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MARATHON — UN PROGRAMME DE CALCUL POUR L'ÉVALUATION
PROBABILISTE DE LA PÉRIODE "FUITE AVANT RUPTURE" DANS LES

RÉACTEURS CANDU®

par

J.R. Walker

RÉSUMÉ

La présence de niveaux d'humidité élevés dans l'espace annulaire gazeux
d'un réacteur CANDU® indique la présence possible d'une fissure occasionnant des fuites
dans un tube de force. Cela provoque l'arrêt du réacteur afin de prévenir l'endommage-
ment du canal de combustible. Toutefois, il est également souhaitable de garder le
réacteur sous pression partielle lors d'un arrêt à chaud tant que le tube de force en-
dommagé n'a pas été repéré avec certitude. Une mise hors pression complète prématurée
pourrait entraîner un arrêt prolongé pendant que l'on recherche le tube endommagé.
Cependant, une fracture pourrait rapidement se produire au cours d'un arrêt à chaud
trop long.

On a mis au point une méthode probabiliste et un programme de calcul
(MARATHON) connexe pour calculer selon un format probabiliste le temps qui s'écoule
entre la fuite initiale et la fracture instable. La méthode fait un usage formel des distribu-
tions des propriétés de matériaux et permet d'évaluer le risque associé à une fuite avant
rupture. Un modèle du système de détection des fuites est incorporé à la méthode en vue
de calculer la période de temps qui s'écoule à partir de la détection de la fuite jusqu'à la
formation d'une fracture instable. La variabilité du risque en fonction des conditions du
réacteur en évolution permet d'optimiser la gestion du réacteur après la détection de la
fuite.

Le présent rapport décrit le modèle probabiliste et donne le détail des
méthodes d'assurance qualité et de vérification du programme MARATHON. Il donne
également des exemples d'utilisation de MARATHON au moyen de distributions prélimin-
aires des propriétés des matériaux. Ces distributions préliminaires des propriétés des
matériaux indiquent la probabilité de formation d'une fracture instable est très faible et
qu'on dispose de suffisamment de temps pour repérer le tube endommagé.
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MARATHON — A COMPUTER CODE FOR THE PROBABILISTIC ESTIMATION
OF LEAK-BEFORE-BREAK TIME IN CANDU® REACTORS

by

J.R. Walker

ABSTRACT

The presence of high levels of moisture in the annulus gas system of a
CANDU® reactor indicates that a leaking crack may be present in a pressure tube. This
will initiate the shutdown of the reactor to prevent the possibility of fuel channel damage.
It is also desirable, however, to keep the reactor partially pressurized at hot shutdown
for as long as it is necessary to unambiguously identify the leaking pressure tube. A
premature full depressurization may cause an extended shutdown while the leaking tube
is being located. However, fast fracture could occur during an excessively long hot
shutdown period.

A probabilistic methodology, together with an associated computer code
(called MARATHON), has been developed to calculate the time from first leakage to un-
stable fracture in a probabilistic format. The methodology explicitly uses distributions of
material properties and allows the risk associated with leak-before-break to be estimated.
A model of the leak detection system is integrated into the methodology to calculate the
time from leak detection to unstable fracture. The sensitivity of the risk to changing
reactor conditions allows the optimization of reactor management after leak detection.

In this report we describe the probabilistic model and give details of the
quality assurance and verification of the MARATHON code. Examples of the use of
MARATHON are given using preliminary material property distributions. These prelimi-
nary material property distributions indicate that the probability of unstable fracture is
very low, and that ample time is available to locate the leaking tube.
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INTRODUCTION

The OANDU®* nuclear reactor uses natural (unenriched) uranium dioxide
fuel, and heavy water (D2O) as both coolant and moderator. The coolant is pressurized
to approximately lOMPa and passes through the core in a number of zirconium alloy
pressure tubes at temperatures between 250°C (inlet end) and 300°C (outlet end). In
commercial CANDU® units, the pressure tubes are fabricated from Zr-2.5Nb. The pres-
sure tubes are 6 m in length, have an inside diameter of 103 mm, and a wall thickness of
4.2 mm. Depending on unit size, there are between 380 and 480 pressure tubes per unit.
The pressure tubes are surrounded by a gas annulus and isolated from the moderator
by a zircaloy-2 calandria tube. The pressure tube/calandria tube combination, with its
associated end fittings, etc., makes up a CANDU® fuel channel (Figure 1).

End
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FIGURE I: Schematic Diagram of a CANDU® Fuel Channel

The presence of high levels of moisture in the annulus gas system indicates
that a leaking crack may be present in a pressure tube. A number of pressure tubes
have leaked at semi-elliptical axial cracks near the rolled joint, where the pressure tube
is attached to the end fitting. Examination of these tubes showed that crack initiation
had occurred at the inside surface of the pressure tubes and had been caused (with two
exceptions) by high residual stresses resulting from incorrect over-rolling of the joints

'OANada Deuterium Uranium. Registered in the U.S. Patent and Trademark Office.
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during installation. In the exceptional cases, the cracks initiated at manufacturing defects
in the high residual stress region near the rolled joints. High levels of hydrogen allowed
these cracks to grow by the delayed hydride cracking (DHC) mechanism [Coleman and
Ambler 1979]. In every case, the rolled joint cracks exhibited leak-before-break,i.e.,
corrective measures were taken before the crack had reached the critical crack length
(CCL) for unstable (catastrophic) failure. Measures have been taken to reduce the residual
stresses at the end fitting joints, and work is in progress to reduce the uptake of hydrogen.
However, it is not possible to rule out the possibility that further cracks will grow as
additional exposure increases the irradiation fluence and the hydrogen concentration.

The annulus gas system is a series-parallel arrangement that locates the
leaking pressure tube to be amongst a particular set of pressure tubes. Identification
of the actual leaking tube is achieved by additional measures, such as measurement
of channel outlet temperatures. The presence of D2O in the annulus gas system will
initiate the shutdown of the reactor to prevent the possibility of fuel channel damage.
To unambiguously identify the leaking pressure tube, it is desirable to keep the reactor
partially pressurized at hot shutdown. A premature full depressurization may necessitate
an extended shutdown while the leaking tube is located. However, during an excessively
long hot shutdown, it might be possible for a crack to grow by DHC to the critical crack
length for unstable fracture.

A methodology, and associated computer code (called MARATHON1), has
been developed to calculate the time from first leakage to unstable fracture in a proba-
bilistic format. The methodology is based on probabilistic fracture mechanics techniques
and allows the risk associated with leak-before-break to be estimated. Additionally, the
sensitivity of the risk [Walker 1986a, Walker 1987a] to changing reactor conditions al-
lows the optimization of reactor management after leak detection. This report describes
the probabilistic model and gives details of the quality assurance and verification of
the MARATHON code. Examples of the use of MARATHON are given using preliminary
material property distributions.

2. MARATHON MODEL

The time between first leakage and unstable fracture is a function of the
crack length at wall penetration, the critical crack length, and the crack growth velocity.
The values of these parameters vary from tube to tube depending upon the metallurgical
properties and history of individual tubes. Thus, the values of the parameters that
determine the time between leak and break are distributed over the tube population in
the reactor unit.

'The MARATHON computer code was prepared by Atomic Energy of Canada Limited under contract
to Ontario Hydro. Ownership of the code is vested with Ontario Hydro. For information with regard
to acquiring the code, the reader is referred to M.W. Hardie, Ontario Hydro, 700 University Avenue,
Toronto, Canada M5G 1X6.
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A probabilistic methodology has been developed to explicitly use the ma-
terial property distributions in the calculation of the time between leak and break (thBB).
The methodology is implemented in a FORTRAN-77 computer code called MARATHON.
The MARATHON code employs Monte Carlo techniques to calculate the cumulative dis-
tribution function (CDF) of tLBB.

2.1 THE CRACK GROWTH MODEL

In order to produce a probabilistic estimate of the time between leak and
break, it is necessary to describe a model that reasonably represents a leak near the rolled
joint (RJ) of a pressure tube.

In the MARATHON model, it is assumed that the local stresses are such that
crack initiation can occur, that is, it is assumed that the stress intensity factor {K\) is
above the threshold for DHC {Km). It is also assumed that the hydrogen concentration
exceeds the terminal solid solubility so that hydride precipitates are present to allow the
crack to propagate. The crack has an initial length La when it penetrates through the
wall of the pressure tube and begins leaking. The centre of the crack is a distance A from
the rolled joint (Figure 2). The crack will grow at both ends until it reaches a length
equal to 2/1, at which point the crack growth towards the rolled joint will be arrested by
the compressive stresses in the rolled joint; only single-ended growth can subsequently
occur. For the range of stress intensity factors found in pressure tube flaws, if A'I > A'm
then the DHC velocity (V) is essentially independent of stress intensity factor [Simpson
and Puls 1979] (Figure 3). Hence, the DHC velocity is not a function of the crack length.

2A

Rolled
Joint Lo

CCL

FIGURE 2: The MARATHON Crack Growth Model
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FIGURE 3: Schematic Diagram of the Dependence of Crack Velocity on Stress In-
tensity Factor

If the delayed hydride crack velocity and the critical crack length are both
constants, then the time between leak and break (£LBB) is given by

(CCL-Z/p)
2V '

(CCL-(L0/2)-A)
V '

if Lo < CCL < 24,

if CCL >2A> Lo.
(1)

In the MARATHON model, the delayed hydride crack velocity and the critical
crack length are selected from probability density functions (PDFs), and a probabilistic
estimate of £LBB is obtained by using the Monte Carlo method. There is some evidence
that the crack velocity and the critical crack length may be correlated, since the same
metallurgical properties control both CCL and V. This is accounted for in the MARATHON
model by including a provision for a correlation between the V and CCL distributions.
The MARATHON model also includes the option to correlate Lo and CCL. The values of
V and CCL will change with time during a shutdown sequence, because of the changes
in temperature and pressure. The MARATHON model includes the provision to alter the
distributions of CCL and V with time, so that the effects of different shutdown sequences
can be determined.
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2.2 THE LEAK DETECTION MODEL

In addition to the estimation of thBB, MARATHON can be used to provide a
probabilistic estimate of the time from leak detection to fast fracture. The detection of
a crack requires sufficient D2O to leak through the crack to alarm the detectors in the
annulus gas system. In the annulus gas system, CO2 (or N2) is recirculated through a
closed loop at a typical pressure of 70kPa. The annulus gas system is instrumented with
dewpoint indicators, "beetles" (electronic moisture indicators), sight glasses, and cold
finger traps [Kenchington et al. 1987]. Testing has shown that the dewpoint indicators
are extremely sensitive to a small ingress of moisture. The beetle alarms are sensitive to
a total accumulation of water and are slower to react than the dewpoint indicators. For
reasons of conservatism, it was decided to base the MARATHON leak detection model on
the slower-acting beetle alarms.

Work is in progress to determine the leakage rate (R) of cracks in CANDU®
pressure tubes. It is expected that the leakage rate will increase rapidly with increasing
crack length [Wiithrich 1983, Coleman and Simpson 1988]. Until the leakage properties
of pressure tubes are more fully quantified, the leakage rate is conservatively modelled
as a linear relationship of the form

f rnL + d, if L > =*,
R - I ~ m (2)

I °. ^ I* < i*.
where L is the crack length, m is a positive constant, and d is a negative constant. For
a leaking, single-ended crack,

R = m(L0 + Vt) + d (3)

= mL0 + dj-mVt. (4)

The total amount of D2O accumulated is given by

ft
Total Accumulated = / (a't + b)dt (5)

Jo
= at2 + bt, (6)

where a -~ a'/2. If —c is the amount of D2O required to alarm the leak detection system,
then the time required is the solution to the equation

0 = at2 + bt + c. (7)

Equation (7) is a quadratic equation with two roots, it — c/q, and t2 -~ q/a., where

I
q --- - - [b + s\gn(b)Vb2 - 4ac] . (8)
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Since a and b are positive, and c is negative, the only positive root to Equation (7) is
f.j = cjq. Having now calculated the time from through-wall penetration to leak detec-
tion, we can calculate the length of the crack at leak detection time, and hence, the time
from leak detection to fast fracture (tDTB). It is only slightly more complicated to in-
clude double-ended crack growth, and double-ended growth is included in the MARATHON
model.

3. NUMERICAL TECHNIQUES

The MARATHON code employs Monte Carlo techniques to obtain a proba-
bilistic estimate of <LBB and tjytB. In the Monte Carlo technique, input parameters of the
system model are assigned distributions (or more properly, probability density functions).
These PDFs represent the frequency of occurrence of the input parameters in the system
model and are usually obtained from experimental data. In the simulation, a variate is
sampled from each of the parameter PDFs that comprise the system under consideration.
This set of variates represents a possible realization of the system, which has a corre-
sponding system consequence (see Figure 4). This process is repeated to produce many
realizations of the system. The ensemble of realizations provides a probabilistic estimate
of the system consequence.

3.1 VARIATE GENERATION

If A' is the value of parameter x, then the probability density function of
parameter x (fx{x)) is the probability of A' being in the interval [a;, a; 4 6a:], that is,

fx(x) = lim Pr(z < X <x + 6x). (9)
Sx—'0

The cumulative distribution function of x (Fx(x)) is the probability of A"
being less than, or equal to, x. The CDF is related to the PDF through the equation

Fx(x) = P r (A <x)= f fx(x')dx', (JO)

where x' is a dummy integration variable that represents the parameter a;. From the
definition of Equation (10), the CDF is non-decreasing with Fx( — oo) = 0 and Fx(oo) — 1.

Variates are often selected from distributions using the Inverse Transform
Method. For a given CDF (Fx), the inverse function F~l is defined by

Fx-\y) = mt[x:Fx(X)>y], 0<y<l, (11)
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A Set of Varlatea
from PDFs

Constituent Equations

A Realization
of the System

FIGURE 4: Generating System Realizations

that is, F^iy) takes the smallest value of a; for which Fx(x) > y. Now, if U is uniformly
distributed over the interval (0,1) and a random variate Y is denned as

Y=F~1(U), (12)

then

Pr(r <y) = PT[F~1(U) < y\ = Vv[U < Fx(y)} = Fx(y) = Pr(A' < y). (13)

Thus, X and Y must have the same distribution. This result, in principle, enables variates
from any distribution (Fx) to be produced by operating with the inverse transform (F*1)
upon the uniform distribution (U(0,l)). Thus, to obtain a variate A', generate a value
U from W(0,1), and calculate A' = FX*(U).

To apply the inverse transform method, the function ^T1 must exist in
closed analytical form. If F''1 does not exist in explicit form, or if the inverse transform
method is inefficient, then other generation techniques such as composition [Butler 1956]
or acceptance-rejection [von Neumann 1951, Chaplin and Wills 1982] must be employed.

The inverse transform and other techniques require the production of vari-
ates from W(0,l). Variates from W(0,l), produced on digital computers, are usually
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referred to as pseudo-random numbers. Care must be taken with the use of pseudo-
random number generators to ensure a high speed of execution and good randomness
properties. The MARATHON code uses a generator that has been designed to be portable,
rapid in execution, and to have excellent randomness properties [Walker 1987b).

3.2 PRODUCTION OF CUMULATIVE DISTRIBUTION FUNCTION

After an ensemble of system realizations have been generated, it is nec-
essary to construct the CDF corresponding to those realizations. This is done by sort-
ing the system realizations into ascending order, which produces n system realizations
(A'j : i = 1.. .n), where A'; < A^+i- Realization Arj corresponds to a cumulative proba-
bility of 1/n, A'2 corresponds to a cumulative probability of 2/n, and, in the general case,
Fx(Xi) = i/n. An example is shown in Figure 5.

Given 10 realizations of the system (output values) :
2.9 8.1 6.2 1.2 9.7 0.9 4.9 2.1 4.7 3.3

Sort :
0.9 1.2 2.1 2.9 3.3 4.7 4.9 6.2 8.1 9.7
T T

= 0.1 Fx{9.7) = 1.0

1 _

Fx(x) -

10

FIGURE 5: Example of Cumulative Distribution Function Production

The sorting of the realizations can be a bottleneck in the execution of a
Monte Carlo code. The MARATHON code uses a modified Quicksort algorithm [Singleton
1969] to ensure the efficient calculation of Fx.
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3.3 SENSITIVITY AND ACCURACY OF MONTE CARLO RESULTS

As shown in Section 3.2, Fx(Xi) = i/n, where the Xi are the sorted system
realizations. This means that the sensitivity of the Monte Carlo method is limited by
the number of realizations of the system. The smallest probability (CDF value) that can
be examined is 1/n, where n is the number oi xealizations. To examine probabilities of
the order of 1/n requires at least n realizations.2

The actual results of a Monte Carlo simulation are determined by the seed
used for the pseudo-random number generator. Different seeds will give slightly different
results. A unique result (i.e., one that is independent of starting seed) will, theoretically,
only be obtained using an infinite number of realizations. Useful results can, however, be
obtained using more modest numbers of realizations. Confidence bounds on the accuracy
of CDFs obtained using a finite number of realizations can be calculated a priori. The
accuracy increases with the number of realizations. The confidence bounds on the results
can be calculated a priori [Clopper and Pearson 1934, Thompson 1941] for the simple
random sampling used in the MARATHON code.3

As has been stated previously, if the A'; are the sorted system realizations,
then the estimate of the CDF (Fx) for a given realization is given by FX(X{) = i/n. Since
i and n are known, the confidence bounds can be calculated. The lower 100(1 — a)%
confidence bound is equal to 2, where z is chosen so that

7,( i ,n-» + l) = | . (14)

The function Iz(i,S) is the Incomplete Beta Function, defined by

B(*i,6) being the Beta Function, defined by

p-\l-t)6-ldt. (16)

The upper 100(1 — a)% confidence bound takes the value of (1 — 2'), where

7 z , ( n -M + l ) = ^. (17)

Some example confidence bounds on CDF values are illustrated in Figure 6.
Consider the case of X6 when n = 10. The raw CDF value is FX(X6) - 6/10. In order to

2There are techniques available [Walker 1986b] to reduce the number of realizations required for a
given probability value. These techniques are not recommended for general Monte Carlo use, however,
since their accuracy is not known a priori.

3For details on other sampling schemes, the reader is referred elsewhere [Walker 1986b].
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get the 95% confidence bounds from Figure 6, take the values of the n = 10 curves that
correspond to an ordinate of i/n = 6/10 = 0.6. The lower and upper 95% bounds in the
case of i = 6,rc = 10 are RS 0.262 and s= 0.878, respectively. That is, to a 95% confidence
level the true value of FX(X6) lies between 0.262 and 0.878, when n = 10. Similarly,
^•(A'eoo) lies between 0.569 and 0.631 when n = 1000, to a 95% confidence level. The
MARATHON code includes the automatic calculation of confidence limits on the results.
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FIGURE 6: 95% Confidence Bounds on CDF Values

4. QUALITY ASSURANCE AND VERIFICATION

4.1 CODE QUALITY ASSURANCE

The MARATHON computer code is written in VAX FORTRAN [Digital Equip-
ment Corporation 1982], which is a superset of FORTRAN-77 [American National Stan-
dards Institute 1978]. Structured programming techniques [Yourdon 1975] were used
throughout. Non-standard features were avoided, except where a significant improve-
ment in execution speed could justify their use. Any non-standard features were fully
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documented. A full quality assurance programme [Canadian Standards Association 1989]
was employed for the construction of the MARATHON code. Flow and structure charts
(Figure 7) were produced, along with a comprehensive audit trail.

MARATHON

—{TIME

— DATE

—(GETINP

SECOND

START

SORT

—|WRTFIL|

—|SNORM| JBONRAN

—|PUTDAT| |BINCON| JINVBET]—i—[INBETA ERFINV

BETINC GAMLN

FINISH

FIGURE 7: Structure Chart of the MARATHON Code

4.2 CODE VERIFICATION

As has been mentioned previously, the accuracy of Monte Carlo calcula-
tions is limited by the number of realizations performed. The greater the number of
realizations, the greater the accuracy. The number of realizations is usually limited by
the availability of computer resources, however. It is possible to derive confidence bounds
for the accuracy of Monte Carlo calculations (Section 3.3). As a quality assurance mea-
sure, it would be useful if the confidence interval obtained from a Monte Carlo calculation
could be checked against an analytical solution. In this section, we derive an analytical
solution and apply it to the verification of appropriate runs of MARATHON.
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Consider the ratio t given by

where a and b are non-negative constants, and x and y are independent unit normal
distributions. A unit normal distribution is a normal distribution that has a mean (fi)
of zero and a standard deviation (a) of one [Walker 1987b]. The cumulative distribu-
tion function (F(t)) and the probability density function (/(£)) are known in this case
[Marsaglia 1965]. The CDF is given by

' ) ( = L ! j ' * ) (19)

where L(h,k,p) is the bivariate normal distribution function defined by

^=-,/ f Bp(-J-f;.>*. (20)
I — p* J-oo J-oo \ Z(l — pi) )

The PDF, in a form suitable for computation, is

r •••"•*•] •

We now derive the CDF and PDF for the general case of the quotient of two
arbitrary normal distributions,

!*±?£ (22)

where fii and <Ji are the means and standard deviations of the distributions, respectively,
and where x and y are again independent unit normal distributions. Equation (22) can
be rearranged to give

*•(*»• + a s )
t, = ZiAn V _ ( 2 3 )

Solutions have been derived for the four possible general cases:

1. If Hi and ^2 are both non-negative, then by considering the for.a of Equation (23),
it can be seen that Equations (19) and (21) can be used for the CDF and PDF,
respectively, by substituting t = t'^/ffi, a = (ii/vi, and b =

2. If fi\ and (i? are both negative, then from symmetry considerations, it can be seen
that Equations (19) and (21) can again be used for the CDF and PDF, respectively,
by subst i tut ing t = t'<T2/<Ti, a = |/Ai|/<TI, and b — |/jj|/<r2-
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3. If fti is non-negative and /i2 is negative, the solutions are, by symmetry, given by

F(t') = l-F(-t) (24)

/(«') = / ( - 0 , (25)

with / = iV2/<Tj, a = [ii/cri, and 6 = J/z2|/c2.

4. If /*! is negative and /i2 is non-negative, the solutions are given by

t') = l-F(-t) (26)
f(t') = f(~t)t (27)

with t — Vail<T\, a = \fii\/ai, and 6 =

The MARATHON code includes checks for unphysical (negative) values of
CCL and I', allows for non-normal parameter distributions, allows for cracks to be arrested
at one end by rolled joints, can allow CCL and V to vary with time, can allow for parameter
correlations, and can also include the parameters of the leak detection system. However,
the system can be simplified to allow comparison with the analytical solution. In the
MARATHON code, the critical crack length and the DHC velocity can be represented by
normal distributions. Thus, <LBB is the quotient of two normally distributed variables
(Equation (1)), which can be checked against the analytical solutions given above.

An example of the verification of MARATHON is given in Figure 8. In Fig-
ure 8, the analytical solution for tLBB in the case of a DHC crack far from a rolled joint
(double-ended growth only) is plotted with the 95% confidence bounds of the correspond-
ing MARATHON simulation. It should be noted that the analytical solution is within
the 95% confidence bounds of the MARATHON results for this simulation. Repeated
MARATHON simulations produced results with the expected statistical scatter. As ex-
pected, the analytical solution was outside the 95% interval for 5% of the MARATHON sim-
ulations. Thus, we can be confident that the 95% interval obtained from the MARATHON
code is a reliable indicator of the true solution.

5. EXAMPLES OF MARATHON USE

5.1 LEAK-TO-BREAK TIME

Given the value of A, and the distributions of Z/0, V, and CCL, MARATHON
will calculate the cumulative distribution function of thBB. Experience with the rolled
'oint cracks suggests that the crack centre (-4.) is located slightly inboard of the burnish
mark that represents the extent of the over-rolling. A value of A — 17.5 mm is suitable
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FIGURE 8: Analytical Solution for tLBB for a DHC Crack far from a Rolled Joint
Plotted with the 95% Confidence Interval for a Typical 100 000-
Realization MARATHON Simulation

for these examples. Parameter distributions representative of an outlet end crack are
given in Table 1. No correlations between material property distributions are included
in this example and it is assumed that the reactor is maintained at full power. The
particular distribution forms and numerical values given in Table 1 are derived from the
experimental data that is currently available [Moan et al. 1989]. An effort has been
made to ensure that the material property distributions given here are realistic; however,
it must be appreciated that they are preliminary. An experimental programme is under
way to produce a statistically valid database for the material property distributions.

The results of the MARATHON calculation are illustrated in Figure 9, which
shows, for example, that a thBB of less than 15h will occur with a probability of 10~3.
That is, 0.1% of pressure tubes will reach the critical crack length in less than 15 h
from first penetration assuming that the reactor is maintained at full power. Similarly,
Figure 9 shows that 1% of the pressure tubes will have a tLBB of less than 25 h, 10%
will have a tLBB of less than 48 h, and (not shown) all tubes will have failed 2726 h from
first leakage. A deterministic analysis [Price et al. 1988] has indicated that less than
6 h are necessary to alarm the leak detectors and that the reactor can be economically
shut down, cooled and depressurized in about 10 h from first penetration. Taking into
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TABLE 1
PARAMETER DISTRIBUTIONS FOR <LBB EXAMPLE

Parameter

CCL (mm)
LQ (mm)

V (m-s-1)

Type

normal
truncated normal

logionormal

Mean

(/*)
62
18

-7.045

Standard
Deviation (<r)

6
3

0.263

Lower
Limit

8

account that the data presented in Figure 9 is conservative, since it is assumed that the
reactor is maintained at full power, the overall result indicates that ample margin exists
to safely shut the reactor down in the event of a pressure tube crack. This conclusion is
confirmed by the analysis given in the next section.

5.2 DETECTION-TO-BREAK TIME AND SHUTDOWN SEQUENCES

As an example of the calculation of tX}TB, we shall assign the parameters of
the leak detection model (Equations (3) and (7)) as follows: c = 16 kg, m = 1.706 kg-s~2,
and d - — 4.606 kg-s"1. These values are conservative, and represent the lower bound
for pressure tube leak rates. It is assumed that the reactor is on full power until the
beetle alarms. At the beetle alarm the reactor is moved towards hot shutdown. It is
assumed that it takes two hours to proceed from full power to hot shutdown [Price ei al.
1988]. The corresponding parameter distributions are given in Table 2. The results of

TABLE 2
PARAMETER DISTRIBUTIONS FOR tDTB EXAMPLE

State

Full Power
Intermediate

Hot Shutdown

Material Property Distribution
CCL (mm)

V-

62
70
78

a

6
7
7

V (log10rn-s 1)

-7.045
-7.150
-7.265

a

0.263
0.227
0.191

the MARATHON simulation using these parameters is given in Figure 10. For illustrative
purposes, let us assume that it takes 40 hours from leak detection to instigate a hot
shutdown, unambiguously identify the leaking tube, and fully cool and depressurize the
unit. If we now consider the example CDF (created using preliminary material property
distributions [Walker 1989]) given in Figure 10, we can see that a <DTB of 40 h corresponds
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FIGURE 9: Example MARATHON thBB Calculation

to a cumulative probability of approximately 6 x 10 4. Thus, the probability of the crack
reaching the CCL before full depressurization (hence also the probability of break-before-
leak) is 6 x 10~4. Since it actually takes only approximately 12h from leak detection to
unambiguously identify the leaking tube and place the reactor in a safe condition, the
true probability of break-before-leak is much lower than the example given here. Hence,
ample time is available to detect the leak, locate the leaking tube, and place the reactor
in a safe condition.

Different shutdown sequences (such as one designed to cause crack blunt-
ing and hence retard DHC) will imply different sets of velocity and CCL distributions and
will result in different £DTB probability curves and different risks. In fact, the possibil-
ity of assessing the sensitivity of the risk to changing reactor conditions will allow the
optimization of reactor management after leak detection.
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6. DISCUSSION

A probabilistic methodology, together with an associated computer code
(called MARATHON), has been developed to calculate the time from first leakage to un-
stable fracture in CANDU® pressure tubes. The methodology explicitly uses distributions
of material properties and includes the capability to correlate the material property dis-
tributions. The methodology allows the risk associated with leak-before-break to be
estimated. A model of the leak detection system is integrated into the methodology to
calculate the time from leak detection to unstable fracture. The sensitivity of the risk
to changing reactor conditions allows the optimization of reactor management after leak
detection.

The MARATHON computer code is written in VAX FORTRAN, which is a
superset of FORTRAN-77. Structured programming techniques were used throughout.
Non-standard features were avoided, except where a significant improvement in execution
speed could justify their use. Any non-standard features were fully documented. A full
quality assurance programme was employed for the construction of the code.

Preliminary material property distributions show the probability of unsta-
ble fracture is very low, and that ample time is available to shutdown the unit and locate
the leaking tube. In the calculations presented here, no credit has been taken for the
cooling effect of D2O passing from the pressure tube to the annulus over the crack face.
The cooling effect of the D2O will greatly reduce the DHC velocity, since V is related
to temperature through an Arrhenius relationship. Hence, the time available for station
response will be greater than that indicated here. Work is in progress to accurately
quantify this cooling effect.

The material property distributions used as input to the MARATHON com-
puter code are acknowledged to be preliminary. Ontario Hydro has recently commenced
the Large Scale Fuel Channel Replacement (LSFCR) of Pickering units 3 and 4. It is
planned to cut a sample from each of the removed pressure tubes for analysis. This will
provide a "snapshot" of the material property distributions at the time of replacement,
and the neutron fluence distribution will give information on the trend of irradiation-
modified material properties with time. The information gained through the LSFCR
exercise will be used to update the MARATHON material property distributions by the
application of appropriate statistical techniques.4 The improved database provided by
LSFCR will enable a detailed analysis of the material property distributions and allow a
comprehensive sensitivity analysis of the effects of changes in material properties. Addi-
tionally, the material gathered will increase our knowledge of crack initiation in CANDU®
pressure tubes. This information will be incorporated into the probabilistic model to
determine the operating risk of CANDU® reactors as a function of reactor life.

4Bayesian techniques.
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