to
the public was unsuccessful and has provoked strong disapproval within the local
communities where the locations were identified. Because of the extremely negative
reactions from local municipalities, the public acceptance criterion at these locations
was not met, therefore in 1993 the siting process was suspended. All activities
connected to this siting were stopped.
The later analyses of this siting process were more or less unique in judgement that
the main reason for the failure of the siting project was insufficient and inadequate
provision of information to the public. Information on the project was poor, public
participation in the site selection process was not established and the representatives
of local communities were not involved in the process.
The analyses also agree that the site selection process did not have sufficient political
support. A waste management policy that could have provided the needed link
between the politicians and the investor, did not exist. In fact, the period of the site
selection process coincided with the time of tremendous changes that occurred in our
country in the late eighties and early nineties. The changes in the political, social and
economic system, in combination with the growing opposition to the peaceful use of
nuclear energy, would require a different approach to the problem. The siting project,
based on the technical screening method should have adapted to all changes and new
circumstances, but due to its long-term nature it was practically impossible.
From lessons given in the previous project the Agency learnt that public acceptance is
the crucial element in the whole siting procedure. Therefore public involvement and
participation in new siting project are the imperative and have to be studied and
prepared very carefully.

Alternatives to the site selection
For this reason, before starting the new siting project, the Agency for Radwaste
Management made an extensive analysis on possible approaches to the site selection.
Following foreign experiences, three different approaches were studied: besides the
"technical" approach, which was used in the previous siting process, the volunteer
siting, based primarily on voluntary participation of the local community in the siting
process, and the combined approach - a mixture of the first two approaches, were
examined.
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Technical screening
The technical screening is a process of filtering or sifting of large areas with relatively
high potential technical suitability for a given facility by applying a rigid set of criteria
against which regions, areas and sites can be judged.
In the case of the site selection process that was performed in Slovenia between 1990 1993, 43 different criteria were used. The procedure was divided into four steps. In
the first step the unsuitable areas were excluded by taking into consideration the rough
exclusion criteria, such as: national parks, urban zones, ground water resources,
presence of active faults, geothermal areas, flood areas, presence of natural resources,
etc.
In the second step potential sites were identified by applying preference criteria such
as seismicity and geology, land use and water resources. In the third step potential
sites were reduced to candidate sites by comparing potential locations using the
criteria on population, economical feasibility, transport and ecology. In the fourth,
final step, the most suitable location should have been confirmed by field
investigations. Due to public unacceptability the siting process was stopped before
this step was performed.
Technical screening represents a directed siting methodology also known as DecideAnnounce-Defend approach. In the past it has been applied in different countries.
Volunteer siting
As the complete opposite to technical screening we have volunteer siting. This
assumes voluntary participation of local communities in a siting process. The
proponent of a particular facility, e.g. radioactive waste repository, invites
communities to volunteer their locality as a potential site. All bids must be evaluated
according to the prescribed criteria and all necessary investigations must be performed
to confirm the suitability of potential locations. Only if the site characterization is
successful and all safety criteria are met, can the location be confirmed as suitable.
Voluntarism must be respected throughout the whole project. The decision to
participate, or withdraw at any stage, rests wholly with the community. Therefore it is
very important to stimulate the local communities by financial compensations, rents
or other benefits to participate in the siting process and finally if the suitability of the
location in their community is confirmed to host a repository.
In our country, volunteer siting became more feasible when the Environmental
Protection Act was issued in 1993. By this act financial stimulations and other
compensations to the local community, which would host the project of general
importance, are foreseen. This possibility could be applied in the case of volunteer
siting of a radioactive waste repository in our country.
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Combined approach
Another approach to site selection is the combined approach, sometimes also called
mixed mode siting. It is practically a mixture of the first two approaches. Besides
rough technical screening the combined approach incorporates negotiations with the
host area/community and some other elements characteristic of volunteer siting which
guarantee high public involvement.
The combined approach exists in many variations. Since it is very flexible can be
easily adapted to specific conditions and circumstances. But it is common to all
variations that, in first phase, cabinet investigations and rough technical screening of
the territory are performed. How detailed the screening is depends on the selected
variation of the combined approach and varies from country to country, but usually
the tendency is to retain a larger number of potential sites. This phase is then followed
by the negotiation phase with the local communities identified in previous, preselection phase. Only if the negotiations are successful and further steps agreed with
the local community, is the first phase followed by more detailed research including
field investigations to assess the suitability of the potential location.

Workshop on preparation of the siting procedure for a LILW
repository
All three approaches to the site selection were presented at a workshop on
"Preparation of siting procedure for a LILW repository", which was organized by the
RAO Agency in autumn last year. Experts from different fields of work (technical,
natural and human sciences) were invited to participate in the workshop and to discuss
the most appropriate site selection approach for Slovenia. The majority of the
participants supported the combined approach. In their opinion, the advantage of the
combined approach is flexibility, transparency and public involvement from the early
stage.
The RAO Agency was recommended to continue with further preparations of this
mixed mode siting. It was also concluded that site selection should be limited to shortlived LILW repository only, including a surface and underground type of disposal
facility, and that cost assessment of site selection should be prepared as soon as
possible.
Discussion at the workshop also opens some other questions connected to preparation
of the site selection process and LILW repository construction. Participants of the
workshop were united in their opinion that Slovenia needs an overall strategy of
LILW management. The LILW management strategy should include all elements of
waste management: production, storing, treatment and conditioning, site selection
procedure, repository construction and post-closure activities.
They also agree that it is necessary to stimulate research activities in waste
management. The competent ministries and other institutions can significantly
contribute towards increasing the research activities in this field.
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A summary of the workshop's conclusions has been prepared and distributed to
competent ministries, representatives of the political parties and others. The
recommendations were immediately incorporated into the working plan of the RAO
Agency and the proposal for site selection process has been prepared.

The proposed site selection procedure
The proposed combined site selection process should meet two main criteria:
- the location together with the repository should provide a safe disposal solution
which must be proved by the safety assessment,
- the site selection must be performed in agreement with the local host community.
By considering also the IAEA recommendations for site selection the proposed
combined procedure can be divided into four stages, which are schematically
presented in Fig. 1.
Stage
1st stage
2nd stage

Conceptual and planning stage

Time
1999

•

Area survey stage

2001

•

3rd stage

Site characterization stage

4th stage

Site confirmation stage

•

depends on negotiations
depends on negotiations

Fig.l: Scheme of combined site selection process.
The first stage is very important since the preparations must be extensive. Different
aspects must be respected and all elements that may influence the siting procedure
must be included. At this stage, the forms of public participation and involvement
must be defined and planned.
In second stage first the suitability of the Slovenian territory for a surface or
underground repository of LILW will be examined by cabinet investigations. Then at
the areas of interest the contacts with local communities and municipalities will be
established as it is seen in Fig.2.
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Identification of potentially suitable areas
Invitation to local communities to volunteer

Decision of local
community
withdrawal
from the
procedure

potentially
suitable locations
Fig. 2: Scheme of the second stage of the site selection process.

The communication with the local community/-ies can be established in many
different ways. Roughly they can be grouped as follows:
- agreement of local community to participate in the site selection process is
obtained by inviting tenders for participation or
- the local community is invited to participate in the site selection process through
an independent mediator who conducts the negotiations between the community
and the investor. The mediator represents the link between the two parties and
facilitates the communication and negotiations between the investor and the local
community. He (or she) should be completely independent, respected and with
high public credibility, and with sufficient authorization to run the negotiations.
The idea of a mediator was strongly supported by the participants of the workshop. It
is believed that such an institution can significantly contribute to the successful
conclusion of the site selection process, especially if he were to have sufficient public
credibility and adequate authorization for negotiation. Therefore the RAO Agency
gives preference to the mediator in carrying out the most demanding negotiation
phase.
Based on these principles the siting procedure is non tentatively prepared. The
recommendations of the workshop were already incorporated and some new elements
were added. Cabinet investigations have already started in order to conclude the area
survey by 2001.
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Conclusions
Because of the unsuccessful siting process in 1990-1993 the RAO Agency has started
a new site selection procedure. Extensive preparations including detailed analysis of
foreign experience were performed before the new approach was proposed. Among
three different models for site selection the RAO Agency gives preference to the
mixed mode siting which combines technical screening with volunteer principle and
negotiations. Such an approach was also given full support by experts from different
working fields participating in the workshop on preparation of the siting procedure for
the LILW repository, which was organized by the RAO Agency last year.
This year the work on the siting programme is being continued with the selection of
adequate siting methods and some other studies in order to complete the combined
procedure. The second stage of the site selection process is already under preparation,
and according to the schedule, by the year 2001 the area survey should be concluded.
The third and fourth stages of the site selection programme are more distant, and
strongly depend on how successfully the negotiations will be conducted. According to
the optimistic scenario, the site selection can be accomplished by 2003 and the
construction of a repository by 2007. However, in the negotiation phase some delays
may occur, which may also affect the planned timing for a repository.
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LIQUIDE WASTE VOLUME REDUCTION
BY
IN-DRUM DRYING SYSTEM
Mag. Bojan Volaric, dipl. ing.
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The Krsko NPP
Vrbina 12, Krsko
Slovenia

ABSTRACT
The disposal of radioactive waste is becoming increasingly difficult because of the lack of available
volume on site, the rising disposal costs and the lack of ultimate disposal sites. Optimized
treatment and volume reduction of concentrates and spent resins prior to interim storage, final
disposal, and solidification processes are major step to counteract the situation.
Concentrate volume reduction - The drying and volume reduction process converts the collected
concentrate into a dry solid waste product with nearly no residual moisture and no free-standing
water. The homogenized and chemically pretreated concentrate is pumped from Waste Evaporator
Package into the Concentrate Buffer Tank. Chemical post-treatment is possible by adding of acid,
caustic, or anti-foamant. The 200 1 drums are located at two drying stations. After the drum is
filled with concentrate, the drum is set under vacuum and heated to about 70 °C. Boiling begins
and the solids precipitate in the drum. Heat is applied to the drum from the electrical heating units
throughout the process. The average boiling rate is about 4 liters per hour during evaporation
process. When the system controls have indicated that the drying process is finished the drum is
transferred to the roller conveyor for being further transported to the drum capping device. After
capping the drum is picked up from the roller conveyor and placed on an electrically driven drum
transport cart for being further transported to the intermediate drum storage on-site.
Spent resin volume reduction - The drying and volume reduction process for spent resins
converts it into a dry, free flowing bead resin condition. The homogenized spent resins are flushed
from an existing spent resin storage tank as water/resin suspension into the spent resin drying tank.
After the drying tank is filled with a certain amount of resins the resin flushing process is stopped
and the remaining water in the drying tank is discharged. By heating up the tank contents and
evacuating the tank, the water of the wet resins is evaporated until the resins are dried to a residual
moisture contents less than 30 w/o minimum. When the system controls have indicated that the
drying process is finished, the dry and free flowing bead resins are discharged by the force of
gravity directly into a 200 1 drum. The filled drum is afterwards transferred by use of the roller
conveyor to the drum capping device and further transported to the intermediate drum storage onsite.
By the In-Drum Drying System a significant volume reduction will be developed. The yearly
production of 550 drums of concentrate will be reduced to 30 drums and the production of 80
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drums per year of spent resin will be reduced to 24 drums. These numbers of drums are estimated
conservatively for the years in the future operation.

INTRODUCTION

The Nuclear Power Plant Krsko is in commercial operation from the 1983. At that time it was
assumed that the ultimate disposal place would be defined and erected in nineties. An Interim
Storage Area for low and mid rad-waste was built for temporary storage. It is divided in six
sections and it enables to store drums with the volume of 200 1 NPP Krsko yearly production of
low and mid-waste is shown in Table 1:

1990
1991
1992
1993
1994
1995
1996
1997

Compressible
Waste

Evaporator
Bottom

Other
Waste

Spent
Resin

(No. drums )

(No. drums)

(No. drums)

(No. drums)

180
94
207
192
132
409
242
142

522
279
382
213
133
400
145
139

3
0
0
0
0
3
69
49

65
0
39
82
0
43
0
0

Filters

TOTAL

(No.
drums)

(No.
drums)

21.
0
1
19
19
26
20
0

791
373
629
506
284
881
476
330

Table 1: Interim Storage of Rad-waste in NPP Krsko

The ultimate disposal facility wasn't erected and in 1988 and 1989 NEK was forced to use supercompaction campaign for rad-waste volume reduction. By the existing technology of volume
reduction and super-compaction campaign NEK couldn't enable enough volume in the interim
storage building until the planned end of plant operation (in 2023 ). 4,5 sections are filled with
drums at the moment and the storage is expected to be completely filled with drums in the next
3 - 5 years. At the beginning of nineties we lunched an investigation into a technology by which
a significant volume reduction could be managed in the area of liquid waste production. The
limitations were:

-

no additional building on site
storage of wastes in 200 1 drums
use of existent storage system for temporary storage of the drums.

In 1994 NEK signed a contract with the Siemens KWU company, by which a new In-Drum Drying
System ( IDDS ) technology will be used for significant volume reduction of new produced
Evaporated Bottoms ( EB ) and Spent Resin ( SR ). By this technology the EB with approximately
20% of solids will be dried to a monolithic block with no freestanding water and SR will be dried
to less than 30% of residual moisture. The expected drum volume reduction factor in the Interim
Storage Area was foreseen for EB 22 and for SR 4 - 5. It was decided that this technology would
be installed into the Drumming Room ( D R ) area where from original design and construction the
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technology for filling the drums with liquid wastes is already installed. The area for temporary
storage of drums behind the shielding wall will be used for IDDS technology. In case of a
malfunction of the IDDS, an old system for filling the drum with slurry directly into the drums
must be prepared for operation without any special installation work.

FUNCTIONAL REQUIREMENTS AND SYSTEM LAY-OUT

Resin Suspension

Cooiir-o Wote

Cxhoust Air

! N - 0 f u m Drying Slotion
for 200 I Drums

(2*)

Figure 1: IDDS system diagram
The existing liquid rad-waste system consists of two evaporators ( waste and boron recycle
evaporator ) and a system for primary and blow down spent resin. The evaporators generate the
concentrate, which is transferred from the evaporator room into the drumming room by the
centrifugal pump for further treatment. The spent resin is discharged after the depletion into the
blow down or primary spent resin tank. Afterward the resin is transferred into a mixture of spent
resin and water into the drumming room for processing.
The new drying and volume reduction process will convert this type of rad-waste into a dry waste
product which is packed into 200 1 drums ( Figure 1: IDDS system diagram ). The new rad-waste
treatment system consists mainly of the following sections:
-

Spent Resin-Drying Tank with Drum Filling Station
Concentrate Buffer Tank with Recirculation Loop
Skid Mounted In-Drum Drying Stations 1 and 2 for 200 1 Drums
Skid Mounted Main Processing Unit with Condensers and Vacuum Unit
Drum Handling Equipment
Local Control Panels and TV Cameras
Sampling device for EB and SR
Additional shielding for new equipment.

The components/skids are installed behind shielding walls and the system is operated in a batch-
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wise mode. The system controls are automatic, semi-automatic, and/or manually. They are
initiated from a local control panel in DR behind the shielding wall ( Figure 2: Control Panel ) and
from a special container. The system should be connected to the plant information system. Process
can be controlled through the two lead windows on the shield wall, a monitor on the control panel
and through two cameras.

Figure 2: Control Panel
Radiation dose levels are a function of the specific activity ( Bq/m3) which increases during the
drying process and the main nuclide composition C06O, Csl37, Csl34, Mn54, etc. of the feed
streams. The new system wouldn't change the licensed working areas but it would cause a
decrease of the exposure to the operators attending the process. '
The process is designed in accordance with the ALARA principle in order to minimize radiation
impact on the equipment and significantly reduce the necessary maintenance and inspection
activities as well as to prevent human exposure. Besides, additional shielding structures were
installed for system components, piping, waste drums handling and transport. The shielding design
is such to allow entering the processing area for a short time for maintenance and inspection.
During the drying process, all necessary drum manipulations are done remotely. Remotely
controlled activities include transport of drums, capping, lifting and inserting the drums in a shield
container. A special equipment is designed to support remote manipulations, such as TV
monitoring, transport crane device, capping device, roller conveyers, shielding cask on an
electrically driven drum transport cart, etc.
A wide range of area monitoring systems is also provided to monitor the gamma dose rates in
specified areas. Two radiation monitors are installed in the process area. These monitors are
connected to the computer units for continuous monitoring.

CONCENTRATE DRYING
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The drying and volume reduction process described converts the collected/stored concentrate (
evaporator bottoms ) into a dry solid waste product ( monolithic salt block ) with nearly no
residual moisture and no free-standing water - Figure 3: Dried Concentrate.

I-*>'

Figure 3: Dried Concentrate
The homogenized and chemically pretreated ( pH adjusted ) concentrate is pumped from the
Waste Evaporator Package into the Concentrate Buffer Tank. This tank has an agitator which
continuously stirs up the tank contents for good homogenization. Chemical post-treatment is
possible by adding of acid, caustic, or anti-foamant and controlled by a new sampling device close
to the Concentrate Buffer Tank. For proportioning of the concentrate into the in-drum drying
stations a recirculation loop driven by the concentrate pump is established. The 200 1 drums,
located at each of the two drying stations, are initially filled and replenished as needed ( process
control) from the recirculation loop.
The 200 1 drum is placed by the existing crane, which is equipped with a special drum grab,.onto
drying stations, shell heaters are closed around the sides of the drum and the drum is lifted against
the hood. The insulated hood contains a level instrument to determine the drum fill level. After the
drum is filled with concentrate, the drum is set under vacuum by use of the vacuum pump and is
heated to about 70 °C. Boiling begins and the solids precipitate in the drum. Heat is applied to the
drum from the electrical heating units throughout the process. Initial boiling rates are about 5 liters
per hour tapering off during the process as the drum begins to fill with solids to less than half a
liter per hour. The average boiling rate is about 4 liters per hour during the evaporation process.
The process continues until the drum is filled with solids. As a final step, the heating is continued
for about 72 hours to eliminate the remaining water from the salt block.
The vapor generated during the drying process is routed to the process skid. Air and noncondensible gases entering the system exit the condenser directly to the scrubber tank. The gases
bubble up through the scrubber tank to permit dissolving of the impurities carried over and other
water soluble gases. Wet air is exhausted from the scrubber by a liquid ring vacuum pump that
includes a water separator and a cooler.
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The final exhaust is directly routed to the plant ventilation system. Water overflow from the
scrubber tank is collected in a Condensate Buffer Tank. When the Condensate Buffer Tank is
emptied, a level switch isolates it from these systems, the vacuum is replaced allowing to receive
additional flow from the scrubber tank which is maintained under vacuum as long as the process
is in operation - see Figure 4: IDDS in NE Krsko.

r
Figure 4: IDDS in NE Krsko
When the system controls have indicated that the drying process is finished the drum is lowered,
moved back and then lifted up by the crane and placed on the roller conveyor for being further
transported to the drum capping device. After capping the drum is picked up from the roller
conveyor by the existing crane, which is equipped with a special drum grab, and placed on an
electrically (battery) driven drum transport cart for being further transported to the intermediate
drum storage on-site. For this drum transport the use of a shielding cask has to be considered. The
reason for this is that the concentration degree of the concentrate is constantly increased during
processing and the radioactivity/dose rate will increase by the same factor accordingly. Thus,
shielding of the in-drum drying stations and the filled drum during non-remote handling is
essential.

SPENT RESIN DRYING
The drying and volume reduction process described converts the accumulated wet/slurry like spent
resins into a dry, free flowing bead resin condition. The dried resins are discharged by the force
of gravity via a filling hood directly into a 200 1 drum. The IDDS can process primary and blowdown spent resin.
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The homogenized spent resins are flushed from an existing spent resin storage tank as water/resin
suspension into the spent resin drying tank. In this tank the resins are retained by use of a special
filter element and the flushing water is routed to the Floor Drain System ( CEDH ). After the
drying tank is filled with a certain amount of resins the resin flushing process is stopped and the
remaining water in the drying tank is discharged. By heating up the tank content ( electrical
heating jacket) and evacuating the tank the water of the wet resins is evaporated until the resins
are dried to a residual moisture content less than 30 w/o minimum. Air and non-condensible gases
entering the system are treated in the same manner as described in the Concentrate Drying section.
The vacuum generated by the liquid ring vacuum pump also serves to evacuate the spent resin
drying tank.
When the system controls have indicated that the drying process is finished the dry and free
flowing bead resins are discharged by the force of gravity and using a ball valve directly into a 200
1 drum which is placed on a roller conveyor and lifted against the filling hood of the filling station.
The filled drum is afterwards transferred by use of the roller conveyor to the drum capping device.
After capping, the drum is transported into the interim storage facility in the same manner as
drums with concentrate.

OPERATION FUNCTIONS

Figure 5: IDDS installed in the Drumming Room
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Concentrate is fed into the 200 1 drums placed into the drying stations as long as a solid block is
formed inside the drums. Spent resins are processed in batches, the spent resin drying tank is filled,
the flushing water volume removed, the remaining resin volume dried, and the dry resins directly
discharged into a 200 1 drum. The remaining resin in the water/resin feed line can be flushed back
to its origin by using demineralized water.
A proven system design and experienced long-term operation system components as well as a
customized process application are provided. The systems are designed to minimize operator
interface by automating the system where possible. The equipment is skid mounted where
applicable, to promote transportability, and easy of installation. The systems are supported by the
following plant services available: Make-up Water System, Component Cooling System,
Compressed Air/Instrument Air System, the Auxiliary Building HEPA Ventilation System, Floor
Drain System, Liquid Waste Processing System and electrical power supply.
The EDDS is controlled by Programmable Logic Control ( PLC ) and can work in automatic, semiautomatic and manual mode. The basic function of the PLC is to control the process in order to
assure that the process fulfils the requirements of technology as well as the requirements regarding
human radiation protection. For that purpose two radiation monitors in the drumming room are
used to enable continuous measurement of gamma ambient doses.

CONCLUSION

Today we have approximately 3000 locations left for drums in the NPP interim storage area.
NEK's goal for the next years of plant operation is to reduce the total low and mid-waste
generation to less than 100 drums per year. The results of the IDDS technology will help us
significantly reduce the low and mid liquid waste in the future years of operation from almost 700
drums of liquid waste per year to approx. 50 drums per year. Considering further activities on the
waste reduction program we believe that the available ( of free ) 3000 locations in the Interim
Storage Area will be enough to the end of plant operation in 2023.
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CONSOLIDATION OF SPENT FUEL RODS AS AN OPTION TO
INCREASE THE CAPACITY OF SPENT FUEL POOL
Dubravko Pevec, Kresimir Trontl, Ivica Jurcevic
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Abstract
Using the SCALE-4 code package we have analyzed consolidation possibilities
of the NPP Krsko spent fuel pool. We considered an approach to capacity increase of the
NPP Krsko spent fuel pool in which additional racks with consolidated fuel have to be
designed and installed in the free space of the spent fuel pool. Two case were analyzed: the
first case assuming that old fuel (fuel that is already in the spent fuel pool) would be
consolidated and the second case assuming that new fuel (fuel that will be used in the future)
would be consolidated. We have showed that it is possible to design the additional canisters
(with consolidatedfuel) in free space of the spent fuel pool with the sufficient total capacity to
store all the spentfuel generated during the 40 years lifetime of the plant.

1. INTRODUCTION
Most of the nuclear industry's spent fuel is now being stored in water pools at the
reactor sites [1]. As the ultimate disposition of spent fuel, either by direct disposal or
reprocessing, is postponed in most countries (including United States), utilities in these
countries are running out of storage capacity in their spent fuel storage pools. The most
widely used technique to extend the spent fuel pool capacity is reracking. In the recent paper
[2] we analyzed reracking possibilities of the NPP Krsko spent fuel pool. Consolidation of
spent fuel rods is another technique, which could be used to increase capacity of spent fuel
pool.
Spent fuel rod consolidation [3] is the process by which the fuel rods of spent LWR
fuel assemblies are removed from the non-fuel bearing components (skeleton), such as end
fittings, guide tubes, and spacer grids. The fuel rods are then placed into canisters for storage
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purposes. Fuel compaction ratios of 2 to 1 can be achieved, thus the rods from two fuel
assemblies can be stored in the space required for one assembly. Skeleton compaction ratios
of 8 or 10 to 1 can be achieved, thus the skeletons from 8 or 10 fuel assemblies can be stored
in the space required for a single fuel assembly. The result of the rod consolidation is a
decrease in the space requirements for the interim storage and final disposal of the spent fuel.
The spent fuel pool of the NPP Krsko [4] contains 12 racks for spent fuel assemblies
with 12 inches center-to-center spacing of storage cells. The capacity of the NPP Krsko spent
fuel pool is 828 spent fuel assemblies. There is free space in the spent fuel pool, which could
be used for additional installation of spent fuel racks. Currently 526 spent fuel assemblies are
stored in the spent fuel pool. Apparently, the existing spent fuel pool capacity is not sufficient
to store all fuel discharged during the NPP Krsko lifetime.
We investigated how would the consolidation option affect a need to increase the
capacity of the NPP Krsko spent fuel pool. Our ultimate goal was to find out whether it is
possible by consolidation technique store all spent fuel accumulated during lifetime of the
NPP Krsko (40 years) in the existent spent fuel pool.
Calculational tools and methodology used to analyze consolidation of spent fuel rods
in the NPP Krsko spent fuel po6l are described in Section 2. Results of analysis are presented
in Section 3. Conclusions are given in Section 4.

2. CALCULATIONAL TOOLS AND METHODOLOGY
The SCALE code system [5] developed at Oak Ridge National Laboratory has been
used as the computational tool to investigate the consolidation possibilities of NPP Krsko
spent fuel pool. Criticality safety analyses are performed via the criticality safety analyses
sequences (CSAS), and ORIGEN module is used for the depletion calculations. The SCALE
27-group burnup library containing ENDF/B-IV (actinides) and ENDF/B-V (fission products)
data have been used for all calculations.
We considered an approach to capacity increase of the NPP Krsko spent fuel pool in
which additional racks with consolidated fuel have tc be designed and installed in the free
space of the spent fuel pool.
We analyzed two options: a) an option in which old fuel (fuel that is already in the
spent fuel pool) would be consolidated and b) an option in which new fuel (fuel that will be
used in the future) would be consolidated.
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Figure 1. Storage cell for a spent fuel assembly
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Figure 2: Fuel rod unit cell
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A computational model assumed that existing fuel racks consist of the storage cells
depicted in Fig. 1. The spent fuel assembly consists of unit cells given in Fig. 2. The spent
fuel rods from two spent fuel assemblies are put into specially designed canister. The cross
sectional view of the canister is given in Fig. 3. The canisters are put in the free space of the
NPP Krsko spent fuel pool.
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Figure 3. Cross-section of consolidation canister

3. IMPACT OF CONSOLIDATION OPTION ON THE NPP KRSKO
SPENT FUEL POOL CAPACITY
Total number of spent fuel assemblies accumulated during the NPP Krsko lifetime has
been estimated. We assumed 12-months cycle till the year 2003 (one cycle with 28 fuel
assemblies discharged and 4 cycles with a 36 fuel assemblies, discharged after power uprate).
A transition to 18-month cycle is foreseen, for the period from the year 2003 to the end of
operation in the year 2023. 48 fresh fuel assemblies of enrichment 4.85 w/o in U-235 are
needed for a 18-month cycle of the NPP Krsko for uprated conditions. On the yearly basis it
would correspond to 32 spent fuel assemblies, so 19x32 spent fuel assemblies would be

490

Nuclear Energy in Central Europe '98

discharged in that period. After the last cycle the full core (121 fuel assemblies) has to be
discharged. Taking into account that 526 spent fuel assemblies are currently stored in the
spent fuel pool the total number of spent fuel assemblies accumulated during the 4o years
lifetime is 526+1x28+4x36+19x32+121=1427. As the capacity of the existing spent fuel
racks is 828, a storage place for additional 599 spent fuel assemblies has to be provided.
There is a free space in the NPP Krsko spent fuel pool, which could be used to store these 599
spent fuel assemblies. We assumed that 599 spent fuel assemblies would be consolidated,
placed into canisters and stored in the free space of the spent fuel pool. The consolidation
canister dimensions are 21.9 cm x 21.9 cm. The NPP Krsko spent fuel pool configuration
including the consolidation canisters is given in Figure 4.

canisters with consolidated fuel

o
CD

existing fuel racks

O
CD

1082.5 cm

306.6 cm

1653.5 cm

Figure 4. NPP Krsko spent fuel pool configuration with consolidated fuel canisters
For the spent fuel assemblies which are already in the spent fuel pool we used in our
analysis the actual enrichments, burnups, and cooling times, and for the fuel assemblies which
will be used in the 18-month cycles in the future we assumed uniform enrichment (4.85 w/o
U-235), uniform burnup (45 GWd/tU) and uniform cooling time (2 years). The ORIGEN code
is used to calculate the isotopic composition of the fuel, but in our analysis only major
actinides (U-235, U-236, U-238, Pu-239, Pu-240, and Pu-241) are taken into account. The
effective multiplication factor for the whole-spent fuel pool is calculated by CSAS25
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sequence of SCALE code system. For the case in which old fuel is consolidated without any
boron in the spent fuel pool water we obtained the value of 0.7196±0.0033. For the same case
with 2325 ppm boron in the spent fuel pool water we obtained the value of 0.6824+0.0028 for
the spent fuel pool effective multiplication factor. For the option in which new fuel is
consolidated without any boron in the spent fuel pool water we obtained the value of
0.7156+0.0029 for the spent fuel pool effective multiplication factor. For the same option
with 2325 ppm boron in the spent fuel pool water we obtained the value of 0.6800±0.0034 for
the spent fuel pool effective multiplication factor. All these values are quite below the value
required by ANSI criticality safety standard (0.95) [6]. We may conclude that the
consolidation option offers the possibility to safely store all the spent fuel generated during
the lifetime of the NPP Krsko plant in the existing spent fuel pool.
It must be emphasized that consolidation designs described above are solely based on
criticality analysis of the spent fuel pool, and these designs have to additionally checked by
seismic and thermal-hydraulic analyses.

4. CONCLUSIONS
Using the SCALE-4 code package we have analyzed consolidation possibilities of the
NPP Krsko spent fuel pool. We considered an approach to capacity increase of the NPP Krsko
spent fuel pool in which additional racks with consolidated fuel have to be designed and
installed in the free space of the spent fuel pool. Two case were analyzed: the first case
assuming that old fuel (fuel that is already in the spent fuel pool) would be consolidated and
the second case assuming that new fuel (fuel that will be used in the future) would be
consolidated. We have showed that it is possible to design the additional canisters (with
consolidated fuel) in free space of the spent fuel pool with the sufficient total capacity to store
all the spent fuel generated during the 40 years lifetime of the plant.
It must be emphasized that consolidation designs described above are solely based on
criticality analysis of the spent fuel pool, and these designs have to be additionally checked by
seismic and thermal-hydraulic analyses
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Abstract
The disposal of high-level radioactive wastes in deep geological formations is of pronounced
technological importance for nuclear safety. The understanding of related fluid flow, heat and mass
transport in geological systems is of great interest. This article prepares necessary physical,
mathematical and numerical fundamentals for computational modelling of related phenomena. The
porous media is described by the simple Darcy law and momentum-energy coupling is due to
Boussinesq approximation. The Dual Reciprocity Boundary Element Method (DRBEM) is used for
solving coupled mass, momentum and energy equations in two-dimensions for the steady buoyancyinduced convection problem in an semi-infinite porous media. It is structured by weighting with the
fundamental solution of the Laplace equation. The inverse multiquadrics are used in the DRBEM
transformation. The solution is obtained in an iterative way.

1. Introduction
The understanding of transport phenomena in porous media [1] is of great importance. For
example, this class of phenomena are encountered in hydrology, petroleum geology,
underground disposal of nuclear wastes, etc.
The disposal of high-level radioactive wastes in deep geological formations (e. g. clay, salt
and granite) are of pronounced technological importance for nuclear safety. The aim of
disposal is to prevent the radionuclides to return to the biosphere (soil, surface waters). To
assess a long term safety of such radioactive waste disposal system, mathematical models are
used to describe the complicated groundwater flow, chemistry and potential radionuclide
migration through these formations [2]. Recommendatibns for this analytical safety
assessment work for underground disposal have been prepared by the IAEA as a publication
in their Safety Series. Agency differentiates the safety assessment into two major components:
scenario analysis (involving identification and definition of phenomena which could initiate
and/or influence the release and transport of radionuclide from the source to men) and
consequence analysis.
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The ability to define acceptability criteria against which a disposal facility design can be put to
test may only leave the 'as low as reasonably achievable' principle for developing as overall
disposal system with a minimum of detriments on the long-term.
However, it is necessary for the safety assessment to understand the complex behaviour of
flow and species transfer in the vicinity of a repository. These phenomena are being studied
with relevance to disposal of wastes in several countries. Until now stochastic approaches,
hydrologic modelling, laboratory research, computational modelling, etc. were used. The'
transport phenomena in spectra of geological systems could be described as equivalent porous
media with respect to fluid flow and solute transfer.
Shortly after disposal the temperature near the repository will increase and thermal stresses
will occur, which may have an influence on the permeability of rock mass. Furthermore, the
buoyancy induced fluid flow will occur in the rock mass around the repository due to the
temperature differences.
This paper discusses the solution of steady natural convection problem in semi-infinite porous
media by the Dual Reciprocity Boundary Element Method [3]. Its main goal is in preparing
the necessary physical, mathematical and computational fundamentals for development of
related computer programme. Computer programme will make possible a simulation of steady
natural convection in unbounded media. This physical situation represents simple first step in
computational modelling of the repository-soil system.

2. Physical Model
The porous medium is assumed to be rigid, homogeneous, isotropic, with both, the porous
media matrix and the saturated fluid incompressible. It is also assumed that the fluid and the
matrix are in thermal equilibrium ( Tsoiid = Tfluid = T) and the fluid motion can be described by
Darcy's law. Permeability, viscosity, effective thermal diffusivity, and coefficient of thermal
expansion are assumed constant.
The equations describing the conservation of mass (1), Darcy's law (2) and energy (3) are:
(1)

= -VP-Jiv + f
Jv

p o c p V.(vT) = kV2T + q

(3)

where v = (u, v), K, p., g, P, k, q, cp are seepage velocity vector, permeability of the medium,
dynamic viscosity of the fluid, acceleration vector due to gravity, pressure, thermal
conductivity of the medium, internal heat generation per unit volume and specific heat at
constant pressure of the fluid.
The change of density with temperature is in present physical model included only in body
force term f (gravitational force per unit volume of the fluid) through Boussinesq
approximation (4):
f=gPp[l-P(T-T0)]
'
(4)
In equation (4) p 0 is density of the fluid, T is temperature, p is the volumetric coefficient of
thermal expansion, and the subscript 0 refers to the reference values.
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Boundary Conditions:
The coupled set of equations can be solved only if the conditions are specified along the
entire boundary (around repository and at infinite region) that bounds the flow field:
1. Around the source region (repository) T the impermeable and slip velocity boundary
conditions are assumed (the normal component of the seepage velocity v = (u,v) must vanish
and other components of the seepage velocity can have arbitrary values):
v-nr=0
where n r stands for the normal on the boundary T directed into repository.

(5)

2. At semi-infinite region:
v => 0; T => To; when r => QO
= 0 when r => <x> •
(6)
9n r
The solution of the equations (1,2) is constructed by assuming the impermeable velocity
boundary conditions on the whole boundary T. The solution of the equation (3) is constructed
by assuming the division of the boundary T into necessarily parts F D and F N with the Dirichlet
and Neumann boundary conditions, respectively
- £ ^ - = b r N ; T = TrD

(7)

d

with Tp and br representing known functions. The solution of the posed natural convection
problem represents the velocity, pressure, and temperature distribution over domain Q. and
boundary F.
The above mentioned equations are solved numerically by DRBEM which is relatively novel
numerical procedure. It is particularly suitable for semi-infinite domains, typical for the
repository-environment system.
3. Solution Procedure
3.1 Overview
The boundary element method is a weighted residual technique for solving partial differential
equations, characterized by choosing an appropriate fundamental solution as a weighting
function and by using the generalized Green's formula for complete transfer of one or more
partial differential operators on the weighting function. The main comparative advantage of
the boundary element method over other discrete approximate methods is demonstrated in
cases where all of the resultant domain integrals could be represented by the boundary
integrals. This turns out to be possible only for some partial differential equations. When
dealing with the boundary element method for the transport, equation structured by weighting
with the fundamental solution of Laplace equation, domain integrals appear at least from the
transience, convective, and source terms.
The Dual Reciprocity Boundary Element Method represents one of the possibilities for
transforming the resultant domain integrals into a finite series of boundary integrals. The key
point of the DRBEM is approximation of the field in the domain by a set of global
approximation functions and subsequent representation of the domain integrals of these global
approximation functions by the boundary integrals.
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3.2 Integral Equations
The construction of the solution is represented in two steps. Only basic elements are
represented. The details can be found in [4]. The first step involves the conversion of the
partial differential equations into integral equations as well basic elements of the iterative
procedure [5]. The second step focuses on the discretization and solution of the algebraic
systems of equations.
The momentum equation is coupled with the energy equation through the body force. The
energy equation is coupled with the momentum equation through the velocity field.
Respectively, the solution inherently involves iterations.
Let us assume the velocity, pressure and temperature fields are all known at iteration level m.
The discussion of iteration cycle that follows explains how the velocity, pressure and
temperature field are calculated at the next iteration level m+1.
The solution of the momentum equation at the iteration level m+1 is constructed in the
following way:
The Pressure Poison Equation (PPE) is constructed by taking the divergence of the Darcy's
law (2):
V2pm+1 = V . ( _ J L v m + f m )

(g)

K
The PPE is simplified into:
by taking into account the mass conservation (1). The Neumann pressure boundary conditions
can be defined on the whole boundary F by taking the scalar product of the Darcy's equation
with the normal on the boundary. This gives:
VPm+1-nr=(—tvra+fm)-nr
K

(10)

Since the impermeable velocity boundary conditions (5) are valid, upper equation reduces to :
VPm+1-nr=fm-nr
(11)
The PPE together with the boundary conditions (11) is solved by weighting the equation (9)
with the fundamental solution of the Laplace equation T* (p;s) (where s stands for the source
position vector and p stands for the position vector) over the domain Q. The related
boundary-domain integral expression for the calculation of the pressure field is (after
application of the Green's second identity):
\——T*drfpm+I^-L_ dF-c*P ra+I - fV-f™ T*dQ
(12)
dn
r 5nr
r
r
*
a
Superscript s denotes evaluation of a quantity at the source point s. Coefficient cs equals 0 for
point s outside Q.,lA for s on the smooth boundary, and 1 for s in the domain. In this case:
^
(13)
2:t
r
is two dimensional fundamental solution of Laplace equation, where ro represents reference
2

0

0

0

radius and r = (p x — sx) + (py - sy) .
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Equation (12) is first used for determining the pressure distribution on the boundary T and
subsequently explicitly in the domain Q. The pressure gradients in interior points are
explicitly calculated from the Pressure Gradient Poisson Equation (PGPE [4]):

VT'dT- fp m + ! V— dr + V(c;Psm+I)= fvf m VT*dfi
r
r
3n
^
3n r
^

8n

(14)

r
obtained by taking the gradient of the PPE acting on the Fundamental solution source point.
After calculating the pressure gradient field the velocity field at iteration level m+1 could be
explicitly calculated from the Darcy's equation:
m+1
v

=.£.(-VP m+1 +f 111 )

(15)

The iteration cycle is completed by calculating the temperature field at iteration level m+1
(and with this also f"*1). This is accomplished by weighting the energy conservation equation
by the fundamental solution of the Laplace equation and by using the Green's second identity:

r ^ T d r - | T — d rr--ccXXm + 1 = f-V-(v'
f - V - (n+1v TTm+1
) T)T*dQ+
d Q + ff^-T'dQ
^-

(16)

with a = k/(pocp) denoting thermal diffusivity.
Equation (16) is used to simultaneously solve the unknown temperature distribution in the
Neumann part of the boundary, the unknown temperature derivative in the normal boundary
direction in the Dirichlet part of the boundary and unknown temperatures in the domain.
The iteration cycle is completed with calculation of the updated body force fm+1. The iterations
are stopped when conditions: |Tm+1| -| Tm|<T6, |vm+1| -|vm|<vE are satisfied, with vE and Ts
representing the velocity and pressure convergence tolerances.
When the above iteration conditions are not satisfied, new iteration cycle starts with the
relaxed value of body force:
f^fM-Cre^'-n
(17)
with crei representing the heuristic relaxation factor.
The detailed information of discretization of the involved boundary-domain integral
equations and respective formation of the algebraic equation systems for the solution of the
unknowns can be found in [4].
3.3 Conversions of Domain Integrals into Boundary Integrals
As was mentioned in chapter introduction the key point of the DRBEM [3] is approximation
of the field in the domain by a set of global approximation functions and subsequent
representation of the domain integrals of these global approximation functions by the
boundary integrals. This discussion is limited to the involved domain integrals:
/, = /F(p)T*(p;s)dQ; I2 = jV-G (p)T'(p;s)dQ;/ 3 = Jv2F(p)T*(p;s)dfi!
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(18)
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The integral type Ii arises when weighting the transience and source terms, I2 when
weighting the convective term, and I3 when weighting the diffusive term. Arbitrary scalar and
vector valued functions are denoted with F(p) (scalar valued function) and G(p) (body force
in equation (12))respectively.
Boundary geometry is approximated by Nr straight line segments and spatial variation of the
fields on each of the boundary segments is represented by constant interpolation functions
with meshpoints coinciding with the geometrical centers of the straight line segments (see
Figure 1).
Spatial variation of the fields in Q is represented by the Nip global interpolation functions [3]
of the form:
F(P) = V n ( P K

09)

The coefficients of the global shape functions could be expressed from the values of function
F at points n = 1,2, ... Nr+N« where the first Nr points n coincide with the nodes of the
boundary elements and the last NQ points n are distributed in the domain Q.
Coefficient qn are calculated by constructing a system of Nv algebraic equations:
V« =F

(20)

F represents vector of collocation points p n . Coefficients <;„ follow by inverting the system of
algebraic equations:
? = V"'F

(21)

Usually, for the global interpolation function \\in in a two dimensional case (closed region)
conical functions and augmented thin plate splines [6], are chosen.
For unbounded problems, however, it is not appropriate to chose the same functions. In this
way, the boundary element mesh is limited to internal boundary of the semi-infinite domain
which encloses the repository. So it is suitable to use the interpolation function (inverse
multiquadrics) which has to be employed in order to make negligible the contribution of
points far away from the region of the interest (infinity).
These functions have a special decay and form :
(22)

v.(p) = rr—r

where rn is distance between field point p and collocation point p n , C is an arbitrary constant.
The first two integrals (18) are calculated by defining the harmonic functions <pn :

V)

(23)

obtained after solving the equation:
2
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4. Typical Input Parameters
Performance of the resulting method is compared with the results in reference [7] and [8]. As
necessary condition for getting good results is to propose good real input data. The goal of
this chapter is performed what kind of data can be included in the programme. Figure 1
shows a circular cavity embedded in an infinite medium as an example of underground
repository geometry.

SOIL

Border between boundary elements

Figure 1. Cavity in infinite medium
The following typical data have been extracted from sources (thermal characteristics for tuff)
[9,10]:
• Thermal conductivity k [W/(mK)]: 1.875
• Bulk density p 0 [kg/m3]: 2297
• Thermal capacitance [J/(m3K)]: 3358 at 114 °C
• Specific heat at constant pressure cp[J/(kgK)]: 1460
• Reference temperature To [°C] at repository depth: 26
• Coefficient of thermal expansion p [°C"']: 6.8.10"6
• Static pressure P [MPa] at repository depth 300m : 6.6
• Waste package data (initial area power) [W/m2] : 18.8
• Permeability of the medium K [m2]: clay: 1.10'9, Sandstone: 1.10"5, Granite: 1.10"7
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The calculations will be performed at generic depth where source region (repository) is
subject to Dirichlet conditions. It is proposed that the surface maintains approximately a
temperature of 50 [°C] .
5. Conclusions
This preliminary study gives basic elements for computational modelling of the natural
convection around repository. It is based on simplest Darcy porous media physical concept.
The numerical solution, based on the Dual Reciprocity Method, has been already successfully
tested in standard differentially heated rectangular cavity benchmark situation [4]. It is
particularly suitable for use in the present semi-infinite domain context due to trivial
discretization. Next steps will include the buildup of the specific models and computer runs in
geometry's, relevant for the possible repositories. The geometry data will be provided by the
SNSA. For this purpose, an axisymmetric version of the code is in development. One of the
main difficulties represents the analytical integration (see [6]) of the inverse multiquadric
functions i|/n and cpn which are currently not known.
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Uncertainties in Environmental Impact Assessments due to Expert Opinion;
Case Study: Radioactive Waste in Slovenia
Branko Kontic, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana
Matjaz Ravnik, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana
ABSTRACT - A comprehensive study was done at the J. Stefan Institute in Ljubljana and
the School of Environmental Sciences in Nova Gorica in relation to sources of uncertainties
in long-term environmental impact assessment (ElA). Under the research two main
components were examined: first, methodology of the preparation of an El A, and second,
validity of an expert opinion. Following the findings of the research a survey was performed
in relation to assessing acceptability of radioactive waste repository by the regulators. The
components of dose evaluation in different time frames were examined in terms of
susceptibility to uncertainty. Uncertainty associated to human exposure in the far future is so
large that dose and risk, as individual numerical indicators of safety, by our opinion, should
not be used in compliance assessment for radioactive waste repository. On the other hand,
results of the calculations on the amount and activity of low and intermediate level waste and
the spent fuel from the Krsko NPP show that expert's understanding of the treated questions
can be expressed in transparent way giving credible output of the models used.
1.

Introduction

A problem of validity of environmental long-term predictions [1,2,3] associated with
radioactive waste disposal and regulatory decision making in the presence of uncertainty is a
subject of thorough analysis in recent time. In this connection a predictive modelling of the
quantity, radionuclide inventory, and activity of the radioactive waste in Slovenia was made.
Screening of doses due to waste disposal was also made. The issue in these predictions is
accuracy, i.e. validity: on one side accuracy of predictions of waste characteristics by the year
2023 when the nuclear power plant Krsko (NPP Krsko) is planned to be closed down, and
validity of exposure evaluations for the far future (more than hundred years from now) on the
other. The assumption before doing calculations was that given accurate figures of the
quantity, radionuclide inventory, and activity of the radioactive waste in the year 2023, the
calculation of changes of activity during time (afterwards) is relatively accurate. We used
computer code Origen2 for the calculations associated with spent fuel [4,5] and developed a
code for calculations connected to low and intermediate level waste to test the above
assumption. Based on results of calculations the influence of uncertainties in these
predictions on the strategy for waste management is discussed. Another assumption, or better
expectation was, that predictions about human exposure to disposed radioactive waste may be
so uncertain, that use of dose evaluation in the licensing procedure may be questioned also
from technical point of view. Preliminary dose evaluations were made using computer code
Amber 3.3.
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2.

Sources of uncertainty in EIAs and methodology of research

The research on credibility/validity of EIAs made in the past was directed as to
explore methodological sources of uncertainty of the predictions in regard to long-term
environmental impacts. The ways of how to avoid or minimize these uncertainties (what is
meant here by uncertainty is not the so-called "statistical" uncertainty, which is connected to
dispersion (distribution) of information, but rather conceptual or phenomenological
uncertainty, which is connected to understanding of phenomena [6,7]) were also investigated.
One should note that there is no possibility to check (verify) long-term predictions by any
kind of monitoring or empirical data at present and that in such cases expert opinion plays
even a stronger role than otherwise. Even post-audits of the models are impossible in the case
of predictions for thousands of years.
In the research a set of 350 environmental reports was selected for the initial review.
Purpose of this review was to gather information on how many objections by the clients,
authorities, the public and others were given to these evaluations. This was the first level of
evaluating credibility and validity of environmental evaluations. The second level was
through special questionnaires and interviews of the experts, which were most often involved
in these evaluations.
The following main entities of the EIA process were investigated:
•
•
•
•
•

Information about characteristics of a proposed activity
Characteristics of environmental setting where the proposed activity is planned to be
realized
Changes in the environment due to interactions between the proposed activity and the
environmental setting
Valuation of environmental changes (interpretation of environmental changes in terms of
values - identification of impacts)
Conclusions in terms of acceptability of environmental impacts.
The results of these investigations are:

•

The evaluation of the necessity of the project for the overall society and especially for
local people, where the project is planned to be realized, is a key starting point in
assessing its acceptability. Thorough investigation of alternatives (site alternatives,
transport alternatives, technological changes, etc.) makes significant support in this
evaluation. These kinds of assessments should be integrated with the evaluation of
acceptability of environmental impacts, i.e. with criteria of acceptability. Recently this is
done by integrating environmental assessment techniques with methods of economic
appraisal and social impact assessment on the strategic planning level. In connection to
radioactive waste repository an assessment of its necessity on national level is inevitable.
• The core of environmental impact assessment is not environmental elements as such (air,
water, soil, flora, fauna, e t c . ) , but rather our relation to, and interest about the
particular element. In this sense it is more appropriate to integrally analyze why we think
that particular environmental element should be protected than to solely investigate its
ecological importance (biological approach, nature conservation), or potentials for its
pollution (pollution prevention), or the consequence of the pollution for human health.
Such evaluation is much more in the context of the theory of EIA, which relies on
valuation of impacts. Connected to radioactive waste disposal this would mean that

504

Nuclear Energy in Central Europe '98

humans' interest about environmental elements, i.e. interest about potentials and the ways
of using the environment determine their relation to different alternatives of its usage.
Since one of the alternatives is waste disposal, the acceptability and priority of this option
can appropriately be assessed only based on comparison with other potential uses of a
particular environment. This is usually done by using land-use comparison as a basis.
The underlying components in any EIA are, therefore, the following relations:

•

=> We and Elementary (why we think that protection of nature in its original, i.e. elementary
state is appropriate? This is usually articulated by Nature Conservation).
=> We and Pollution (why we think that we need to prevent pollution? Usually articulated as
Pollution Prevention, Health Protection).
=> We and Future Generations (why we think that we have responsibilities to protect future
generations? Usually articulated through ethical considerations or as Natural Resources
Protection).
Only when all the three are integrally analyzed in a proper way we may say that EIA has
been done completely, comprehensively and appropriately (holistic approach). In this
way, the evaluation of acceptability of a project, especially such sensible project as
radioactive waste disposal, can not be considered as appropriate if only a limited
perspective is applied. It seems that more and more different audiences understand that
such a limited perspective is applied when only dose and/or risk are used as indicators for
such an evaluation. Appropriate selection and distinction between indicators of
environmental change and impacts reduce uncertainties in such evaluations in the first
place. Another important feature is clear presentation of social interests (goals) when
evaluating acceptability of environmental changes. The transparency of evaluation
methods used by experts is the key element in achieving overall validity of the evaluation
results, as well as the evaluation procedure itself.
3.

Predictive modelling of the quantity, radionuclide inventory, and activity of the
waste from the NPP Krsko
Low and Intermediate Level Waste
Based on available data on the amounts and activity of low and intermediate level
radioactive waste from the Krsko NPP [8,9,10] the following compilation of specific
activity data was made, see Table 1:

Specific activity of selected radionuclides in the waste collected in one year (Bq/m")
Co-58
Co-60
Cs-134
Cs-137
Cr-51
0.0
2.7*10K
9.5*10'
1.4*10'
2.3*10'
8
8
1.9*10
8.6*10°
2.3*10'
7.2*10'
2.3*10
cw
8.5*10s
0.0
5.8*105
EB
~\A*W
1.7*105
0.0
1.8*10'
2.1*10'
7.4*10'
1.1*10'
U
I
3.9*10' 1
2.5*10" |
6.2*10' |
\.9*\<f
0.0
O
SR— spent resins, CW — compressible waste, EB - evaporator bottom, F — filters, O - other waste
Waste Type
SRT"

Table 1: Specific activity of selected radionuclides in LILW of the NPP Krsko
The anticipated decomissionning waste was evaluated separately. Emphasis in these
evaluations was given to the content of long-lived radionuclides in the waste. The evaluated
total activity of long-lived radionuclides in the year 2023 is summarised in Table 2.
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Isotope
C-14
Ni-59
Ni-63
Mo-93
Nb-94

Half-life (years)

Total activity (Bq)

5730
75000
96
3500
20300
Anticipated volume of these waste is 200 mJ

8.1*10"
4.4* 10 u
6.6*10°
2.1*10'"
2.6*10"

Table 2: Aticipated total activity of selected long-lived radionuclides in LILW [9]
Based on these figures and data in [8] the adopted variation in Cs-137 specific activity
in spent resins is within a factor of ten. This gives a variation in time in which the activity
will drop below the prescribed level of 102 MBq [Slovenian regulation] of about hundred
years, which will happen in approximately 350 ±100 years.
Spent Fuel
Prediction of the quantity of the spent fuel from the NPP Krsko after 35 cycles is
pretty accurate: each year approximately one third of the fuel is replaced in the reactor. This
gives about 16 tons of spent fuel per cycle, or about 560 tons in total lifetime. However,
prediction of the quantity of spent fuel is not an issue but rather its activity, radionuclide
inventory, and decay heat, at least in the first decades after irradiation. We used computer
code Origen2 for these predictions [4,5].
Calibration of the prediction model for the NPP Krsko was done on the basis of the
past 13 fuel cycles. The assumptions used, the process of calibration, and results achieved are
presented in detail in [11].
Integrally, the model represents the past thirteen cycles adequately (with acceptable
level of uncertainty, see Table 3). The analysis of eventual changes in the activity of spent
fuel due to different fuel enrichment is given in Figure 1. Adopted variation was one percent
above and below the value presently applied, i.e. 4% of U-235 in the fuel. The calculations of
difference if the activity of spent fuel if the plant operates five years longer or shorter than
planned were also made. These differences are presented in Figure 2.

Reference [12]
Reference [13]
Model prediction
Difference
(%),
rounded

Activity after 7.
cycle (Bq)
7,5*10'°
9,2* 1015
9,9* 10'8
9-33

Cooling period
(days)
45
45
45

Activity after
13.cycle(Bq)
N.A.
2,5*10'*
l,2*10ly
208

Cooling period
(days)
N.A.
32
45

Table 3: Comparison of the calculated results (model vs. operational data)
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ACT3

ACT5

cr
E

1.00E+10

i
>

1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

Time (years)

Figure 1: Influence of fuel enrichment on activity of actinides (ACT3, ACT4, ACT5
stands for activity of actinides at enrichment of 3, 4, and 5% of U-235, respectively. The
results are for one model-batch of fuel)

Activity after 30, 35 and 40 years of operation
1.00E+14

1.00E+13

1.00E+07 +
1.00E+00

1.00E+01

1 .OOE+03

1.00E+04

1.00E+05

1 .OOE+06

Time (years)

Figure 2: Influence of extended (Act40) or shortened (Act3.0) operation of the Krsko plant
on the activity of actinides in the complete spent fuel (basic estimate is that the plant will
operate 35 cycles - Act35. One cycle lasts for one year according to the used model)
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4.

Conclusion

The research on credibility/validity of EIAs made in Slovenia in the past showed that
trust into expert opinion about future environmental impacts has its roots in multiple factors.
One of the most important elements is transparency of expert opinion. Possibility of
subsequent review and verification (auditing) of evaluations is a key factor of credibility.
Uncertainty evaluation in terms of scenario analysis for Krsko NPP revealed that
different fuel enrichment, or longer vs. shorter period of the plant operation does not
influence the basic characteristics of the waste in such a scope that this would have
consequences for the radiactive waste management strategy.
5.
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Abstract
Our intention was to model a series of concrete storage casks based on TranStor
system storage cask VSC-24, and calculate the dose rates at the surface of the casks as a
function of extended burnup and a prolonged cooling time. All of the modeled casks have
been filled with the original multi-assembly sealed basket. The thickness of the concrete shield
has been varied. A series of dose rate calculations for different burnup and cooling time
values have been performed. The results of the calculations show rather conservative original
design of the VSC-24 system, considering only the dose rate values, and appropriate design
considering heat rejection.

1. Introduction
Although existing storage locations for spent fuel are mainly spent fuel pools in
nuclear power plants, dry disposal option dominates the plans and projects for the future.
Main reasons are larger flexibility, low cost, and possibility of passive cooling and low level
of supervision needed. Among different existing intermediate dry spent fuel storage systems,
storage in concrete casks provides a safe and economical method for the dry storage of
irradiated fuel at an independent spent fuel storage location. The TranStor Ventilated Storage
Cask (VSC) System [1] is a good representative of such a system.
The system includes ventilated concrete cask, multi-assembly sealed basket and a
transfer cask. The concrete cask provides structural support, shielding and natural convection
cooling for a loaded multi-assembly sealed basket.
TranStor system storage cask VSC-24 is a vertical concrete ventilated storage cask
designed for 24 PWR spent fuel assemblies with a maximum burnup of 35 GWd/tU and a
minimum cooling time of 5 years. Considering the fact that recently achieved burnup of fuel
assemblies is considerably higher (up to 50 GWd/tU) than the TranStor VSC-24 maximum
allowed burnup, resulting in higher thermal and dose rate values, the use of the cask for the
assemblies with extended burnup, without further investigation is not recommendable.
A series of concrete storage casks based on TranStor system storage cask VSC-24 has
been modeled, and the dose rates at the surface of the casks as a function of extended burnup
and a prolonged cooling time have been calculated. All of the modeled casks have been filled
with the original multi-assembly sealed basket and the thickness of the concrete shield has
been varied.
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SCALE 4.2 code package [2] has been used for all calculations. The ORIGEN module
[3] has been used for isotope depletion, heat production and neutron and gamma energy
spectrum calculations. The SAS4 control module (Monte Carlo method) has performed
simulations of gamma and neutron transport as well as dose rate calculations.

2. VSC-24 main parameters and calculational model
The original TranStor system storage cask [1] is a vertical concrete storage cask,
composed out of a multi-purpose sealed basket (MSB) and a ventilated concrete storage cask
(Figure 1.).

CASK LID

AIR OUTLET

CONCRETE

MULTI-ASSEMBLY
SEALED BASKET
(MSB)

CONCRETE
CASK LINER

CONCRETE

AIR INLET
DUCT

AIR ENTRANCE

Figure 1. TranStor Ventilated Storage Cask-24 System
The MSB is capable of handling PWR as well as BWR spent fuel assemblies, and the
capacity is 24 and 61 assemblies, respectively. The loaded MSB weights 39 (PWR) or 42
(BWR) tons and the operating temperature is 380 °C. The basic shape of the MSB is
cylindrical with the following main dimensions: overall length is variable from 3200 mm to
4880 mm (the length taken for our calculation is 4000 mm); diameter 1676.4 mm; wall
thickness 19 mm; lid thickness 165 mm; bottom thickness 19 mm. Whole MSB is made out of
stainless steel. Cavity is filled with He at the pressure of 152 kPa (1.52 bar).
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Ventilated concrete storage cask can be filled with one MSB. The weight of the empty
casks is 112 tons, while the loaded one, weights 151 tons. Design heat rejection is 24 kW,
while the peak cladding temperature is 378 °C (PWR) or 436 °C (BWR). Maximum designed
burnup is 35 GWd/tU with the minimum cooling time of 5 years. The basic shape of the cask
is cylindrical with the following main dimensions: overall length is variable from 5000 mm to
6100 mm (the length taken for our calculation is 5000 mm); overall diameter 3300 mm;
cavity length is variable from 4445 mm to 4930 mm (the length taken for our calculation is
4500 mm); cavity diameter 1790 mm; wall thickness 781 mm; overall lid thickness 343 mm;
bottom thickness 610 mm. The cask body is made out of reinforced concrete. Since the actual
composition of the concrete wasn't available, we supposed the mixture of regular concrete and
carbon steel with volume fractions of 16.15 % and 83.85 % respectively. Such an assumption
has been based on the measured surface dose rate for the side of the cask which was 0.4
mSv/h for total burnup of 35 GWd/tU and 5 years cooling time [4]. A series of calculations,
varying steel volume fraction in reinforced concrete had been done, until obtained surface
dose rate matched the measured one. To reduce CPU time we simplified rather complex
system geometry. The simplified geometry of the VSC-24 system is depicted in Fig. 2.
Since the manufacturer's burnup
AIR
limit for the VSC-24 system is 35
GWd/tU and recently achieved burnup
FUEL
ASSEMBLY
MSB SHELL at NPP Krsko is 40-45 GWd/tU [5], we
decided to perform the dose rate
calculations in the 35-50 GWd/tU range.
Under the normal nuclear power plant
operational conditions a particular total
burnup can be achieved with slightly
different initial fuel enrichment, and
therefore we varied that parameter as
well. In order to get as much
information as possible, concerning the
dose rates, we varied the cooling time
and the wall thickness. Neutron and
gamma spectra obtained by ORIGEN
module, were incorporated into the
SAS4 sequence as a source spectrum.
SAS4 calculations have been done with
the IGO-3 geometry option, which
explicitly represents fuel pins, and the
only homogenization is done inside the
pins.
Neutron and gamma dose rates
CONCRETE
HELIUM
were calculated using standard SAS4
surface detectors which give the average
dose rate values through four imaginary
hollow cylinders placed around the cask.
FUEL ASSEMBLY
Only the results of the detector on the
HELIUM
cask surface have been taken into
BASKET SPACERS
account. The SAS4 offers positioning of
point detectors in any point outside the
cask. That gives the possibility of flux
and dose rate calculations as a function
Figure 2 VSC-24 system horizontal cross section o f detector position. We have performed
point detector calculations as well. The
results showed expected dependence of
detector azimuthal position. Surface detectors were used, rather than the point detectors,
mainly because of significantly smaller fractional standard deviation.
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3. Results of the calculations
Results of the SAS4 calculations for gamma (total) dose rates at cask surface for the
original VSC-24 system (the thickness of the shield is 78.1 cm) and for a series of casks with
a reduced shield thickness, as well as ORIGEN calculation of total thermal power for every
case, are given in Table 1.
The design dose rate limit of 0.2 mSv/h isn't reached in any of the cases for the
original VSC-24 system. In the worst case (50 GWd/tU burnup and 5 years cooling time) the
dose rate is roughly one third of the design value. On the other hand, the design heat rejection
has been surpassed for 41, 44, 47 and 50 GWd/tU burnup and 5 years cooling time (shadowed
fields in Table 1.). More then 5 year cooling time period is necessary for 41, 44 and 47
GWd/tU burnup, and more than 7 years for 50 GWd/tU burnup. The conservative design of
the original system, considering only dose rates, suggested a series of systems with a reduced
shield thickness to be modeled. The results of the calculations for all cases are given in Table
1. and depicted in Figures 3-6. The dose rate values obtained for the modified systems with a
reduced shield thickness are also below the original design values. The only exception is the
shield of 68.1 cm (10 cm reduced original thickness). In that case more than a five year
cooling period is necessary (shadowed fields in Table 1.).
Table 1. Surface dose rates and heat rejection for the original and modified VSC-24
systems, as a function of starting enrichment, burnup and cooling time
Enr.
(%)

Burnup
(MWd/tU)

Cooling Heat
Time (y) (kW)

Surface Dose Rate (mSv/h)

A=78.1 cm £>2=73.1 cm £>3=70.6 cm D4=68.1 cm
3.4
3.4
3.4
3.4
3.8
3.8
3.8
3.8
3.8

3.8
3.8
3.8
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3

38000
38000
38000
38000
41000
41000
41000
41000
44000
44000
44000
44000
47000
47000
47000
47000
50000
50000
50000
-50000

22.4
17.2
14.9
13 6

5
7
9
11
5
7
9
11
5
7
9
11
5
7
9
11

18.6
16.2
14 8
26 3
20.4
17.7

5

302

7
9
11

23.6
20.6
18.9

#U

162

179
21.7
19.0
17 4

4.38E-02
2.65E-02
1.87E-02
1.41E-02
4.66E-02
2.67E-02
1.91E-02
1.45E-02
5.02E-02
2.96E-02
2.05E-02
1.57E-02
5.08E-02
3.07E-02
2.18E-02
1.63E-02
5.59E-02
3.29E-02
2.30E-02
1.77E-02

9.55E-02
5.94E-02
4.18E-02
3.25E-021.05E-01
6.49E-02
5.27E-02
3.34E-02
1.14E-01
6.86E-02
4.83E-02
3.62E-02
1.15E-01
6.83E-02
4.90E-02
3.77E-02
1.23E-017.41E-02
5.31E-02
4.25E-02

1.45E-01
9.14E-02
6.53E-02
4.94E-02
1.61E-01
9.76E-02
8.42E-02
5.22E-02
1.62E-01
1.03E-01
7.25E-02
5.69E-02
1.78E-01
1.04E-01
7.48E-02
5.83E-02
1.88E-01
1.16E-01
7.94E-02
5.97E-02

2 29B-01
1.39E-01
9.79E-02
7.38E-02

237B-01
1.46E-01
1.24E-01
7 97E-02
2.565-01
1.59E-01
1.09E-01
8 50E-02
1.65E-01
1.18E-01
8.72E-02
2 64B-01
1.78E-01
1.21E-01
9.56E-02

Fractional standard deviation (FSD) for the neutron calculations was 3-4%, and for
gamma calculations 1.9 - 2.7%. Since gamma dose rate is much larger than neutron dose rate
(10-100 times), total FSD is roughly equal to gamma FSD. For the same reason, total dose
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rates are similar to gamma dose rates. The uncertainties of the results are much larger than the
total FSD. Main causes for this are:
• Activities of irradiated (spent) fuel and neutron and gamma spectrum have been
calculated using the assumption of spatially and timely constant neutron flux in reactor
during the whole irradiation period.
• The axial homogeneous distribution of activity in fuel rods.
• Surface detectors give the average dose rate as a result of integration of neutron and
gamma flux over a large cylinder surface. Because of the axially unsymmetrical position
of the fuel assemblies in the cask there are regions outside the cask with different dose
rate values [6].

4. Conclusion
The results of the calculations given in Table 1., and depicted in Figure 3., show that
the design of the original TranStor VSC-24 system is rather conservative, when considering
only the dose rate values. Manufacturer's design limit of 0.2 mSv/h isn't exceeded in any of
the cases of the original design. The dose rate values obtained for the modified systems with a
reduced shield thickness are also below the original design values. The only exception is the
shield of 68.1 cm (10 cm reduced original thickness). In that case more than a five year
cooling period is necessary (shadowed fields in Table 1.).
The design heat rejection has been surpassed for 41, 44, 47 and 50 GWd/tU burnup
and 5 years cooling time. More than 5 year cooling time period is necessary for 41, 44 and 47
GWd/tU burnup, and more than 7 years for 50 GWd/tU burnup.
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Figure 3. Surface dose rates of the original VSC-24 system (shield thickness is 78.1 cm)
as a function of burnup and cooling time
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Figure 4. Surface dose rates of the modified VSC-24 system (shield thickness is 73.1 cm)
as a function of burnup and cooling time
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Figure 5. Surface dose rates of the modified VSC-24 system (shield thickness is 70.6 cm)
as a function of burnup and cooling time
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Figure 6. Surface dose rates of the modified VSC-24 system (shield thickness is 68.1 cm)
as'a function of burnup and cooling time
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