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Zusammenfassende Darstellung 

Im Juli 1988 trafen das Paul Scherrer Institut (PSI) and die Hauptab. ilung für die 
Sicherheit der Kernanlagen (HSK) eine Vereinbarung über die Entwickle $ von Simula
tionsmodellen zur Transientenanal> & der Reaktorr>-. in ürr Schweiz. Ziel dieses gemein
samen Forschungsprogrammes ist die mathematische Modellierung aller -i der Schweiz 
in Betrieb befindlichen Kernkraftwerke sowie die ErävcUung und laufende Aktualisierung 
der für die Analyse von Störfällen und Unfällen inklusive grosser und klei :cr Brüche in 
diesen Anlagen erforderlichen nuklearen und anlagenspezih sehen Datensutze. Mit der 
Realisierung dieses Zieles sollen am PSI die Werkzeuge, Datenbasen, da» Fachwissen 
und die Erfahrungen entwickelt werden, die für eine fachkundige Unterstützung der 
nationalen Sicherheitsgremien bei der sicherhei'steehmschen Beurteilung der im Land 
betriebenen nuklearen Anlagen erforderlich sind. 

Schwerpunkt des Vorhabens ist die Entwicklung, Bereitstellung und Erprobung eines 
Rechenprogrammsystems zur Analyse des stationären und transienten Ken. und An
lagenverhaltens von Druck- und Siedewasserreaktoren. Die Erprobung des Programm
paketes soll durch Validierung der einzelnen Rechenprogrammc anhand generischer ex
perimenteller Daten und - sofern möglich - durch Verifizierung der anlagen- und tran-
sientenspezifisehen Simulationsmodelle anhand von Betriebsaufzeichnungen und Pro
tokollen der jeweiligen Kernkraftwerksanlage erfolgen. 

Dieses Programm, das den Projektnamen STARS (Simulationsmodelle zur Transienten-
analyse der Reaktoren in der Schweiz) trägt und ursprünglich nur für die Simulation 
anlageninterner Störfälle im Bereich der Auslegungsszenarien konzipiert war, wurde 
noch 1988 auf Veranlassung der HSK und unter finanzieller Beteiligung des UAK um 
die Analyse ausgewählter, auslegungsüberschreitender Reaktivitätsstörfälle erweitert. 

Anlass für diese Erweiterung war der Unfall von Tschernobyl, der die potentiellen Kon
sequenzen von Störfällen mit sehr raschen und grossen positiven Raktivitätsänrterun-
gen, die zur Brennstofffragmentierung führen können, wieder in das Bewusstsein der 
nuklearen Gemeinschaft gerückt hat. Soli .e Störfälle wurden :n der Vergangen! eit 
durch besondere Auslegungsmassnahmen oder di'-ch besondere Vorschriften für -'.zn 
Betrieb der Anlagen ausgeschlossen. Sie setzen da- uleichzeitige Eintreten mehu-rer 
Ereignisse voraus, deren kombinierte Eintrinswahrscheialichkeit für so gering geha'sen 
wurde, dass sie im Rahmen der üblichen Genehmigungsverfahren nicht betrachtet wur
den. Zu dieser Kategorie von Störfallen zäb'en insbesondere auch RcaktivitätsunfäUe, 
die durch das Einfallen (SWR) bez. Auswerfen (DWR) von Steuerelementen aus un
zulässigen Kernkonfigurationen verursacht wer-Jen. 

Um die der Genehmigung der Schweizerin hen Anlugen zugrundeliegenden Störfa: -
konfigurationen, -analysen und -Szenarien zu bestätigen oder zu hinterfragen, wur
den auf Veranlassung der HSK als Teil der von ihr initiierten Massnahmen gegen 
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schwere Unfälle folgende auslegungsüberschreitende Reaktivitätsstörfälle für die bei
den Kernkraftwerke Beznau und Mühleberg in das Projekt STARS aufgenommen: 

• Auswurf eines Steuerelementes im Kernkraftwerk Beznau II (KKB-II), 

• Ausfall eines Steuerelementes im Kernkraftwerk Mühleberg (KKM), 

• Ausfahren eines Steuerelementes ohne Reaktorschnellabschaltung im Kernkraft
werk Mühleberg (KKM). 

Der vorliegende Bericht beschreibt die Folgen eines Steuerelementauswurfes im KKW 
Beznau II. 

Der Störfall wird für den Zyklusanfang und das Zyklusende der 16. Betriebsperiode für 
den heissen Nullastzustand und am Zyklusanfang auch für Vollast untersucht. 

Um die Folgen dieses Unfalles, bei dem das plötzliche Abreissen des Steuerelement
antriebstutzens am Deckel des Reaktordruckgefässes als Ursache für das Ausschiessen 
des Steuerstabes unterstellt wird, zu begrenzen, wurde sowohl bei der Auslegung und 
Errichtung der Anlage als auch bei ihrem Betrieb durch geeignete Massnahmen sicherge
stellt, dass zulässige Grenzwerte für Systemdruck, Brennstoff und Hüllrohrtemperaturen 
während und in der Folge des Störfalles nicht überschritten werden. 

Derartige Massnahmen sind z.B. die Begrenzung des Reaktivitätswertes der einzel
nen Steuerelemente und der durch das plötzliche Ausschiessen des Steuerelementes 
bedingten Verzerrung der lokalen Leistungsdichteverteilung im Reaktorkern. Beide 
Grössen sind ausser vom jeweiligen Abbrandzustand des Kerns wesentlich durch die 
Steuerstabanordnung und - Eintauchtiefe vor Eintritt des Störfalles bestimmt. Durch 
geeignete, bei der Auslegung des Reaktors festgelegte Steuerstabeinfahrbegrenzungen 
werden sie wirksam kontrolliert. 

Die der Analyse des Steuerstabauswurfes zugrundeliegenden, auslegungsüberschreiten-
den Szenarien gehen davon aus, dass sich ein oder mehrere Stäbe vor Eintritt des 
Störfalles ausserhalb des zulässigen Fahrbereiches befinden, also weiter als zulässig in 
den Kern eingefahren sind. 

Es wurden zwei Szenarien betrachtet: 

• De; Stabauswurf im heipsen, abgeschalteten Reaktor (Null-Leistung) bei völlig 
eingefahrenen Stäben der beiden Regelbänke A und B (wird im Sicherheitsbericht 
nur tür den abgebrannten Kern untersucht). 

• Der Stabauswurf bei Nennleistung mit den Bänken A und B an den Einfahrbe-
grt'.-uungen. Der wirksamste Stab hat sich unmittelbar vor Eintritt des Störfalles 
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von sein«*" Kupplung gelöst und ist in den Kern eingefallen (wird im Sicherheits
bericht nicht analysiert). 

Da alle den Ablauf des Störfalles beeinflussenden nuklearen Parameter wie Reak
tivitätswert des Steuerstabes, Ausgangsleistungsdichteverteilung, Reaktivitätskoeffizien
ten für Brennstoff- und Moderaturtemperatur und nicht zuletzt die kinetischen Parameter 
vom Abbrandzustand des Kemes abhängen, wurden beide Fälle sowohl für den Anfang 
als auch für das Ende der 16. Betriebsperiode der Anlage analysiert. 

Dabei wurden sowohl dreidimensionale als auch punktkinetische Methoden verwendet. 
Während die erstgenannten zur realistischen Abschätzung der im Verlauf des Störfalles 
zu erwartenden Brennstoff- und Hüllrohrtempertaturen zum Einsatz kommen, werden 
die punktkinetischen Methoden zur Ermittlung des Druckaufbaus im Primärkreis und 
zur parametrischen Untersuchung des Einflusses relevanter Systemparameter auf den 
Störfallablauf benutzt 

Auch eine generische Abschätzung der vom Standpunkt des Steuerelementauswurf
störfalles zulässigen Regelstabwerte und Formfaktoren, die zur raschen Beurteilung von 
Brennelementeinsatzplänen benutzt werden kann, erfolgt auf der Basis punktkinetischer 
Methoden. 

Mit den 3-dimensionalen Modellen die zur Beschreibung des stationären und transien-
ten Kernverhaltens entwickelt wurden, aber auch mit den punktkinetischen Anlagen
modellen liegen nun dem Stand der Technik entsprechende Werkzeuge zur stationären 
Kernanalyse und zur Analyse von Steuerelementtransieriten im KKB vor. 

Dies bestätigen Vergleiche von Analysenergebnissen mit Analysen des Herstellers und 
mit Betriebsaufzeichnungen aus der Anlage, die vom Betreiber zum Zweck der Code
validierung verfügbar gemacht werden konnten. 

Zur Verbesserung der Berechung der lokalen Leistungsdichteverteilung im Inneren eines 
Brennelementes wurde die Entwicklung eines Rechenprogrammes in Angriff genom
men, das noch in diesem Jahr einsatzbereit wird. Für seine Validierung sind Heiss-
zellenuntersuchungen an bestrahlten Brennstäben erforderlich. Ein Vorschlag, solche 
Untersuchungen in das Projekt STARS aufzunehmen, ist in Vorbereitung. 

Das vorliegende Aniagenmodell von KKB-II wird noch im Laufe des Jahres soweit 
modifiziert, dass es auch für die Analyse der üblichen Betriebstransienten geeignet 
wird. 

Die ursprünglich beabsichtigte neutronenkinetische Simulation des Reaktorkernes in 
axialer Richtung scheint zur Analyse des transienten Anlagenverhaltens bei Druckwas
serreaktoren nicht erforderlich. Zweidimensionale Analysen des Steuerelementauswur-
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fes bei denen der Kern in x-y-Richtung repräsentiert wird, zeigen sehr gute Ueberein-
stimmung mit der 3D-Analyse und sind zur raschen Analyse von Steuerelementtran-
sienten wahrscheinlich besser geeignet. Trotzdem wird die 1 D-Simulation im BHck auf 
die Transientenanlayse von SWR im Rahmen des Projektes fortgesetzt. 

Der Bericht ist in zwei Teilberichte gegliedert: Im ersten Teil werden die Methoden und 
die stationären Analysen beschrieben, die für die Erstellung der für die Störfallanalysen 
erforderlichen nuklearen Parameter verwendet wurden. 

Im zweiten Teil werden die eigentlichen Transientenanalysen dargestellt und ihre Ergeb
nisse, auf der Grundlage der "assumptions used for evaluating a control rod ejection 
accident for pressurized water reactors" Regulatory guide 1.77 der amerikanischen 
NRC, einer sicherheitstechnischen Beurteilung unterzogen. 

Die Analysenergebnisse bestätigen, dass auch unter den extrem unwahrscheinlichen 
Annahmen, die den gewählten Szenarien zugrundeliegen (Gleichzeitigkeit von Stutzen
bruch und Fehlfahren der Steuerstäbe) kein für die sicherheitstechnische Beurteilung 
der Anlage relevantes Auslegungskriterium verletzt wird. Die Auslegung der Anlage 
deckt also auch die betrachteten "auslegungsüberschreitenden" Störfälle in konservativer 
Weise ab, obwohl beim Stabauswurf aus dem heissen abgeschalteten Reaktor, der zu 
einer superpromptkritischen Reaktivitätsexkursion führt, die Reaktorleistung kurzfristig 
auf etwa 50'000 MW ansteigt. 

Die untersuchten Störfälle und die wichtigsten Analysenergebnisse sind im folgenden 
kurz beschrieben und in der anschliessenden Tabelle zusammengefasst: 

1. Steuerelementauswurf bei Nullasi, Zyklusanfang 

Die beiden Regelbänke A und B sind völlig in den Kern eingefahren. Der wirksam
ste Stab tritt in Bank B auf und hat einen Reaktivitätswert von \p = 0,83 %. Der 
als Folge des Auswurfs dieses Stabes auftretende maximale Formfaktor erreicht einen 
Wen von ftot = 7,13. Eine Heisskanalanalyse ergibt 55 cal/g für die radial gemittelte 
Brennstoffenthalpie, eine maximale zentrale Brennstofftemperatur von 960 °C und eine 
maximale Hüllrohrinnentemperatur von 400 °C an der Heissstelle. 

2. Steuerelementauswurf bei Nullast, Zyklusende 

Die beiden Bänke A und B sind völlig in den Kern eingefahren. Der wirksamste 
Stab tritt an der gleichen Stelle wie oben auf, sein Reaktivitätswert ist Ap - 0,89 %. 
Der maximale Formfaktor während der Transiente erreicht einen Wert von fiot = 8,9 
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und die radial über den Brennstab gemittelte Brennstoffenthalpie an der heissen Stelle 
im milderen Kanal des heissen Bündels wird 66 cal/g. Die entsprechende mittlere 
Brennstofftemperatur erreicht 860 °C und die mittlere Hüllrohrtemperatur 383 ° C 

Da diese Werte weit unter den zulässigen NRC-Kriterien bzw. Auslegungskriterien des 
Herstellers liegen, wurde auf eine Heisskanalanalyse verzichtet. 

3. Steuerelementauswurf bei Vollast, Zyklusanfang 

Die Steuerelemente beider Bänke A und B stehen an ihren Einfahrgrenzen. Der wirk
samste Stab ist unmittelbar vor Eintritt des Störfalles in den Kern eingefallen, die 
Leistungsregelung hält die Leistung auf 100 %. Der Reaktivitätswert des wirksamsten 
Stabes ist A/> = 0,26 %. 

Die maximale, radial gemittelte Brennstoffenthalpie an der heissen Stelle wurde unter 
Berücksichtigung eines lokalen Leistungsüberhöhungsfaktors von 1,15 und einen Auf
schlag für Rechenunsicherheiten von 10 % ermittelt. Sie erreicht 78 cal/g, die zugehörige, 
zentrale Brennstofftemperatur 1617 °C. 

Best Estimate Analyse des Stabasuwurfstörfalls 
Maximalwerte der wichtigsten Parameter 

Parameter 

Anfangsbedingungen 

Stabwert [% &p] 
Formfaktor 
Lineare Stableistung [kW/m] 
Tablettenenthalpie [cal/g] 
Mini. Tabl. Temp. [°C] 
Hüllrohnemp. [°C] 

Heiss-Nullast 

Bank 
A & B 
einge
fahren 

0.83 
7.13 
2808 
55 
668 
400 

Heiss-Nullast 

Bank 
A & B 
einge
fahren 

0.88 
8.9 

5967 
66 
860 
383 

Heiss-Vollast 

Bank A & B 
an Einfahrbegrenzung 

Stab mit höchstem 
Wert eingefahren 

0.26 
2.0 
57 
67 
880 
432 

NRC 

. 

-
-
-

. 
-
-

280 
-
-
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PWR CORE FOLLOW CALCULATIONS USING THE 
ELCOS CODE SYSTEM 

P. ürimm, J.M. Paratte 

Paul Scherrer Institute 
CH-5232 Villigen PSI 

Switzerland 

ABSTRACT 

The ELCOS code system developed at PSI is used to simulate a cycle of a PWR 
in which one fifth of the assemblies are MOX fuel. The reactor and the calculational 
methods are briefly described. The calculated critical boron concentrations and power 
distributions are compared with the measurements at the plant. Although the critical 
boron concentration is somewhat overpredicted and the computed power distributions 
are slightly flatter than the measured ones the results of the calculations agree generally 
well with the measured data. 

INTRODUCTION 

A code system for the steady stale neutronics and thermal hydraulics simulation of light water 
reactors, called ELCOS (EIR LWR COde System), has been developed at Paul Scherrer Institute (PSI, 
formerly Swiss Federal Institute for Reactor Research, EIR). The main objective of this development 
is to support the Swiss utilities, industry, and authorities by calculations for light water reactors and 
related configurations, e.g. storage racks. 

Following an order of the Swiss licensing authority a program is conducted at PSI, supported 
by the Swiss utilities, aimed at developing and validating simulation models for the transient analysis 
of the reactors in Switzerland [1]. The steady state simulation of these reactors and the preparation 
of neutronics data for the transient calculations using the ELCOS system is an important part of this 
program. In the framework of this project this code system was applied for the first time to simulate 
a full cycle of a PWR. The calculations performed serve thus both purposes of generating input data 
for the transient analyses and of validating the ELCOS code system for PWR cycle simulation. This 
paper presents these calculations and compares the results with measured data. 

DESCRIPTION OF THE REACTOR AND CYCLE ANALYZED 

The reactor analyzed is a typical PWR with a rated thermal power of 1130 MW. The core 
consists of 121 14 x 14 rods fuel assemblies with an initial heavy metal mass of approximately 391. 
The active height of the core is 305 cm. Due to the relatively low specific power the fuel assemblies 
are normally irradiated during four one year cycles in contrast to other PWR's in which the fuel is 
discharged after three years. The core is controlled by 25 silver-indium-cadmium control rod clusters. 
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These are divided in three banks called A, B, and S. The flux distribution within the core is measured 
by movable fission chambers in 30 of the 121 assemblies. 

The fuel cycle analyzed lasted approximately 11 months and accumulated a core average bumup 
of 9159 MWdA. One fifth of the core consisted of MOX assemblies with an average fissile piutonium 
content of 2.8%. The remainder of the core were U 0 2 assemblies with initial enrichments between 
3.2 and 3.6 weight-% 235U. The fuel assemblies were loaded according to a low leakage pattern with 
thrice burnt assemblies at the periphery of the core. 

CALCULATIONAL METHODS 

The ELCOS code system [23] used for the present calculations consists of four codes: 
ETOBOX processes cross section data in ENDF/B format and produces a cross section library for 
BOXER. BOXER performs cell and two-dimensional transport and depiction calculations. CORCCD 
computes fits to the homogenized few group cross sections from BOXER for the three-dimensional 
calculations. SILWER carries out the three-dimensional neutronics and thermal hydraulics calcula
tions. 

The cross section library for BOXER was produced by ETOBOX, based on JEF-1 for the major 
uranium and piutonium isotopes as well as for hydrogen and on ENDF/B-4 for the other nuclides. 
The smooth cross sections are coilapsed (o 70 groups. In addition to the group cross sections the 
BOXER library contains point data in the resonance range between 1.3 eV and 907 eV. Above 907 eV 
the resonance cross sections (both resolved and unresolved resonances) are Doppler broadened and 
collapsed to groups for three temperatures and 4 values of the dilution cross section. The thermal 
scattering matrices for most nuclides are calculated using the free gas model. For the moderator 
nuclides and especially for hydrogen in water the S(a,ß) matrices given in JEF-1 are used. 

In BOXER the resonance cross sections are self-shielded by a two region collision probability 
calculation in 4000 to 5000 energy points below 907 eV and by an interpolation versus temperature 
and equivalent dilution cross section above this limit. Cell calculations in 70 groups are performed 
by an integral transport method in cylindrical geometry. The cells are calculated with white boundary 
conditions or with the outgoing partial current from a previously calculated cell as a fixed source at the 
periphery. The fundamental mode spectrum (i.e. for k^r = 1) is determined by a B t leakage calculation 
for the homogenized cell in 70 groups. The fine group fluxes in the homogeneous (i.e. non-cell) 
materials are computed by a one-dimensional transport calculation in slab geometry, preserving the 
mean chord length of each material in the two-dimensional grid. Then the cross sections are collapsed 
to 6 to 15 groups. The two-dimensional transport calculations are performed by a transmission 
probability method which couples the meshes by surface currents. The angular distribution of the 
mesh surface current is approximated by first order spherical harmonics in each quadrant and the 
space dependence by a linear function. Pi anisotropy of the scattering is taken into account. After 
the two-dimensional transport calculation the macroscopic cross sections are homogenized over the 
grid and collapsed to a reduced group number (normally 2) for the 3D calculations. The two group 
diffusion coefficients of reflectors can be adjusted so that a diffusion calculation reproduces the k,» 
and keff of the transport calculation. In the depletion calculations the nuclide densities are expanded 
in Taylor series of time with a given number of terms. The densities of nuclides with high destruction 
rates are calculated analytically. An iterative correction adjusts the flux within the time step in order 
to keep the power in the configuration constant. The effect of the changing spectrum on the reaction 
rates is taken into account by a predictor-corrector method and by density dependent one-group cross 
sections within the time step for 239Pu and 240Pu (approximated by a rational function). 
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CORCOD computes fits of the assembly averaged macroscopic cross sections from BOXER 
versus the independent stale variables like bumup, ws&r temperature and density, and boron con
centration. The formulas used are polynomials of several variables including cross products. The 
order of approximation can be chosen for each variable individually. The accuracy of the fits can be 
improved by a rational variable transformation. The coefficients of the polynomials are determined 
cither by a least squares fit or by a statistical method which omits the insignificant terms. 

SILWER simulates the ncutronics and the thermal hydraulics of LWR cores with reflectors 
explicitely modelled. The thermal hydraulics module computes the coolant temperature and density 
in each node. The coolant flow is redistributed iterativcly in order to equalize the individual channel 
pressure drops. Then the macroscopic cross sections are computed based on the fit coefficients 
supplied by CORCOD. The flux distribution is determined by a mda! coarse-mesh calculation. Two 
modules are available for this purpose: A fast analytical method which is limited to two groups and 
a method bared on Legendre polynomials which is slower but can be used for an arbitrary group 
number. As an option, the boron concentration, the control rod positions, or the reactor power can be 
adjusted so as to reach criticality. Since the water temperature and density distributions depend on 
the power distribution the thermal hydraulics and flux calculations must be repeated iteratively. The 
exposure of each node is computed by integrating the power distribution. A module of SILWER can 
be used to compute buckling and reactivity corrections for two-dimensional PWR core simulations. 
These corrections take into account the effect of the axial power shape and its flattening with bumup 
on the leakage as well as the influence of the flux and bumup distributions on the axially averaged 
cross sections. The axial calculation does not take into account the effect of the moderator feedback 
on the axial flux distribution. 

CALCULATIONS AND MODELS 

Homogenized two group macroscopic cross sections for the fuel assemblies at equilibrium 
xenon and xenon-free conditions were calculated using BOXER. The ten types of fuel assemblies 
present in the core, some of which have almost identical characteristics (enrichment, Pu isotopic 
vector), were represented by four types with averaged fuel compositions. The inconel spacer grids 
were uniformly smeared with the guide tubes over the active length. The assemblies were depleted 
at core and cycle average values of water temperature, power density, and boron concentration. 
Branching calculations, in which the latter three variables were varied, were performed at five bumup 
points. The MOX assemblies were simulated with surrounding U 0 2 fuel in order to take into account 
the change of the neutron spectrum at the boundary between the two fuel types. 

The two-group constants of the reflectors were determined by one-dimensional BOXER cal
culations taking into account the actual material compositions at different distances from the core 
boundary (baffle, lower and upper end structures). The adjustment procedure described in the previous 
section was used for the two group diffusion coefficients of all the reflectors. 

The two group cross sections were then fitted by third-order polynomials of bumup, power 
density (at xenon equilibrium, taking into account both fuel temperature and xenon poisoning), water 
temperature, boron concentration, and fuel temperature (in the xenon-free case). 

One quarter of the reactor core and the reflectors were modelled in three dimensions using 
SILWER. The bumups of the previously irradiated fuel assemblies were taken from core follow 
calculations for the previous cycle performed elsewhere to initialize the SILWER calculation at the 
beginning of the cycle considered. The core was depleted at full power up to the measured end of 
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cycle (EOQ bumup with time steps of approximately IS days. The critical boron concentration was 
searched for at each bumup step. The coast-down operation towards EOC was not simulated. 

RESULTS 

Startup Measurements 

Table I summarizes the critical boron concentrations for different control rod patterns and 
the temperature coefficient measured at startup as well as the calculated values. The measured 
and calculated radial power distributions at hot zero (or low) power are shown in Figures 1 and 2 
for the uncontrolled core and with control rod bank B inserted, respectively. For convenience of 
presentation the powers of the 30 instrumented assemblies were reflected into one quadrant according 
to the symmetries of the core. Figure 3 shows the measured and calculated core average axial power 
distributions in du unrodded core. Figure 4 compares the measured and calculated reactivity worths 
of control rod bank B as a function of insertion depth. 

TABLE I 

Results of startup measurements at beginning of cycle and calculated values 

Quantity 

Critical Boron Concentration at HZP: 
All Rods Out 
Bank B Inserted 
Banks A + B Inserted 

Isothermal Temperature Coefficient 
(HZP. All Rods Out) 

Unit 

ppm 

pcm/°C 

Measured 

1501 
1271 
1025 

-8.11 ± .5 

Calculated 

1591 
1354 
1071 

-8.7 

HZP = Hot Zero Power 

The critical boron concentrations are overpredicted by 46 to 90 ppm, corresponding to k^ 
overestimates of up to 0.7%. The calculated isothermal temperature coefficient is almost within the 
measurement uncertainty. However, it was computed at the calculated critical boron concentration 
which is higher than the measured one. Therefore the predicted temperature coefficient seems to be 
somewhat too negative. The control rod worths, expressed by their boron equivalents (i.e. the diffe
rences between the critical boron concentrations for withdrawn and inserted banks), are overpredicted 
by 3% for bank B (237 versus 230 ppm) and by 9% for banks A + B (520 vs. 476 ppm). No cause 
for the reHively high overestimate in the case of banks A + B (compared to bank B) could be 
identified. There is no indication of too high fluxes in uncontrolled assemblies when bank B is 
inserted (see Figure 2). The differences between calculated and measured control rod worths are 
within the generally accepted margin of ±10%. The calculated rod worth curve agrees well with the 
measured one (see Figure 4). 

The root mean square difference between the calculated and measured assembly powers (Fig
ures 1 and 2) is 2.5% both for the uncontrolled core and with bank B inserted. The maximum relative 
differences occur at the periphery of the core and reach up to 8 or 9%. It should be noted how
ever, that the measured value for the assembly with the highest difference appears to be somewhat 
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Figure 1: Radial power distribution at HZP, BOC, all rods out (core average = 1) 
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Figure 2: Radial power distribution at HZP, BOC, bank B inserted (core average = 1, controlled 
assemblies shaded) 
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uncertain because its power exceeds that of a symmetrically located assembly (with respect to the 
core diagonal) by 6 to 7% in both HZP flux maps. It is not clear whether this asymmetry results 
from random measurement errors or from small differences in irradiation history which may have a 
strong effect on the assembly power at this peripheral location. The differences between measured 
and calculated powers are within ±3% for most of the assemblies which is comparable to the mea
surement accuracy. The calculated and measured axial power distributions (Figure 3) are in quite 
good agreement but the former is somewhat flatter, i.e. the power is overpredicted near the upper and 
lower ends of the core and the peak value is slightly underestimated. The local depression^ in the 
experimental curve are due to the spacer grids. Since the latter were smeared over the active height 
in the calculations these perturbations do not appear in the computed curve. 
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Figure 5: Critical boron concentration versus burnup at full power 

Critical Boron Concentration At Full Power 

The calculated and measured critical boron concentrations at full power are compared in Fig
ure 5. The part of the measured curve during the coast-down phase is not shown because a comparison 
with the calculation^ results for full power would not be meaningful. The values near beginning 
of cycle (BOC) are overpredicted by 60 to 70 ppm This corresponds to a keff overestimate of 
approximately 0.5%. The calculated critical boron concentration decreases more rapidly than the 
measured one as a function of bumup during two thirds of the cycle. Beyond this point the predicted 
and measured curves are almost parallel with a separation of some 20 ppm. This non-linear burnup 
dependence of the difference between measured and computed critical boron concentrations makes 
it difficult to judge the capability of the ELCOS system for predicting cycle length but Figure 5 
suggests a satisfactory accuracy. 

Overestimates of kefj of the same order as those at BOC (both at zero and full power) were 
found in calculations of critical experiments with BOXER [4], Recent improvements in BOXER, 
particularly of the resonance calculation method, resulted in lower multiplication factors (up to 0.5%) 
for fresh fuel and a slower reactivity decrease with bumup (due to higher plutonium buildup). Some 
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Figure 6: Radial power distribution at 348 MWdA, full power (core average = 1) 
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assembly depletion calculations were rerun with the new version; based on these it was estimated 
that the critical boron concentration would drop by 23 ppm at BOC and by 8 ppm at EOC if the 
revised BOXER were used to generate the cross sections for the core follow calculations presented 
here. The differences between calculated and measured critical boron concentrations would thus 
remain qualitatively the same but with reduced magnitude. The observed overprediction seems to 
be partly due to the basic cross sections used. Core follow calculations based on JEF-1 nuclear data 
for a similar reactor in Germany overestimated the critical boron concentration by up to SO ppm and 
differences of the same order were found between calculations based on JEF-1 and on ENDF/B cross 
sections [5]. 
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Figure 8: Axial power distribution at 4741 MWdA, full power (radially averaged, relative to core 
average) 

Power Distributions at Full Power 

The calculated and measured radial power distributions at full power in time points near 
beginning and end of cycle are compared in Figures 6 and 7, respectively. Figure 8 shows the 
predicted and experimental axial power distributions at a point near the middle of the cycle. The root 
mean square deviation between the measured and calculated assembly powers is 2.9% at 348 MWd/t 
and 2.7% at 8160 MWdA and is slightly larger than at HZP. The maximum difTerences reach some 6% 
at the core-reflector boundary. The deviations do not change significantly with bumup as can be seen 
from the two figures. The calculation underpredicts the power in the core center and overestimates 
that of the peripheral assemblies. No clear trend of this kind can be seen in Figures 1 and 2 for zero 
power where the differences fluctuate statistically. In contrast to the HZP cases no large difference 
can be seen in the measured powers at diagonally symmetrical locations. The calculated axial power 
shape (Figure 8) is slightly Matter than the measured one. This trend was observed throughout the 
cycle and also at zero power (see above). The effect of the spacer grids can again be seen in the 
measured curve. 
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Two-Dimensional Calculations 

The full power bumup calculation was also run using a two-dimensional model with axial 
buckling and reactivity corrections from the module described earlier. The ciüical boron concentration 
in this calculation is between 7 (at BOC) and IS ppm (at EOC) hig?:r than in the three-dimensional 
calculation. At BOC the two-dimensional calculation predicts somewhat higher assembly powers 
in the core center than the 3D case and smaller values at the periphery. The maximum difference 
between 2D and 3D powers is 1.7%. These differences decrease •- ith bumup and are almost negligible 
in the second half of the cycle. Near BOC, the power distribution of the 2D calculation agrees 
somewhat better with the measured one than the 3D calculation, probably due to a cancellation of 
errors. Globally the two-dimensional calculation produces almost as accurate results as the three-
dimensional case for an order of magnitude less computing time. The agreement of the critical boron 
concentrations from 3D and 2D calculations might be improved by considering the effect of the water 
temperature distribution in the axial calculation. In contrast to Ref. [6] we do not see a necessity of 
computing separate buddings per assembly or per assembly type. 

CONCLUSIONS 

The present work was the first application of the ELCOS code system in PWR core follow 
calculations and thus is an important step in its validation. The results compare generally well with 
measured data. Although the critical boron concentration and its decrease with bumup are somewhat 
overpredicted, the deviations are acceptable. The isothc mal temperature coefficient is predicted very 
well. The control rod worths are calculated with an accepatble accuracy. The power distributions 
agree satisfactorily with the measurements, although both radial and axial distributions are generally 
predicted somewhat too flat. The results presented here show that this code system is able to simulate 
correctly a PWR cycle and to predict the neutronics charactersistics of such cores with a satisfactory 
accuracy even in the case of a significant fraction of MOX fuel. 
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ABSTRACT 

The importance of considering the boron history in PWR assembly modelling is simply shown by 
representing the difference between three models. Typical U02 and MOX PWR assemblies were 
depleted assuming that the boron concentration was varied (i.e. actual concentration adjusted during 
each burnup cycle), fixed (i.e. an average concentration between BOC and EOC) and zero (i.e. 
without boron). The differences in the multiplication factors and reactivity coefficients between the 
three investigated models indicate that the fixed boron model results are quite close to those of 
the varied boron model. Even neglecting the effect of boron history (boron free model) shows no 
potential problems. 

INTRODUCTION 

Current PWR cores are designed and fuel is managed to provide a certain amount of excess reactivity 
at the beginning of a bumup cycle with the core at hot, full power conditions, HFP. This excess 
reactivity is compensated by burnable and/or soluble absorbers. In case the soluble poison only is 
used for reactivity control at HFP the incore fuel management scheme may limit the cycle length 
(excess reactivity is held by burnable and soluble poisons in the standard PWR cores). Generally, 
the addition of soluble poison makes the moderator temperature coefficient, MTC, less negative 
than it would be otherwise, since a decrease in moderator density due to a temperature increase also 
means a loss of poison, which adds a positive reactivity component. At beginning of cycle, BOC, 
the MTC may not be sufficiently negative to provide inherent shutdown in accident scenarios such 
as anticipated transients without scram, ATWS. 

In general, for PWRs the critical boron concentration for reactivity control decreases fairly 
linearly with cycle bumup to compensate for reactivity loss due to fuel depletion and fission products 
poisoning (including Xe and Sm). At end of cycle, EOC, the boron concentration is reduced to its 
minimum possible diluted value. For simplicity it can be assumed to be zero ppm. 

Modelling PWR cores requires a certain simplification for such boron variation when the 
assembly depletion calculations are performed. These calculations arc normally performed under the 
assumption of an average fixed boron concentration during fuel lifetime (fixed boron model) instead 
of adjusting the boron concentration continuously during each cylcc (varied boron model). When 
these steady-state reactor physics calcuations are used as the source of kinetics data for anaylsis of 
system transients, care must be taken since behaviours which are of minor consequence for normal 
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operating conditions can play a significant role in the proper determination of reactivity coefficients 
and other differential effects. In this work the effect of simplifying the variation of the boron 
concentration by a fixed cycle average value or neglecting it is investigated. 

ASPECTS OF MODELLING 

In order to determine the actual impact of boron history, the assembly code BOXER[ 1 ] was used 
to perform such analysis for typical PWR U 0 2 and MOX fuel assemblies. BOXER code performs 
cell, two-dimensional transport and depletion calculations. The U 0 2 fuel assembly was depleted 
assuming reflective boundary condtions. However, the MOX fuel assembly was depleted with its 
surroundings represented by a macro-cell model.[2] In the three models both U 0 2 and MOX fuel 
assemblies were depleted up to 42.0 MWD/kgHM using 0.5 MWD/kgHM bumup steps at the core 
average moderator temperature of 300°C and fuel temperature of 642°C. 

The assumptions for the boron history in each model were as follows: 

• No boron is considered in the depiction calculation (boron free model) 

• A cycle average boron concentration of 500 ppm is assumed during irradiation lifetime (fixed 
boron model) 

• For the varied boron model, the fuel assembly lifetime was divided into four equal cycles. At 
each BOC the fuel was assumed to be Xe free and the boron concentration was 1150 ppm. At 
0.5 MWD/kgHM cycle bumup the boron concentration was dropped to 1050 ppm and then 
reduced linearly with bumup to zero, where EOC is defined. 

PARAMETERS STUDIED 

The effect of boron history on assembly reactivity, temperature coefficient and boron and control 
rod worths is reviewed for the three discussed models at 10.5, 21.0, 31.5 and 42.0 MWDAgHM 
assembly bumup. At these bumup points, the calculations were done for three different boron 
concentrations: 0, 500 and 1000 ppm. The moderator temperature was also modified to 280 and 
335°C, its density was adjusted to the corresponding temperature and core average pressure. The 
fuel temperature was also modified to 364 and 970°C at 300°C moderator temperature and 500 
ppm boron concentration. 

DISCUSSION OF RESULTS 

The koo's of the varied boron and boron free models are compared in Fig. 1 (a) and (b) for the 
U0 2 and MOX assemblies respectively as a function of bumup, and Table I shows k^'s for both 
assembly types using the three models at 0 ppm boron concentration. One can easily see that for 
both U 0 2 and MOX assemblies, the k^'s of the most accurate model (varied boron model) are 
always larger than those of the fixed boron model and the k,» difference between these models does 
increase with burnup. The corresponding differences at 42.0 MWD/kgHM are 1.2 mk and 0.54 mk 
for U 0 2 and MOX assemblies respectively, where 1 mk = 0.1 % of k«,. For MOX assembly k^'s 
of the least accurate model (boron free model) are always smaller than those of the varied boron 
model, but for U 0 2 assembly the situation is somewhat different where koo's of the former model 
are somewhat larger than those of the later up to ~ 12.0 MWD/kgHM and then start to become in 
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TABLE 1. kgo 's of U0 2 and MOX Assemblies for the three cases at C ppm 

Bumup 
MWD/kgHM 

0.5 

10.5 

21.0 

31.5 

42.0 

Boron Free 
U 0 2 MOX 

1.28807 1.18010 

1.17776 1.10072 

1.07950 1.03693 

0.99321 0.98024 

0.91691 0.928% 

Fixed Boron 
U 0 2 MOX 

1.28741 1.18016 

1.17757 1.10309 

1.08264 1.04257 

1.00067 0.98%3 

0.92924 0.94239 

Varied Boron 
U 0 2 MOX 

1.28738 1.18019 

1.17774 1.10342 

1.08306 1.042% 

1.00153 0.99011 

0.93044 0.94293 

the opposite direction. Again, the k » difference between these two models increases with bumup 
where the difference is 13.53 mk for U0 2 and 13.97 mk for MOX at 42.0 MWD/kgHM. It has been 
noticed also that the difference in assembly power peaking factors between varied boron model 
and fixed boron model is almost negligible for both U 0 2 and MOX assemblies. However, the 
difference between the most and least accurate models is 0.292 % and 0.274 % for U 0 2 and MOX 
fuel assemblies, respectively. In varied boron model power peaking factors for U 0 2 fuel are larger 
than those of the fixed boron model. The power peaks of the later model are larger than those of 
the boron free model. But for MOX fu:l, this sequence is inversed. 

Although, the soluble poison in PWRs for excess reactivity control is a parasitic absorber 
and reduces the moderator inherent safety feature by reducing its temperature coefficient negativity, 
its presence in the moderator hardens the neutron spectrum which improves the conversion ratio 
significantly. It is well known that the neutron spectrum is significantly changing with boron 
concentration which can be seen easily through the conversion ratios which are represented in Fig. 
2. In these figures this effect is clear between the fixed boron and boron free models, where the 
harder the spectrum the larger the conversion ratio was. Also this effect is very clear in the varied 
boron model case during the first half of each cycle where the spectrum was always harder and hence 
the conversion ratio was larger than that of fixed boron case. However, in the second half of each 
cycle for the forme: model, it has been found that effectively the spectrum is slightly harder than that 
in the fixed boron case for a given boron concentration. This is due to a higher (strongly absorbing) 
fission products inventory in the varied boron case. This inventory does increase generally with 
hardening the spectrum[3] which is the case during the first half of each cycle in this model. As 
a result of that, the fission products concentration in the second half of each cycle in varied boron 
model is higher than that in the fixed boron case and decreases the spectrum softening effect of the 
boron reduction until EOC. 

The consequence for the overall difference between the three models is that the cycle average 
spectrum is harder (but not much) for varied boron model than fixed boron case which is harder than 
that of the boron free model. As a result of spectrum hardening between boron free, fixed boron 
and varied boron models, the cycle average conversion ratios increase in this sequence. Hence, the 
fuel isotopic composition at a given bumup depends on the boron concentration during depletion. 
The cause for the differences in the reactivity can be understood from the average assembly isotopic 
compositions shown in Table II, in which the varied boron case has a higher fissile content than in 
the other cases. 

The reactivity control system worth (i.e. boron worth, BW, and control rod worth, CRW) 
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TABLE 2. Average isotopic compositions for the U 0 2 and MOX assemblies 

Fuel 
TYpe 

uo2 

MOX 

Fuel 
isotope 

r/o) 
235u 

239p,, 
M0Pu 
241Pu 

235,j 
239Pu 
2 4 0 p u 

241Pu 

10.0 MWD/kgHM 
Boron Fixed Varied 
Free Boron Boron 

2.4635 2.4698 2.4725 
0.3401 03514 0.3518 
0.0523 0.0533 0.0540 
0.0195 0.0205 0.0206 

0.5546 0.5551 0.5554 
1.8733 I.886S 1.8880 
1.0413 1.0375 1.0373 
0.4531 0.4569 0.4573 

25.0 MWD/kgHM 
Boron Fixed Varied 
Free Boron Boron 

1.3845 1.4054 1.4117 
0.5073 03283 03341 
0.1664 0.1678 0.1680 
0.0894 0.0934 0.0947 

0.3847 0.3870 03876 
13148 1.3442 13507 
1.0071 1.0016 1.0004 
0.5222 0.5304 0.5326 

40.0 MWD/kgHM 
Boron Fixed Varied 
Free Boron Boron 

0.6972 0.7274 0.7349 
0.5328 0.5615 0.5666 
02556 02571 0.2577 
0.1432 0.1505 0.1517 

02483 02524 0.2534 
0.9836 1.0229 1.0283 
0.8904 0.8877 0.8877 
0.5116 0.5242 0.5265 

TABLE 3. Boron and control rod worths, MTC and FTC for the three cases 

Assembly 
Type 

U02 

MOX 

Parameter1^ 

Boron worth, BW. 
pcm/ppm 

Control Rod 
Worth, CRW, 

Moderator Temp. 
Coefficient, MTC, 

pcm/°C 

Fuel Temp. 
Coefficient, FTC, 

pcm/°C 

Boron worth, BW, 
pcm/ppm 

Control Rod 
Worth, CRW, 

Moderator Temp. 
Coefficient, MTC, 

pcm/°C 

Fuel Temp. 
Coefficient, FTC, 

pcm/°C 

At 21.0 MWD/kgHM 
Boron Fixed Varied 
Free Boron Boron 

8.846 8.736 8.734 

0.280 0.278 0.278 

-29.06 -29.53 -29.87 

-2.86 -2.87 -2.88 

5.569 5.535 5.535 

0.210 0.209 0209 

-40.89 -41.32 -41.42 

-3.00 -3.04 -3.05 

At 42.0 MWD/kgHM 
Boron Fixed Varied 
Free Boron Boron 

7.957 7.834 7.829 

0.284 0.281 0.281 

-23.71 -25.50 -25.62 

-2.46 -2.48 -2.48 

5.718 5.649 5.648 

0.224 0.222 0.222 

-38.40 -38.82 -38.99 

-2.72 -2.73 -2.73 

') At 500 ppm boron concentration, 300 and 642°C moderator and fuel 
temperatures respectively. 
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TABLE 4. The percentage relative differences between the varied boron model 
and the other two models 

Assembly 
Type 

U02 

MOX 

Model 

Boron Free 

Fixed Boron 

Boron Free 

Fixed Boron 

Parameter 
Isotopic *' 

Composition 

6.0 

1.0 

4.5 

0.5 

BW CRW MTC FTC 

1.6 1.1 7.5 0.8 

0.1 0.0 0.5 0.0 

1.2 0.9 1.5 0.4 

0.0 0.0 0.4 0.0 

) Maximum of U and Pu isotope densities 

and reactivity coefficients are shown in Table III at 21.0 and 42.0 MWD/kgHM for both U 0 2 and 
MOX assemblies. The effect of the higher fissile and fission products contents in the sequence of 
boron free, fixed boron and varied boron models is a decrease in the soluble boron capture rate 
and the efficiencies of control rod clusters in the same sequence. However, the magnitudes of the 
moderator and fuel temperature coefficients is affected in the opposite direction. 

Comparing the effect of the simplification introduced into the U 0 2 and MOX PWR assem
bly modelling by the boron free and fixed boron models on BW, CRW, MTC and FTC at 42.0 
MWD/kgHM and assembly average isotopic compositions at 40.0 MWD/kgHM, the relative diffe
rence between these two models and the most accurate one (varied boron model) are listed in Table 
IV. 

SUMMARY 

Physics calcuations have been performed for studying the PWR U0 2 and MOX fuel assembly per
formances with and without soluble boron during their irradiation lifetime. These calculations made 
use of the transport theory - two-dimensional code BOXER. The calculational models employed 
here were based on the simplification of the assembly depletion evaluation by neglecting the boron 
effect on the :rradiated fuel (boron free model) or assuming that the fuel assembly is effectively 
influenced by an assembly lifetime average boron concentration (fixed boron model). Comparing 
the effects of these simplifications on BW, CRW, MTC, FTC and isotopic compositions, the con
clusion is that the maximum errors in these parameters are ~ 7.5 % and ~ 1.5 % for U0 2 and 
MOX assembly respectively and were found in MTC if boron free model is applied. However, the 
corresponding values for U 0 2 are only ~ 0.5 % and ~ 0.4 % for MOX fuel if fixed boron model 
is applied. The results of this work show that applying the fixed boron model is a very reasonable 
assumption, moreover, neglecting the influence of boron history effect during assembly depletion 
(boron free model) is still a reasonable assumption too. 
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ABSTRACT 
A strong perturbation of the neutron flux results from the MOX fuel insertion in U 0 2 PWR 
cores. It is always anticipated that modelling of such cores is more difficult than of those 
fueled by either U 0 2 or even only MOX fuel assemblies. The effect of various models of 
the surroundings on a PWR MOX assembly is studied in this work. Three different MOX 
assembly surroundings are considered here, in the first it is assumed that the MOX assembly 
is surrounded by similar eight MOX assemblies (reflective boundary model). The considered 
MOX assembly is surrounded by eight U0 2 fuel assemblies, each has the U0 2 core reload 
average enrichment (macro-cell model) in the second case. In these two models it is assumed 
that the MOX assembly neighbours have the same bumup status as the considered MOX 
assembly. The third case is based on that the considered MOX assembly was followed by its 
actual assembly neighbours in each irradiation time (actual surroundings model). 

The MOX assembly reactivity, local power peaking, boron worth, moderator temperature 
and Doppler coefficients at different bumup status are compared for the three different cases. 
These parameters are evaluated at HFP and withdrawn control rods. Similar comparison was 
performed at HZP for inserted and withdrawn control rods. 

In general, it is shown that the results obtained using the macro-cell model are much closer 
to the more accurate results obtained using the actual surroundings model than those obtained 
using the reflective boundary model. However, the evaluated assembly power peakings using 
reflective boundary model are somewhat closer to those of the actual surroundings model than 
those evaluated using the macro-cell model. Nevertheless, neither macro-cell nor reflective 
boundary model is capable for predicting the assembly pin power distribution. 

1 INTRODUCTION 

In recent years, there has been a great interest especially in Europe and Japan in the use 
of mixed-oxide, MOX, fuel in the conventional PWRs. Although, current PWRs have not 
been optimized to use MOX fuel, the recycling of plutonium improves the utilization of 
uranium. In current PWRs, the fairly homogeneous thermal neutron flux within the entire 
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core simplifies the fuel assembly design calculations for which reflective boundary conditions 
are good enough for the assembly modelling. Such modelling is not adequate for MOX 
assemblies loaded in U0 2 refueled PWR cores, where the MOX fuel in this case does produce 
a strong perturbation of the thermal flux homogeneity. 

In the case of MOX fuel assembly design for use in the current PWRs along with V02 

fuel assemblies large thermal capture and fission cross sections of the plutonium isotopes and 
important resonances have to be considered. The thermal flux within the uranium core would 
introduce a high power peakiug, especially at the edge of the MOX fuel assemblies. To avoid 
this power peaking, the plutonium content of some rods has to be lowered appropriately [1]. 
Therefore, two design aspects have to be balanced: 

1. The power distribution within the MOX areas surrounded by uranium rods must be 
flattened by distributing a minimum of two plutonium contents within the rods 

2. The reactivity and burnup potential of the MOX fuel assemblies must be preserved by 
determining an appropriate mean plutonium content. 

In such cases where the MOX assembly is surrounded by U0 2 assemblies the current design 
procedure uses a macro-cell model of a pattern of one MOX fuel assembly surrounded by 
eight U0 2 fuel assemblies [2]. 

The success of the neutron physics design of MOX fuel assemblies is demonstrated by the 
core behaviour during the recycle program as predicted and as verified by incore measurements 
at the startup and during the cycle at KWU [1,2]. Furthermore, from the European experience 
with the commercial use of MOX fuel assemblies the plant operation has never been adversely 
affected by the presence of MOX fuel assemblies among U0 2 fuel in the PWR cores. Even 
though, some further investigations and design modifications are still performed by KWU 
specialists [3]. 

Our preliminary investigations showed that the MOX fuel is very sensitive to its envi
ronment, especially if it is fresh and loaded in a conventional U0 2 core and some further 
verification of neutron physics design for MOX fuel use in PWRs is still rieeded. Where, for 
safe reactor operation, it has to be demonstrated that reactivity coefficients, kinetic data, hot 
channel factors and the worth of shutdown system do meet the design criteria and fulfill safety 
requirements when MOX fuel is loaded in a certain fuel pattern. However, care must be taken 
in such case since some behaviour which is of minor consequence for normal operation can 
play a significant role in transient cases. 

2 MOX ASSEMBLY ENVIRONMENT STUDIES 

An intensive study was performed for a typical PWR MOX fuel assembly, 14x14-17 fuel 
rods type with only two different plutonium contents in two zones, a central major assembly 
zone and a peripheral assembly zone which has the lower plutonium content. The burnup 
calculations were performed up to 46.0 MWD/kgHM using the BOXER code [4]. In the 
present work, the two models mentioned here: the reflective boundary conditions and macro-
cell, were benchmarked against an actual surroundings model in which the MOX assembly 



25 

environment was changed from cycle to cycle during its irradiation time following a typical 
4-batch core reload pattern. The considered MOX assembly shown in Fig. 1 does stay in 
its first and fourth irradiation cycles in different positions on the core periphery, but for its 
second and third irradiation cycles it was placed inside the core. The face-to-face MOX 
assembly neighbours were always U0 2 fuel assemblies and some other depleted MOX fuel 
assemblies were placed on its corners during the second and third irradiation cycles. In the 
macro-cell model the MOX fuel assembly was surrounded by uniform U0 2 assemblies, each 
of which has the mean U0 2 fuel assemblies enrichment in the core. In all calculations the 
boron concentration was taken as a fixed cycle average value between BOC and EOC [5] and 
the MOX assembly power level was assumed constant during its lifetime and equal to die 
core average value. 
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1: The MOX assembly surroundings during its (a) first, (b) second, (c) third and (d) fourth 
irradiation times. 

3 RESULTS AND DISCUSSION 

3.1 Effect of the Environment on 
MOX Spectrum and Reactivity 

The effect of presence of plutonium (MOX fuel) in different environments in PWR core on 
the neutron spectrum is shown in Fig. 2. In th's figure the fast to thermal flux ratio in 
the considered MOX assembly using the three previously mentioned models is plotted as a 
function of assembly burnup at 300 and 642°C moderator and fuel temperatures, respectively 
and 500 ppm boron concentration and core average power density of ~ 29 kW/kgHM. In the 
reflective boundary model it is assumed that the considered MOX assembly is inserted in all 
similar MOX fuel PWR (i.e. in a one-batch, MOX core) with a similar burnup status. The 
neutron spectrum in this model is the hardest of the three models. The flux ratio varies very 
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linearly with burnup between ~ 10.1 at 5.0 MWD/kgHM and ~ 8.8 at 35.0 MWD/kgHM 
with an average of ~ 9.5. For a one-batch U0 2 core (i.e. reflective boundary model in 
U0 2 assembly), the flux ratio change with bumup is shown in Fig. 3. In this figure the 
corresponding flux ratio in the sarne burnup range is — 5.13 and ~ 5.47 passing through a 
maximum of ~ 5.51 at about 25.0 MWD/kgHM. This means that, a mixture of fresh, once, 
twice and even thrice-burned fuel assemblies medium has an average of ~ 5.4 flux ratio and 
hence, the effect of depletion on the flux ratio in the surroundings can be neglected during 
fuel lifetime in one, two, three or four-batch U0 2 cores. In other words, for modelling U0 2 

assembly in all U0 2 or MOX assembly in all MOX PWR core, in general, die reflective 
boundary model is adequate and it is expected that the results of this model are less adequate 
for MOX case than those of U0 2 case where the deviation of spectrum from the average 
value during fuel depletion is larger in the first case than in the second case. However, the 
macro-cell model does assume that the MOX assembly is inserted in a one-batch U0 2 core, 
where the variation of flux ratio in the MOX assembly is again fairly linear with burnup and 
changes from ~ 9.0 to ~ 8.1 in the same burnup range. The fast to thermal flux ratio in 
MOX assembly is significantly reduced due to the effect of U 0 2 environment by about 11% 
and this ratio is increased by about 3.5% for the U0 2 assemblies. The fast to thermal flux 
ratio of this environment varies with burnup in a very similar manner to that shown in Fig. 
3, but the difference is that the later values are always larger than those in this figure. That is 
to say that, the MOX assembly in all U0 2 core is more reactive than in the case of all MOX 
PWR core. However, if a MOX assembly is loaded in a U02/MOX PWR core and the actual 
MOX surroundings are followed each cycle (assembly types, location and bumup status) then 
the situation looks somewhat different than in the previous cases. This difference can be seen 
clearly through the fast to thermal flux ratio variation during irradiation time in Fig. 2. In 
this figure for the actual surroundings model, the average flux rajo of MOX assembly in the 
reload pattern shown in Fig. i over the entire assembly lifetime is less than those of the other 
cases. This is because while the MOX assembly was fresh and thrice-burned it was loaded at 
the core periphery and then its spectrum becomes much softer and hence the MOX assembly 
in this case becomes more reactive than the other two cases. The difference between the first 
and fourth MOX irradiation times in the actual surroundings model is that water reflects one 
MOX side and an adjacent corner in the first cycle and one side and two adjacent comers 
in the fourth cycle. In addition to that in the last irradiation the surroundings were more 
reactive than that in the first irradiation, where the average of the surroundings bumup status 
was ~ 11.9 in the fourth cycle versus 14.3 MWD/kgHM in the first cycle. As a result of that 
the MOX assembly does react relatively stronger in the fourth cycle than in the first cycle. 
However, in the second and third irradiations the main differences between the three models 
are the surroundings average bumup level and their assembly types. Where, the average 
bumup of the actual face-to-face and all surroundings at BOC in the second cycle were 18.3 
and 19.7 versus 10.2 MWD/kgHM in both macro-cell and reflective boundary models, and the 
surroundings in the first case is a mixture of U0 2 and MOX (two corners are only MOX), and 
U0 2 and MOX fuel in the second and third cases, respectively. The differences govern the 
MOX behaviour in the three different environments, where MOX in all MOX surroundings 
is less reactive than the actual case and MOX in all U0 2 surroundings is more reactive than 
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the actual case because the MOX fast to thermal flux ratio was overestimated in the later 
case and underestimated in the former one. In the third cycle, the average burnup of the 
actual face-to-face and all surroundings at BOC were 17.1 and 16.0 versus 19.3 MWD/kgHM 
in the two models and the assembly types of the neighbours are almost the same as in the 
second cycle. This means that the actual surroundings are more reactive than in the other two 
environments which tends to soften the MOX spectrum relative to the second cycle. 

Figure 4 illustrates the MOX assembly k^ as a function of burnup for the three models. 
From this figure we can see the impact of the behaviour of the surroundings spectrum shown 
in Fig. 2 on the k^ 's of the three models. The reasons for the k^ differences between 
the three models with bumup are explained through the variation of the flux ratios with 
burnup. However, it is worthwhile noting that first, the variation in the k^ 's between the 
three models is not proportional to the variation in the flux ratio, for instance the difference 
between the k«, 's of the reflective boundary and macro-cell models is not proportional to 
the difference in the corresponding flux ratio with bumup. In other words, die effect of the 
surroundings spectrum on the MOX assembly behaviour becomes less important as a function 
of bumup, such effect would explain the reason for not having higher reactivity for the actual 
surroundings model than that of the macro-cell model during the third irradiation where the 
spectrum change between cycles 2 and 3 is relatively small. The second is that, at each 
BOC the koo continuity is interrupted in the actual surroundings model where Xe is built 
up and the MOX environment changed, where the MOX surroundings is varied from cycle 
to cycle and Xe concentration is zero at BOC. The last is that, in all models the difference 
between the MOX assembly power levels in the different irradiation times was not considered 
here, however, in the actual core surroundings the MOX assembly power level in its first and 
fourth irradiation cycles is somewhat less than the core average level which drops the Xe 
concentration and increases the MOX assembly actual reactivity relative to that shown in Fig. 
4. On the other hand the opposite of that may happen due to a higher power level of the 
MOX assembly relative to the core average value during second and third cycles. In such 
case the reactivity of the reflective boundary model would be closer to the actual assembly 
reactivity than that of the macro-cell model during these cycles which is the inverse of the 
case when the MOX assembly was loaded on the core periphery. On the other hand, the 
core baffle capture rate is quite high (but it was not taken into account here) which turns 
to reduce the MOX k^ significantly during its first and fourth irradiations and hence, the 
k,» differences between the macro-cell model and the actual surroundings model would be 
improved and then, the macro-cell model would become more sufficient for MOX modelling 
in this case than the reflective boundary model. 

At this point, for a fair comparison between these two models and the actual case and 
studying the impact of the different surroundings on the assembly physics parameters, we 
shall limit our investigations to the second and third cycles where the differences between 
these models become significant. 
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3.2 Power Peaking Factors and Assembly 
Rod-by-Rod Power Distribution 

Following the effect of the different MOX assembly environments on its relative local power 
(fission rate) distribution during irradiation for the three models, the distributions of the 
uncontrolled assembly pin relative power are compared at 10.3 and 22.0 MWD/kgHM in 
Figs. S and 6 respectively. These comparisons are made for the three models, where the 
corresponding values of the reflective boundary and macro-cell models are shown only in 
1/8 of the MOX assembly because the symmetry of the MOX surroundings in the four 
directions in these models is assumed. However, in the actual surroundings model there was 
no symmetry found and hence all values for the entire assembly are given. The local power 
peaking factors at these two burnup levels are also highlighted in these figures, where the first 
burnup level was at almost the beginning of the second cycle and the second point was at ~ 
1/3 of the third irradiation time. At these bumup points, for the reflective boundary model all 
assembly periphery pins and the assembly corner pins of the second row have less power level 
than the assembly average. All internal pins other than that of the second row corner have 
power levels greater the 1.0. Because of the softer spectrum in the MOX surroundings in the 
macro-cell model relative to that in the reflective boundary case, die assembly periphery rods 
(even the first two rows) are always running at higher power level than that of the latter case 
but their values are still less than unity. Most of the internal rods in the former case have 
power level more than the assembly average, and these are located around the water tubes 
and in general all the internal rods power levels are less than those of the reflective boundary 
case. The pin power factors decrease with bumup for the internal rods and increase for the 
periphery rods in the reflective boundary model because the internal region depletes faster 
than the external rods which have less Pu content. This means that, the assembly local power 
distribution becomes flatter as the fuel depletes and the power peak stays in the same position 
neighbouring a water tube. However, the power distribution trend in the macro-cell model 
is in the opposite direction, where the external two rows are influenced by a softer spectrum 
of the environment relative to the first case, which forces the assembly peripheral rods to be 
depleted relatively higher at 10.3 than at 22.0 MWD/kgHM, and force the assembly power 
peak to be in a peripheral rod location at lower burnups. At higher burnups the location of 
the power peak is shifted to the internal rods and becomes closer to a water tube than it was 
before. Following the sequence of the actual MOX environments during the four irradiation 
times shown in Fig. 1 and having in mind the previous discussion about the effect of the 
different surroundings on MOX assembly, Table 1 summarises the consequences of the MOX 
environment changes on the pin local power level. The power peak may change its location 
in the same cycle. This change depends on the burnup heterogeneity within the assembly 
which is affected mostly by the surroundings burnup level changes, hence, changing the MOX 
surroundings each cycle may push an assembly quarter to be relatively more reactive than it 
was before. All the peripheral rod power levels in all cases are always less than the assembly 
average value. Usually, MOX assemblies in the surroundings located at the corners, if any, do 
reduce the power level of the MOX assembly comer pins and the opposite of that may happen 
if U0 2 assemblies are replaced instead. The highest irradiated assembly quarter, which is 
influenced by the cycle assembly surroundings and irradiation history has die assembly power 
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peak during the cycle. This peak may change from a location to another in the same quarter 
with burnup where the highest irradiated quarter may change its position during the irradiation 
time. 

To highlight the sensitivity of the MOX power distribution to its environment during each 
irradiation time, Fig. 7 shows the variation of the power peaking factors for the three models 
with burnup. It is clear that the two simple models are not adequate for the evaluation 
of the MOX assembly pin power distribution with an acceptable error relative to the most 
accurate model during the first and fourth irradiation times. Nevertheless, these differences 
are somewhat mitigated by the low peripheral assembly relative power level. Significant 
differences between these models and the actual case still remain during second and third 
cycles. For instance, the relative difference between these models and the actual case can 
reach ~ 6% within these two irradiation times. The differences of the power peaking factors 
between die reflective boundary and macro-cell models are relatively small. However, this 
is somewhat fortuitous because the maximum power occurs at different fuel rod locations in 
the two cases. 

4 REACTIVITY WORTHS AND COEFFICIENTS 

It has been shown that the presence of plutonium hardens the neutron spectrum. Indeed, the 
void coefficient (and also moderator temperature effects) can become positive if the plutonium 
content is too high, which results from the cancellation of large positive capture and negative 
fission cross section contributions. In the following sections the results of the three models 
are compared for two separate cases hot-full and hot-zero powers, where the uncontrolled 
HFP MOX assembly boron worth, BW, moderator temperature coefficient, MTC and fuel 
temperature coefficient, FTC, sensitivity analysis due the change in the MOX environment is 
performed. Similar analysis is also performed for the uncontrolled and controlled HZP MOX 
assembly. 

4.1 Hot-Full Power Case 

Table 2 shows a comparison between the three models for boron worth, BW, MTC and FTC 
at 10.3 and 22.0 MWD/kgHM. In this table the boron worth in the macro-cell model is much 
closer to that in the actual surroundings model than in the reflective boundary model. The 
slightly softer spectrum of the macro-cell model relative to the actual case increases slightly 
the boron worth at 10.3 MWD/kgHM and the inverse of that does occur at 22.0 MWD/kgHM 
where the spectrum of the later model is softer. Although, the spectrum change is quite small, 
these differences are noticed because the boron capture rate is very sensitive to the spectrum. 
However, in the reflective boundary model, the boron worth, BW, is somewhat reduced at 
both bumup points because the spectrum is always harder than in the two other cases. The 
differences between macro-cell model and actual surroundings model in MTC's and FTC's at 
both burnups remain very small, but the differences between the later model and the reflective 
boundary model are significant. The sensitivity of MTC to the spectrum change is rather high 
but not as high as the BW case, where the harder the spectrum the more sensitive and larger 
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the MTC is. One can see clearly this behaviour through a comparison between macro-cell 
model or actual model and the reflective boundary model, where the spectrum is harder in 
the later case than any of the other two cases. As shown before in the macro-cell model 
spectrum is harder than that in the actual cell model at 10.3 and the situation is in versed 
at 22.0 MWD/kgHM, but because the MTC is not very sensitive to a small change in the 
spectrum it does not follow the spectrum change and remains always larger for the former 
than in the later with a slight reduction with higher bumup. The FTC is not changeable 
significantly with the spectrum change as in BW and MTC cases, and generally speaking, 
FTC has the same trend with spectrum changes as MTC does, but the later is much stronger. 
Again, the macro-cell model is closer to the actual model than the reflective boundary model 
for FTC's at both bumup points. In general, the MTC and FTC decrease wirth bumup and 
BW increases with bumup. 



32 

1: Effect of the different actual environments during burnup cycles on MOX assembly 
quarters 

Location 
Top right cor-
ner.TRC 

Bottom right 
corner, BRC 

Top left cor
ner, TLC 

Bottom left 
corner, BLC 

First Irradiation 
Water on one side 
and fresh U 0 2 on the 
other side, PL=I 

Water on one side 
and a water reflected 
thricc-
bumcd U 0 2 on the 
other side, PL=2 

On one side there 
is fresh U 0 2 and 
the other side is 
reflected by once-
bumed U0 2 , PL=3 

On one side there 
is once-burned U 0 2 

and the other side 
thrice-burned U 0 2 , 
PL=4 

Second Irradiation 
Its surroundings arc 
similar to the BRC 
but with the highest 
depletion level dur
ing last irradiation, 
PL=4 

Has less reactive sur
roundings than TLC 
and BLC and its de
pletion level is rel
atively low during 
first cycle, PL=3 

Similar to the BLC 
with higher depletion 
level during first irra
diation, PL=2* 

Surrounded by more 
reactive assemblies 
than TRC and BRC 
and the least de
pleted before, PL=1* 

Third Irradiation 
The burnup level of 
the surroundings is 
the next to the BRC 
and the least irradi
ated relatively in the 
last time, PL=2* 

The most re
active surroundings 
and a relatively mod
erate depletion level 
in the previous cy
cles, PL=1 

Has the highest bur
nup level of the sur
roundings, PL=4 

The bumup level of 
the surroundings is 
about the average 
level, PL=3* 

Fourth Irradiation 
It is a water re
flected comer but has 
a higher leakage rel
ative to the first ir
radiation and rela
tively higher deple
tion level, PL=4 

Similar to TRC with 
less depletion rate in 
the previous cycles, 
PL=3 

It is sim
ilar to the BLC, but 
has more irradiation 
levels during previ
ous cycles, PL=2 

Fresh U02 neigh
bours, less depleted 
than TLC and less 
leakage relative to 
BRC, PL=1 

PL = 1,2, 3 and 4 are the assembly quarter power levels in the sequence from the most to the least reactive 
comer. 

* the comer pin power level is reduced slightly due to the comer-to-comer MOX assemblies neighbours. 
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2: Boron worth and reactivity coefficients at HFP (control rod out) 

Burnup, 
MWD/kgHM 

10.3 

22.0 

Parameter 

BW, 
pcm/ppm 

MTC, 
pcm/°C 
FTC, 
pcm/°C 

BW, 
pcm/ppm 

MTC, 
pcm/°C 
FTC, 
pcm/°C 

Fuel 
Temp., 

°C 
622 
642 
677 

642 

642 

622 
642 
677 

642 

642 

Mod. 
Temp., 

°C 
280 
300 
335 

300 

300 

280 
300 
335 

300 

300 

Boron 
Cone., 
ppm 

500 

0 
500 
1000 

500 

500 

0 
500 
1000 

500 

Reflective 
boundary 

-5.49 
-5.09 
-4.18 
-59.39 
-47.70 
-37.33 

-3.316 

-5.55 
-5.15 
-4.23 
-58.66 
-46.82 
-36.33 

-3.112 

Macro-cell 

-5.89 
-5.49 
-4.56 
-53.99 
-41.97 
-31.55 

-3.187 

-5.93 
-5.52 
-4.56 
-53.18 
-40.87 
-30.34 

-2.979 

Actual 
surroundings 

-5.85 
-5.45 
-4.52 
-54.85 
-42.90 
-32.44 

-3.201 

-5.94 
-5.53 
-4.58 
-53.20 
-40.97 
-30.37 

-2.984 
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4.2 Hot-Zero Power Case 
Comparisons between the three models at HZP for the uncontrolled and controlled MOX 
assembly are shown in Tables 3 and 4, respectively. The compared parameters are BW, 
MTC, FTC and moderator void coefficients, MVC at 10.3 and 22.0 MWD/kgHM. The general 
trends which are discussed in HFP case for the effect of MOX spectrum change with the 
environment are noticed also for the HZP case on the BW, MTC, FTC and also for MVC 
change for controlled and uncontrolled cases, but with two differences. The first is that, 
the MTC, MVC and FTC sensitivity with the environment becomes stronger than in HFP 
case, where both MTC and MVC do follow the small difference in the spectrum between 
macro-cell and actual models in the second and third cycles. The second is that, the BW in 
the controlled case is less sensitive to the slight spectrum change relative to the uncontrolled 
case at HZP. In other words, one can not see the effect of the spectrum difference between 
cycles two and three in the macro-cell model and the actual model and this is mainly due to 
the effect of the harder spectrum in the controlled case than in the uncontrolled case which 
reduces the boron effectiveness (or spectrum sensitivity). In all cases, the macro-cell results 
are much closer to those of the actual surroundings than those of the reflective boundary while 
the MOX assembly was loaded inside the core. 

5 CONCLUSIONS 

We first discussed the effect of changing the MOX assembly surroundings on its spectrum 
using two different models, the reflective boundary and macro-cell models versus an actual 
surroundings model. The comparisons between these three models were performed for the 
MOX assembly reactivity behaviour, power peaking factors, local power distributions and 
also the differential reactivity effects at HFP and HZP caser. 

The numerical results presented here show that generally, the macro-cell model has the 
basic potential for modelling a MOX assembly when it is loaded in a conventional PWR 
U0 2 core. However, some extra care must be considered, because the MOX fuel is very 
sensitive to its surroundings and produces a strong perturbation of the U0 2 core thermal flux 
homogeneity. In order to minimize the modelling errors for such case the following steps are 
recommended: 

• The macro-cell model is adequate to use if the MOX assembly is always loaded inside 
the core (not at core periphery during the irradiation lifetime). The composition of 
the surrounding fuel in the macro-cell at beginning of life should take into account 
the average composition of the assemblies surrounding the MOX fuel (instead of the 
freshU02 core average) and the average over the MOX lifetime of the burnup difference 
between the considered assembly and its surroundings. 

• When the MOX assembly is loaded for one or two times in its irradiation lifetime 
on the core periphery then it is recommended to model it in two different steps using 
the macro-cell model. The first is to perform the depletion calculations for the MOX 
assembly reflected by U0 2 assemblies in a similar way as mentioned above for the 
irradiation times while the assembly was inside the core. The second is to perform 
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another depletion calculation for the MOX assembly reflected on one side by water and 
the other sides by U 0 2 assemblies each of which has the average composition of the 
MOX assembly surroundings during its irradiation times at the core periphery. The core 
internal assemblies average power which is more than the entire core average power 
must be considered in the first case, and the core peripheral assemblies average power 
(less than the core average) for the second case. 

[1] O. Beer and G.J. Schlosser, "Advanced Uranium Utilization in LWR by Recycling of 
Uranium and Plutonium," proc. of a Technical Commute and Workshop on Advanced 
Light Water and Heavy Water Reactor Technology, IAEA-TECDOC-344, 91, Vienna, 
26-29 Nov. (1984) 

[2] K. Koebke and M.R. Wagner, "The Determination of the Pin Power in a Reactor Core on 
the Basis of Nodal Coarse-Mesh Calculations," proc. of the Topical Meeting on Coarse-
Mesh Computational Techniques: Progress in Methods and in Applications to Reactor 
Problems, Erlangen, Atomkemenergie 30, 2 (1977) 

[3] H. Roepenack, F. Schlemmer and G. Schlosser, "KWU/ALKEM-Experience in Thermal 
Pu-Recycling," IAEA Specialists's Meeting on Improved Utilitzation of Water Reactor 
Fuel with Special Emphasis on Extended Burnups and Plutonium Recycling, CEN/SCK, 
Mol, Belgium, DEI, 7-11 May (1984) 

[4] C. Maeder and J.M. Paratte, "Calculation of LWR Fuel Elements Containing Burnable 
Poisons and Plutonium," Trans. Am. Nucl. Soc., 20, 359 (1975) 

[5] G. Abu-Zaied et al., "Impact of Boron History on Physics Parameters of PWR Fuel 
Assemblies," proc. of Int. Conf. on Physics of Reactors: Operation, Design and Com
putation, Marseille, 23-27 April (1990) 
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3: Boron worth and reactivity coefficients at HZP (control rod out) 

Bumup, 
MWD/kgHM 

10.3 

22.0 

Parameter 

BW. 
pem/ppm 

MVC, 
pem/pc 

MTC. 
panPC 

Pre. 
pcm/°C 

BW, 
pcmVppm 

MVC, 
pem/pc 

MTC, 
pcm/°C 
FTC, 
pcm/°C 

Fuel 
Temp., 

•C 
280 
320 
353 

280 

280 

280 

280 
320 
353 

280 

280 

280 

Mod. 
Temp., 

•c 
280 
320 
353 

280 

280 

280 

280 
320 
353 

280 

280 

280 

Boron 
Cone., 
ppm 

750 

0 
750 
1500 

0 
750 
1500 

750 

750 

0 
750 
1500 

0 
750 
1500 

750 

Reflective 
Boundary 

-5.686 
-4.805 
-3.605 
-47.58 
-35.38 
-25.02 
-22.902 
-10.973 
-1.630 

-3368 

-5.757 
-4.866 
-3.641 
^8.13 
-35.59 
-25.11 
-20.828 
-8.961 
+0.410 

-3.386 

Macro-cell 

-6.093 
-5.206 
-3.965 
-44.37 
-31.79 
-21.28 
-18345 
-7.021 
+2.045 

-3.426 

-6.134 
-5.229 
-3.962 
-45.26 
-32.30 
-21.63 
-17.505 
-5.788 
+3.500 

-3.267 

Actual 
surroundings 

-6.051 
-5.163 
-3.933 
44 JÖ 
-31.97 
-2131 
-19.434 
-7.613 
+1.437 

-3.439 

-6.144 
-5.239 
-3.973 
-45.16 
-32.22 
-2138 
-17.146 
-5.390 
+3.892 

-3.249 

4: Boron worth and reactivity coefficients at HZP (control rod in) 

Bumup, 
MWD/lcgHM 

10.3 

22.0 

Parameter 

BW, 
pem/ppm 

MVC, 
pem/pc 

MTC, 
pcm/°C 
FTC, 
pcm/°C 

BW, 
pem/ppm 

MVC, 
pctfi/pc 

MTC, 
pcm/°C 
FTC, 
pcm/oC 

Fuel 
Temp., 

°C 
280 
320 
353 

280 

280 

280 

280 
320 
353 

280 

280 

280 

Mod. 
Temp., 

°C 
280 
320 
353 

280 

280 

280 

280 
320 
353 

280 

280 

280 

Boron 
Cone, 
PPm 

750 

Ö 
750 
1500 

0 
750 
1500 

750 

750 

0 
750 
1500 

0 
750 
1500 

750 

Reflective 
Boundary 

-3.323 
-2.741 
-1.967 
-52.51 
-44.55 
-3733 

-31.152 
-23.153 
-16.557 

-2.653 

-3.301 
-2.716 
-1.941 
-51.43 
-43.29 
-36.28 

-29.Ö8Ö 
-21.336 
-14.452 

-2.513 

Macro-cell 

-4.094 
-3.432 
-2.547 
-50.25 
-40.87 
-33.10 
•26.401 
-16.839 
-10.007 

-2.547 

-3.988 
-3.345 
-2.463 
-49.07 
-39.86 
-32.18 
-24.457 
-16.078 
-9.119 

-2.401 

Actual 
Surroundings 

-3.956 
-3.330 
-2471 
-49.44 
-40.65 
-33.11 

-25.960 
-17.659 
-11.025 

-2.547 

-3.924 
-3.291 
-2.426 
-4S.6Ö 
-39.49 
-31.92 

-23.982 
-15.775 
-8.810 

-2.390 
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IMPROVING THE RETRAN-02 CORE MODELLING FOR THE SIMULATION OF 
THE ROD EJECTION ACCIDENT • 

D. Saphier, E. Knoglinger, M. A. Zimmermann 

Paul Scherrer Institute 

CH-5232 Villigen PSI, Switzerland 

13 September 1989 

Abstract 

The RETRAN-02 code was modified to accept a time dependent multidimensional 
power distribution as well as a time-dependent spatial Doppler and moderator feedback 
effects. This permits the use of the kinetic equations to calculate the reactor power. The 
time dependent power distribution function is obtained from an approximation to the 3-D 
time dependent diffusion equation. The code was then used to simulate the rod ejection 
accident (REA). 

A three region RETRAN core model was developed. The first region represents a 
single assembly from which the control rod is ejected; the second core region represents 
eight subassemblies surrounding the "ejected" assembly, the third region represents the 
rest of the core. The improved modelling of the core performed in the present study, 
reveals that in addition to major differences in the hot channel state variables, there is also 
a difference in the system average transient parameters, such as power, pressure, flow 
and temperatures. The major impact is however the possibility to observe the transient 
behavior of the subassembly from which the control rod was ejected, as well as the 
subassemblies surrounding the "ejected" assembly. 

The REA was analyzed under four different operating conditions, namely at the 
beginning and end of life at full and zero power. A sensitivity for the most important 
imput parameters was also performed. From the results it was concluded that the HZP-
EOL case produces the most serious consequences, however, even this case meets the 
imposed design limits. 

'This study was partly funded by the Swiss Federal Nuclear Safety Inspectorate (HSK). 
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1 Introduction 

The rod ejection accident (REA) takes place when the housing of the control rod sustains 
a mechanical failure causing a rapid ejection of the control rod assembly from the core. 
Assuming that the control rod was fully inserted in the core, the consequence of the failure 
is the insertion of a large amount of positive reactivity into the core. 

Depending on the core power level and the core bum-up, prompt critical conditions might 
be reached. The result in any case is a rapid power excursion which is terminated by the 
negative Doppler reactivity feedback, and the reactor is ultimately shut down by the safety 
system activating the control rods. 

This event is classified as class IV among the postulated reactor accidents. It is not 
expected to take place during the reactor lifetime but the potentially severe consequences of 
such an event warrants a detailed analysis of the REA scenario. 

The phenomena are associated with the REA are a large positive reactivity insertion and 
the loss of the primary coolant through the break. Only the consequences of the reactivity 
accident are investigated in this study due to the severe consequences to the reactor f*om a 
large local power excursion. This power excursion might result in some DNBR and some 
damage to the cladding in the channels where boiling takes place. The small break LOCA 
(SBL) resulting from the leak does not differ significantly from other SBL. 

In this study a detailed investigation of the REA accident in a 1000 MWt PWR was 
performed using the best estimate thermal hydraulic system code RETRAN-02. The purpose 
of the study is to find out whether the consequences of the accident under all conditions 
will be within acceptable limits. During the study the methodology and the tools for the 
investigation of the REA accident for Swiss PWR's were also developed. 

In addition to the REA analysis for the nominal conservative set of reactor parameters, 
a detailed sensitivity analysis for all parameters of importance was performed in order to 
evaluate the sensitivity of the results to some of the input parameters. 

To estimate the consequences of the REA, a system code is used in conjunction with 
a 3D-steady state or transient diffusion code. In the analyses a simplified nodalization of 
the primary loop is usually used, since the transient duration is short, lasting only a few 
seconds and no significant feedback from the primary heat removal system is expected. The 
time dependent two-group ID diffusion or lumped parameter kinetic equations are used to 
calculate the power excursion. Since the power and temperature distribution in this accident 
are strongly heterogenous, and since the kinetic equations use a temperature averaged feedback 
model, a Doppler weighting, Kdop > 1, is introduced to correct for the temperature and flux 
redistribution during the transient. 

Calculations performed by Yasinsky and Henry [8], [9], and by Saphier [10], have shown 
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that large asymmetric perturbations of the core will result in significant flux tilting in the core. 
The resulting power distribution will be asymmetric and as shown in [10] this asymmetry is 
strongly dependent on the size of the core, the magnitude of the perturbation and the location 
of the perturbation. 

As indicated in several references [1], [2], [3] and [S], the REA results in an asymmetric 
core power distribution. Therefore, for accurate calculations of the power excursions in REA, 
the transient power distribution must be calculated by a detailed two or three dimensional 
code. Use of the point kinetic equations to simulate the REA transient, if no proper care 
is taken to obtain conservative values for the reactivities and other relevant parameters, can 
result in underestimating the total and local power [10]. 

The correct method to simulate a REA event requires a detailed 3 dimensional diffusion 
code for the neutronics with a similar amount of detail for the core thermal-hydraulics, coupled 
to a simplified thermal-hydraulic description of the primary loop. At present time such a code 
is not available at PSI. Several of the system codes, such as RETRAN [7], or TRAC [12], 
used in LWR simulations include a one dimensional n.utronic description of the core. This 
description, however, is usually not sufficient since the spatial dimension included is usually 
in the axial direction and the feedback model is totally inadequate. 

Two methods were widely accepted in the past to estimate the effect of REA. One method, 
considered conservative, uses the neutron point kinetic equations in a system code with 
appropriate weighting of the Doppler reactivity coefficient to account for its increased effect 
resulting from the power maldistribution. This weighting factor is obtained from steady 
state three dimensional diffusion calculations as done for example by VEPCO [6]. The fuel 
behavior under the accident condition is subsequently evaluated by a subchannel code such 
as COBRA [15] for example. 

The second method uses a 2-D or 3-D code to calculate in detail the power distribution. 
These codes, such as TWINKLE [1] or QUABOX-HYCA [11] have some form (usually lim
ited) of core thermal hydraulic modelling, but no feedback from the primary loop. Sometimes 
a manual iterative procedure has to be performed with an appropriate system code to account 
for the response of the primary loop. 

Risher [1] compared the two modes of REA simulations, showing that for most instances 
the system codes using the neutron kinetic equations or simplified adiabatic models, result in 
conservative values of the maximum power and the maximum energy deposited in the fuel. 
A summary of the calculational methods used in REA analysis, particularly the techniques 
used by the different U.S. vendors, is presented in a recent review paper by Diamond [3]. 
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2 Methodology of the Present Study 

The conventional method for REA calculations usually includes three steps. In step one, a 
2-3D diffusion code is used to estimate the maximum power tilting, the most reactive control 
rod assembly, and the weighing factor for the feedback effects - particularly for the Doppler 
effect. The second step includes a REA simulation by a best estimate system code in which 
the major core parameters, such as fuel temperature, enthalpy rise, pressure changes and DNB 
ratios are calculated. In the third step, a fuel pin analysis for the hottest fuel pin is performed 
to estimate the consequences of REA and to find the extent of fuel damage, if any. If fuel 
damages occurs, the above calculations are followed by a calculation to estimate the amount 
of the FP released. 

In the present study, a different methodology was used. The three steps were combined 
into one calculation by combining multidimensional neutronics with a system code and using 
a detailed fuel pin model in the hot channel. 

2.1 The Multichannel Core Model 

The multichannel core model subdivides the core into three unequal radially nonconcentric 
regions. The first region is the core subassembly from which the control rod assembly was 
ejected. For a particular refueling cycle, this assembly is so located that when a control rod 
assembly is ejected a maximum reactivity accident occurs. In this assembly the maximum 
power excursion takes place. 

The second core region includes eight subassemblies which surround the assembly from 
which the control rod was ejected. In this region the power excursion is also significantly 
above the core average power excursion and consequently its thermal-hydraulic behavior will 
be significantly different from the rest of the core. The third region includes the rest of the 
core subassemblies and it is assumed that this large region containing 112 fuel subassemblies 
can be represented by some average core characteristics. 

Each of the core regions is represented in the RETRAN code by a single average fuel 
pin associated with an average coolant channel. Although cross-flow between channels is 
expected, as well as cross-flow between the different core regions, this is neglected in this 
simulation. The cross-flow tends to reduce the maximum temperatures in the ejected channel 
therefore some degree of conservatism is maintained when neglecting this effect 

The hot fuel assembly is subdivided into nine axial regions in order to obtain a sufficiently 
detailed axial distribution of the fuel and coolant temperatures. The fuel pin is subdivided 
into eleven radial (heat conducting) regions, seven of which are in the fuel pellet, one variable 
gap region between the pellet surface and the cladding, and the rest of the regions are in the 
cladding. 
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Figure 1: Three channel RETRAN nodalization scheme for the core. (REAnod-3c) 

The second core region average fuel pin has five axial regions, and the fuel pin is subdi
vided into 8 radial regions, four of which are in the fuel pellet. The third region which is the 
rest of the core, includes only three axial regions. The actual RETRAN nodalization diagram 
for the core showing the volumes, junction and heat-slabs is presented in Fig. 1. 

For the detailed core modelling to be an improvement over the single channel core model 
the actual power distribution in each core channel as a function of time must be known. 
The RETRAN code that was available for the present study includes only either the lumped 
parameter point kinetic model or a one dimensional solution of the diffusion equation using 
the quasistatic approximation [7], 

The RETRAN code was therefore slightly modified as shown in Fig. 2, to permit the 
external calculation of the "power shape" and the necessary feedback, or calculating directly 
the temporal 3-D power distribution. The power shape function calculation is based on the 
assumption that the flux is separated into a time-dependent shape function, <f>, and an amplitude 
function, F, [13] 

*(R,E,T) = 4>(R,E,t)P'(t) 

Where R represents the core spatial coordinates, and E the neutron energy. P' is propor
tional to the neutronic power and is obtained from the solution of the kinetic equations. The 
last split permits the use of the kinetic equations to calculate the reactor power, P', while 
the time dependent power distribution function is obtained from solving a 3-D approximation 
to the diffusion equation [10]. The quality of the REA calculation is therefore dependent on 
the actual approximation used to calculate the power shape function 4> which multiplies the 
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power function P'(t) as calculated by the kinetic equation in the code. The assumption in 
most system codes using the neutron kinetic equation is, that the shape function <f> is time 
independent. 

In the present analysis of REA the appropriate 3-D diffusion code was not yet available 
therefore, estimates from published calculations to the actual power distribution transients were 
used [1]. These approximations were produced by special time dependent power generating 
functions in each core region. In the future these functions will be replaced by actual diffusion 
calculations. 

2.2 The Single Channel Core Model 

The majority of transients analyzed with RETRAN code use a single channel core model 
subdivided into three axial regions. (See for example references [7] and [14]). Such a model 
was often used for REA analysis to obtain the core average response and by use of a Doppler 
weighting coefficient a conservative estimate to the core parameters can be obtained. In the 
present study this case was used as a reference case to be compared with the improved model 
and to asses the importance of the detailed core modelling. 

The core is subdivided into three axial regions each representing one third of an average 
fuel-pin. The coolant channel is divided into three control volumes. The fuel-pin is further 
subdivided into four fuel regions, a variable gap region and the cladding is also subdivided 
into three radial heat conducting regions. 

The appropriate RETRAN nodalization diagram is shown in Fig. 3. In addition to the 
active core region a bypass control volume with two junctions is used between the lower and 
upper plenum. The downcomer is modelled with the associated heat slab representing the 
thermal shield. The upper header is modelled with a heat slab representing a lumped value 
of all the metal structures above the core. 

3 DESCRIPTION OF THE PLANT AND THE REA CASES 
INVESTIGATED 

The data used in the present simulation are based on several references but mostly the plant 
FSAR and the various plant drawings were used. The principal data of the plant are presented 
in table-1. 

In KEA analysis it is customary to investigate four cases which embrace most possible 
operating conditions. These include the beginning-of-life hot full power (BOL-HFP) case, 
the end-of-life hot full power (EOL-HFP) case, the BOL hot zero power (BOL-HZP) case 
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The RETRAN Program 
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PEAKPO 
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or 

Multidimensional diffusion to calculate 
power and reactivity shape functions 

Temperature 

Density 
Temperature and density 
dependent cross sections 

Figure 2: Schematic description of combining RETRAN to improved power distribution and 
feedback modules. (RETsch) 
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ure 3: Single channel RETRAN nodalization scheme for the core. (REAnodl-c) 

PARAMETER 

Power 
Fuel assemblies 
Fuel pins in assembly 
Number of coolant loops 
Total flow rate 
Bypass flow rate 
Gap conductivity 
Core flow cross-section area 
Core active height 
Neutron lifetime 
Primary system pressure 
Radial hot channel (enthalpy rise) factor 
Direct moderator heating 

UNITS 

MW 

lb/s 
lb/s 

Btu/F-ft 
ft2 

ft 
fiS 

psia 

% 

VALUE 

1130 
121 
179 

2 
15306 

694 
0.328 
26.91 

10 
15 

2275 
1.77 
2.6 

Table 1: Principal data describing the power plant. 
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and the EOL hot zero power (EOL-HZP) case. Some of the data associated with each of the 
four cases are presented in table 2. 

Case 

Pow;r level 
Power 
Ejected rod worth 
Trip reactivity 
Delayed Neutron Fraction 
Doppler weighting factor 
Void reactivity 
Overpower trip level 
Core inlet temperature 
Power peaking at max. trans 

Units 

MW 
$ 
$ 
% 

$/lb/cuf 
% 
F 

1 

HFP 
1152.6 

0.43 
4.0 
0.7 

1.72 
0.0 
112 
543 

6 

2 

HZP 
0.1 

0.93 
2.36 
0.7 

2.34 
0.0 
25 

539 
10 

3 

HFP 
1152.6 

0.36 
6.76 
0.5 

1.57 
0.769 

112 
552 
4.6 

4 

HZP 
0.1 
1.9 
1.9 
0.5 
3.4 

0.769 
22 

547 
15 

Table 2: Principal data for the four basic REA conditions. 

A schematic description of the plant is presented in Fig. 4 and the simplified nodalization 
diagram of the primary loop (excluding the core) is shown in Fig. 5. 

Figure 4: Schematic drawing of the power plant.(REAsch2) 
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Figure 5: RETRAN nodalization diagram of the primary loop.(REAnod) 

4 RESULTS OF THE REA ANALYSIS 

The four nominal cases described in the previous section were simulated with the single chan
nel and multichannel RETRAN models. A detailed sensitivity analysis was also performed. 
Full details fo the study are presented in [16]. Here only some of the salient results will 
be presented to demonstrate the advantages of the multichannel model as simulated with the 
modified RETRAN code. From the many simulations performed it became apparent that the 
two extreme cases are the HFP-BOL case and the HZP-EOL case. Therefore most of the 
results below describe these two cases. In Fig. 6 the transient power of the full power case at 
BOL and EOL as calculated in the FSAR is shown and in the figure below Fig. 7 the same 
results obtained in the present study are shown. The maximum power at the HFP-BOL case 
is 66% above the nominal power according to the FSAR while a 60% excursion is reached 
in the present study. The power level is reached in both cases at 0.12 s that is about 0.02 s 
after the rod was ejected. This result was obtained with the detailed three channel model and 
with the methodology developed in this study. 

The power excursion as calculated with the two models is shown in Fig. 8. As can be 
seen the single channel model predicts a 70% overpower excursion, while the detailed model 
predicts a 60% excursion. Comparing Fig. 8 to Fig. 6 from the plant FSAR which predicts a 
66% increase, it can be seen that the single channel model is closer to the FSAR conservative 
prediction. Beside the slightly different peak power the power excursion transient shapes are 
almost identical. 
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models. (REA25p01a) 

The RCS pressure transients are compared in Fig. 9. The single channel model results 
in a slightly higher pressure in the otherwise very similar behavior. The major differences 
between the two calculations, as anticipated, are in the maximum fuel centerline temperatures 
shown in Fig. 10. The single channel model cannot predict the hot channel behavior. The 
reduced power excursion calculated with the multichannel model is mostly due to the improved 
temperature and Doppler response for this case. 

The average single channel model underestimates the maximum energy deposited in the 
hot channel of the core. In Fig. 11 it can be seen that the single channel energy deposit 
prediction coincides with the core average energy deposit prediction of the three channel 
model. The maximum deposited energy for the hot channel is three times the average as 
observed in Fig. 11. 

The discrepancy is even larger for the important parameters of maximum clad temperatures 
and DNBR. As can be seen in Fig. 12 the maximum cladding temperature in the hot channel 
becomes 595°C during the REA while the single channel prediction shows only an average 
maximum of 330°C . Actually the single channel model shows almost no change in the 
maximum cladding temperatures during the transient. 

The hot-zero power cases (HZP) show a significant difference in their response charac
teristics from the full power cases as can be seen in Fig. 13 from the FSAR study and in 
Fig. 14 in the present study. This is mainly due to the fact that the value of the ejected rod 
worth is much larger when the reactor preaccident condition is at zero power. The reactivity 
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Figure 9: RCS pressure transients during REA as calculated for the HFP-BOL case with the 
single and multichannel models. (REA25p05) 
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Figure 10: Fuel pin centerline maximum temperatures during REA for the HFP-BOL case 
withe the single and multichannel models. (REA25plla) 
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of the ejected rod at BOL is $ 0.43 producing a power transient which at its peak value at ~ 
2.3 s has peak power ~ 3000 times higher (which is about 300 MW if 0.1 MW is taken as 
the zero power level). Both calculations show identical results. 

At the EOL-HZP the RE A inserted reactivity is $ 1.9, that is, a prompt critical condition 
is reached and both calculation show a very rapid power excursion reaching a maximum of 
8.10s times the initial power at 0.1 s. The large negative value of the Doppler feedback effect 
as seen in Fig. IS reduces the power instantaneously. 

Both the FSAR and the present study show the same results both for the maximum power 
values and for the temporal behavior. The reactor is ultimately shut down by tripping all die 
reactor control rods. It is interesting to note the difference in the void reactivity for the two 
BOL and EOL cases as presented in Fig. IS. For the BOL case die moderator reactivity 
is zero while for the EOL a large negative void reactivity results, which is initially much 
smaller than the Doppler effect. However, after the energy from die fuel is transmitted to 
die moderator the void effect contribution becomes, at its peak diree times die value of die 
Doppler effect. 
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Figure 13. Transient power resulting from REA at zero power as presented in the plant FSAR. 
(WES 12.2.3-16) 

The initial rate of power increase for the HZP-EOL case is the same wheter calculated 
with the single or three channel model, since the initial power increase is dominated by 
neutronics, particularly with the large reactivity ramp of $ 1.9 in 0.1 sec. The transient as 
calculated with the two models is shown in Fig. 16. 

Due to a different temperature response of the core in die the two models, a different 



52 

MO EJECTION RCCIOCNO NT M8-2 PWR P L M I RT K M PtkCR- 12 l 4 OF REV 321 

0.0 241 3-0 
ELAPSED TIIC CSEO 

Figure 14: Transient power resulting from REA at zero power as computed in the present 
study. (REA6p01) 
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Doppler feedback will result and during the rest of the transient the two power levels vary 
by almost an order of magnitude. The single channel model predicts a power of about 
SOOMW at about 2s following the excursion, while the detailed model predicts a value of 
60MW at the same time. This difference is partly due to the large difference in predicting 
the void reactivity as shown in Fig. 17. Since no boiling is predicted by the single channel 
model no feedback is produced. In the multichannel model significant voiding is produced in 
the "ejected" and surrounding fuel assemblies, and consequently a large amount of negative 
reactivity is produced as seen in Fig. 17. For the case under investigation, negative void 
coefficient, the single channel model produces a conservative estimate. The line indicated as 
"nominal" represents the nominal value of moderator reactivity. 

The hot channel average maximum clad temperatures is shown in Fig. 18. As in the 
previous case, it can be observed that the simplified model lias no capability to predict the 
very large temperature surges taking place in the hot channel and in the region surrounding 
the assembly from which the rods were ejected. 

5 CONCLUSION 

With the appropriate weighting factors known, the single channel model can predict conser
vative values. However, there are situations, as pointed out above, when voids are created 
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case withe the single and multichannel models. (REA26p04) 
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in the hot channel, that the single channel model will be actually less conservative and give 
erroneous predictions to most of the state variables. The major drawback of the single average 
channel model is the complete loss of information of what takes place in the hot subassembly 
and in the assemblies surrounding this assembly having also a much higher than average 
power. It is therefore believed by the authors that the single channel model is limited and 
caution should be exercised when interpreting results based on simplified models. 
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Abstract 

This paper presents results of a three-dimensional analysis of a rod ejection accident in a 
PWR in Switzerland. Two cases at hot zero power and full power at beginning of cycle are simu
lated. The analysis is performed using the three-dimensional code QUABOX/CUBBOX-HYCA 
(QCH) which combines a coarse-mesh neutron flux expansion method with a parallel-channel 
model for the thermal-hydraulics. A series of static calculations is performed to locate the most 
reactive rod and to qualify QCH by comparing calculational results with measured data. The 
study analyzes in detail the spatial power, and temperature distributions in the core. Compar
isons with point-kinetics results confirm the conservatism of the point-kinetics approach, and 
show that the parameters of concern in this transient are well below the safety limit criteria. 

Paper presented at the IAEA Technical Committee Meeting on Safety Aspects of Reactivity 
Initiated Accidents, Vienna, Austria, 14-17 November 1989. 
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1 Introduction 

In July 1988 the Paul Scherrer Institute, PSI (formerly the Swiss Federal Institute for Reactor 
Research), and the Swiss Federal Nuclear Safety Inspectorate (HSK) entered into an agreement 
on the development of simulation models for the transient analysis of the reactors in Switzerland. 
Under this program, called the STARS project, PSI is presently engaged in generating simulation 
models for all Swiss nuclear power plants, and in compiling, developing, and continuously up
dating the nuclear and plant-specific data bases required for steady-state, transient, and accident 
analyses of these plants [1]. 

The first phase of this project also involves the analysis of hypothetical "rod ejection ac
cidents" (REA) in a PWR. The initiating event to mis postulated accident is the mechanical 
failure of a control rod drive mechanism pressure housing such that the reactor coolant system 
pressure would eject the control rod to its fully withdrawn position. This failure results in a 
rapid reactivity insertion with large local power peakings. The associated power excursion is 
limited by Doppler reactivity feedback due to increased fuel temperatures, and the transient is 
ultimately terminated by the reactor protection system. 

Mechanical and nuclear features preclude the possibility of occurrence of such an accident 
and limit its consequences if it were to occur. These include conservative mechanical design, 
proper material selection, fabrication, and quality control, and a nuclear design which minimizes 
the ejected reactivity worth. Each housing of the control rod drive mechanism is designed and 
manufactured to criteria in Section III of the ASME Code for Gass A components, and is tested 
before and after attachment to the reactor vessel head at pressures in excess of the maximum 
design pressure. 

If the accident were to occur, its severity is inherently limited by the nuclear design which 
controls the worth and position of the control rods. During normal operation at full power, rod 
insertion limits defined in the Technical Specifications restrict insertion of only one bank to the 
top of the core, thereby minimizing the ejected rod worth. At lower power, these limits, while 
permitting larger control rod insertions, guarantee compliance with local power density limits, 
shutdown margin requirements, and limits on consequences contained in the Safety Analysis 
Report. 

The standard tool for the REA analysis at PSI is point kinetics such as in the RETRAN [13] 
code. However, it is well known that three-dimensional (3D) spatial effects in the core can be 
quite significant in the analysis of reactor transients ([2]-[4]). The two key parameters in the 
analysis of a REA which determine the magnitude of the peak power and fuel temperature are the 
rod worth and the Doppler feedback. Since the largest fuel temperature rise occurs in the core 
region with the highest power, Doppler feedback is generally underestimated in point-kinetics 
calculations leading to conservatively high rises in power and temperatures. Proper accounting 
of three-dimensional spatial effects is, therefore, very important for best-estimate calculations. 

Best estimate data for this transient were obtained from 3D dynamic calculations with the 
nodal code QUABOX/CUBBOX-HYCA (QCH) [5]. QCH was developed at the Gesellschaft 
fuer Reaktorsicherheit (GRS) in Germany, and has been installed and used on the PSI VAX and 
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CONVEX machines. 

This paper describes the results of three-dimensional core kinetics analyses of two rod ejection 
accidents characterized by highly conservative assumptions: (a) at hot-zero power (HZP), all 
control banks, prior to rod ejection, are fully inserted into the core, and (b) at full power (HFP), 
with all banks at their insertion limits, the most reactive rod has dropped into the core and the 
reactor power is maintained at 100% by the regulating system. The analyses were done for 
beginning-of-cycle core conditions prevailing in 1988, when this work was initiated. 

The methodology of the QCH code is briefly described in Section 2, while Section 3 discusses 
the nuclear data which were employed. Results for steady-state verification calculations are 
presented in Section 4, while the hot-zero power (HZP) and full power (HFP) transients are 
presented in Section S. Conclusions are given in Section 6. 

2 Methodology 

The multidimensional kinetics equations in QCH are solved using a coarse-mesh flux-expansion 
method [6,7]. Thermal-hydraulic feedback is described by a parallel-channel coolant flow model, 
a fuel pin model, and a cross-section library which describes the nuclear data dependence on 
the principal variables [8]. Hereafter is a brief desciption of the model, with more details to be 
found in References [6] through [9]. 

The basis of the coarse-mesh method is the spatially integrated multigroup neutron diffusion 
equation 

j j 1>dV = J LfrkV,j=l,...,M (1) 

where i> = (<f>,C)T, and 4> and C represent the neutron fluxes and delayed neutron precursor 
concentrations, respectively. The domains of integration Vj correspond to rectangular node 
volumes. These equations are supplemented by continuity conditions across interfaces between 
adjacent boxes, and by relations describing the dependence of the nuclear cross sections on node 
conditions. Spatial coupling is restricted to nearest neighbors. 

In order to evaluate the integrals in the above equations, the flux 4>}(x) in each box Vj is 
approximated by a third-order polynomial. The node center point and the six surface mid-points 
are used as support points for the polynomial expansion. Additional conditions arc derived by 
applying Galerkin weighting to the polynomials. 

The solution is advanced in time using a semi-implicit scheme (ADI-ADE scheme) described 
by the following equation 

/ (I - oAtL)^n+1dV = f [I + (1 - a)AtL]^ndV (2) 
JVj ,/V, 

with a weighting factor a, 0.5 < a < 1.0, obtained by spectral matching. Truncation errors due 
to time differencing are reduced by the frequency transformation technique (called also "period 
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factorization method"), 
<f>t(x,t) = Vi(x,t)exp(w,t),i = 1,2 (3) 

Cj(x,t) = 7i(x,t)exp(wIt),j = l,...,g (4) 

where o/j are mean periods calculated from kinetics equations, spatially integrated over the 
reactor volume. This time integration method is also used in the static calculations, since the 
stationary solution is found as the asymptotic limit of a dynamic solution. 

From a thermal-hydraulic point of view, the core is described by a set of parallel channels, 
and in each channel the heat transfer to the coolant is represented by an average fuel pin 
model. The fuel heat conduction model allows any number of radial meshes in the pin and one 
radial zone for the cladding. Fuel conductivity is temperature dependent, and the gap and clad 
conductivities are assumed to be constant. Axial heat conduction is neglected. 

The coolant model consists of mass, energy, and momentum equations in one-dimensional 
axial geometry. Two-phase flow is treated using a slip model and assuming thermodynamic 
equilibrium. The channel integral momentum can be solved by providing either the inlet mass 
flow rate or the total pressure drop across each channel. In this case, an iterative procedure is 
used to calculate the flow distribution between the channels to match the total pressure drop. 
The time integration of the flow equations uses a predictor-corrector scheme to advance the 
solution from tn to tn+1. 

3 Cross-Section Data 

PWR-rcload cycle cores contain a variety of fuel assemblies with varying enrichments, bumups, 
poisoning, etc., and an accurate description of such cores has to include the influence of these 
parameters on the nuclear data (cross sections) used. In the case of rod ejection transients the 
influence of the fuel temperature, and moderator temperature and density is of special importance 
since the feedback of these parameters on the cross sections limits the extent of the excursion. 
For this reason, the dependence of nuclear cross sections on all the above-mentioned parameters 
had to be accounted for in the cross-section library. 

Cross sections for various combinations of enrichment, bumup, fuel and coolant temperatures, 
moderator density, soluble boron concentration, and the presence of a control element were 
generated by the spectral code BOXER [10]. This code was developed at PSI, and is a modular 
code for LWR 2D calculations. It uses transport theory in 70 groups to determine group constants 
and to perform condensation into a few-group structure. In the case of QCH assembly-averaged 
2-group macroscopic cross-sections are used. 

For efficient 3D transient calculations, the data generated by BOXER must be in a form of a 
fitted library which allows rapid determination of cross-section values for varying reactor states. 
From the basic BOXER data sets, fits which involve expansions in various analytic functions, 
were generated as functions of the above-mentioned independent parameters for four assembly 
types characteristic of all the assemblies in the core, and three reflector types. The fitting process 
was done by means of a code called CORCOD [11], also developed at PSI. 
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4 Static Analysis 

After installation of QCH on the PSI VAX computer and completion of a testing stage in which 
a series of cases from GRS were successfully reproduced, a detailed 3D model of a PWR core 
was set up and static calculations were performed using the newly generated tableset described 
in Section 3. The emphasis in this phase was to qualify QCH by comparing calculated results 
with measured plant data, such as critical boron concentrations and rod worths. In addition, 
analyses with the PSI static 3D nodal code SILWER [12,14] were utilized to confirm QCH 
analyses. 

Tables 1 and 2 show the comparison between measured and calculated values of critical 
boron concentrations and rod worths. These data demonstrate that QCH is able to calculate 
criticality and rod worth with sufficient accuracy. 

The maximum ejected rod worth was determined by checking the worth of every rod in 
one core octant. This was done for both HZP and HFP and the specific core conditions for 
both cases are described in more detail in Section 5. Since no experimental data are available 
for checking the worth of single ejected rods, the QCH results can only be compared with the 
corresponding SILWER results, which confirm the QCH data. The maximum ejected rod worths 
and static peaking factors calculated by QCH and SILWER are given in Tables 3 and 4. 

5 Dynamic Calculations 

5.1 Rod Ejection Accident at Hot Zero Power 

To determine the maximum worth rod, a series of static calculations was carried out in which 
both rod banks A and B are fully inserted and a single rod is moved to a fully withdrawn 
position. The results show that this rod is in position C9 in the core (Fig. 1) and has a worth 
of 0.83% or about $1.45. Therefore, ejection of this rod will result in a superprompt critical 
transient. 

The transient was simulated with the power in the core initially at 1% of nominal power 
by pulling the most reactive rod completely out of the core in 100 msec. Very early in the 
analysis of this transient, it became apparent that the simulation results with QCH were strongly 
dependent on the size of the time step used. This is due to the fact that the current version of 
QCH does not contain an automatic time-step controller and the simulation has to be conducted 
with a constant At. Also, it became clear that the nature of this transient requires very small 
time-step sizes in order to converge, therefore requiring exceedingly long computer runs for a 
complete transient. 

The above observations lead to an extensive time-step sensitivity study in order to determine 
the minimum At required for reliable results. To use larger timesteps without sacrificing accuracy 
we made use of the frequency transformation option in QCH which factors out the flux into a 
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strongly time-dependent amplitude function of the exponential form and a slowly time-dependent 
shape function. With this option, it was found that a At of 0.1 msec is sufficient for the results 
to converge (that is, below this value the solution does not vary significantly with At). 

Because of the high reactivity insertion and the delay in the fuel temperature rise that stops the 
power surge, the maximum power reached is very large. The average core power increases by 
a factor of about 3000 from its initial value (or 30 times the nominal power), and the maximum 
is reached about 146 msec after the start of the rod ejection. Also, the radial power is very 
skewed after the rod is out, resulting in a maximum hot node factor of 6.2 and a nodal power 
of 2807.6 kW/m. Later in the transient, the higher fuel temperatures and the negative Doppler 
effect reduce the peaking factor to a value of about 4.0. Figures 2 through 4 show core maps of 
the total peaking factor at various times during the transient. The variation of the total peaking 
factor as a function of time is given in Fig. S. The progression of the radial power shape at a 
specific axial level during the transient is shown in Figs. 6 through 8. From these figures, one 
can see that the rod ejection results in a very asymmetric power distribution. Figures 9 and 10 
give the time variation of the average and nodal powers. The change in fuel temperature with 
time for the hottest node is shown in Fig. 11. 

When the 3D results are compared to the corresponding results from a point-kinetics calcu
lation with RETRAN (with a Doppler weighting factor of 1.0 ), the differences found in the 
time dependence of core power and fuel temperature clearly show the importance of spatial 
temperature-weighting in the case of strongly asymmetric power shapes ( Figs. 12 and 13). 
The results also confirm the assumption that point kinetics is conservative without application 
of spatial Doppler weighting. It should be noted that the point-kinetics results even at the hot 
pin are well within the design criteria (see Table 5). 

5.2 Rod Ejection Accident at Full Power 

In the analysis of this transient, the following conservative assumptions were made: 

• the operating rods are at their insertion limit, 

• the most reactive rod is initially fully inserted, 

• the core power is initially at 100% nominal power. 

A series of static calculations was performed in order to establish the position and the worth 
of the most reactive control rod. For each control rod, the worth was obtained as the reactivity 
difference between the fully inserted and the fully withdrawn position. These analyses showed 
that the maximum worth of an ejected rod is 0.26% A/> or $0.45, resulting in a subprompt 
critical transient. 

A time-step sensitivity analysis was performed, and the maximum core power and the time 
at which this maximum is reached were compared in order to determine an adequate time-step 
size for this transient. It was found that the time step length should not exceed 0.25 msec with 
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no period factorization (see Section 2). The rod ejection starts at 0.01 sec, and the rod ejection 
time is assumed to be 100 msec. 

The full-power transient differs significantly from the HZP case because of the much lower 
rod worth and the immediate presence of the thermal-hydraulic feedback. Consequently, the 
average core power reaches a maximum of about 170% of nominal power (see Fig. 14) after 
about 0.2 seconds and decreases rapidly after that The local power shapes do not change 
significantly after the initial shape adjustment (Fig. IS). 

The power shape after the rod ejection is quite flat and nearly symmetric both in the radial 
and axial direction and the peaking factors are relatively small. This is demonstrated in Figs. 
16 through 18 which show the relative nodal maxima in each assembly at various times during 
the transient. The power in the axial direction is shown in Fig. 19. Figure 20 shows that the 
maximum fuel temperature, as calculated by QCH for the hottest node rises only by about 45 
°C. 

Local (pellet) maxima for power and fuel temperature were estimated by multiplying the nodal 
values by a factor of 1.25, which accounts for local pin peaking and calculational uncertainty. 
The hot channel factor F, reaches a maximum of 2.51, but the hot pellet in the core does not 
exceed a temperature of 1022 °C and the maximum pellet enthalpy stays below 78 cal/g (326 
kJAg). The maximum pellet centerline temperature reached during the transient is 1617 °C, and 
the minimum DNBR in the core does not drop below a value of 3.24. This shows that none of 
the important criteria is violated and that sufficient safety margin is maintained. 

A comparison with point-kinetics calculations shows good agreement, since the spatial vari
ation of power and fuel temperature in the core is not as pronounced as in the HZP case (see 
Fig. 21). 

6 Conclusions 

The results of the REA analyses performed in this study confirm the conservatism used in the 
design of the plant considered. Even though operational procedures and technical specifications 
require action by the operator as soon as the control rod approaches the control rod insertion 
limits, the design of the plant covers starting conditions that exceed these limits. The analysis 
shows that, even under pessimistic assumptions (both banks A and B fully inserted in the HZP 
case, and the most reactive rod ejected from a fully inserted position in the HFP case), none of 
the safety criteria is violated. 

The results presented in this paper cover only BOC conditions (see Tab. 6 for a summary of 
the results). A three-dimensional study for EOC conditions is presently under way. However, 
point-kinetics results already available show that the above conclusions are also valid for this 
condition. 

With regard to the methods used in the present study, the following conclusions can be drawn. 
Stationary core parameters such as critical boron concentrations, reactivity worths of control 
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rods, and peaking factors can be determined with good accuracy by QCH in combination with a 
suitably prepared cross-section library. This has been proven by comparison with experimental 
data and calculations with another 3D code (SILWER). 

The analysis of the ejected rod transient at full power yields reliable results provided a 
suitably small timestep is assumed in the calculation. The small rod worth and the strong 
thermal-hydraulic feedback prevent a large power excursion in this case, and there is sufficient 
margin to the limits for fuel temperature, pellet enthalpy and DNBR throughout the transient. 

The HZP transient is characterized by a relatively high rod worth in excess of one dollar, and 
therefore causes a large power excursion and a strongly peaked power distribution with krge 
local peaking factors. The analysis of this transient is a severe test for any 3D-kinetics code and 
the experience gained from this analysis shows that the choice of suitable timesteps and other 
options in the code is crucial for reliable results. 
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Table 1 

Critical Boron Concentrations 
Hot Zero Power, BOC, No Xenon 

Rod 
Configuration 

All Rods Out 
BankB In 
Bank A & B In 

Critical Boron Concentration (ppm) 
QCH 

1578 
1344 
1050 

SILWER 

1591 
1351 

Measured 

1501 
1271 
1025 

Error* (%) 

5.1 
5.7 
2.4 

(*) Error (%)= 100*(QCH - Mcasurcd)/Mcasured 

Table 2 

Reactivity Worth of Control Rod Groups 
Hot Zero Power, BOC, No Xenon 

Rod Group 

BankB 
Banks A & B 
Banks A, B & S 

Reactivity Worth (% Ap) 
QCH 

1.80 
4.02 
6.14 

SILWER 

1.83 
4.06 
6.17 

Measured 

1.77 
3.90 

Error*(%) 

1.8 
3.1 

(*) Error (%)= 100*(QCH - Mcasurcd)/Measurcd 
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Table 3 

Worth of Most Reactive Rod 
BOC, No Xenon 

Core 
Condition 

HZP 
HFP 

Rod 
Position 

C9 
E9 

Maximum Rod Worth (% Ap) 
QCH 

0.83 
0.26 

SILWER 

0.81 
0.24 

Table 4 

Stationary Peaking Factors, BOC 

Core 
Condition 

HZP 

HFP 

Position of 
Ejected Rod 

C9In 
C9 0ut 

E9In 
E9 0ut 

Peaking Factor 
F 
1 xy 

1.99 (2.05 ) 
4.24 (4.35 ) 

1.46(1.48) 
1.36(1.37) 

F 

2.84 ( 2.92 ) 
6.06 (6.20) 

1.79 (1.81) 
1.66(1.67) 

Note: the values in parentheses are results of SILWER calculations. 
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Table 5 

Results and Criteria for Rod Ejection Accident at HZP, BOC 

Parameters 

Max Avg Fuel Enthalpy 
Max Clad Temperature 
Max Pressure 
Fuel Melt Volume 

Dimensions 

cal/g 
°C 

MPa 
% 

RETRAN 
Maxima 

151 
860 
18 
0.0 

Design Criteria 

225 
1480 
22 
10 

Table 6 

Results of 3D Analysis for Rod Ejection Accident at BOC 

Parameters 

Linear Heat Rate 
Peaking Factor 
Avg. Fuel Temp. 
Fuel Enthalpy 
Clad Temperature 

Dimensions 

kW/m 
-

°C 
cal/g 
°C 

Maximum Nodal Value 
HZP 

2808 
6.2 
668 
52 
353 

HFP 

57 
2.0 
880 
67 
432 
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Control Element Positions 
A: Bank A, B: Bank B, S: Safety Bank 

Fig. 1. Control rod pattern. 
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Fig. 2. Map of nodal peaking factors before start of rod ejection (HZP case). 
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Fig. 3. Map of nodal peaking factors at point of maximum F7 (HZP case). 
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Fig. 4. Map of nodal peaking factors at 0.8 sec into the transient (HZP case). 
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1 Fig. 5. Maximum total peaking factor vs. dme (HZP case). 
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Fig. 1 ̂ . Map of nodal peaking factors before start of rod ejection (HFP case). 
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Fig. 17. Map of nodal peaking factors just after rod is out (HFP case). 
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Abstract 
This report presents results of a three-dimensional analysis 
of beyond-design basis rod-ejection accidents in the Bez
nau II PWR obtained within the framework of the STARS 
project. The analysis is performed with the three dimen
sional code QUABOXyCUBBOX-HYCA (QCH) which com
bines a coarse-mesh neutron flux expansion method with a 
parallel-channel model for the thermal-hydraulics. A series 
of static calculations is performed to locate the most re
active rod and to qualify QCH by comparing calculation^ 
results with measured data. The study presents a case at 
hot zero power and analyzes in detail the spatial power 
and temperature distributions in the core. A hot-channel 
analysis with FRAP-T and a pressure increase calculation 
with RETRAN show that the parameters of concern in this 
transient are well below the safety limits. 

1 Introduction 
In July 1988 the Paul Schcrrcr Institute and the Swiss 
Federal Nuclear Safety Inspectorate (HSK) entered into an 
agreement on the development of simulation models for the 
transient analysis of the reactors in Switzerland (STARS). 
Under this program PSI is presently engaged in generating 
simulation models for all Swiss nuclear power plants, and 
in compiling, developing, and continuously updating the 
nuclear and plant-specific data bases required for steady-
slate, transient, and accident analyses of these plants [1]. 
The first phase of this project includes the analysis of hy
pothetical "rod-ejection accidents" (REA) in the Bcznau II 
pressurized water reactor, and falls within the framework of 
the increased attention since Tchcrnobyl given to reactivity 
initiated events. Fig. 1 shows a block diagram of the code 
package used for this work. 

1.1 Description of the Accident 

The design-basis REA is defined as the mechanical failure 
of a control rod drive mechanism pressure housing such that 
the reactor coolant system pressure would eject the con
trol rod mechanism and drive shaft to its fully withdrawn 
position. This failure results in a rapid reactivity insertion 
(within approximately 100 ms) with large local power peak-
ings. The associated power excursion is limited by Doppler 
reactivity feedback due to increased fuel temperatures, and 
the transient is ultimately terminated by the reactor protec
tion system. It must be shown under these circumstances 
that the energy released in this accident does not lead to 
catastrophic fuel damage and that limits specified by the 
safety authorities are not violated. 

The probability of this accident is closely tied to the 
probability of failure of a control rod drive mechanism 

Fig. 1: STARS transient analysis code package 
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housing or nozzle (21. This probability is low (between 
10"4 and 10~6 per reactor-year) [3], but the potentially se
vere consequences of the accident has prompted the US Nu
clear Regulatory' Commission to issue a Regulatory Guide 
(4] specifying the analysis requirements. 

The accidents investigated in this study have an even 
lower probability of occurence, since they also assume vi
olation of the Technical Specifications due to an operator 
error or malfunction of the safety system, leading to starting 
conditions beyond those addressed in the safety analysis re
port. This results in reactivity insertions in excess of those 
assumed in the design-basis event. The accidents analyzed 
are therefore bcyond-design basis accidents.. 

1.2 Protection Against the Accident 

Mechanical and nuclear features preclude the possibility of 
occurrence of such an accident and limit its consequences 
if it were to occur. These include conservative mechanical 
design, proper material selection, fabrication, and quality 
control, and a nuclear design which minimizes the ejected 
reactivity worth. Each housing of the control rod drive 
mechanism is part of the reactor coolant system and is de
signed and manufactured to criteria in Section III of the 
ASME Boiler and Pressure Vessel Code for Class 1 com
ponents, and is tested before and after attachment to the 
reactor vessel head at pressures in excess of the maximum 
design pressure. 

If the accident were to occur, its severity is limited by 
the nuclear design which controls the worth and position 
of the control rods. During normal opcraui.ii at full power, 
only one bank is inserted but restricted to the top of the 
core, thereby minimizing the ejected rod worth. Reactivity 
changes due to xenon transients, fuel depiction, and temper
ature changes arc compensated by boratcd water. At lower 
power, larger control rod insertions are permitted because 
(for a given reactivity insertion) the REA is less severe at 
low powers. 

The Technical Specifications contain power-dependent 
rod insertion limits based on the REA that guarantee com
pliance with local power density limits, shutdown margin 
requirements, and limits on consequences contained in the 
Safety Analysis Report. The position of each control rod is 
continously displayed in the control room and an alarm will 
go off if a control bank approaches its insertion limit or if 
a rod is misaligned. Operating procedures require boration 
of the core when the insertion limit is reached. Ultimately, 
period, high neutron flux, or pressure signals cause the re
actor protection system to initiate a scram to shut down the 
reactor. 

1.3 Limit Criteria 

There are three types of criteria associated with the REA 
contained in the regulations. The purpose of the first type 
is to prevent catastrophic fuel failure. Several studies of the 
threshold of fuel failure and conversion of thermal energy 
to mechanical energy have been conducted in the US and 
in Japan (5,6|. The threshold for conversion of thermal en

ergy to mechanical energy which could lead to catastrophic 
failure (large fuel dispersal and pressure rise) was reported 
at 300 cal/g . It was also shown that clad failure can occur 
in unirradiated fuel at 210-220 cal/g due to brittle fracture 
caused by severe oxidation. This limit is even lower for 
prepressurized irradiated fuel or if the fuel has been sub
jected to excessive cycling or has become waterlogged. 

As a consequence of the above experiments, the reactor 
vendor has adopted the following conservative criteria to 
ensure that fuel dispersal in the coolant and gross lattice 
distortion will not occur (7.81: 

• Average fuel pellet enthalpy at hot spot below 22S 
cal/g for unirradiated fuel and 200 cal/g for irradiated 
fuel. 

• Peak clad temperature below ~ 1500 °C. 

• Fuel melting less than 10% of the fuel volume at the 
hot spot. 

In order to show compliance with these criteria, fuel en
thalpy and temperature distributions must be determined. 
The calculations involve use of computer programs that 
model the reactor physics, thermal hydraulics, and fuel be
havior in the core, and should be performed for different 
power and burnup conditions. 

The second type of limits insures the integrity of the re
actor coolant system (RCS) boundary by limiting the max
imum reactor pressure during any portion of the assumed 
transient to less than the value that will cause stresses to 
exceed the Emergency Condition stress limits as defined 
in Section III of die ASME Boiler and Pressure Vessel 
Code. Calculation of the RCS pressure must therefore be 
performed with a code that simulates the whole plant, and 
the peak RCS pressure must be shown, for the case con
sidered in this study, to never surpass 22 MPa (FSAR limit 
for Beznau II [8]). 

Finally, the last limit deals with the radiological conse
quences if fuel damage OCCUR. Table 1 shows NRC lim
its and Wcstinghouse design criteria. The latter are used 
throughout this study. 

Table 1: NRC and Westinghouse Limit Criteria 

Parameter 

Avg. Fuel Enthalpy 
Clad Temperature 
Melt Volume 
No. of rods at DNB 
System Pressure 
Offsite Dose 

Limit Value 
NRC 

280 caVg 

ASME Code 
10CFR100 

W 

200-225 cal/g 
1480 °C 
< 10% 
< 10% 
22 MPa 

2 Goal of the Analysis 
The purpose of this study is ir investigate potential core 
damage as a result of a beyond design-basis control rod 

http://opcraui.ii
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ejection accident starting from initial conditions not ex
plicitly addressed in uV safety analysis report of the plant 
and necessitating violation of the Technical Specifications 
and operator/system malfunction during power operation. 
Such conditions are: 

• All control rods except the safety rods beyond their 
corresponding insertion limits fully inserted in the 
core at hot-zcro-power conditions. 

• The most reactive rod completely inserted into the 
core prior to its ejection at full power conditions. 

The analysis was done for hot-zero power (HZP) con
ditions at beginning-of-cyele 16 (BOC) and cnd-of-cyclc 
16 (EOC), and for full-power conditions (HFP) at BOC. 
However, due to lack of space, only HZP, BOC dynamics 
results will be reported here. More detail is given in Ref. 
PL 

This study does not address the radiological consequences 
of the accident. Only fuel damage and pressure response 
are investigated. 

3 Description of the Reactor and Cy
cle Analyzed 

The Bcznau II reactor is a pressurized water reactor with a 
rated thermal power of 1130 MW. The core consists of 121 
fuel assemblies each consisting of a 14 X 14 array. The ini
tial heavy metal mass is approximately 39 t, and the active 
core height is 3.05 m. Due to the relatively low specific 
power, the fuel assemblies arc normally irradiated during 
four one-year cycles in contrast to other PWRs in which the 
fuel resides for three years. Core reactivity control is pro
vided by a combination of neutron absorbing control rods 
and a soluble chemical shim (boric acid). The control rods 
consist of 25 silver-indium-cadmium control rod clusters, 
and are divided into two control banks (A and B) and a 
safety bank (S). The fuel cycle analyzed lasted approxi
mately 11 months and accumulated a core-average bumup 
of 9159 MWdA- Initial enrichments ranged between 2.8 
and 3.6%. 

4 Calculational Methods 

The standard tool for the REA analysis is point kinetics such 
as in the RETRAN [10] code. However, it is well known 
that three-dimensional (3D) spatial effects in the core can be 
quite significant in the analysis of reactor transients ([Hi
ll 3]). The two key parameters in the analysis of a REA 
which determine the magnitude of the peak power and fuel 
temperature arc the rod worth and the Doppler feedback. 
Since the largest fuel temperature rise occurs in the core re
gion with the highest power, Doppler feedback is generally 
underestimated if the power shape distortions arc not taken 
into account. This is the case in standard point-kinetics cal
culations which results in conservatively high rises in power 
and temperatures. Proper accounting of three-dimensional 

spatial effects is, therefore, very important for best-estimate 
calculations. In the present study the 3D transient multi-
group diffusion code QU ABOX/CUBBOX-H YCA [ 14] was 
used in combination with the transient fuel pin code FRAP-
T6 [15], to predict fuel temperature, fuel enthalpy, and crit
ical heat flux ratio in the core. 

Both point-kinetics and 3D dynamics require physics 
data that have to be generated in steady-state physics cal
culations. In the case of QCH, the input data are fuel assem
bly averaged 2-group constants and the macroscopic bumup 
distributions in the core at the beginning of the transient. 
The group constants are functions of bumup, fuel and mod
erator temperatures, boron concentration in the coolant, and 
the presence of control for each fuel assembly. In the case 
of RETRAN, radial peaking factors, control rod worths, 
and reactivity coefficients for each accident scenario have 
to be calculated as a function of bumup, power, and control 
rod positions. The corresponding calculations were per
formed using the EIR LWR Code System (ELCOS) de
veloped at PSI. The LWR code system ELCOS consists 
of four codes: ETOBOX, BOXER, CORCOD, and SIL-
WER. ETOBOX processes cross section data in ENDF/B 
format and produces a cross section library for BOXER. 
BOXER performs cell and two-dimensional transport and 
depletion calculations. CORCOD computes fits to the ho
mogenized few group cross sections from BOXER for the 
three dimensional calculations. SILWER carries out static 
three-dimensional neutronics and thermal-hydraulics calcu
lations. A more detailed description of this system is given 
in Rcfs. [16] through [18]. 

QCH combines a coarsc-mesh neutron flux expansion 
method with a parallel channel model for the core thermal 
hydraulics. The basis of the coarse-mesh method is the 
spatially integrated muliigroup neutron diffusion equation 

j t I idV = J L t dV.j= 1.....M (1) 

where 4' = (<?>,C)T, and 6 and C represent the neutron fluxes 
and delayed neutron precursor concentrations, respectively. 
The domains of integration V ; correspond to rectangular 
node volumes. These equations are supplemented by conti
nuity conditions across interfaces between adjacent boxes, 
and by relations describing the dependence of the nuclear 
cross sections on node conditions. Spatial coupling is re
stricted to nearest neighbors. A frequency transformation 
option, which factors out the flux into a strongly time-
dependent amplitude function and a slowly time-dependent 
shape function, reduces truncation errors and allows use of 
reasonably large lime steps. 

From a thermal-hydraulic point of view, the core is de
scribed by a set of parallel channels, and in each channel 
the heat transfer to the coolant is represented by an aver
age fuel pin model. The coolant model consists of mass, 
energy, and momemtum equations in one-dimensional ax
ial geometry. The fuel heat conduction model allows any 
number of radial meshes in the pin and one radial zone for 
the cladding. Fuel conductivity is temperature dependent, 
and the gap and clad conductivities arc assumed to be con
stant. Axial heat conduction is neglected. Details of the 
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theory can be found in References (19} through {21). 
The pressure rise during the transient was calculated us

ing RETRAN with a multichannel core model, developed 
at PSI, in order to account for the contribution of potential 
void formation in the hot regions of the core to total pres
sure buildup during the transient [22]. The multichannel 
core model subdivides the core into three unequal radial re
gions. The tint region is the core subassembly from which 
the control rod is ejected. The second core region includes 
the eight subassemblies which surround the assembly from 
which die control rod is ejected. In this region the power 
excursion is also significantly above the core average power 
excursion and consequently its thermal-hydraulic behavior 
will be significantly different from the rest of the core. The 
thud region includes die rest of die core subassemblies and 
is represented by some average core characteristics. 

To accomodate the multichannel model, RETRAN had 
to be modified to accept a time-dependent power split func
tion and time-dependent regional reactivity feedback weight
ing factors. Approximations of these time-dependent fac
tors were produced from a generic Westinghouse report [7] 
and the plant FSAR [8]. 

5 Static Calculations 
A detailed 3D QCH model of the core was set up and static 
calculations were performed using the (ableset generated 
by CORCOD. The emphasis in this phase was to qualify 
QCH by comparing calculated results with measured plant 
data^uch as critical boron concentrations, rod worths, and 
power distributions, and with the static 3D code SILWER 
quarter-core calculations. The core was represented by 122 
hydraulic channels (one channel per assembly and one chan
nel type for the reflector assemblies) and 20 axial layers (16 
of them for the active core). 

Table 2 summarizes the critical boron concentrations for 
different control rod patterns measured at startup as well as 
the calculated values from SHAVER and QCH. This table 
also shows comparisons of reactivity worths of different 
control groups at HZP, BOC conditions. The critical boron 
concentrations are overpredicted by 46 to 90 ppm, corre
sponding to ktff overestimates of up to 0.7%. The differ
ences between calculated and measured control rod worths 
are within the generally accepted margin of ±10%. 

The measured and calculated radial power distributions 
at hot-zero power, with control bank B inserted, are shown 
in Fig. 2. Figure 3 shows the measured and calculated core 
average axial power distributions for the same conditions. 

The maximum ejected rod worth was determined by 
checking die worth of every rod in one core octant with all 
other rods from both banks A and B fully inserted. Since no 
experimental data are available for checking the worth of 
single ejected rods, the QCH results can only be compared 
with the corresponding SILWER results. The maximum 
ejected rod worths and static peaking factors for HZP and 
HFP, calculated by QCH and SILWER, arc given in Tables 
3 and 4 and show good agreement. 

Table 2: Results of startup measurements and calcu
lated values at beginning of cycle 

Quantity 

Critical Boron at 
HZP (ppm): 

All Rods Out 
Bank Bin 
Banks A + B In 

Reactivity Worths 
(% -V): 

BankB 
Banks A + B 
Banks A + B + S 

Measured 

1501 
1271 
1025 

1.77 
390 
-

SILWER 

1591 
1354 
1071 

1.83 
4.16 
6.17 

QCH 

1578 
1344 
1050 

1.80 
4.02 
6.14 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

aw» 
0.714 
• 1 7 

1 34» 
1-24* 
- 4 0 

L 

0J3I 
0341 
•4.4 

1.011 
1033 
.1.5 

0*10 
0M2 

» 4 

M 

1554 
I.M4 
•7.2 

027» 
aus 
•2-2 

M M 
1.147 
•2.4 

1.4*1 
1.515 
•5.1 

I JW 
1.54» 
-1.» 

1.133 
1017 
-42 

1.535 
1447 
-4.4 

1350 
1444 
.7.4 

1471 
I.4IO 
• 0 4 

1.(721 
103» 
• l .( 

(1471 
045» 
•3» 

0311 
0322 

•1.5 

1.172 
1222 
«4.3 

I III 
1222 
•35 

1.4*7 
1.4M 
•1.4 

0.4t* 
0.412 

-12 

0.711 
0.714 

-04 

w 

a 
<a 

0340 
0341 
. X I 

0*»S 
104} 
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] 110 
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•7.7 
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Fig. 2: Radial power distribution for HZP, BOC case 

The above results confirm that SILWER and QCH are 
capable to predict with acceptable accuracy critical boron 
concentrations, rod worths, and power distributions in a 
PWR core. 
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Fig. 3: Axial power shape for HZP, BOC case (bank B 
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Table 3: Worth of Most Reactive Rod (No Xenon) 

Core 
Condition 

HZP, BOC 
HZP.EOC 
HFP, BOC 

Rod 
Position 

C9 
C9 
E9 

Maximum Rod Worth 
(%A/>) 

QCH 

0.83 
0.88 
0.26 

SILWER 

0.81 
0.86 
0.24 

Table 4: Stationary Peaking Factors 

Core 
Condition 

HZP, BOC 

HZP.EOC 

HFP, BOC 

Position 
Eject. Rod 

C9In 
C9 0ut 

C9In 
C9 0ut 

E9In 

Peaking Factor 
Fn 

1.99 (2.05) 
4.24 (4.35) 

2.09(2.11) 
4.50 (4.62) 

1.46 (1.48) 
1.36 (1.37) 

F, 

2.84 (2.92) 
6.06 (6.20) 

4.00 (3.99) 
8.57 (8.74) 

1.79 (1.81) 
1.66 (1.67) 

Note: the values in parentheses are results of SILWER 
calculations. 

6 Dynamic Calculations 

Static results have shown that the most reactive rod is in 
position C9 in the core and has a worth of 0.83% or about 
$1.45. Ejection of this rod will therefore result in a super-
prompt critical transient. The transient was simulated with 
the power in the core initially at 1% of nominal power by 
pulling the most reactive rod completely out of the core in 
100 msec. 

Because of the high reactivity insertion and the delay 
in the fuel temperature rise that stops the power surge, the 
maximum power reached is very large. The average core 
power increases by a factor of about 3000 from its initial 
value (or 30 times the nominal power), and the maximum 
is reached about 146 msec after the start of the rod ejection. 
Also, the radial power is very skewed after the rod is out, 
resulting in a maximum hot node factor of 6.2 and a nodal 
power of 2810 kW/m. Later in the transient, the higher 
fuel temperatures and the negative Doppler effect reduce 
the peaking factor to a value of about 4.0. Figure 4 shows 
the progression of the radial power shape at a specific axial 
level during the transient. Total peaking factor and axial 
power shapes in the hot bundle are given in Figs. 5 and 
6. These figures show that the rod ejection results in very 
asymmetric power distributions, particularly in the x-y di
rection, and demonstrate the importance of spatial effects 
[23]. 

Figure 7 shows the 3D results with the corresponding 
results from a point-kinetics calculation with RETRAN (us
ing a Doppler weighting factor of 1.0 and a constant total 
peaking factor of 6.2). The differences found in the time de-

t = 0 

t = 0.15s 

t = 0.8s 

Fig. 4: Progression of the radial power distribution at plane 
of maximum power generation (HZP, BOC) 

* 5 -

Fig. 5: Peaking factors variation during a REA at HZP, 
BOC. 
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Fig. 6: Axial power distribution in channel B7 during 
control rod ejection at HZP, BOC 

Fig. 7: Core average power during a REA at HZP, BOC 

pendence of core power and fuel temperature clearly show 
the importance of spatial temperature-weighting in the case 
of strongly asymmetric power shapes and confirm the as
sumption that point kinetics is conservative without appli
cation of spatial Doppler weighting. 

7 Hot-Channel Analysis 

A FRAP-T calculation was performed for the purpose of 
determining temperature distributions, fuel enthalpy, and 
critical heat flux at the hot spot during the REA. The power 
history for the hottest channel (channel B7), as well as radial 
and axial power shapes, were taken from the corresponding 
QCH calculation. Local effects were accounted for by using 
a local peaking factor of 1.15. 

The radial averaged fuel enthalpy reaches the maximum 
of 55 cal/g shortly after the power peak and declines after
wards (see Fig. 8). Figure 9 gives the temperatures in the 
fuel rod as a function of time. The fuel centerline temper
ature does not reach the maximum during the simulation 
time, but the rise is tapering off at 0.8 sec and the tem
perature stays well below the melting point. The cladding 
temperature reaches its maximum value of 488"C shortly 
after the power peak and declines afterwards. The CHF 
ratio (W-3 correlation) is shown in Fig. 10 and has a min

imum of 2.36 which is well above the allowable minimum 
CHF ratio. 

These results are well within the safety limits and prove 
that the integrity of the fuel is never in jeopardy during this 
transient 

Fig. 8: En-nalpy at hot spot during a REA at HZP, BOC 

t i ff la, • 

Fig. 9: Temperatures at hot spot during a REA at HZP, 
BOC 

0.1S 0.20 0.25 0.30 

Tim«, < 

Fig. 10: CHF ratio at hot 3pot during a REA at HZP, BOC 
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8 Pressure Calculations 
The calculation of the pressure rise following a rod-ejectiot. 
accident was performed using RETRAN and a multichannel 
core model, and included models for the cold legs with re
circulation pumps, hot legs, steam generators with constant 
conditions on the secondary side, and the pressurizer with 
surgeline. The analysis was done for end-of-life conditions 
as documented in the FSAR. These conditions have been 
shown to be conservative with regard to ejected rod worth 
and reactivity feedback. 

In order to bracket possible failure modes, four cases 
were considered: 

• 100% break (45 cm3) with escaping subcooled fluid, 

• 10% break with escaping subcooled fluid, 

• 10% break with escaping two-phase fluid, 

• no break and no pressure relief from opening of safety 
valves. 

The results indicate that the reactor power excursion 
is not significantly affected by the behavior of the system 
pressure since the power excursion (peak amplitude and 
half width) is only determined by the re?"tivity worth of 
the ejected control rod cluster and the Doppler feedback. 
Thus, the peak fuel enthalpy is also, to a large degree, not 
influenced by the system pressure. 

The influence of the break size on the maximum pres
sure is as follows (see Fig. 11): 

• The pressure drops immediately after the rod is ejected 
in the case of the full-sized break located at the upper 
closure head, 

• For a break size reduced to 10 %, the pressure first 
increases about 0.5 MPa above the initial pressure of 
15.7 MPa before dropping. Also, for the case where 
two-phase fluid is released through the 10% break, the 
pressure first increases about 0.5 MPa before drop
ping. 

• If the break size is zero and only the steam generators 
serve as heat sinks, the maximum system pressure 
reached is 17.6 MPa. 

100-

All these pressure rises are well below the limit of 22.0 
MPa. This demonstrates that the integrity of the primary 
system is not endangered following a rod-ejection accident 
even under the conservative assumptions used in these cal
culations. 

9 Conclusions 
The transient, presented here, is characterized by a rela
tively high rod worth (in excess of one dollar), and therefore 
causes a superprompt critical power excursion and produces 
large power shape distortions. The results of the analysis 
show that none of the safety criteria is violated and confirm 
the conservatism used in the design of the KKW Beznau II. 
Even for beyond-design basis starting conditions (resulting 
in excessive reactivity worths), the integrity of the fuel and 
the safety of the plant are never threatened during the REA. 

The study showed that core parameters, such as critical 
boron concentrations, reactivity worths, and power distri
butions can be determined with good accuracy by SILWER 
and QCH. It also proved the importance of spatial effects 
in this type of transient. 
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Fig, 11: System pressure variation for a REA at HZP, EOL 
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5. Spatial Effects of a Rod Ejection Accident 
in a PWR. E. Knogiinger, L. A. Belblidia, C. 
Skoff. J. M. Kallfelz fScherrer Inst, Villigen-
Switzerland) 

Since the Chernobyl accident, increased attention has been 
given to reactivity insertion events that could cause rapid fuel 
damage.1 Among such events is the rod ejection accident 
(REA) in a pressurized water reactor (PWR) initiated by the 
mechanical failure of a control rod drive mechanism pressure 
housing such that the reactor coolant system pressure would 
eject the control rod to its fully withdrawn position. This fail
ure results in a power excursion limited by the Doppler reac
tivity feedback from increased fuel temperatures, and the 
transient is ultimately terminated by the reactor protection sys
tem. It must be shown under these circumstance that the limits 
specified by the safety authorities are not violated. 

Theaccidem results in large local power peakings in the vi
cinity of the ejected rod. Since the largest fuel temperature rise 
occurs in the core region with the highest power, Doppler feed
back is generally underestimated if the power shape distortions 
are not taken into account. This is the case in standard point-
kinetics calculations, which result in conservatively high rises 
in power and temperatures.2 Proper accounting of three-
dimensional spatial effects is. therefore, very important for 
best-estimate calculations.1-* However, three-dimensional 
transient analyses suffer from being time-consuming and re
quiring a large amount of computer usage, making them too 
costly for routine use and for parameter studies or sensitivity 
calculations. Thus, it is important to have access to qualified, 

Time |s) 

Fig. I. Evolution of total and axial power peaking factors 
during an REA. 

reliable, and fast-running models. In the course of developing 
such models, we investigated the spatial effects relevant to the 
REA by comparing detailed three-dimensional results with re
sults from a two-dimensional XY model and a point-kinetics 
(PK) model. This paper presents the results of this investi
gation. 

From previous three-dimensional analyses,2 it was found 
that most of the spatial power changes during a REA occur in 
the XY plane. This is shown in Fig. 1, which gives the total and 
axial power peaking factors for the hot-zero-power end-of-
cycle (HZP-EOC) conditions. Since the change of the power 
distribution is more pronounced in XY :han in the axiai direc
tion, XY models appear to offer a better representation of the 
transient than one-dimensional methods with no capability to 
explicitly describe time-dependent transverse effects. 

A QUABOX/CUBBOX-HYCA (Ref. 5) two-dimensional 
XY model was set up consisting of one node per assembly. In 
order to assess the importance o r spatial effects, PK and three-
dimensional models were also used. The three-dimensional 
model uses 20 axial nodes and serves as the reference case. The 
rate of reactivity insertion was the same in all three cases (ap-
proximardy SI.67 in 100 ms). Figure 2 shows average core 
power and fuel temperatures in the hottest channel from the 
three representations. Cne can see that the XY model is in 
much better agreement with the three-dimensional model than 
the PK model. Note also that the ftrl temperature shown for 
the three-dimensional results is an axially averaged value and 
that the ratio between the fuei-tempcrature rise in the hot node 
and the channel average rise is approximately equal to the ax
ial peaking factor. This suggests that a conservative hot node 
estimate can be derived by multiplying the XY peak temper
ature value by the maximum axial peaking factor, which is also 
its initial value. 

This study has highlighted the spatial effects of relevance 
to REAs in PWRs and has demonstrated the predominance of 
the radial direction during the transient. The XY provided re
liable results for HZP-EOC conditions 30 times faster than a 
corresponding reference three-dimensional model. Conserva
tive estimates of maximum average fuel temperatures can be 
readily obtained from XY calculations by using axial peaking 
factors from static three-dimensional results. Application of 
this model to multiple rod ejection scenarios and to other 
power levels is still under investigation. 
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4. Rod Ejection Accident Analysis with an 
Improved RETRAN Cora Modafing Method. D 
SaphkrfSona, NRC-Israel), E. Knoglinger. M A. 
Zimmermann (Scherrer Inst, VUligen-Smtzerland) 

A rod ejection accident (REA) for a pressurized water re
actor plant was analyzed. The postulated accident takes place 
when the housing of the control rod sustains a mrfhaniral fail
ure causing a rapid ejection of the control rod assembly from 
the core. Assuming that the control rod was fully inserted in 
the core, the consequence of the failure is the insertion of a 
large amount of positive reactivity into the core. Depending on 
the core power level and the core bum-up, prompt critical con
ditions might be reached. The rapid power excursion is termi
nated by the Doppler negative feedback, and the reactor is 
uhimatety shut down by the safety system. 

The analysis w-s performed with the RETRAN-02 best-
estimate system code.' A modification was introduced into 
the code that made it possible to accept a time-dependent mul
tidimensional power distribution as weil as time-dependent 
spatial Doppler and moderator feedback effects. The time-de
pendent power distribution function can be obtained from an 
approximation to the three-dimensional time-dependent diffu
sion equation. 

A three-region RETRAN core model was developed. The 
nodalization diagram is shown in Fig. I. The first core region 
is the hot channel; the second region represents eight subassem
blies surrounding the hot assembly; and the third region rep
resents the rest of the core. The improved modeling of the core 
reveals that in addition to major differences in the hot chan
nel state variables, there is also a difference in the system aver
age transient parameters, such as power, pressure, flow, and 
temperatures when compared to the usual mode of calculation 
using a single-channel representation. The major impact of this 
modification is, however, the possibiiky of observing the tran
sient behavior of the hot subassembly and of including the 
feedback from the hot and surrounding assemblies in the sys
tem response. 

The REA was analyzed under four different operating con
ditions, namely, at the beginning and end of life and at full 
and zero power. The sensitivity of the REA analysis results to 
some of the important system parameters was investigated. 

Calculations performed by Yasinsky2 and by Saphier3 have 
shown that large asymmetric perturbations of the core will re
sult in significant flux tilting in the core. The resulting power 
distribution will be asymmetric, and as shown in Ref. 3, this 
asymmetry is strongly dependent on the size of the core, the 
magnitude of the perturbation, and the location of the per ur-
bation. As indicated in Ref. 4, the REA characteris'ic is a 
strong asymmetric core power distribution. For ih. detailed 
core modeling to be a significant improvement over the com
monly used single-channel core model, a good approximation 
of the actual power distribution in each core channel as a func
tion of lime must be known. 

The differences resulting from the (wo different modeling 
approaches are demonstrated by comparing the hot-zero-
power end-of-life (HZP-EOL) calculations. As can be seen 
from Fig. 2, the initial rate of power increase is the same 
whether calculated with the simple or the detailed model, since 
the initial power increase is dominated by the solution of the 
neutron kinetic equation driven by a $19/s ramp of 0. l-s du
ration. Due to a different temperature response of the core in 
(he two models, a different reactivity feedback will result, and 
during the rest of the transient, the two power levels vary by 
almost an order of magnitude. 

The fuel-pellet to cladding gap heat-transfer coefficient 
is one of (he more important parameters affecting the conse
quences of the REA. Since in an equilibrium core fuel pins 
of different burn-up exist, large variations in the gap neat 
transfer coefficient will exist in (he same core simultaneously. 
Figure 3 summarizes (he sensitivity of the REA to variations 

Fig. I. A detailed three-channel core nodalization diagram 
(REAcore-3). 
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in the value of the gap beat-transfer coefficient at hot-full-
power beginning-of-life (HFP-BOL) conditions. The major 
conclusions to be drawn from the present study are as follows: 

1. The maximum stored energy in the hot channel was 
< 1170 kJ/kg. The maximum stored energy at 744 kJ/kg was 
observ-.j in the hot channel for the HZP-EOL case. 

2. In none of the nominal cases did the fuel centerhne tem
perature reach the UO> melting point temperature. The max
imum temperature of 2379*C occurred in the HFP-BOL case. 

3. The maximum cladding temperature was < I472*C. The 
was 732*C for the HZP-EOL case. 

4. The maximum pressure was <22 MPa. A maximum 
pressure of 16.7 MPa was observed for the HZP-EOL < 

1. -RETRAIWtt. A Program for Transim Tnermal-Hydrauk: 
Analysis of Complex Fluid Flow Systems." Vol. 3: User's 
Manual. Re». 4. EPRI NP-I850-CCM-A. Electric Power 
Research Insntwe (19gg). 

2. J. B. YASINSKY. "On the Use of Point Kinetics for the 
Analysis of Rod-Ejection Accidents.- /Vuc/. Sei. Eng., 3*. 
241 (1970). 

3. D. SAPHIER. Remaor Dynamics, Handbook on Nmckmr 
Remaor Gnlnrfinons. RONEN. Ed.. CRC Press Inc., Boca 
Raton. Florida (1987). 

4. D. J. DIAMOND. "The Control Rod Ejection Accident." 
Proc. 1st Technical Committee Mtg. Reactivity Transient 
Accidents. 1AEA-TC-6I0. p. 273. International Atomic En
ergy Agency (I9S7). 

22M 

IM 4M MM «NO MOM IM 4M IMO 4M» MM» 
(!•*• fcrrt Irmsfrr rorffkkirt, HlhVnr-n'-'ri 

Fig. 3. Sensitivity of REA results to gap heat-transfer coefficient at HFP-BOL (REAsentOI). 


