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RESUME 

Une perte de l'eau lourde du systeme de moderateur causera les diminutions de niveau du 

moderateur d'une calandre du reacteur de CANDU-6. Habituellement les interferences 

des fonctions Baisse Controlee de Puissance et Recul Rapide de Puissance au debut de la 

chute du niveau de moderateur assureront 1'arret du reacteur ou une reduction de 

puissance du reacteur pendant ce processus transitoire. Si ces deux fonctions etaient 

indisponibles, le systeme de regulation du reacteur essayera de compenser la reactivite 

negative provoquee par la perte de moderateur. Cette compensation pourrait causer un 

basculement de la puissance, avec une diminution de la puissance dans le haut du reacteur, 

et une augmentation de la puissance dans le bas du reacteur. 

Dans cette analyse, differents taux de fuite de moderateur seront employes pour 

determiner les relations entre la puissance et les taux de fuite. Les puissances maximales 

de grappe, obtenues a partir de l'analyse avec le code DONJON et le code NDF pour un 

reacteur CANDU-6, se sont averees insensibles aux taux de fuite de moderateur. La 

puissance totale dans le coeur de reacteur a une forte correllation serree avec la rangee de 

combustible atteinte par le niveau du moderateur. 

De la meme maniere, l'analyse du taux de fuite de moderateur de 40 1/s montre que, sans 

les fonctions de STEPBACK et de SETBACK, les basculements serieux de puissance se 

produiront pendant la transitoire de quinze minutes. Les puissances maximales de 

grappes et les puissances maximales de canal atteindront des niveaux plus eleves 

seulement en raison des actions compensatrices des controleurs zonaux. Les mouvements 

des barres de controle empireront ce basculement de puissance. 
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De cette analyse, on conclura que la puissance maximale de grappe atteinte pendant la 

perte de moderateur est de 1.18%. Le risque d'assechement de grappe n'est done pas tres 

grand. 
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ABSTRACT 

A loss of heavy water in a postulated small failure in the horizontal unpressurized 

calandria vessel of a CANDU-6 reactor will lead to a drop in the moderator level in the 

reactor core. The STEPBACK and SETBACK functions at the initial moment of the drop 

in moderator level ensure a reactor shutdown and a reduction in total reactor power 

during this 900 seconds postulated transient. If the STEPBACK and SETBACK 

functions are unavailable, the reactor's regulating system will try to compensate for the 

negative reactivity resulting from the loss of the moderator. This kind of compensation 

will lead to power distortions from top to bottom in the reactor core. 

Comparisons of different moderator leakage rates were used in the analysis to determine 

the relationships between the power and the moderator leakage rates. Maximum bundle 

and channel powers obtained were insensitive to the moderator leakage rate. 

In a complete analysis for a moderator leakage rate of 40 1/s, it was found that, without 

the STEPBACK and SETBACK functions, serious power distortions would occur during 

the 900 seconds transient. The maximization of bundle and channel power during this 

transient happened in the bottom part of the reactor, and the regulating system worsened 

this power distortion. 

From the above analysis, it was concluded that the maximum bundle power attained 

during the loss of the moderator was 1.18% of its initial value. The risk of bundle dryout 

was, therefore, quite small. 
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CONDENSE EN FRAN^AIS 

Objectifs de cette etude 

Les reactions neutroniques en chaine du reacteur CANDU-6 sont soutenues par le 

ralentissement des neutrons rapides en neutrons thermiques par l'eau lourde (moderateur) 

dans le coeur du reacteur CANDU-6. Si le coeur du reacteur CANDU-6 perd son 

moderateur, on observera une diminution de puissance du reacteur pendant cette 

transitoire de quinze minutes apres le debut de la perte. 

Les barres de controle du reacteur CANDU-6 a Gentilly-2 ont ete mises sur mode 

"manuel" quand le reacteur atteint la pleine puissance dans un etat stable [1] . La raison 

de cette operation en mode "manuel" est que les barres de controle ne sont pas supposees 

etre extraites du coeur du reacteur quand la puissance du reacteur est elevee. 

Nous postulons que les fonctions de STEPBACK et SETBACK seront indisponibles. 

Pendant la transitoire de quinze minutes, le systeme de regulation de reacteur, via les 

barres de controles et les controleurs zonaux, essayera de compenser la reactivite 

negative provoquee par la perte supplemental de neutrons rapides et thermiques. Cette 

compensation causera un basculement, avec une diminution de la puissance dans le haut 

du reacteur, et une augmentation dans le bas du reacteur. 

Pendant cette transitoire, l'etude de puissances atteintes sera utilites pour determiner si les 

conditions d'operation d'un reacteur de CANDU-6 sont securitaires au taux de fuite de 

moderateur 40 1/s, et quelles conditions d'operation et quelles combinaisons de systeme 
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de regulation seront les meilleures. Les combinaisons des systemes de regulation seront 

comme suit: 

a) Les fonctions de SETBACK sont fonctionnelles, les barres controle sont en le 

mode "automatique". 

b) Les fonctions de SETBACK sont fonctionnelles, les barres controle sont en le 

mode "manuel". 

c) Les fonctions de SETBACK ne sont pas fonctionnelles, les barres de controle 

sont en mode "automatique". 

d) Les fonctions de SETBACK ne sont pas fonctionnelles, les barres de controle 

sont en mode "manuel". 

Les puissances de grappe seront etudiees a differents taux de fuite du moderateur, comme 

par exemple 10 1/s, 20 1/s, 40 1/s, 80 1/s et 122 1/s. 

Finalement une analyse complete de la condition operationnelle sera effectuee pour le 

taux de fuite de moderateur 40 1/s. A l'interieur de cette analyse, les mouvements de 

controleurs zonaux, les puissances regionales et les puissances de grappe et de canal 

seront etudiees. 

Theorie 

L'equilibre entre la production et la destruction des neutrons dans chaque de element 

volume microscopique mene a un ensemble d'equations de transport neutronique. De ces 

equations, les equations de diffusion des neutrons pour le coeur du reacteur au complet 
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seront obtenues par les approximations PI [2] 

Les equations de cinetique et pace tempo comptent deux series d'equations: La premiere 

serie equation decrit le flux de neutron, et la deuxieme serie d'equations decrit les 

concentrations de precurseurs des neutrons retardes. 

Finalement il y a deux genres d'equations de diffusion neuronique a resoudre. Le premier 

type d'equations est donne par les equations statiques de diffusion neutronique; et le 

deuxieme type etant donne par les equations cinetiques. On emploiera differentes 

methodes d'iteration pour trouver leurs solutions. La methode implicite sera employee 

pour les solutions integrates des equations cinetiques de diffusion neutronique. Les 

calculs stationnaires servent de conditions initiales dans la simulation de cinetique 

espace-temps. 

Habituellement deux groupes d'energie des neutrons seront suffisants pour les calculs de 

diffusion neutronique d'un grand reacteur tels le CANDU-6 [2]. Aussi on utilisera la 

methode de difference finie centree pour les discretisations spatiales et une methode 

implicite pour le temps. Par cette discretisation des variables spatiale et temporelle, un 

ensemble d'equations algebriques couplees sera resolu pour obtenir le flux initial. 

Les logiciels 

Les programmes de calculs neutroniques statiques sont principalement employes pour 

determiner et calculer les flux et Keff statiques initiaux. lis seront egalement employes 

pour calculer quelques parametres dynamiques au moment initial de la simulation 
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cinetique d'espace-temps. Les calculs cinetiques sont principalement determines par le 

changement des conditions de frontiere et des positions des differents mecanismes de 

reactivite de regulation. 

Dans cette recherche, le programme DONJON et le programme NDF seront employes. 

Le programme DONJON et le programme NDF ont differentes fonctions, mais ils ne 

peuvent pas etre separes completement. 

Avec le programme CLE-2000 , les modules dans DONJON et dans NDF peuvent etre 

employes a l'analyse des simulations relatives des calculs statiques et cinetiques dans un 

reacteur CANDU-6 pour la simulation de la perte de moderateur. Aussi les parametres 

nucleaires tels que la section efiicace macroscopique et le coefficient de diffusion 

macroscopique seront pre-calcules par le logiciel DRAGON [3]. Le code DRAGON peut 

employer certaines bibliotheques specialises, basees par exemple sur ENDF-B VI [4] 

pour executer les calculs de transport neutronique et pour la condensation en energie et 

l'homogeneisation en espace afin de produire les sections efficaces pour les deux groups 

d'energie et des coefficients de diffusion, qui seront employes pour resoudre les 

equations de diffusions neutronique. 

a) Les calculs statiques 

Les calculs statiques neutronique sont principalement employes pour l'etablissement des 

sections efficaces macroscopiques des melanges, des parametres des neutrons retardes, 

des parametres du systeme de regulation du reacteur, et des parametres des systemes de 

detection de puissances neutroniques. 
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b) Les programmes cinetiques 

Les calculs cinetiques seront executes a partir de la supposition que les conditions 

frontieres changent avec les temps. Les melanges des mailles, au-dessus du niveau de 

moderateur seront mis a zero. Ceci signifiera que les parties au-dessus du niveau de 

moderateur dans le coeur du reacteur deviendront vides, et aucun flux et aucune 

puissance ne seront generes dans ces parties au-dessus du niveau du moderateur. 

Les resultats de calculs 

Dans cette recherche, beaucoup de calculs de simulation ont ete executes, ce qui inclut les 

calculs statiques et les calculs cinetiques. Toutes les differentes methodes, ce qui incluent 

les differentes mailles et les differents dispositifs de reactivite etc., sont employes pour 

executer les calculs de reference pour le CANDU-6. 

Meme si le calcul statique de diffusion neutronique n'est pas l'objet principal de cette 

these, les resultats relatifs seront utiles aux calculs cinetiques subsequents. 

a) Les essais 

1) Pendant quinze minutes de transitoire liees a une perte de moderateur dans le 

coeur du reacteur, quelque fois il pourrait etre conclu que la puissance totale de 
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reacteur aurait des diminutions evidentes, bien que le Keff statique ne diminuerait 

pas. 

2) Avec differents modeles tels que les differentes mailles, les pas de temps et les 

conditions initiales, les resultats cinetiques demontrent que la stabilite du 

processus cinetique de calcul neutronique a pleine puissance est atteinte avec le 

systeme de regulation, quand il y a aucune perte de moderateur. Si les systemes de 

regulation n'interferent pas, les resultats cinetiques de calcul neutronique pour un 

reacteur a pleine puissance auront quelques erreurs d'arrondi. 

3) En employant la methode des differences finies centrees, comparees aux mailles 

156x156x84, les calculs statiques demontrent que les mailles 104x104x56, sont 

suffisants pour les calculs cinetiques neutronique. Les deviations moyennes 

pendant quinze minutes seront de moins de 5%. 

4) Avec l'augmentation des mailles du coeur du reacteur, la duree de calcul 

augmentera evidemment. Un equilibre entre l'exactitude de calcul et le cout de 

calcul sera fait. 

b) Quelques resultats cinetiques 

1) Pour differentes combinaisons des conditions d'operation au taux de fuite du 

moderateur 401/s, la condition d'operation sans les fonctions de STEPBACK et de 

SETBACK et les barres de controle en mode "manuel" sera choisie comme la 

condition a etudier en mode principal d'operation. Dans ce cas d'operation, les 
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puissances maximales de grappes atteindront environ 120% des valeurs des 

initiales et puis diminueront progressivement. La puissance totale du reacteur 

diminuera pendant 580 secondes environ. 

2) Les differents taux de fuite pendant une perte de moderateur affecteront le temps 

auquel les puissances maximales de grappes seront atteintes. Plus petit sera le 

taux de fuite de moderateur, plus lentement les puissances maximales de grappes 

seront atteintes. Les amplitudes des puissances maximales de grappes pendant 

quinze minutes ne sont pas sensibles aux taux de fuite. Pour le taux de fuite de 

moderateur de 20 1/s, les puissances maximales de grappes atteindront environ 

110 % de la puissance maximale initiale de grappes ; pour le taux de fuite de 

moderateur de 10 1/s, elles n'ont presque aucun changement pendant 15 minutes ; 

pour d'autres taux de fuite de moderateur, elles atteindront toujours environ 120% 

de la puissance maximale initiale de grappes. 

3) La puissance totale du reacteur diminue significativement quand les deux 

premieres couches de combustibles sont decouvertes. La puissance finale du 

reacteur a quinze minutes dependra des taux de fuite. Plus petit sera le taux de 

fuite de moderateur, plus petite sera la puissance finale du reacteur. 

4) Pour le taux de fuite du moderateur de 40 1/s et sans 1'interference des barres de 

controle, les resultats cinetiques demontrent que la puissance maximale de grappe 

et la puissance maximale de canal apparaitraient environ en meme temps, c'est a 

dire a 580 secondes. Aussi le maximum de puissance regionale de la zone 5 est 

atteinte a ce moment. Les temps croissants de puissances maximum de grappe et 



XVI 

de puissances maximales de canal correspondent a celle de la puissance regionale 

pendant le processus transitoire de quinze minutes. 

5) Pour le taux de fuite du moderateur de 40 1/s et sans 1'interference des barres de 

controles, les resultats cinetiques demontrent qu'un basculement de puissance 

apparaitrait dans le reacteur. Une diminution de la puissance dans le haut du 

reacteur et une augmentation de la puissance dans le bas du reacteur apparaissent. 

Apres un certain temps, la puissance maximale sera environ de 80% de la pleine 

puissance. 
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CHAPTER 1: INTRODUCTION 

1.1 Objective of this research 

The chain reaction of a CANDU-6 reactor relies on the slowing down of fast neutrons by 

heavy water in an unpressurized calandria containing the moderator. The presence of a 

radial reactor reflector is necessary to keep the reactor critical. The objective of this study 

was to assess, with the use of a hypothetical breach of the calandria, the severity of 

bundle and channel dryout risk in the reactor when a loss of the moderator occurs. 

A loss of heavy water in a CANDU-6 reactor core precipitates a predictable sequence of 

events: the level of moderation drops, the fast neutrons no longer decelerate enough to 

maintain the reactor's criticality, the fission reactions decrease correspondingly and, as a 

consequence, the total reactor power decreases. 

With the compensations from various reactivity control devices, some regional powers 

will increase. When the regional powers increase to 108% or more of FPP, the 

STEPBACK function intervenes (in our simulations, sometimes this function is inhibited 

to avoid the expense of a reactor shutdown) and then the SETBACK function, leading to 

an immediate total reactor power decrease. If the regional powers continue increasing 

above 122.2% of FPP, the two shutdown systems SDS1 and SDS2 intervene [5]. 

The STEPBACK function rapidly reduces the total reactor power to zero with the help of 

four mechanical absorber rods from SDSL The SETBACK function reduces the total 

reactor power to 60% in the presence of a power tilt. If the STEPBACK and SETBACK 

functions are available during a loss of moderator, the risk of the bundles and channels 
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drying out will be very low [1]. 

In our selection of a safe operation mode, we took into account the SETBACK function, 

adjuster operation mode and liquid zone controllers. The adjusters and liquid zone 

controllers were moved to compensate for the negative reactivity resulting from the loss 

of moderator. A top to bottom flux distortion in the reactor core was generated: the power 

decreased in the top half of the reactor core and increased in the bottom half. 

The movement of the reactivity control devices, especially the liquid zone controllers, in 

the CANDU-6 reactor is controlled by the reactor regulating system (RRS). Making 

alterations to the standard control rules (for example, the restriction of the movement of 

adjusters) allowed us to reflect plant operating practices and gave us more 

conservative and safer simulation results. 

The maximum bundle powers and the maximum channel powers are of greatest interest 

within a prescribed power limit and should be assessed if the kind of failure we postulated 

leads to ruptures due to the drying out of the fuel bundles and channels. If this should 

happen, a number of fission products would be released into the reactor coolant circuit. 

And, if the calandria tube integrity were to be threatened by the increase of the bundle 

powers, a large number of fission products would be released into the moderator system. 

All of these hypothetical failures and events make it essential to calculate these maximum 

bundle powers and maximum channel powers during the 900 second transient resulting 

from a loss of moderator. 
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1.2 Review of CANDU-6 Reactor 

In the fuel assemblies of a CANDU-6 reactor, coolant flows over the surface of the fuel 

pins inside pressure tubes. CO 2 fills the space between these pressure tubes and their 

surrounding calandria tubes. 

Each cell in this reactor contains one fuel assembly, referred to as the cell lattice. A 

standard CANDU-6 cell dimension is 28.57 cm along the y and x axes, and about 50 cm 

along the z axis. Each of the reactor's 380 fuel channels contains 12 fuel bundles, giving 

this reactor a total of 4560 fuel bundles. The CANDU-6 has two shutdown systems and a 

set of regulating system rules. A cut-out view of the CANDU-6 reactor is shown in Figure 

1.1. 

Our simulations were based on this prototype of the CANDU-6 reactor. The reactivity 

control devices we used in our simulation are those presented in Figure 1.1. 



1 CALANDRIA 

2 CALANDRIA END SHIELD 

3 SHUT-OFF AND CONTROL RODS 

4 POISON INJECTION 

5 FUEL CHANNEL ASSEMBLIES 

6 FEEDER PIPES 

7 VAULT 

Figure 1.1 CANDU-6 reactor assembly (from http://canteach.candu.org) 

http://canteach.candu.org
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1.3 Review of the moderator system 

Heavy water in a CANDU-6 reactor calandria is the moderator used to slow down the fast 

neutrons in order to release thermal energy. The use of this particular moderator in a 

CANDU-6 reactor permits the use of natural uranium. 

The calandria tubes isolate thermally the heavy water moderator at about 70 degrees 

Celsius from the pressure tubes, which are at about 310 Celsius degrees. The moderator 

in a CANDU-6 reactor is usually under one atmosphere pressure plus its own hydrostatic 

pressure. 

The moderator is maintained at a constant temperature and at a high isotopic 

concentration, both of which will affect the criticality of a CANDU-6 reactor. In normal 

operating mode, the heat generated in the moderator in a CANDU-6 reactor calandria is 

produced by the neutron capture, neutron deceleration, and gamma ray interactions. The 

heat will finally be taken out by the moderator heat exchangers, as shown in Figure 1.2. 

The chemistry of the moderator in a CANDU-6 reactor is controlled to minimize the 

radioactivity produced by deuterium and corrosion products. A moderator purification 

system is provided to maintain moderator water purity. Usually, the heavy water's 

isotopic concentration is kept at 99.75% or higher. 
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TO MODERATOR COVER GAS SYSTEM 

FROM MODERATOR COVER GAS SYSTEM 

TO DESAMPLING SYSTEM 

CALANDRIA VAULT 

SERVICE WATER 
FROM PURIFICATION. 
LIQUID POISON AND 
OjO COLLECTION 
SYSTEMS 

-04-

TO PURIFICATION SYSTEM 

HEAT EXCHAKOEfl 

TO LIQUID POISON SYSTEM 

t 
SERVICE WATEfi 

• * — N 
HEAT EXCHANGER 

Figure 1.2 CANDU-6 moderator system (from http://canteach.candu.org) 

In our simulations, we disregarded the two relief pipes above the reactor calandria; that is, 

we considered the moderator only inside the reactor calandria. These details are shown in 

Figure 1.2. 

http://canteach.candu.org


7 

1.4 Review of DONJON and NDF 

Since it is impossible to solve the transport equation for the complete geometry of a 

CANDU-6 reactor core, the method of the separation of flux will be considered, 

<j>(r,E,t) = 4(r,t)-i|/(r,E) EQ 1.1 

where 

(j)(r, E, t): Scalar flux density; 

(j)(f, t): Macroscopic scalar flux; 

v|/(r, E): Microscopic flux distribution from the cell calculation [2] 

The microscopic cross section was used in the related lattice cell calculations, in which 

the transport equation is solved by collision probabilities. The flux distributions of the 

related cells were obtained from the DRAGON code. [6] This lattice cell calculation 

provides macroscopic cross sections and diffusion coefficients for diffusion calculation in 

the reactor. The spatial homogenization eliminates the geometric description of the cells 

during the related neutron diffusion calculations. For the static neutron diffusion 

calculations [2], two energy groups were considered sufficient for the large size thermal 

reactor such as CANDU-6. Six groups of delayed neutrons were used for the related 

space-time kinetics neutron diffusion calculations. 

Modules of the DONJON and NDF codes were used for the numerical solution of the 

neutron diffusion for the whole reactor. In the simulations, DONJON facilitated the 
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manipulation of the macroscopic cross section data from the DRAGON code. Modules of 

the NDF code were used to calculate the flux distribution in time and space. Fully 

implicit time integration and mesh centred finite difference were used. 

1.5 Review of control devices and detectors 

The simulation of reactivity control devices and flux detectors required both DONJON 

and NDF. Along with the initial flux distributions for the whole CANDU-6 reactor, 

calculated with the NDF code, initial reference flux readings for the related flux detectors 

were obtained. The other basic functions of the reactivity control devices and flux 

detectors were performed in the NDF code with RRS modules. In Figure 1.3, the 

conceptual layouts of liquid zone control devices and flux detectors are illustrated. 

Zone control 
miit 

Zone control 
detectors 

Figure 1.3 Layout of liquid controllers and flux detectors 
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Three kinds of detectors regulate a reactor's power: 2 ion chambers, 28 platinum 

detectors and 102 vanadium detectors. The reactor regulating systems include 14 liquid 

zone controllers, 21 adjusters and 4 mechanical control absorbers. [5] 

A typical layout of zonal powers is shown in Figure 1.4, where we can see that a 

symmetrical zonal layout exists between zones 1 to 7 and zones 8 to 14 along the z axis. 

Also, zones 1 and 2 are symmetric with zones 6 and 7 respectively. 

Figure 1.4 Layout of zones 

1.6 Contributions of this thesis 

A postulated small event in the horizontal unpressurized calandria vessel of a CANDU-6 

reactor resulted in a moving surface of heavy water at the top of the horizontal cylinder. 
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This was modeled as a moving boundary condition applied to the three dimensional 

space-time kinetic equations in the diffusion theory. The transients lasted 900 seconds. 

Operating expenses in some CANDU-6 plants dictate that the adjusters be left in 

"manual" mode. The basic idea of this operation selection is that the adjusters are not 

expected to move when the reactor power is at a higher power and undesirable power 

peaks are avoided. 

In our simulations, the two shutdown systems and the automatic extraction of adjusters in 

a CANDU-6 reactor were deactivated. If the two shutdown systems intervened, the 

restart-up of CANDU-6 would be expensive; and if the adjusters intervened, the 

maximum bundle power during the transient would reach and possibly exceed 120% of 

its initial value. 

The time-dependent diffusion equations were used in these simulations, with two energy 

groups and six delayed groups of neutron precursors. A simple time-average set of cross 

sections obtained from the DRAGON code [3] was used to represent the fuel conditions 

in the core. The properties of the CANDU-6 reactivity devices were also calculated with 

DRAGON [6]. 

The mesh centered finite difference was used as the spatial discretisation method, as this 

is sufficient for CANDU-6 analysis. Time integration was performed with the 

DONJON/NDF code [7] [8] [9], using a direct fully implicit method [10]. 

These related results were used to assess the risk of bundle and channel dry out during a 

loss of moderator. 
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1.7 Organization of this thesis 

This thesis is composed of six chapters. The current chapter presents the topic of this 

project and a review of the CANDU-6 reactor core, related systems and codes used in the 

modelization. 

In chapter 2, a mathematical description of the moderator level dropping is derived; also, 

we have made a validation of our moderator dropping codes in this postulated failure. 

In chapter 3, the related simulation algorithm is discussed; and the static and kinetic parts 

of our codes are detailed. The moderator level is modeled as a moving boundary 

condition applied to the three-dimensional space-time kinetics equations in the related 

diffusion calculation. Various limits of this assumed moving boundary are discussed. 

In chapter 4, some static calculation results, such as Keff and the reactivity of various 

control devices, are reported. 

In chapter 5, the results of various operating modes involving various leakage rates are 

analyzed. The results of one operating mode at the moderator leakage rate of 40 1/s is 

detailed. The accuracy, speed and stability of the related numerical calculation are also 

evaluated. 

In chapter 6, conclusions and recommendations derived from our analysis are given. 
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CHAPTER 2: MODERATOR LEVEL 

2.1 Model of moderator level 

To simplify the simulation of the moderator dropping level, two functions relating the 

moderator level and the moderator leakage time are presented here. The first one is a 

linear function relating the moderator level and the moderator-leakage time; the other is a 

nonlinear function. These two functions affected the simulation results, especially the 

intervention moment of the regulating systems. 

In the simulation, it was assumed that the moderator leakage rates from the CANDU-6 

reactor calandria were constant and did not change with time. The function relating the 

moderator levels in the reactor to the leakage time is really nonlinear, though(!!), because 

of the circular shape of the CANDU-6 reactor calandria. 

Here, the nonlinear function relating the moderator level with time is deduced. The 

circular section of a CANDU-6 core is shown in Figure 2.1. The differential area dS will 

be as follows: 

dS = 2xdy EQ2.1 
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Figure 2.1 Differential section of reactor core 

Section-

Figure 2.2 Dropping section during loss of moderator 
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From the circular shape of a CANDU-6 reactor, we have: 

x 2 + y 2 = R 2 EQ2.2 

Then: 

S= rR2x7R2-y2dy EQ2.3 

After the integration of EQ 2.3, a relationship between the dropping section (Ssection) and 

height (y) can be obtained: 

S" — ? y 
° section ***• 1 ' • " /-> sm + C EQ 2.4 

Assuming that the leakage rate is constant, we can deduce the relationship between the 

moderator level in a CANDU-6 reactor core and the time of moderator leakage: 

S t o t a l X T ^ = 2 X 

•'•total 

t - (y I 2 p 2 R2 • - ' - ^ 
— v - y +R + — s m 

V 

_y 

vRyy 
+ C EQ2.5 

When t equals to 0, the initial section area is zero. 

0 = 2x 0 + x 
V 2 2 

+ C 
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Then, we get: 

r,_ 7tR2 

C 2 ; 

Where 

Stotal: Total circular area of CANDU-6; 

t : The actual moderator leakage time; 

Ttotal: The assumed total moderator leakage time; 

y : The height of lost moderator. 

2.2 Validation of moderator level dropping model 

Moderator level data for the different leakage rates during this transient are presented in 

Tables 2.1-2.5. As shown in Figure 2.3, the moderator level perhaps starts to drop from a 

certain location in the relief pipes and takes a few seconds to descend from that location 

to the top of the calandria. "Actual time" in the tables refers to the time elapsing as the 

moderator level drops from the top of the calandria to its current level. These measured 

data refer to [1]. 
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Moderator 
/ cold: 65"C heavy 

water, large inventory: 
-260 Mg 

/. cooling capacity: 100 
MW(th) or about 4.6% 
of full power 

Relief Pipe 

Calandria Vault 

Figure 2.3 Calandria cut-out section during loss of moderator 

Moderator level (mm) 

7595 

7500 

7400 

7300 

7100 

6900 

6800 

6600 

6400 

6200 

6100 

Actual time (-10 seconds) 

0 

5 

10 

20 

40 

70 

95 

130 

170 

215 

240 

Table 2.1 Moderator level reductions at leakage rate of 122 1/S [1] 



Moderator level (mm) 

7595 

7260 

7110 

7000 

6900 

6790 

6630 

6470 

6330 

6180 

6000 

Actual time (-15 seconds) 

0 

35 

55 

85 

105 

135 

185 

235 

285 

335 

435 

Table 2.2 Moderator level reductions at leakage rate of 80 1/s [1] 

Moderator level (mm) 

7595 

7500 

7400 

7300 

7100 

6900 

6800 

6600 

6400 

6300 

6200 

Actual time (- 30 seconds) 

0 

10 

30 

55 

120 

220 

280 

400 

520 

610 

670 

Table 2.3 Moderator level reductions at leakage rate of 40 1/s [1] 



Moderator level (mm) 

7595 

7500 

7400 

7300 

7200 

7100 

7000 

6900 

6800 

6700 

Actual time (- 60 seconds) 

0 

15 

50 

100 

162 

235 

325 

450 

545 

680 

Table 2.4 Moderator level reductions at leakage rate of 201/s [1] 

Moderator level (mm) 

7595 

7500 

7450 

7400 

7300 

7250 

7200 

7150 

7100 

7000 

Actual time (-100 seconds) 

0 

50 

80 

138 

235 

290 

352 

440 

520 

680 

Table 2.5 Moderator level reductions at leakage rate of 101/s [1] 

Using the various models of moderator drop levels in a CANDU-6 reactor core, we 
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obtain the graphs of the decreasing moderator level. The calculated drop level during this 

transient is close to the site data from [1], showing that our models of the moderator level 

were close to actual situations. As the realistic data from [1] didn't last 900 seconds, so 

the data in Table 2.1 to 2.5 also didn't last 900 seconds. Figure 2.4 is used to confirm the 

level during a loss of moderator in a CANDU-6 reactor core at the leakage rates of 80 1/s 

and 122 1/s; and Figure 2.5 is used for the moderator leakage rates of 20 1/s and 10 1/s. 

8000 r 

7500" i 

~ 7000 [ 

§6500h 

6000 • 

SS00 • 

5000 

calculated datum 

+ datum from Ref. No.2 

i i i i i i i 
200 250 
Time(seconds) 

8000 r 

7500"' 

| 7000 -

1 1 

i i 

! ! 1 i i 

calculated datum 

+ datum from Ref. No.2 

i i i i 
200 250 
Time(seconds) 

Figure 2.4 Comparison of moderator levels at leakage rates of 80 1/s and 122 1/s 
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+ 
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+ 
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datum from Ref. No.2 

i i 
400 500 
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Figure 2.5 Comparison of moderator levels at leakage rates of 201/s and 101/s 

The moderator levels affected by different moderator leakage rates are given in Figure 

2.6. During this 900 second transient, different moderator levels led to different reactor 

transients in a CANDU-6 reactor. For example, the different intervention time of the 

reactivity control devices and shutdown systems led to a final total reactor power loss. 
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0 10D 200 300 400 500 600 700 800 900 

Time(seconds) 

Figure 2.6 Comparison of moderator levels for various leakage rates 

The moderator leakage rate of 40 1/s was used in most of our research. Also, moderator 

levels are significantly different in a linear function than in a nonlinear function relating 

these moderator levels to the leakage time during the 900 second transient. In this thesis, 

however, the linear function maybe ignored because of the circular shape of the calandria 

in the CANDU-6 reactor. Figure 2.7 shows the differences in linear and nonlinear 

calculations. If a linear function is supposed to be used, a bigger simulation error will be 

introduced. 



7600-

7400 

7200 

7000 

| B80O 

~a> 

£ 6600 
_ i 

B400 

6200 

6000 

5800 

Figure 2.7 Moderator levels compared at the leakage rate of 40 1/s 

2.3 The concepts of the fuel Layers 

Because most of the results in the following chapters will be shown as a function of 

moderator levels or of the leakage time, the following table, Table 2.6, will be convenient 

for engineering discussion and conclusions since it relates the moderator drop level to the 

reactor core layouts. 

2.4 Moderator levels 

In order to simulate the moderator level, the geometry will be changed with time by 

setting any materials above the moderator level to zero. These boundary changes will be 

detailed in the next chapter. 
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Core 

Top Reflector 
Top Reflector 

A 
B 
C 
D 
E 
F 
G 
H 
J 
K 
L 
M 
N 
O 
P 

Q 
R 
S 
T 
U 
V 

w 
Reflector 
Reflector 

Moderator Level (top) 

7594 
7175 

6940.25 
6654.5 

6368.75 
6083 
5797.25 
5511.5 

5225.75 
4940 

4654.25 
4368.5 

4082.75 
3797 

3511.25 
3225.5 

2939.75 
2654 

2368.25 
2082.5 
1796.75 

1511 
1225.25 
939.5 

653.75 
419 

Moderator Level (bottom) 

7175 
6940.25 
6654.5 

6368.75 
6083 

5797.25 
5511.5 

5225.75 
4940 

4654.25 
4368.5 

4082.75 
3797 

3511.25 
3225.5 

2939.75 
2654 

2368.25 
2082.5 
1796.75 

1511 
1225.25 
939.5 

653.75 
419 

0 

Table 2.6 Fuel layers (mm) 
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CHAPTER 3: SIMULATION ALGORITHM 

3.1 Neutron calculation theory 

3.1.1 Neutron diffusion equation 

From the neutron balance, taking into account the reaction rates and independent neutron 

sources in a very small volume, the Boltzman neutron transport equations can be deduced. 

But, it is not possible to solve this equation for a real reactor core. 

The diffusion equation for the whole reactor can be obtained from the PI approximation 

to the transport equation. The main approximations are as follows [2]: 

a) The angular flux has only one linear component of anisotropy; 

o(r,E,Qj)= — L(r,E,t) + 3Qj(f,E,t)} EQ 3.1 

b) Neutron sources are isotropic. 

With the above assumptions, we obtain the time and space dependent neutron flux 

equations which consist mainly of two related systems of partial differential equations: 

the first is the diffusion equation for the neutron flux, the second is the delayed neutron 

precursor equation. The complete matrix forms of system equations after energy 

condensation are as follows: 
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[vr^w^.^w-isM+e-^fc'W'w+iu-Kc! EQ3.2 dtL JKeff 

J ^ P J V E J M - X . A EQ3-3 

These parabolic equations with initial conditions and boundary conditions can only be 

solved analytically in two dimensions under very special assumptions. In three 

dimensions, these equations can only be solved with numerical methods. [12] 

3.1.2 Static diffusion equation 

From EQ 3.2 and 3.3, the following static diffusion equation is obtained: 

•V.[DM*]+[zW = ̂ : k P K r W EQ3.4 

Using the spatial discretisation method, equation 3.4 can be set in a matrix form: 

[A].M = _ L - [ B ] - M EQ3.5 
Keff 

These equations are the key to static neutron calculations; the detailed forms of A and B 

are given in [12]. The usual solution technology is based on outer and inner iterations. 

The initial flux distribution and Keff will be solved by the outer loop; and then the new 

flux will be calculated by the inner loop. After the new flux is obtained, the new Keff will 

be calculated in the inner loop. The flux and Keff will be obtained when their relative 

error is small enough. The iteration for obtaining flux and Keff will stop once the 
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iteration error of the Keff and the flux is less than a specified value, set at 1E-6 in this 

work. 

3.1.3 Kinetic equation 

The mesh-centered, space-finite difference method is used on both static and kinetic 

neutron diffusion equation. The spatial mesh must be identical in both the static neutron 

calculations, which will serve as initial conditions for the kinetic neutron calculation, and 

the kinetic neutron calculations. 

For mesh-centered finite differences, the required nuclear parameters (macroscopic cross 

sections and diffusion coefficients) will be constant in each mesh volume. In this method, 

only adjacent nodes are coupled by nodal leakages. These coupled equations lend 

themselves to the performance of numerical calculations; they have been proven to 

converge to the exact solution. The detail can be found in references [12] and [13]. 

A full implicit approximation for time derivative is used to solve the kinetic neutron 

equation. These detailed forms of the matrix [H] are in [12]. A matrix formulation of the 

equations is as follows: 

fM=[H] [* ] EQ3.6 

3.2 Neutron calculation practices 

These simulations consist mainly of two parts: static neutron calculation and kinetic 
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neutron calculation. The static neutron calculation is used to calculate the initial static 

flux distribution and Keff. This distribution is then used to set up kinetic parameters at the 

beginning of the kinetic neutron calculation. The kinetic neutron calculation is performed 

through changing boundary conditions and the positions of reactivity control devices 

provided by the RRS modules. 

3.2.1 Static part of neutron calculations 

The flow chart of static neutron calculations is shown in Figure 3.1. Its functions can be 

described as follows: 

a) The initialization of reactor geometry; 

b) The set up of macro cross section of mixtures; 

c) The calculation of neutron flux distribution, Keff and normalized total reactor power; 

d) The set up of the reference readings of the reactor neutron power detection systems; 

e) The initial set up of kinetic parameters for delayed neutron precursors; 

f) The set up of the related RRS parameters. 



Construct reactor geometry 

Create cross section of fuel and reflector 

Create cross section of control devices 

I 
Specify initial positions of control devices 

1 
Calculate initial flux, power distribution and Keff 

v 

Construct precursor (X{ (3j) 

1 
Construct initial parameters of regulation systems 

Construct precursors of delayed neutrons 

I 
Detectors reference calculations 

1 
Initializing of control systems 

28 

Figure 3.1 Static part of neutron calculation 
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3.2.1.1 Static parameters 

The total power Ptotal is used as the initial total reactor power in this simulation. It 

affects the initial flux amplitude along the whole reactor. 

Six groups of delayed neutron precursors are used. The following equations are used in 

this calculation. Below is the initial concentration resulting from static calculation. 

C,.„=f- &E/FM EQ3.7 

3.2.1.2 Geometry 

Four sets of cross section in the reactor geometry have been obtained from the 

homogeneous burnup model. The fuel located in the central part is at a higher burnup 

than the fuel in the outer ring. The presence of the notch is properly accounted for. A 

typical plane for the geometry is shown in Figure 3.2. 

Theoretically, mesh space can be restricted to a very small area, but our computer 

resources are limited. Also, more mesh split means a longer calculation time, 

sometimes requiring an unreasonably long computing time. A synthesis of accurancy and 

computing time has to be considered. 
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Figure 3.2 Material indexes 

3.2.1.3 Set up of cross sections 

DRAGON calculations provide macroscopic cross sections and diffusion coefficients 

along the fuel lattice and for the reflector, which will be used for the neutron diffusion 

equations in CANDU-6 reactor. [12] 
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We used the results from the DRAGON code as our properties of the fuels, reflector and 

different reactivity control devices. 

3.2.1.4 Set up of the reactivity control devices 

Twenty-one adjusters were fully inserted in the reactor core, and fourteen liquid zone 

controllers were at initial levels (50% empty). 

3.2.2 Kinetic part of neutron calculation 

The space and time dependent diffusion equations were used in these simulations. A 

simple time average set of macroscopic cross sections, obtained from the DRAGON code 

[3], was used to represent the fuel conditions in the reactor core. The properties of the 

CANDU-6 reactivity control devices were also calculated with DRAGON [6]. The 

related kinetic part is shown in Figure 3.3. 
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3.2.2.1 Kinetic parameters 

MaxT will be used for determining a total leakage time in the kinetic calculation. 

3.2.2.2 Detector reference readings calculation 

Different neutron detectors have different responses to the input signals. The following 

three kinds of detectors were used in the CANDU-6 reactor simulation: 

a) Three ion chambers were used for logarithmic power rates. Response time is fast. 

b) Twenty-four Platinum detectors for zone power control. Response time is fast. 

c) One hundred and two Vanadium detectors were used for flux mapping; the measured 

local powers are more accurate, but the response time is very slow. 

For the Platinum detectors, the detector response codes have seven signal components. 

The prompt response of these detectors represents 84.5% of the signal. The remaining 

15.5% are delayed, some of which are very long lived. 

3.2.2.3 Control modules 

Normally, the regulating systems have two important functions: 

a) They will try to keep the reactor in a critical state and compensate for any power 

difference between the actual total reactor power and the requested total reactor 

power. 
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b) They will also maintain the fourteen zone control powers at their target values and 

avoid any serious power tilt. 

3.2.3 Other considerations and assumptions 

Because of the short simulation time (900 seconds) versus the very slow xenon response 

(8 hours), the xenon dynamic was not taken into account in our simulation. 

Thermal feedback effects such as coolant density and temperature were not taken into 

account, nor were the effects of the fuel temperature and moderator temperature. 

The moving boundary conditions were simulated by modifying the core geometry 

configuration at each time step (i.e. by changing material properties above the moving 

moderator level), taking into account the level reached by the moderator at different times 

due to the (constant) rates at which the moderator was being lost. The standard vacuum 

boundary conditions were applied to the moving moderator interface, which is a 

horizontal plane moving down. Accordingly, it was assumed that a vacuum exists above 

the moving moderator level and that neither fission reactions nor local power are 

generated above this moving moderator level. The moving boundary is shown in Figure 

3.4. 
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neutrons^ 

Vacuum part* 

Moderator part* 

Figure 3.4 Changing moderator level in a reactor core 

The boundary condition was implemented by setting to zero the material mixture above 

the moving moderator level. In a node, the vacuum space and the fuel space being 50% 

respectively, we could only bring to zero the whole node. This kind of approximation 

introduced some calculation errors. 

Escaped 
Neutrons 

Figure 3.5 Changing moderator level in a lattice 
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As shown in the above figure, neutrons directly escape from the moderator level in this 

fuel lattice; this is understandable since very few neutrons reenter the fuel area from the 

vacuum area. 

The current version of DRAGON used for the cross section generation in this work could 

not be used to calculate the macroscopic cross sections for the node above. 
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CHAPTER 4: STATIC CALCULATIONS 

4.1 Introduction to static calculations 

Before a kinetic calculation problem is solved, a static calculation problem must be 

solved. This section will deal with a static neutron calculation in a CANDU-6 reactor. 

Even though a static neutron diffusion calculation is not one of the main objectives of this 

thesis, the related results will be helpful. 

The basic three-dimensional model of a CANDU-6 reactor that we used is made up of a 

26 x 26 x 12 mesh configuration along three axes y, x and z, which means that one cell 

corresponds to one mesh point. The four types of cells consist of three types of fuel and 

one reflector. It is a homogenous time average calculation with 2 types of fuel. One of 

higher burnup is in the center, and a lower burnup is located in outer core region. Two 

neutron energy groups and six delayed neutron precursor groups were used for the kinetic 

neutron calculations. A set of static calculations at a full power (2.18 E+09 Watts) level 

are shown in the following table. 

No. 

1 

2 

3 

4 

Specification 

No xenon/ adjusters fully inserted/zone level at 50% level 

With xenon/ adjusters fully inserted/zone level 50% level 

No xenon/ adjusters fully inserted/zone level 0% level 

No xenon/ adjusters fully extracted/zone level 50% level 

Keff 

1.024551 

0.9970238 

1.028255 

1.03979957 

Related 

Reactivity 

27 mk 

Omk 

30 mk 

41 mk 
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Table 4.1 Static Keff calculations 

Then, the reactivity of control devices or fission products is obtained from the above table 

as follows: 

Specification 

Activity of xenon concentration 

Activity of adjusters 

Activity of zone controllers 

Reactivity 

27 

14 

6 

Table 4.2 Reactivity of various control devices and xenon (mk) 

The calculated reactivity of xenon is very close to the results shown in [2]. The reactivity 

of the adjusters is also close to the results in [2]. The reactivity of the zone controllers lies 

between the value of [5] and [2]. For the control devices with smaller reactivity, the 

calculated error is a little higher. 

4.2 Effective multiplication factor 

Though the results obtained from the static neutron calculations are not suitable for 

kinetic neutron calculation, the results in Figure 4.1 do provide the guidelines for kinetic 

calculations. 
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Figure 4.1 Static Keff during a complete loss of moderator 

In obtaining the data of Figure 4.1, we assumed that the moderator in the entire reactor 

calandria would be lost completely during the 900 second transient. As expected, the Keff 

decreased with the moderator level. From this graph, we see that when the moderator 

level reached 3000 mm (from the top of calandria), the static Keff decreased quickly. The 

core became very sub-critical when fuel layer "M" reached zero and the moderator level 

dropped to a position below fifty percent of the calandria height. For the 

detail, see Figure 3.2. 

All of our simulations lasted 900 seconds. Even for the fast moderator loss in a 
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CANDU-6 reactor, i.e. 122 1/s, the moderator level would only reach about fifty percent 

of the entire reactor calandria height during the 900 second transient. 

In Figure 4.2 and 4.3, we suppose that the entire height of the reactor is normalized to 1. 

We can see the Keffs are always close to 1; also, Reactivity is close to 0. 
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The lost moderator level(%) 

Figure 4.2 Keff during 900 seconds with a loss of moderator 
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Figure 4.3 Reactivity during 900 seconds with a loss of moderator 
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CHAPTER 5: KINETIC CALCULATIONS 

5.1 Stability check 

First, a series of space and time kinetic calculations were performed to check the stability 

of the system. The following configuration was used: 

a) Xenon was set up at its equilibrium value; 

b) Adjusters fully inserted; 

c) Zone level at 50%. 

Also, the influences of the following factors were examined: 

a) Different splits; 

b) Different time steps; 

c) 900 second simulation; 

d) No loss of moderator; 

The results are shown in Figure 5.1. These results were obtained without the intervention 

of the reactor regulating system. A small error in the total reactor power gradually 

increased in time. This arose from rounding-off errors during the integration process; it 

may also have been related to internal data representation in the computer architecture. 

The notation "split 16/2/2 0.25" means that every cell along the y axis is divided into 

sixteen smaller cells. Along the x and z axes, every cell is divided into two smaller cells. 

In total, there are four hundred and sixteen meshes along the y axis, fifty-two meshes 
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along the x axis and twenty-eight meshes along the z axis for the split "16/2/2". This 

indicates the size of our problem. A time step of 0.25 second was used for these 

simulations. From Figure 5.1, we see that more meshes in the reactor model led to a more 

stable calculated total reactor power during the 900 second transient. 

split ( M i l 6/2/2 0.25 

split yMi 16/2/2 0 5 

split y/WZ 8/4/2 0 25 

- ~ split y W i 4/2/2 0.5 

0 100 £00 300 400 500 600 700 800 900 

Time(seconds) 

Figure 5.1 Stability check without RRS 

Figure 5.2 shows that with the intervention of the reactor regulating system the calculated 

total reactor power was stable during this 900 second transient. This means that the 

reactor regulating system could compensate for the round off errors. Because the 

subsequent simulations needed to use the regulating function of zone liquid controllers, 

the results in Figure 5.2 are very important to this work. We can see that the calculated 

total reactor powers always had the same value, no matter which split and time steps were 

used. The liquid zone controllers moved somewhat to compensate for this total power 



deviation. 
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Figure 5.2 Stability check with RRS 

5.2 Computing cost 

The speed of calculation primarily depends on the performance of the computer hardware, 

system software and applications, and the number of concurrent users. Different 

computing times are required for different splits, as shown in Table 5.1. The computing 

time is basically proportional to the number of meshes. 
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Split number 

13/2/2 
26/2/2 
52/2/2 
104/2/2 

Number of meshes 

421824 
843648 
1687296 
3374592 

Required time (Hours) 

1.22 
2.14 
3.55 
6.14 

Table 5.1 Computing time 

5.3 Accuracy check 

The accuracy of calculation depends on the number of mesh points in a calculation and 

the time steps. In Figure 5.3 and Figure 5.4, we notice some related calculation errors 

between different splits. 

Theoretically, if a mesh space distance is less than—, it is a reasonable distance for the 

reactor neutron diffusion calculation. The detail refers to [14]. The infinitely small mesh 

space distance would be perfect; but taking into account this requirement and the limit of 

the computer's calculation capacity, the meshes 130xl30x 120 (Split 5/5/5) were used as 

a reference and standard for calculations in the simulations. 

In Figure 5.3, we can see that the results of different meshes are close to each other during 

this 900 second transient and that in the final moment of the transient, the results are 

closer than those at the middle moment. 
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Figure 5.4 Comparisons of calculation accuracy during 120 seconds 
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From Figure 5.4, if we take the split 5/5/5 as our standard neutron calculation results, we 

find that the results from the split 4/4/4 are very close to those from the split 5/5/5. 

Therefore, the split 4/4/4 was used for the calculations in the rest of this work. In Table 

5.2, the comparisons are given for different splits. 

Split number 

5/5/5 
4/4/4 
3/3/3 
2/2/2 

Davg(%) 

0 
1.12285 
1.97056 
2.06591 

D™(%) 

0 
4.15733 
7.09412 
7.54317 

p 
max& cat 

1.000774 
1.002016 
1.003332 
1.005360 

Table 5.2 Comparisons of deviations 

D (%): Average deviation; 

Dmax (%): Maximum deviation; 

' max&cal Ratio of maximum and calculated power; 

We used the calculated results of the split 5/5/5 as our reference calculation; then we 

used: 

_ . . Calculated value - Re ference value ,„„„. 
Deviation = x 100% 

Re ference value 

EQ5.1 

to get both average deviation and maximum deviation. 
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5.4 Selection of Operating Conditions 

Stepback: the reactor stepback will drop MCA and adjusters down in reactor core once it 

is engaged. Finally the endpoint power will be 0% of full power. 

Setback: the reactor setback will remain in force with the adjusters as long as the 

endpoint power has not been reached. Finally the endpoint power will be 60% of full 

power. 

The STEPBACK function was not considered in order to avoid the resulting rapid 

decrease in total reactor power to zero. However, we did take the SETBACK function, 

adjusters and zone liquid controllers into account during our 900 second transient of the 

loss of moderator. In Table 5.3, four operating modes are detailed. 

Mode 

1 

2 

3 

4 

Operating conditions 

SETBACK inhibited, adjusters on manual 

SETBACK inhibited, adjusters on auto 

SETBACK operational, adjusters on manual 

SETBACK operational, adjusters on auto 

Table 5.3 Operating modes at 40 1/s 
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Figure 5.5 Total reactor power variations at 40 1/s 

400 5[ 

Time(seconds) 

Figure 5.6 Maximum bundle power variations at 401/s 
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In Figure 5.5 and Figure 5.6, we find that the final total reactor power and maximum 

bundle power with adjusters on auto are double those with adjusters in manual mode. The 

compensations of adjusters play a very important role in the final moment of this 900 

second transient. 

Figure 5.5 shows that the total reactor power decreases during a loss of moderator. 

We find that the maximum bundle power of the operating mode No. 2 will reach about 

1.18 times the normal maximum bundle power, and the maximum bundle power of mode 

No. 4 will reach about 1.4 times the normal maximum bundle power. This means that the 

movement of the adjusters has an important impact on the local maximum bundle power 

during this transient. If the global control action is bigger than the partial local control 

action during the 900 seconds, a strong power distortion will occur at the bottom of the 

reactor. After the exhaustion of zone liquid controllers, the adjusters will affect the total 

reactor power significantly. 

From the point of view of the maximum bundle power, operating mode No.l and mode 

No.3 are safer for the normal operation of a CANDU-6 reactor. 

Operating expenses in some CANDU-6 plants dictate that the adjusters are left in 

"manual" mode, the basic idea being that the adjusters are not expected to move when the 

reactor power is at a higher power. This avoids undesirable power peaks. For this reason, 

mode No.2 and No.4 were not considered. 

In our simulations, the two shutdown systems and the automatic extraction of adjusters in 

a CANDU-6 reactor were restricted since once the two shutdown systems intervened, the 
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restart-up of CANDU-6 would be expensive. Mode 3 was, therefore, excluded. With the 

intervention of adjusters, the maximum bundle power during the transient exceeded 

120% of its initial value. The detail is shown in Figure 5.6. 

5.5 Different leakage rates 

Various moderator leakage rates are possible: a loss of moderator lasts one hour to 

several hours inside a CANDU-6 reactor. In our study, five leakage rates were examined: 

10 litres per second, 20 litres per second, 40 litres per second, 80 litres per second and 

122 litres per second. 

5.5.1 Comparison of total reactor powers 

The variations of total reactor power during the 5 leakage rates are presented in Figure 

5.7. The reactor power stayed above about 95% of normal total power during 900 seconds 

for the leakage rates of 10 1/s and 20 1/s. In these two cases, the level of moderator 

reached 6900 mm and 6600 mm respectively at 15 minutes. In Table 2.6, we find that a 

moderator level of 6900 mm corresponds to the top of the first fuel layer and that a level 

of 6600 mm is at the top of the second fuel layer. Therefore, we conclude that the total 

reactor power can be maintained near 100% of FPP after the moderator drops to the top 

part of the first and second fuel layers with the help of zone liquid controllers. 

Figure 5.7 shows that, for the leakage rate of 122 1/s, the total reactor power is reduced 

significantly after 180 seconds; for the leakage rate of 80 1/s, the total reactor power will 

show an obvious decrease after 250 seconds; and for the leakage rate of 40 1/s, the total 
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reactor power decreases starting at the 580 second. 

In Table 2.6, we find the following: 

a) 122 1/s, 180 seconds, 6300 mm of moderator level, corresponds to the top of the third 

fuel layer, 

b) 80 1/s, 250 seconds, 6350 mm of moderator level, corresponds to the top of the third 

fuel layer, 

c) 40 1/s, 580 seconds, 6300 mm of moderator level, corresponds to the top of the third 

fuel layer. 

In all cases, after the dropping moderator level reached the top of the third fuel layer, the 

total reactor power showed a power decrease. It can be concluded that the amount of fuel 

material plays an important part in the total reactor power. Obviously, after the first two 

fuel layers are reduced to zero, the total reactor power is decreased. 
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Time(seconds) 

Figure 5.7 Total reactor power as a function of time for different leakage rates 

Criticality can be maintained until the first two layers of fuel are lost, after which the total 

reactor can no longer be maintained at a critical state of FPP; therefore, total reactor 

power has a significant relationship to the quantity of moderator lost. 

5.5.2 Comparison of maximum bundle powers 

In a nuclear safety analysis, the maximum bundle power is an important parameter during 

the 900 second transient. The integral part of maximum bundle power curve above FPP 

line (i.e. the shaded area) is also important in reactor safety analysis as it is a measure of 

the severity of the bundle dry out risk during the transient. 
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Figure 5.8 Maximum bundle power variations of various leakage rates 

In Figure 5.8 it is also found that the maximum bundle power is reached at the moment 

the total reactor power starts decreasing at the top of the third fuel layer. 

For the situations involving leakage rates at 10 1/s and 20 1/s, there is no significant 

increase of maximum bundle power. 
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5.6 Detailed RRS analysis 

In this section, a set of results were analyzed for operating mode No.l (split 4/4/4, no 

SETBACK function, no adjusters, only with liquid zone controllers). The leakage rate of 

40 1/s, which is in middle of five rates, is typical of some plants. The detail refers to [1] 

5.6.1 Power as a function of time 

The total reactor power, maximum bundle power and maximum channel power for the 

leakage rate of 40 1/s are shown in Figure 5.9 and are representative of the behaviors 

observed in the other leakage rate situations. 
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Figure 5.9 Total reactor power, maximum bundle & channel powers (40 1/s) 

The total reactor power exhibits a tendency to decrease with time because of increased 

neutron losses through the enlarging surface created as the moderator is lost. The power 

rundown accelerates significantly at about 580s, when the first two layers of fuel have 
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been uncovered. At this moment, the positive reactivity of liquid zone controllers is 

exhausted. Also, the maximum bundle power and the maximum channel power decrease 

significantly at this time. Since the curve of the maximum bundle power exhibits the 

same behavior as that of the maximum channel power, we can use either of them to 

represent typical calculated results during the transients. 

5.6.2 Zonal powers 

The zonal power variation for zones 1 and 2 during the 900 seconds is illustrated in 

Figure 5.10. The regional power variation for zones 6 and 7 should be similar to this 

because of the symmetric layout of zones 6 and 7 with respect to zones 1 and 2. The 

details are shown in Figure 1.4. 

0 100 200 300 400 S00 600 700 900 900 

Time(seconds) 
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Figure 5.10 Regional power variations of zone 1 and zone 2 

We observe that 

a) The regional power decreases gradually during this transient; 

b) A strong power increase occurs in zone 2, where the maximum zonal power reaches 

about 1.18 times its original value and exhibits behaviour similar to that of maximum 

bundle and channel powers during this transient. 

c) The total reactor power decreases gradually to 30% of FPP. 

Because of their symmetrical layouts, the power tendency of zone 10,11, 12 is similar to 

that of zone 3, 4 and 5, which is shown in Figure 5.11. 
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Figure 5.11 Regional power as function of time of zone 3,4 and 5 (40 1/s) 
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Figure 5.11 shows that zone 5 has a stronger positive power increase than zone 4, 

whereas zone 3 shows a power decrease. This is because the actual loss of moderator 

occurs in the top of the core, thereby affecting zone 3, which will decrease in power 

despite the liquid zone controller in zone 3. The loss of power is compensated for by an 

increase in the power of the zones in the bottom of the core. 

5.7 Flux distortion as a function of time 

In our illustration of the flux distribution at different moments during the transient, the 

thermal flux in one plane only will be shown in order to emphasize the more important 

features of the transient. Plane 7 has been chosen because this is where some of the higher 

bundle powers occur during the fifteen minute transient. 

The stable flux distribution of fast neutron and thermal neutrons are shown in Figure5.12 

and Figure 5.13. These fluxes, presented at the beginning of the transient, are used as 

references for the transient calculations. 
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Figure 5.12 Initial fast flux distribution of plane 7 

Both flux distributions show a good symmetrical layout which is lost during the transient. 
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Figure 5.13 Initial thermal flux distribution of plane 7 

A flux snapshot at 250 seconds into the transient is shown in Fig. 5.14. It is observed 

that the maximum thermal flux increased because of the drainage of zonal controllers. 
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The maximum thermal flux increased from 3.4xlO14 to 3.6xlO14. Compared to the 

initial flux shape, with the beginning of the loss of moderator and the interventions of 

liquid zone controllers, a slight flux distortion occurred. 

Also, while the global control factor of RRS was still important in the process, the 

differential control factor was affecting the movement of the individual liquid zone 

controllers, as can be ascertained by examination of Fig 5.13 and Fig. 5.14. 

THERMAL FLUX (PLAN 7) 

Along the direction Y (cm) A t o n g t n e d i r e c t i 0 n x (cm) 

Figure 5.14 Thermal flux distributions at 250.0 seconds 

Figures 5.15, 5.16 and 5.17 show the thermal flux distributions of plane 7 during a period 

of time when the maximum bundle power reached about 1.18 times its initial maximum 

bundle power. 

We find that the maximum flux in plane 7 decreased between 488.0 seconds, illustrated in 
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Figure 5.15, and 500.0 seconds, shown in Figure 5.16. With the continuous decrease of 

liquid zones, the maximum flux of plane 7 at time t—535 increased again, as shown in 

Figure 5.17, due to the competition between the loss of moderator and the falling zone 

levels. 
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Figure 5.15 Thermal flux distributions at 488.0 seconds 
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Figure 5.16 Thermal flux distributions at 500.0 seconds 
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Figure 5.17 Thermal flux distributions at 535.0 seconds 

After about 550 seconds, the maximum flux of plane 7 started to decrease significantly. 

In Figures 5.18 and 5.19, it is observed that a strong flux distortion occurred, although we 

must take into account that the actual flux values were much lower than at previous times 

because the effect of the liquid zone controllers was essentially negligible: they had 

reached such low values that no further significant flux increase could be achieved by 

them. 
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Figure 5.18 Flux distributions at 750.0 seconds 
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Figure 5.19 Flux distributions at 900.0 seconds 
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5.8 Zone level 

Figures 5.20 and 5.21 show that all the zone controllers were at minimal levels at the end 

of this transient. This means that almost all of the liquid zone controllers were emptied 

during this transient. 
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Figure 5.20 Zone level as function of time in zones 1 and 2 
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Figure 5.21 Zone level as function of time in zones 3,4 and 5 

In Figure 5.21 we can see that the zone level decreased more slowly in the lower part of 

the reactor core because the power in these zones were not affected by the loss of 

moderator affecting the top of the core and, therefore, the reactor's top zones. At the end 

of the transient, the liquid zone controllers were almost exhausted. This means that the 

reactivity of the moderator loss was greater than the reactivity of the zone level change. 
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Figure 5.22 Reactivity change of zone controllers and moderator loss 
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CHAPTER 6: CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 Conclusions 

For a typical moderator leakage rate, without the STEPBACK and SETBACK functions, 

and adjusters on manual mode, we can conclude that 

a) The total reactor power decreases rapidly when the moderator level descends 

below the first two fuel layers; 

b) The maximum bundle and maximum channel values do not exceed 1.18 times 

their initial value. This means that the risk of dryout is very small; 

c) The moment at which the maximum bundle power and maximum channel power 

are reached is similar to the moment at which a total power decrease starts. At 

that moment, the reactivity from the liquid zone controllers has been exhausted. 

For smaller moderator leakage rates, the dryout risk is much less than for a large 

moderator leakage rate. 

For large moderator leakages rates, the maximum bundle and channel power during this 

transient will be the same, i.e. 1.18 times their initial value. This means that only the peak 

value of bundle and channel power will be sensitive to the reactivity compensation. 
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6.2 Recommendations 

a) An error arising between the continuous moderator level and the discrete model level 

used here will affect the intervention moment of the regulating system. The splits 

will also introduce error into this simulation. We have used a split of 5/5/5. A study 

of even finer mesh would be of interest; 

b) A power variation calculation of moderator loss under realistic conditions should be 

performed. 
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