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POSITIVE VOID REACTIVITY
AN ASSESSMENT OF ITS TREATMENT IN SAFETY ANALYSIS

A perspective prepared by David J. Diamond under contract to the Atomic Energy Control
Board.

ABSTRACT

This report is a review of some of the important aspects of the analysis of large loss-of-coolant
accidents (LOCAs). One important aspect is the calculation of positive void reactivity. To
study this subject the lattice physics codes used for void worth calculations and the coupled
neutronic and thermal-hydraulic codes used for the transient analysis are reviewed. Also
reviewed are the measurements used to help validate the codes. The application of these codes
to large LOCAs is studied with attention focused on the uncertainty factor for the void worth
which is used to bias the results. Another aspect of the subject dealt with in the report is the
acceptance criteria that are applied. This includes the criterion for peak fuel enthalpy and the
question of whether prompt-criticality should also be a criterion. To study the former, fuel
behavior measurements and calculations are reviewed.

RÉSUMÉ

Le présent rapport passe en revue quelques-uns des principaux aspects de l'analyse des accidents
de perte de caloporteur. L'un de ces aspects est le calcul de la réactivité cavitaire positive.
Pour étudier le sujet, l'auteur examine les codes de la physique des réacteurs utilisés pour le
calcul des valeurs de vide, les codes neutroniques et thermohydrauliques couplés qui servent à
analyser les transitoires, ainsi que les mesures utilisées pour valider les codes. L'application de
ces codes à des pertes importantes de caloporteur est examinée en portant une attention toute
spéciale au facteur d'incertitude qui est utilisé pour rendre les résultats de la valeur du vide plus
prudents. Le rapport s'attache enfin aux critères d'acceptabilité qui sont appliqués, y compris
le critère de l'enthalpie maximale du combustible (pour lequel les mesures et les calculs du
comportment du combustible sont étudiés) et le bien-fondé de la divergence instantanée comme
critère.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the author assumes liability
with respect to any damage or loss incurred as a result of the use made of the information
contained in this publication.
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SUMMARY

The objective of this study was to review and comment on aspects of the methodology being
used for large Loss-of-Coolant Accident (LOCA) analysis within the Canadian industry. The
focus of the study was on the treatment of the positive void reactivity and on the applicability
of the acceptance criteria used to help make licensing decisions, especially with regard to
transients that are super-prompt-critical. This latter issue has become more important as recent
analysis with distorted flux shapes has shown that the margin to prompt-criticality is less than
with the nominal flux shapes assumed in the past.

In order to carry out this study the literature on relevant experiments, analysis, and computer
models was reviewed, and discussions were held with staff at AECL-CANDU, Ontario Hydro,
and AECL-Research [Chalk River Laboratories (CRL)]. This report provides the information
obtained and its relevance to the acceptability of the methodology for calculating LOCA events.
This includes the adequacy of the experimental data bases for determining a) the uncertainty of
lattice physics calculations of void worth, b) the validation of the overall methodology, and c)
the limiting criterion for fuel behavior. The methodology reviewed is the POWDERPUFS-V
(PPV) and WIMS-AECL codes used to calculate the lattice-physics based void worth and the
code packages used to calculate the LOCA transient; namely, CERBERUS-CATHENA at
AECL-CANDU and SMOKIN-TUF at Ontario Hydro.

The recommendations from this study stem from three fundamental issues that the author
believes need to be addressed:

A. The uncertainty of void worth used in LOCA analysis is questionable. It had
been recognized by the industry that the use of a constant value, independent of
burnup, is inappropriate and a new method of determining a burnup dependent
uncertainty has been proposed and considered by the industry. However, the new
position is flawed. An interim position is proposed in the report. It can be
adopted until the industry and the AECB reach agreement on a more justifiable
approach.

B. The intermediate acceptance criteria used for large LOCA analysis are not
codified. The AECB has an acceptance criterion in terms of radiation released
that is met if it can be shown that there is no pressure tube damage. The industry
uses peak (radially averaged) fuel enthalpy as an intermediate criterion to assure
this is the case. Prompt-criticality is also used as an informal limit. It should be
agreed to by the industry and the AECB formally that prompt-criticality is
unacceptable. Furthermore, a consensus should be reached on the limiting peak
fuel enthalpy as the industry is currently using two different (albeit close) criteria.

C. The validation of the neutron kinetics methodology is insufficiently documented
and much of what exists is out-of-date. Some of the documented validation was
done during the period of code development and is not applicable to the present
version of the code. Some work does not reflect the use of reactor models that
are actually used for licensing calculations. More work can and should be done
to improve the confidence one has in these codes.
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The void worth is one of the key determinants of the consequences of a large LOCA. It is
determined by the lattice physics code PPV and to assure that a conservative value is used, an
uncertainty is added to the calculated value. This uncertainty can be thought of as the
combination of an uncertainty in the calculation of void worth for fresh fuel at cold conditions
in combination with the uncertainty introduced when the calculation is done for burned fuel at
hot (operating) conditions. In the past the industry has used a constant value for the uncertainty.
However, it was widely recognized that this needed modification, one of the reasons being that
comparisons between PPV and WIMS-AECL void worth calculations showed a difference
increasing with burnup and in the direction so as to make the use of PPV non-conservative. A
new industry position* has been developed which takes into account this difference and the
uncertainty in the WIMS-AECL calculation. The latter is based on comparisons with
measurements of void worth with fresh fuel at cold conditions, and an estimate of the effect of
being at hot, burned conditons.

This new industry position is flawed because of problems with a) the analysis of the error in
WIMS-AECL for cold, clean conditions, b) the estimation of the error introduced because the
calculation of interest is at hot, burned conditions, and c) the assumption that a single standard
deviation (a) is sufficient to account for the uncertainty of this key parameter. With regard to
the first point it was noted that the only quantitative assessment of uncertainty is based on a
single void worth measurement with other measurements being used indirectly. That assessment
has not been independently reviewed in detail for this study but a different interpretation of the
numbers increases the uncertainty by a factor of two. The second point, the difficulty in
assessing the effect of actual reactor conditions, is partially the result of a lack of experimental
work and partially because there has not been sufficient validation of WIMS-AECL with data
that already exists. The third point is that the void worth used in the calculation should be a
limiting value and hence, 2a should be used as the uncertainty to apply.

In view of the aforementioned problems with the proposed industry position the following is
recommended:

1. An interim value for the PPV void worth uncertainty should be used by the
industry until a more justifiable uncertainty can be agreed upon by the industry
and the AECB. An acceptable interim value would be 25% of the void worth for
fresh fuel, linearly increasing to 50% for fuel at 7 GWd/t and remaining constant
thereafter. This would result in a value of approximately 3.5 to 3.9 mk being
added to the void worth calculated by PPV.

During this interim period work should proceed along four paths in order to resolve the three
problems identified above. This leads to the following recommendations:

" Subsequent to the date of this report, the author received a letter from AECL-CANDU and
CRL delineating their efforts to resolve problems with WIMS-AECL. The implication was that
the new industry position referred to in this report may not be adopted for use in safety analysis.
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2. The experimental lattice physics program at CRL that the industry is supporting
should be encouraged and used to assess the uncertainty in calculated void worth.
Additional measurements at cold, clean conditions and a reexamination of the
previous CRL analysis of errors should be undertaken to reduce the uncertainty
in void worth at these conditions. Additional experiments with hot fuel and/or
coolant and with mixed-oxide fuel should also be carried out in order to help
quantify the uncertainty in void worth when at hot, burned conditions.

3. Another measurement that might lead to a better understanding of the uncertainty
in the calculated void worth would entail voiding coolant tubes in an operating
plant and measuring reactivity using existing reactivity devices (as was done at
the H2O cooled reactor at Gentilly 1). The industry should do a feasibility study
to understand the advantages and disadvantages of such a measurement. The
study should consider how the meaurement might be done and what the resulting
uncertainty would be. If methods for cooling burned fuel could not be found then
consideration should be given to a measurement in a fresh core (e.g., at Wolsung
2).

4. WIMS-AECL should be validated to the extent possible with both existing
experimental data and plant measurements that include the effect of burnup. The
latter is particularly important if the code is to be viewed as a benchmark for PPV
calculations of void worth as a function of bumup. The validation should be
reported in a comprehensive document.

5. The industry and the AECB should discuss the use of a 2a uncertainty for the
void worth.

The second issue that needs to be addressed is an industry consensus of the acceptance criteria
for large LOCA. Both AECL-CANDU and Ontario Hydro use peak fuel enthalpy limits to
preclude damage to the pressure tube. However, the former uses a limit of 200 cal/g and the
latter uses 230 cal/g. After reviewing the experimental and analytical basis for these numbers
it is reasonable to conclude that the onset of unacceptable fuel damage would be above 200
cal/g. Although LOCA analysis generally shows a large margin to these criteria and the criteria
are close, the following recommendation is made:

6. A single number for the peak fuel enthalpy limit for large LOCA analysis ought
to be agreed upon. The numbers currently being used are meant to represent the
onset of damage that might be unacceptable. They are not meant to be
conservative but rather the method of analysis used to calculate the fuel enthalpy
during an event is meant to be conservative.

Prompt-criticality is also used informally by the industry as a limiting condition in determining
the acceptability of LOCA analysis. This is as it should be for the following reasons: a)
the experimental data base for CANDU fuel behavior includes only sub-prompt-critical transients
and fuel behavior may be markedly different under more severe dynamic conditions; b) the
qualification of the overall LOCA methodology has relied on sensitivity studies based on a
nominal LOCA which is sub-prompt-critical and these results would change dramatically if the
event were in the super-prompt-critical regime; and c) SMOKIN has not been sufficiently
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validated in this regime. The most limiting of these reasons is the first which would require an
experimental fuel behavior program to resolve. This leads to the following recommendation:

7. The industry and the AECB should reach formal agreement that LOCA analysis
would be unacceptable for licensing if prompt-criticality is reached.

Although the focus of this study was on the validation of the treatment of positive void reactivity
and super-prompt-critical transients, the validation of the entire methodology was reviewed.
Both CERBERUS and SMOKIN have undergone extensive validation; however, it is only
possible to know this from discussions with engineering staff and from miscellaneous reports on
the subject some of which are inadequate to properly evaluate. The validation of both codes is
inadequately documented and much of what is documented is out-of-date. As a result the
following is recommended:

8. The validation of both CERBERUS and SMOKIN should be properly documented
in accordance with good engineering practice and quality assurance procedures.

The validation that has already been done that needs to be documented only goes so far in that
it is not as comprehensive as it might be. In order to improve the state of the validation several
things might be considered such as the comparison of the codes with steady state measurements
of reactivity device worth and flux distributions and the use of Monte Carlo calculations. The
most important validation is in the following recommendations:

9. Benchmark situations should be developed and comparisons made between
independent calculations with CERBERUS and SMOKIN. The benchmark
situations should include LOCA analysis with distorted flux shapes and prompt-
critical excursions. They can be specified by one of the parties working with the
AECB and then the independent calculation would be done by the other party.

10. A feasibility study should be carried out by industry for a reactor test involving
the transient addition of void to the coolant. This would cause a power transient
which should be terminated by shutdown systems with at least some signals
bypassed in order to assure a sufficient power rise. This test would help validate
the complete LOCA code package and give added assurance that CANDU
reactors can respond to a large LOCA with acceptable consequences.

If the use of standard problems is shown to be successful in helping to validate the neutron
kinetics codes then the same process could be applied to thermal-hydraulic codes and the
complete LOCA methodology.

The report discusses another way in which the methodology is qualified, i.e., through the use
of conservative assumptions that are used for large LOCA analysis and a way which might be
considered for best estimate calculations. The latter is the code scaling, applicability, and
uncertainty evaluation methodology which has been used for light water reactor LOCA analysis.
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POSITIVE VOID REACTIVITY

AN ASSESSMENT OF ITS TREATMENT IN SAFETY ANALYSIS

A. INTRODUCTION

1. Objectives
The objectives of this project were to examine a) the positive void reactivity effect in CANDU
reactors, and b) prompt criticality occurring during postulated CANDU accidents. This was to
be accomplished by performing a) a detailed critical review of relevant information, b) an
appraisal of the experimental bases and theoretical justification for the values of void reactivity
used for CANDU reactors, c) an assessment of relevant computer codes used for analyzing loss-
of-coolant accidents, and d) an assessment of the potential for prompt criticality in these
accidents and its treatment in safety analyses.

2. Background

One of the characteristics of a CANDU reactor is that a reduction in coolant density in the core
channels introduces positive reactivity. As a result, it is necessary to analyze accidents in which
there is voiding to assure that the consequences are acceptable. The most severe of these
accidents, in terms of the amount and rate of adding positive void reactivity, is a loss-of-coolant
accident caused by a large pipe break (i.e., a large LOCA). The consequences of this type of
accident are mitigated (in most CANDUs) by the insertion of negative reactivity from either
shutdown system 1 (SDS1) which uses shutoff rods, or shutdown system 2 (SDS2) which uses
injection of a soluble neutron poison. The calculations are done to determine the consequences
in terms of fuel enthalpy*, and by implication, the potential for pressure tube damage.

Large LOCA accidents are analyzed as part of the standard safety analysis of all CANDU plants.
For the reactors operated by Ontario Hydro the analysis is done by the utility. For the reactors
operated by Hydro Quebec and New Brunswick Power the analysis is done by AECL-CANDU
in collaboration with the utilities. In the past the consequences calculated by the industry have
always been shown to be acceptable and the Atomic Energy Control Board (AECB) and other
review groups (e.g., the Ontario Nuclear Safety Review carried out in 1987 foT the Ontario
Government's Ministry of Energy) have concurred. Nevertheless, several considerations have
arisen in recent years that provide an incentive to take a fresh look at the acceptability of the
methodology being used by the industry to analyze large LOCAs. This methodology includes
not only the specific calculational tools but also the assumptions about plant systems that enter
into the calculation and the criteria used to judge the acceptability of results.

One of the considerations is an outgrowth of the accident at the Chernobyl nuclear station in the
former Soviet Union. In the AECB's assessment1 of the implications of the accident it was
recognized that the reactor at Chernobyl was operating in an off-normal mode when the accident
was initiated. This led to the AECB recommendation that off-normal operating modes in
CANDU reactors be analyzed, including those that lead to severe flux tilts. When the industry
looked into the effect of distorted flux shapes it was seen that this configuration could delay the
effectiveness of the shutdown system and hence the margin to the acceptance criterion was
reduced. Prompt-criticality was possible in some cases where the moderator level was low

* The longer term consequences of a LOCA are not of concern in this report.
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enough to reduce the effectiveness of SDSl. This led to a reconsideration of Operating Policies
and Principles to limit the moderator level and/or distorted flux shapes.

A second example of a reduction in safety margin arose during early reviews of the CANDU-3
concept. A single monodirectional cooling loop was part of the design. This led to positive
void reactivity during a large LOCA that was larger than in existing plants, and consequences
that might have been unacceptable. Although that design was abandoned it was another
indication that situations could arise in which the validity of current methods and acceptance
criteria might be challenged. Again this was an incentive for the AECB to try and better
understand the bounds of the current methodology.

A third motivation for studying the LOCA methodology arises from the fact that the
methodology is changing. This includes new thermal-hydraulic codes, new ways of treating void
worth and an interest in taking some plant conditions at their expected limit rather than at a more
conservative value. It is to the advantage of the AECB (and the industry) for any feedback on
these changes to be given to the industry at as early a point as possible.

3. Scope of Study and Outline of Report

In order to address the objectives of this project three tasks with mulitple subtasks were defined:

Task 1": Assessment of those features of LOCA computer codes which affect void
reactivity.

Task la: The two LOCA code systems being used for safety analysis in
Canada (CERBERUS-CATHENA and SMOKIN-TUF) were reviewed and
compared.

Task lb: Using results from Task 3, an assessment was made of the
adequacy of the uncertainty allowances included in the treatment of void
reactivity in LOCA analysis.

Task 2: Assessment of the adequacy of safety analyses for super prompt-critical
transients.

Task 2a: For the two LOCA code systems an assessment was made of the
features used in the analysis of super prompt-critical transients.

Task 2b: Experiments to determine fuel behavior under prompt-critical
conditions were reviewed and an assessment was made of their
applicability to CANDU fuel during potential accidents.

Task 2c: Additional experimental/analytical work needed to help
demonstrate the adequacy of the way in which super prompt-critical
transients are calculated was proposed.

' Tasks are not in the same order as in the original project proposal.
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Task 3: Critical review of the physics methodology employed for calculating void
reactivity.

Task 3a: The relevant lattice physics codes (PPV and WIMS-AECL)
were reviewed in order to help assess their validity for the calculation of
void reactivity.

Task 3b: The experiments which have been performed by the industry to
validate the calculations of void reactivity were reviewed and their
adequacy determined.

Task 3c: Additional analyses or experiments needed to enhance the
vsMdity of void reactivity calculations were identified.

The report is organized along lines to deal with each of these subtasks although not in exactly
the order given above. It is written assuming that the reader is familiar with the subject. Note
that this report is not meant to be a comprehensive review of LOCA methodology or of specific
codes but rather only a review of those aspects delineated in the above subtasks. Furthermore,
it should be noted that the situation is dynamic and this report represents the situation as known
to the author as of the end of March 1992.

Chapter B deals with the calculational methodology except for the calculation of void worth.
The overall calculational methodology is summarized in Section 1 and then Sections 2 and 3
focus on the neutron kinetics codes and the thermal-hydraulics codes, respectively. Sections 2
and 3 include discussions of verification and validation and Section 4 deals with the overall
qualification of the codes as a coupled package. The review of codes referred to in Subtask la
and the assessment of their ability to calculate super prompt-critical transients referred to in
Subtasks 2a and 2c are addressed in these sections. The latter two subtasks are also addressed
in Section 5 which discusses the acceptance criteria used for LOCA analysis. One subsection
of Section 5 deals with prompt-criticality and another subsection deals with fuel behavior and
hence, addresses Subtask 2b.

Because the void worth calculation is one of the most important sources of uncertainty in a
LOCA calculation its discussion is given separately in Chapter C. In Section 1 of Chapter C
a general discussion of the relevant codes is presented addressing Subtask 3a. Section 2
describes how the uncertainty in void worth is applied in a LOCA calculation. Section 3 is the
heart of the chapter and discusses how the uncertainty in void worth is obtained. This includes
a discussion of past practices, a proposed new approach, and an independent assessment of that
approach. These sections satisfy the objectives of Subtask 3b. Section 4 deals with ways in
which the situation could be improved which includes a discussion of an ongoing experimental
physics program. This addresses Subtask 3c.

The conclusions and major recommendations of this study are given in the Summary which
should be read before reading the following chapters.
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B. CALCULATIONAL METHODOLOGY FOR LARGE LOCAs

1. General Methodology

The analysis of a large LOCA is carried out by coupling a neutron kinetics calculational
capability with a thermal-hydraulics capability. The thermal-hydraulics code calculates the
decrease in coolant density after the break. The decrease in density adds positive reactivity
which increases the power in the core as determined by the neutron kinetics code. The power
increase determines when the shutdown system will be actuated and the neutron kinetics code
then calculates the decline in power. The other linkages between the two codes are the effect
on power of changes in coolant temperature and fuel temperature and the effect on coolant
density and fuel temperature of changes in power. All of these effects have a spatial dependence
and the core must be represented with three-dimensional detail.

At AECL-CANDU the thermal-hydraulics capability is currently CATHENA (MOD 3.2) and
the neutron kinetics capability consists of a number of modules with CERBERUS being the one
that actually solves the neutron kinetics equations. The complete methodology is shown in
Figure I1. Since CERBERUS is at the core of the neutTonics modelling, frequently it is used
to mean everything but the thermal-hydraulics. As can be seen on the figure the coupling
between the two codes is carried out every time the shape function is recalculated.

The last licensing submissions to the AECB from AECL-CANDU (for Gentilly-23 and Pt.
Lepreau4) used FIREBIRD III MOD1-77 rather than CATHENA. However, in the interim,
CATHENA development has reached a level of maturity where it is now part of the AECL-
CANDU standard LOCA methodology (and has been used for LOCA analysis for the CANDU-3
concept2) and would be used for any new licensing submittals. The AECB is currently
reviewing this code to determine its acceptability, not just for the short term behavior in a large
LOCA but for doing a wide range of thermal-hydraulic calculations.

At Ontario Hydro the thermal-hydraulics capability is currently TUF (Version 0.0) and the
neutron kinetics capability consists of a number of modules with SMOKIN the one that actually
solves the neutron kinetics equations. There are many modules (considerably more than shown
in Figure 1 for CERBERUS), nevertheless, since SMOKIN is at the core of the neutronics
methodology it is frequently used to mean everything but the thermal-hydraulics. In this
methodology the coupling between the two parts is not done directly. The thermal-hydraulics
and neutron kinetics are run sequentially for the length or the transient (usually five seconds) and
then the process is repeated until convergence is obtained.

The last submission to the AECB from Ontario Hydro (for Pickering NGS A5) used SOPHT
rather than TUF. However, in the interim, TUF too (independently of the CATHENA
development) has reached a level of maturity where it is now part of the standard methodology
and is being used for the licensing calculations for Bruce A and B which are to be submitted to
the AECB in 1992. The AECB is currently also reviewing this code to determine its
acceptably for doing a wide range of thermal-hydraulic calculations.
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These paths are taken
every flux shape time step

Changes in

SDR position
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power distribution

CATHENA
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\ i Coolant density,coolant temp and fuel temp
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(Lattice Cell Code)
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Power distribution

Next flux shape time step

Figure 1 Sequence of Calculations for the AECL-CANDU LOCA Methodology'
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2. Neutron Kinetics Codes

2.1 Comparison of CERBERUS and SMOKIN

The theoretical basis for CERBERUS* was documented during its initial development and is
supplemented by more recent reports on the other principal modules7*' (see Figure 1). The
theory manual for SMOKIN10 was recently updated and formally issued. Recent users' manuals
are available for both CERBERUS" and SMOKIN12. No formal review of these codes has been
carried out by the AECB as is currently being done for their thermal-hydraulic counterparts.
Although the present project is a review of many aspects of the codes it is not a parallel effort
to the CATHENA and TUF reviews. Indeed, as discussed in Section 2.2.2, such a review
cannot take place until Demonstration/Verification Manuals are available.

Although CERBERUS and SMOKIN serve the same function they use totally different
algorithms for solving the basic time-dependent two-group diffusion equations. The approach
in CERBERUS is more straightforward. It uses space-time factorization in the form of the
improved quasi-static method and differences the resulting equations for the shape function and
amplitude function. If the shape function is solved at sufficiently small time steps the result
should be able to reproduce the direct solution of the time dependent equations. The approach
in SMOKIN uses many approximations in order to result in an extremely fast running tool that
can be used in real-time applications.

A comparison of the codes is summarized in Table 1. The first major difference between the
two codes (noted in the table) is that SMOKIN solves a one-group diffusion equation for an
effective flux rather than the usual two-group equations. The one-group cross sections are
derived from two-group parameters but the resulting one-group equation seems to be based on
heuristic arguments rather than a rigorous derivation. The power is defined consistent with the
effective flux and instrumentation response is assumed to be proportional to the effective flux.

The one-group diffusion equation is solved using a modal expansion which theoretically is just
as rigorous as any other approach. However, in practice the method is approximate because a
finite number of modes are used; typically 10-20. Indeed because of difficulties in reproducing
the correct flux shape with these modes, a local effects factor is introduced to treat the spatial
effects caused by the movement of reactivity devices. This ad hoc correction is applied directly
to the flux and within the integrals that define the modal reactivity.

An example of the way in which simplifying assumptions are used throughout SMOKIN is the
calculation of the modal reactivities. It is assumed that any perturbation to the system (i.e.,
anything that changes the cross sections including reactivity device movement, changes in
coolant and fuel conditions, and changes in moderator conditions) does not affect the leakage of
the system. Furthermore, the expressions for the perturbation operator (0 = [-5H + (?.-jS)5M]
in the notation of Reference 10) used in calculating reactivity is different depending on whether
the perturbation is due to a reactivity device (O = [AvZf - AEJ) or due to a change in coolant
density (O = [(E,°A^Ef - pLt

0&Ly{vL,0 + Art,)]). The introduction of ad hoc approximations
to improve accuracy is generally acceptable but places a larger burden on the validation of the
code.
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Table 1: A Comparison of CERBERUS and SMOKIN

CHARACTERISTIC

Neutron energy
groups

Spatial treatment

Temporal treatment

Delayed Neutron
Groups

Cross section
generation

Thermal-hydraulic
feedback

Thermal-hydraulic
feedback

Instrumentation
models

Power calculation

CERBERUS

2: Thermal & fast groups

Finite difference method,
variable mesh size

Improved quasi-static method

6

PPV module

Coolant density and
temperature, fuel temperature

SMOKIN

1: Effective energy group

Modal method, 10-20 harmonic
modes with variable mesh; local
effects factor

Not applicable (modal method
eqns. solved directly)

15

PPV used to generate tables

Coolant density, fuel
temperature

Multiple channel groups (*4) in broken pass, fewer groups (1-2)
in unbroken pass, multiple (4-5 in SMOKIN, 12 in CERBERUS)
regions axial ly

Incore and excore detectors

Decay heat and ripple effect
included

In CERBERUS six delayed neutron precursor groups are used (collapsed from 15), whereas in
SMOKIN 15 are used. This difference is not important for fast transients such as LOCAs. In
general the time step used for the solution of the single amplitude function in CERBERUS and
the multiple modal amplitude functions in SMOKIN can be chosen small enough so that no
significant error is introduced.

Both codes use POWDERPUFS-V (PPV) for the cross sections that are periodically updated to
take into account changes in the reactor. These include changes in coolant density and fuel
temperature in both CERBERUS and SMOKIN and also coolant temperature in CERBERUS.
The latter is not expected to be an important effect (in spite of its adding positive reactivity)
during the phase when the channels are voiding and there is relatively little liquid. In SMOKIN
the cross sections are precalculated so that one-dimensional tables of cross sections as a function
of burnup, coolant density, and fuel temperature are supplied. In CERBERUS, since the cross
sections are calculated for the existing conditions, all cross effects (e.g., the effect of fuel
temperature on void reactivity) are automatically taken into account.

In previous codes the changes in thermal-hydraulic conditions averaged over large regions of the
core were taken into account whereas now both codes use much greater detail to account for the
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spatial dependence of these changes. This will be addressed further in the discussion of the
thermal-hydraulic codes in Section 3.

Both codes use detailed models to represent the complement of incore and excore nuclear
instrumentation. The models account for the initial calibration and the time constants and delays
for the electronics which in part determines when the shutdown systems become effective.

2.2 Verification. Validation, and Qualification

2.2.1 Introduction

Although CERBERUS and SMOKIN use very different approaches to obtain the power during
a large LOCA they cannot be judged solely on the basis of their modelling. What is obviously
most important is their veracity for that application. To understand this, this section restates
what has been said previously13 with regard to verification, validation, and qualification.
Verification and validation are then discussed in Section 2.2.2. Qualification is discussed in the
context of the complete calculational methodology in Section 4.

Verification is done to ascertain that a computer code is producing numbers that are consistent
with the modelling. This work is done by the code developer during the development effort.
Usually different models are tested as they are installed in the code, hence, for SMOKIN, the
xenon model, the local effects model, the model to track shutoff rod position, etc., would each
be tested. No effort was made to review the code development effort for the present study.

Validation is done to ascertain that the physics and engineering models in the code can reproduce
the physical phenomena of interest. Since there have been no large LOCA experiments or actual
events which can be used in this process (a common situation in safety analysis) it is
accomplished by using special tests in critical facilities and power reactors and by code-to-code
comparisons. It is this work that is most important in the present study.

Qualification refers to the qualification of the engineering staff to apply the code to a particular
problem (such as LOCA). This is enhanced by the presence of application procedures and
quality assurance procedures. Loosely, the former gives guidance in the setting up of input
models and the running of accident cases while the latter explain how data representing the plant
is to be checked. No investigation of any procedures (or their application) that are relevant to
safety analysis was carried out for the present study.

The qualification of the engineering staff also takes place when they are the ones responsible for
doing the validation (as opposed to having the code developers do the validation). Important to
the qualification is thorough documentation that has been reviewed independently (e.g., by the
AECB). This documentation would include information on the physics, engineering, numerics,
code structure, and application as well as validation.

Sensitivity studies might also be part of the qualification package. They can be used to
determine which items are the most important by varying input quantities and observing the
variation in key output quantities. In general they can be used:
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• to assess the effect of modelling options and to verify reasonable functioning of
models
• to quantify the effect of model inputs for which the value is uncertain
• to quantify the effect of uncertainties in actual conditions in the operating plant
• to identify limiting initial conditions for analyses.

2.2.2 Verification and Validation

The verification and validation that has been done for CERBERUS and SMOKIN goes a long
way toward satisfying the above objectives but, in the opinion of the author, suffers from several
deficiencies which should be rectified. There does not exist a validation report which would
document what, one hopes, has been done in recent years to validate the current versions of the
codes. The existing verification and validation that is found in internal reports and external
publications made available to the author is out of date or documented insufficiently to properly
evaluate. This had been brought out in at least one previous review of SMOKIN13. In the
following these points will be expanded upon and the term "validation" will be used to also mean
verification work.

The documentation available to the author on the validation of CERBERUS1415-16-17-18 is dated
from 1976 to 1978 with the exception of Reference 18 which deals with the simulation of the
liquid injection shutdown system (LISS). It is not known if the work discussed in the early
reports has also been applied to the version of CERBERUS which is currently used for safety
analysis.

The same question exists for SMOKIN. Most of the documentation available for
SMOKIN1519-2021-22 is dated from 1977 to 1979 with Reference 22, written in 1980, a summary
of previous validation work. More recent documentation does exist on simulating the LISS23 and
on a review of miscellaneous studies24.

It is not clear why there is no validation report available for these codes. Aside from being
good engineering practice it should be necessary in order to be sure that the code is qualified
for doing licensing calculations. Quality assurance (QA) requirements25 at Ontario Hydro clearly
state the need for a Demonstration/Verification Manual. Among other requirements the manual
should "contain comparison of the computer output with results of closed form or hand
calculations. In some cases, experimental results, station test or actual operating data may be
available for comparison. Results predicted from other accepted computer codes may also be
used for verification purposes." Although a similar QA requirement for documentation was not
obtained from AECL-CANDU it is the understanding of the author one exists.

Assuming that the work documented in the aforementioned early reports is relevant to the
current versions of these codes, it is useful to examine what had been done. It is also useful to
consider what might be done in the future. The verification and validation is summarized in
Table 2 with italics used for those items that are thought to be particularly important.

Both codes were compared15 against two-dimensional numerical benchmarks run with the time
dependent finite difference code ADEP. However, the comparison with CERBERUS was
actually with a derivative code, CERKIN, and that with SMOKIN is very superficial. The
comparisons, although very useful at the time of the development of the codes, have very little
utility in determining the validity of a LOCA calculation.
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A more formal benchmark problem exists as part of the American Nuclear Society benchmark
compilation26. It is meant to test a code's capability to do LOCA calculations. A solution has
been submitted based on CERBERUS. Consideration could also be given to a submission based
on SMOKIN. However, that is only one of many comparisons with CERBERUS that might be
done. Because the codes are so different, and because the theoretical underpinnings of
CERBERUS are more rigorous than for SMOKIN, it is worthwhile to make comparisons of the
two codes. The only comparison that has been quoted in the literature21 is for a LOCA with
SDS1 and with SDS2. It shows excellent agreement for total power as a function of time as well
as for the power distribution at several locations after the shutdown. However, very little
information is given and it is not clear how independently the two calculations were done and
what was calculated and what was imposed; and the comparison is certainly not exhaustive in
terms of types of LOCAs.

The use of standard problems which would be analyzed independently with both codes could be
a valuable excercise. It would test not just the basic modelling but also special models such as
those for nuclear instrumentation. Agreement between the codes would significantly add to the
confidence one has in SMOKIN and to a better understanding of both codes. If the results did
not agree in some areas an investigation into the cause could help delineate limitations of the
codes. The standard problems could be initiated by the AECB with (or without) the cooperation
of one of the participants. The other participant (or both) would get the problem specifications
but would have to complete the calculation before seeing the other solution. The problems could
encompass aspects of LOCA analysis where there are questions on the ability of the codes, e.g.,
with distorted flux shapes and with prompt criticality.

Table 2: Verification and Validation of Neutron Kinetics Codes

VALIDATION

Numerical
benchmarks

Tests in critical
facilities

Reactor
transient
measurements

Steady-state
measurements

CERBERUS

1. ADEP benchmarks
2. Comparisons as in
SMOKIN Items 3, 4

SRL and ZED-2 tests

1. Rundown tests
2. "LOCA" tests

SMOKIN

1. ADEP benchmarks
2. ANS Benchmark Prob. No. 17
3. CERBERUS comparisons
4. Comparisons with CERBERUS coupled
to thermal-hydraulic code

1. Rundown tests
2. Effect of refuelling on zone controllers
3. Effect of (slow) absorber rod insertion
4. "LOCA" tests

Flux distributions, initial criticality, zone controller worth, adjuster rod
and SOR worth
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After a direct comparison of CERBERUS and SMOKIN, the next logical step would be a
comparison of the complete LOCA methodology. This is discussed further in Section 4.

Another code-to-code comparison that is not listed in Table 2 would make use of steady-state
calculations. The comparison of CERBERUS with a steady-state code has limited use except
as a means of checking coding errors. This is because the steady-state code in use at AECL-
CANDU is identical to the steady-state model in CERBERUS. A similar comparison for
SMOKIN is complicated by the fact that a SMOKIN calculation is initiated by normalization to
a steady state. Nevertheless, one comparison of SMOKIN calculations of static shutoff rod
worth with those from a steady-state calculation has been shown in the literature24 and it is
understood that others exist. Rather than emphasizing the use of steady-state calculations, it is
more productive to consider steady-state measurements which will be addressed below.

The next category of comparison in the table makes use of data from special tests performed at
critical facilities. Spatial perturbation tests were carried out at the D2O moderated Process
Development Pile at the Savannah River Laboratory (SRL)14 and at the ZED-2 reactor at CRL17.
These were excellent experiments and were very useful in validating CERBERUS during its
development. The comparisons done in the past would have to be redone with the present
version to be considered part of the current validation. The tests are not applicable to the
validation of SMOKIN.

The most relevant measurements that do exist are from rundown tests that were carried out at
different plants with SDS1 and SDS2. CERBERUS has been compared with data from SDS1
and SDS2 tests at Bruce A16'22 and with SDS2 data taken at the CANDU-6 plants Gentilly-2 and
Pt. Lepreau18. It is questionable whether the CERBERUS Bruce A calculations were done with
the model used for LOCA analysis as should be the case. The comparison for SDS1 is primarily
to show that the model is conservative rather than to give a best estimate comparison. The
comparisons for the Bruce A SDS2 also have limited value. In one case a five-tank test is
compared with a six-tank simulation and in another test the calculation was done with an
assumption about test conditions that was later found to be erroneous. The simulations of the
more recent CANDU-6 SDS2 tests, on the other hand, provide considerable information on the
ability of CERBERUS (and auxiliary codes used for modelling the LISS) to calculate the effect
of SDS2 at multiple locations in the core during a LOCA.

The corresponding calculations with SMOKIN include relatively recent comparisons with SDS2
tests performed at Bruce A and B and Pickering B23. This work was done to validate the models
developed for the LISS and includes two measurements of instrumentation readings and one
measurement of core average power. A comparison with the results of a rundown test with
SDS1 at Pickering B is documented24 but few details are given.

The intent of these comparisons with data from SDS1 and SDS2 tests is to validate the modelling
so that, with the addition of conservative delay times, any LOCA calculation will tend to
underpredict the effect of shutdown. Because of the importance of these systems the industry
has spent considerable effort which includes the studies noted above. However, those studies
do not constitute a complete and coherent picture. More work needs to be done to show that
LOCA models can calculate the effect of SDS1 and for both systems the analysis should be
reviewed as part of a comprehensive evaluation of the methodology.
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Other measurements (listed in Table 2) that have been compared with SMOKIN are for
operational transients1920-24. They include the effect of refuelling on zone controller level and
the effect of a slow insertion of an absorber rod. These are very useful in the validation of
codes for application to loss-of-reactivity-control events, but not for LOCA events.

Also in the category of reactor measurements are simulated LOCA tests. These have not been
carried out to date but could be a valuable means of validating not only the neutron kinetics
codes but also the coupled neutronics and thermal-hydraulics package. This will be explored
further in Section 4.1.

The first three categories of validation given in Table 2 are obviously the most important.
However, comparisons with steady-state measurements should not be overlooked. The data for
flux distributions, initial criticality, zone controller worth, adjuster rod worth, and shutoff rod
worth have been compared with steady-state codes and to some extent, with transient codes.
SMOKIN is normalized to a steady-state value but a transient can be run from that steady state
to the steady state at which the data has been collected in order to be able to make a comparison
with a SMOKIN steady-state calculation.

3. Thermal-Hydraulic Codes

CATHENA and TUF are modern codes that have recently gone through an extensive validation
as part of their development. They are meant to be able to calculate a wide variety of thermal-
hydraulic problems including LOCA. In the following only a very brief review of the codes is
given with attention focused on models that would have the most bearing on the calculation of
the early phase of a large LOCA. Both of these codes are currently under review by the AECB.

The theory behind both codes has been documented in theory manuals27'28. They are both two-
fluid codes using multiple two-phase flow regimes and share some of the same constitutive
relations. However, the development efforts have followed independent paths and the resulting
codes differ in many ways. For example, the six equation model in CATHENA has equations
for the mass, energy, and momentum, for a liquid phase and for a gas phase consisting of vapor
and non-condensible gases, whereas in TUF the three conservation equations are written for a
liquid and vapor mixture and for the vapor separately and there are additional equations for the
non-condensibles. The reason that the TUF equations are written for a mixture is so that the
code can optionally be run as a homogenous equilibrium model in order to make it compatible
with SOPHT, the previously used thermal-hydraulic package.

Another area where the codes differ is the representation of a fuel bundle for the purpose of
calculating heat transfer. Multiple rods are used to represent different power levels and also to
improve the modelling when there is stratified flow. In CATHENA, 1, 2, 5, or 10 rods/channel
node can be represented* and there is only one mesh in the pellet. In TUF there can be either
1, 2, or 8 rods/channel with the latter number based on representing the fuel in 4 rings and the
rod mesh becomes finer with fewer rods.

* This is the case according to the manual27 but calculations have been done with up to 19
rods/channel node.2
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For the purpose of LOCA calculations an important consideration is the representation of the
fuel channels (see Table 1). In both codes multiple channel groups (typically four) can be used
for the broken pass. CATHENA typically uses 12 nodes axially along the channel and TUF
typically uses 4-5. Previously, coolant and fuel thermal-hydraulic conditions averaged for a pass
were used in the neutron kinetics. This new approach results in considerably more spatial detail.

The coolant density calculation is what determines the rate and extent of positive void reactivity
addition during a large LOCA. Coolant density is dependent on flashing, heat transfer to the
coolant from the fuel, and on the two-phase flow out of the pressure tubes. These phenomena
are difficult to accurately model because of the lack of experimental data to properly develop
and validate the constitutive laws, and because some of the non-equilibrium phenomena must be
treated with equilibrium models.

The relevant modelling that is easiest to model is for critical flow out of the break and the
depressurization that this causes. There are several models available and they have been well
validated. This depressurization propagates from the location of the break to the pressure tubes
where there are some uncertainties introduced by the momentum modelling and the size of the
nodes. However, the most important uncertainty at this point is in the void generation model
and the calculation of flashing.

Another, probably smaller, source of uncertainty is the modelling of heat transfer from the fuel.
In particular, since the heat transfer will drop significantly when the critical heat flux (CHF) is
reached, it is important that this part of the calculation be accurate. In this regard it should be
noted that AECL-CANDU does its analysis by assuming that the heat transfer regime does not
change until the heat flux exceeds 1.4 times the CHF. This is done in order to help maximize
void generation.

The calculation of coolant density is also dependent on all the field equations and relevant
constitutive laws. The modelling of inerfacial momentum transfer in complex geometries is
particularly difficult. Among other things this means that there is uncertainty in the flow of fluid
through the pressure tubes because of the geometry of the end fittings. The claim is made by
Ontario Hydro that the TUF model was selected to minimize phase separation thereby adding
to the void content in the channel.

The calculation of coolant density can be validated to some extent using the results of the RD-14
experiments which simulate a large LOCA*. Unfortunately, the data is insufficient to quantify
the uncertainty in coolant density during the blowdown. The two major impediments to this are
that there is no direct measurement of coolant density in the pressure tubes and the channel
geometry used is not identical to that in a power reactor. What is measured is pressure and flow
in the channel. The stored heat and average fuel temperature are also not the same as in a
reactor. Hence, sheath temperatures and heat transfer rates are different. The time scale for
these measurements is two orders of magnitude longer than the time frame of interest (1 s in the
current study) and hence, the data cannot give detailed information on what is going on during

' This has been done for both codes but the validation reports are still in a state of
development and were not reviewed for this project.
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the early phase of the LOCA. Finally, note that the RD-14 experiments were done with 37-
element bundles and not with any 28-element bundles.

Ontario Hydro is proposing an argument (not yet formally documented) that purports to prove
that the experiments show that the coolant density calculation bounds (conservatively) the actual
value. This argument should be assessed independently.

New experiments are being proposed which would measure coolant density in the pressure tube
and use an experimental setup which would include the complex flow geometry found in the end
fittings of reactor channels. This would be worthwhile for general validation of the LOCA
methodology but would have less significance for the early phase of a LOCA calculation unless
very detailed measurements are taken during the first few seconds.

Intercede comparisons might also be useful. A comparison of coolant density as a function of
position during the first few seconds of a LOCA as calculated by both codes could be used as
a means of improving the understanding of the relevant modelling.

However, the most important aspect of the question of how accurate is the coolant density
calculation is the sensitivity of the LOCA to this uncertainty. According to industry analysts it
is not very sensitive and an increase in the rate of voiding generally just results in a scram at
an earlier time and little effect on the overall energy deposition. This can be seen in limited
sensitivity studies that have been carried out both at AECL-CANDU and Ontario Hydro.

4. Qualification of the Complete Methodology

4.1 Additional Validation

It has always been recognized that the analysis of rare accidents with deterministic computer
codes is difficult because the computer models are frequently being used in a physical domain
where there is no experimental data to directly confirm their validity. Hence, these codes are
validated to the extent that is possible and then they are used with a sufficient number of
"conservative" assumptions. This is true not only for CANDU plants as specified by the
AECB29, but also for other reactor types in other countries.

In Sections 2 and 3 the validation of the neutron kinetics and thermal-hydraulics codes have been
discussed separately. However, since they are used in a coupled fashion for the analysis of large
LOCAs, the validation of the integrated package must also be assessed to assure that the
validation is done to the extent possible.

One exercise that was suggested for each part of the package is a code-to-code comparison. This
strategy would also be useful if the complete package were used. As suggested above, with
respect to a CERBERUS - SMOKIN comparison, a standard problem could be developed by the
AECB. This could be done in collaboration with one of the parties and then the other party
could be asked to calculate the problem independently. This exercise would be extremely
instructive but being a code-to-code comparison it has its limitations.

Of much more significance would be a comparison of the complete methodology with a
significant power reactor transient having some of the same features as a LOCA. This has not
been done in the past and industry engineers when approached with this idea have usually felt
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that it would either be disruptive to normal operations (as would any test), or could not be done
because of safety concerns, or could not be done so as to yield a power excursion that would
be significant enough from a validation point of view. However, the author does not know of
any serious feasibility study that has been carried out, and in light of the enormous benefits such
aii experiment would have, such a study is recommended.

In order to simulate a LOCA some means of rapid depressurization would have to be
determined; perhaps pressurizer safety/relief valves could be used. Since the depressurization
would most likely not be as rapid as anticipated for an actual LOCA, it would be important to
bypass some of the safety system signals which would immediately shut down the reactor. This
would increase the duration of the transient which would have to be well-instrumented in order
to have measurements of flux as a function of time at different positions.

One reason that this type of measurement should not be discounted without a thorough feasibility
study is an analogous situation that occurred in the light water reactor industry. In order to help
validate the computer codes used to analyze coupled neutronic and thermal-hydraulic transients
in a boiling water reactor (BWR), a set of three tests were carried out at the Peach Bottom plant.
The tests were initiated by the closure of a steamline valve which caused an overpressurization
in the core. The negative void coefficient in a BWR means that the power increased until
Doppler feedback and then reactor trip terminated the excursion. The tests were carried out
bypassing the signals that would have immediately caused reactor trip so that the power
increased from the range of 50-70% to 250-350% of full power. The power pulse had a
duration of approximately 0.5 s. Although this test excursion was not as severe (in terms of
energy deposition) as might be expected during a CANDU LOCA, any test carried out at a
CANDU plant would also not be as severe.

4.2 Making the Calculation Conservative

As mentioned in Section 4.1, after validation to the extent possible is completed, the basic
philosophy in LOCA analysis is to apply conservative assumptions to bias the result toward a
large energy deposition. In that way the reported calculational results can be considered an
upper bound. This process is sketched in this subsection.

The skewing of results can best be viewed by considering six basic elements of the calculation
within which plant parameters are biased:

1. Reactor initial conditions
2. Calculation of void fraction
3. Void reactivity worth
4. Time for trip initiation
5. Shutoff rod reactivity
6. Calculation of energy deposition

Conservative reactor initial conditions are obtained by considering different reactor states with
regard to the burnup in the core and poison in the moderator (pre-equilibrium, equilibrium,
etc.). Distorted flux patterns are considered based on possible causes, e.g., maximum reduced
moderator level and distorted reactivity device configurations. It also refers to the use of
different initiating events in terms of break size and location.
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The calculation of void fraction as a function of time during the blowdown can be biased by
delaying the onset of going beyond the critical heat flux, or by minimizing phase separation, as
were discussed in Section 3. Void worth is one of the more important elements in making the
calculation conservative and this is discussed in Chapter C. Note too that the coolant purity is
taken to be at its lowest allowable level in order to maximize void worth.

After void worth, the time for trip initiation is probably the most important parameter. The
calculation conservatively assumes that only the less-effective shutdown system is available and
that it is actuated on the second trip signal. The trip requires 3-out-of-3 logic in the calculation
in order to account for (the permissible) operation with a failed component. The instrumentation
delay times used are expected to be conservative. The shutoff rod reactivity is taken to be
conservative by assuming that two rods (with the highest worth) do not enter the core and by
using conservative safety gates.

Finally, for the calculation of energy deposition the assumption is made that the power excursion
is adiabatic and the highest allowable steady-state bundle power is used to obtain the peak fuel
enthalpy. The effect of neglecting the heat transfer into the coolant is expected to have a major
effect on overestimating the fuel enthalpy.

4.3 CSAU Evaluation Methodology

An approach to code qualification which has been applied in the light water reactor (LWR)
industry is the code scaling, applicability, and uncertainty (CSAU) evaluation methodology30.
This methodology was developed for application to an LWR LOCA which is considerably
different than that for a CANDU. It contains many steps that are not new and have been applied
to accident analysis in the past. However, it does bring all these varied steps together in a
cohesive methodology and as a systematic means of dealing with questions related to
applicability and uncertainty of any accident analysis it is relevant to many other applications.
As a result it is worth considering the methodology for the problem at hand.

A good way to understand this methodology is to break it into three major elements which can
be summarized as follows:30

1. Requirements and Code Capabilities. In this element, scenario modelling
requirements are identified and compared against code capabilities to determine the
code's applicability to the particular scenario in given plant type. In addition, an effort
is made to identify potential code limitations. The modelling requirements are
established by identifying and ranking processes and phenomena important to the
particular scenario. The evaluation of code applicability to the selected transient is based
on a complete set of code documents. It is conducted by reviewing the adequacy of code
models to calculate the important processes and phenomena. Code deficiencies and/or
limitations are also identified and evaluated as to their potential effects on uncertainties
to calculate primary safety criteria.

2. Assessment and Ranging of Parameters. In this element the capability of the code
to calculate processes important to the scenario is assessed by comparing calculations
against experimental data to determine the code accuracy, to determine scale-up
capability and to specify ranges of parameter variations needed for sensitivity studies.
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3. Sensitivity and Uncertainty Analyses. The total uncertainty in a safety analysisis
includes contributors that arise from code limitations, scaling inaccuracies embedded in
the experimental data (and therefore the code), and uncertainties associated with the state
of the reactors at the initiation of a transient. The ultimate objective of the CSAU
process is to provide a simple and direct statement of the calculated uncertainty in the
primary safety criteria (e.g., fuel enthalpy in a large CANDU LOCA) used as the basis
for assessing safety and making licensing decisions. This objective is accomplished when
the magnitudes of individually important contributors are determined, collected, and
subsequently combined to provide the desired summary statement. This third element
contains the activities to calculate, collect, and combine individual contributors to
uncertainty into the required total mean and 95% probability statements including
separately identified and quantified biases.

The CSAU methodology per se has not been applied to a CANDU LOCA, nevertheless, it is
clear from the discussion in this chapter that many components of the methodology have been
completed as part of the qualification work done throughout the industry. The only element in
which there has been no effort is the third. Instead of calculating a best estimate fuel enthalpy
and the associated uncertainty, the approach is to calculate a conservative, limiting value.

Although the uncertainty evaluation has merit its success is predicated on the ability to accurately
define the uncertainties in all of the modelling parameters which influence the result. The
industry goes to some length to do this for the void worth as explained in Chapter C but there
are many other parameters which would have to be analyzed in order to completely quantify the
uncertainty in calculated fuel enthalpy. It might also be noted that the application of this
methodology to an LWR LOCA was a very time consuming and expensive process.

5. Acceptance Criteria

5.1 Fuel Behavior

The acceptance criterion for large LOCAs as well as other accidents in the AECB's Class 3
category is a maximum radiation dose to the public2'. As with other events this is assured by
licensing calculations which show that pressure tube integrity is not challenged in the accident.
For a large LOCA this criterion on pressure tube integrity is translated into a criterion on fuel
behavior. If the fuel geometry remains unchanged during the power pulse then no pressure tube
problem would be expected during this phase of the LOCA.

In order to assure the integrity of the fuel (i.e., insignificant loss of fuel geometry) to the extent
that there is no direct thermal-mechanical interaction between the fuel and the pressure tube
(and/or that there is no energetic fuel-coolant interaction) a limit is placed on the pellet radial-
average enthalpy at the hottest axial location of any fuel element. At AECL-CANDU this limit
is 200 cal/g and is meant to be the enthalpy above which unacceptable fuel damage would occur.
In a study performed for the AECB31 the recommendation for the limit to preclude loss of fuel
geometry is 223 cal/g and to preclude loss of pressure tube integrity it is 270 cal/g, based on
an initial linear power density of 50 kW/m.

At Ontario Hydro the limit is approximately 230 cal/g which is the condition at which cenlerline
melting is expected. The presence of melted fuel is assumed to be synonymous with the
potential for having that fuel escape out of the sheath. This limit can be translated into a
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limiting energy deposition for a given bundle power. For Pickering this is stated as5: "Fuel
Channel Integrity is potentially jeopardized if adiabatic energy deposition in the outer element
of hot bundle (operating at license limit of 750 kW) exceeds 640 kJ/kg in up to 15 s, or the time
when the reactor power is reduced to 15 percent full power or lower and remains below this
power level subsequently, whichever time is greater. The total energy content in the fuel at this
time is 1005 kJ/kg [233 cal/g]."

In addition to using peak fuel enthalpy as the acceptance criterion for the analysis of large
LOCAs the industry also uses energy deposition in terms of full-power-seconds. This is directly
translatable into fuel enthalpy and is, therefore, equivalent.

These criteria are based on industry studies (summarized in several recent reviews3132") which
utilize the data base on fuel behavior for CANDU and LWRs and calculations with the ELOCA
code34. The most extensive part of the existing world-wide data base is for LWRs. The fue!
element for an LWR has a freestanding clad with a gas gap between it and the pellet, whereas
for CANDU fuel the sheath is thinner and creeps down onto the pellet leaving a much smaller
free volume within the element. The power excursions used to study LWR fuel" start from low
power densities and increase orders of magnitude in less than one second while the transient of
inierest for CANDU fuel starts from high power and increases roughly by a factor of two in a
time frame of a couple of seconds. Although these differences are recognized, the LWR studies
still help in understanding UO2 and Zircaloy behavior during power excursions.

A large part of the understanding of CANDU fuel behavior comes from analysis with the
ELOCrt code. This code has models for sheath and pellet temperatures, strains (including
creep), sheath oxidation, and beryllium assisted cracking, all of which are important during a
LOCA. The modelling within the code has been validated using an extensive set of special tests
geared toward understanding the mechanical properties and failure mechanisms for CANDU
fuel. The potential failure mechanisms of the fuel sheath during a LOCA are:31 a) tensile
overstrain, b) athermal strain localization, c) beryllium braze penetration failure, d) cracking of
the oxide and localization of failure, and e) oxygen embrittlement. In spite of the validation,
large uncertainties still exist because of the complexity of the phenomena being modelled and
the inability to model every possible facet of fuel behavior. For example, the MK2 version of
the code does not take into account:31 a) the potential for Zircaloy-U02 interaction at the inner
sheath surface, b) the potential for hydrogen generated from the exothermic Zircaloy-steam
reaction to be absorbed into the ZrO2 layer or the underlying Zircaloy, c) the potential for the
ZrO2 layer and the oxygen absorbed in the underlying Zircaloy to affect sheath deformation, d)
the potential for transient gas release and consequent fuel swelling, and e) axial variations such
as heat affected zones from brazing. These deficiencies have varying importance during a
LOCA and are being addressed in an ongoing code development program.

Integral tests have been performed to determine the response to LOCA conditions. This includes
tests at the NRX reactor (at CRL) and at the PBF reactor (at Idaho National Engineering
Laboratory). At CRL, fuel was subjected to LOCA thermal-hydaulic conditions and the thermal-
mechanical response and fission-gas release were measured. In addition to meaurements during
the transient, post irradiation examinations were carried out. The PBF tests, in addition to

" There were also a limited number of tests of fuel behavior under operational transient
conditions that are somewhat similar to CANDU LOCA conditions.
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imposing LOCA thermal-hydraulic conditions, imposed a power excursion which was similar
to that expected during a LOCA, i.e., the power pulse lasted approximately two seconds with
the peak a factor of two times the initial power. All of these tests were used to help validate
the models in ELOCA, to improve the understanding of fuel behavior under LOCA conditions
and, for the PBF tests, to show that unacceptable fuel failures would not be expected under
"typical" LOCA conditions.

It is on the basis of the above information that analysts have arrived at the fuel enthalpy criteria
described above. They have used the limited experimental data base that does exist, and the
results of parametric calculations, to determine a reasonable criterion for precluding significant
sheath damage during a large LOCA. To reduce the element of engineering judgement in this
assessment would require a definitive data base giving fuel behavior as a function of energy
deposition (or some other appropriate variable) which can be used to develop an absolute
criterion. This means that fuel would have to be tested to energy deposition levels
corresponding to approximately 200 cal/g where the important fuel damage is expected. If such
a data base were to exist the effect of fuel burnup should also have to be considered. In spite
of one of the conclusions" from the CANDU fuel tests that there is no significant effect of
irradiation on the sheath or pellets during a LOCA or of fission products on the sheath, the
preliminary experimental evidence from LWR fuel does show such variations.35'36 This data base
could then be used to assess the degree of conservatism in the present criteria or a new criterion.

Although the present approach is reasonable and is meant to be conservative it has led to the
existence of different assessments for a limiting fuel enthalpy (i.e., 200 and 230 cal/g). AECL-
CANDU and Ontario Hydro should certainly be able to use different methodologies (and indeed
there is an advantage to having two different methodologies in use) but a single criterion to be
used to judge the acceptability of a licensing calculation ought to be agreed upon by the industry
and the AECB. This unified position might also be able to take into account data being
generated in ongoing programs at CRL as part of the fuel studies at the Blowdown Test Facility,
and in Japan for both LWR and heavy water fuel elements. Because of the closeness of the
criteria, and the margin to these criteria calculated for most LOCA events, this is not a critical
issue. In the interim, any licensing calculation resulting in an enthalpy higher than 200 cal/g
should not be acceptable. Note that the specification of the limiting fuel enthalpy for precluding
any degradation of fuel channel integrity implies nothing about the assumptions that might be
used to calculate the fuel enthalpy.

5.2 Prompt-Criticality

Another limit that is used in judging the acceptability of LOCA analysis is prompt-criticality.
If the net reactivity addition reaches the value of the delayed neutron fraction (between 5 and
6 mk depending on reactor state), the rate of power rise can be quite rapid (e.g., factors of two
or three per second) and there is the possibility that the fuel damage criterion will be reached.
In order to prevent this, Ontario Hydro uses as a derived criterion of effectiveness that the
reactor must not become prompt-critical before the shutoff rods have had time to insert negative
reactivity. This derived criterion "is not a 'hard' criterion in the same sense as the fuel channel
integrity criterion. Rather it is a convenient 'rule-of-thumb' to gauge whether a case is far
removed from the threshold of effectiveness."5

Although there is a recognition by Ontario Hydro and by others in the industry that prompt-
criticality is to be avoided there is no formal industry position. It is recommended that such a
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position be adopted stating that prompt-criticality should be an acceptance criterion (along with
peak fuel enthalpy) for large LOCA analysis. There are two basic reasons for this having to do
with the acceptance criterion for fuel behavior and the assumptions that have gone into the
qualification of the calculational methodology. A third reason that can be overcome more
readily has to do with the validation of SMOKIN.

None of the studies of CANDU fuel behavior discussed in Section 5.1 consider the effect of fuel
undergoing a prompt-critical transient. This alone should be sufficient to place such transients
out of the design-basis. Since prompt-criticality was not expected during a LOCA when the
basic studies were carried out it is not surprising that this is the case. Parametric studies of fuel
behavior performed with the ELOCA code31 consider increases in peak power up to a factor of
10 but at rates that are less than for prompt-criticality. Since some phenomena modelled in the
code may be rate dependent the validity of these models might no longer be certain. The PBF
tests on CANDU fuel were also sub-prompt-critical and cannot be used to judge fuel behavior
under such different conditions.

Another reason for not accepting the results of LOCA analysis when the transient is prompt-
critical is that the overall methodology is tacitly based on the event being sub-prompt-critical.
There have been sensitivity calculations performed to understand the effect of uncertainties in
voiding rate, shutoff rod worth, neutron generation time, and trip delays. These results have
shown an acceptable sensitivity based on a nominal event which is far from prompt-critical.
These results would change and the calculation would become much more sensitive to these
uncertainties if the nominal LOCA resulted in prompt-criticality.

CERBERUS and SMOKIN have not been validated against any prompt-critical transients. There
is nothing in the theoretical foundation of CERBERUS which would preclude it from being used
for prompt-critical events. The only precaution is that the time steps must be small enough so
that errors are not introduced via the numerics. The application of the code at AECL-CANDU
takes into account that the time step must be reduced for more rapid events and hence this does
not appear to be a problem. Since SMOKIN uses a more approximate formulation it is felt by
Ontario Hydro5 that it is not able to adequately model the physical phenomena taking place in
the super-prompt-critical regime. Note that the code could be validated for these fast transients
if calculations were compared against CERBERUS results.

As a result of this assessment it is clear to the author that prompt-criticality should be used as
an additional acceptance criterion. Note that in some sense this is an arbitrary criterion. In a
heavy water system the reactor period as a function of positive reactivity does not change as
rapidly at prompt-criticality as is the case in an LWR. The rate of power increase becomes
higher and the limitations of the methodology become more important as the reactivity increases
to prompt-criticality and beyond. Although it was not possible in this review to quantify whether
the limitations become unacceptable if the reactivity is 0.8, 1.0 or 1.2 times the level for
prompt-criticality, it seems reasonable and prudent to select prompt-criticality (along with fuel
enthalpy limits) as an acceptance criterion.
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C. VOID WORTH CALCULATION

1. Computer Codes

The two lattice physics codes relevant to the calculation of void worth are POWDERPUFS-V
(PPV) and WIMS-AECL. These codes represent a fuel bundle, coolant, pressure and calandria
tubes, and a volume of moderator to complete a unit cell. The major outputs of the codes are
two-group cross sections and the reactivity change associated with changes in coolant density and
other properties. The lattice parameters can be calculated as a function of burnup. Beyond this
similarity, the two codes are quite different with regard to their modelling and the way they are
applied within the LOCA methodology. In this section a brief overview of the codes is given
and in the following section the application of PPV to void worth calculations is explained. The
remaining sections concentrate on the uncertainty, and hence validity, of the codes.

WIMS-AECL is primarily based on fundamental principles, i.e., it uses relatively rigorous,
state-of-the-art physics models, including multigroup transport theory, to calculate the energy
and space dependence of the neutron flux within the unit cell. It also uses some empirically
derived equations. In addition to the integral cell parameters (cross sections and reactivity)
which it calculates, it can also be used to calculate the pin power distribution and various
spectral indices. The code is an adaptation of the weU-known WIMS-D code which, in various
versions, is being applied to different heavy water and light water lattices in many parts of the
world. Currently, the only application relevant to CANDU safety analysis is the proposed use
in the scheme to determine the uncertainty in void worth for LOCA analysis as is discussed in
Section 3 below.

Documentation of WIMS-AECL is found in various reports but does not yet exist as a complete
formal package. This is perhaps because it was primarily developed elsewhere and it is not yet
a stable component of the industry's methodology. There is a user's manual37 which also
contains some elements of a programmer's manual. To understand the theory in the code one
has to go to a series of references given in the user's manual that includes literature on the pre-
Canadian versions as well as CRL reports discussing improvements that have been made in
recent years.

The validation is documented in various CRL reports some of which may not be applicable to
what is now known as WIMS-AECL. It appears that the same degree of effort that went into
the validation of PPV38 has not been carried out for WIMS-AECL except in the area of void
worth. Considerable effort has been, and continues to be, carried out on the ability of the code
to calculate void worth as a function of burnup. This is an important component of the
validation, with respect to this study, and will be dealt with in Section 3.

PPV, in contrast to WIMS-AECL, does not solve fundamental equations but utilizes correlations
that have been derived by making many approximations and relying on experience with CANDU
lattices. This semi-empirical approach also means that there are strict limitations on the
applicability of the code. For example, only natural, rather than enriched, uranium fuel should
be considered and the calculation is only valid with a limited buildup of Pu239 or Pu240. The use
of semi-empirical methods makes the code very fast running and is the reason that it is used to
regenerate cross sections at many time steps during a CERBERUS LOCA calculation (rather
than having the cross sections precalculated as a function of important variables and then having
them available in tabular or functional form during the neutronics calculation).
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PPV is documented in a report on the theory39, in a user's manual40, which includes information
that could also be contained in a programmer's manual, and in a report on validation38. The
validation includes comparisons with data from critical experiments and power reactors. The
code also has been implicitly validated when it has been used in conjunction with core neutronic
codes which have been used to compare against plant data. The specific validation of the code
with respect to void worth will be discussed in Section 3.

2. Calculation of Void Worth

PPV is used to generate the cross sections that define the worth of a given amount of void at
given reactor conditions. It is equivalent to talk in terms of the code calculating "void worth"
when in fact it is cross sections that are being used in the neutron kinetics codes. Furthermore,
since there are seven cross sections that are needed for the neutronics calculation it is more
practical to talk in terms of the uncertainty of an integral quantity such as void worth rather than
to determine the uncertainty of the individual cross sections.

The initial conditions chosen for the PPV calculation are taken to be conservative. The
following list of initial conditions will have some bearing on the void worth:

coolant purity
coolant volume
coolant density
moderator poison/purity
moderator temperature
presence of control elements
fuel temperature
fuel burnup

The conditions that are expected to be the most important are taken into account by AECL-
CANDU and Ontario Hydro. Since void worth increases with decreasing coolant purity the
assumption is made that the coolant is in a degraded condition consistent with Operating Policies
and Principles. Since worth also increases with increasing coolant volume, the effect of pressure
tube creep is taken into account. Another important effect is the amount of moderator poison,
as an increase in poison increases the worth.

The variability in the initial thermal-hydraulic conditions (coolant density, fuel temperature, and
moderator temperature) has a smaller effect and does not have to be taken into account
explicitly. Another reactor condition not listed, because PPV cannot directly account for it, is
the presence of control elements. This has also been found to be a second order effect.

The documentation of these sensitivities is not found in one report. One reference for
sensititivity studies carried out at the Whiteshell Laboratory41 was not seen by the author and the
understanding is that an additional CRL report on the subject will soon be published.

Although the PPV calculation uses conservative reactor conditions this says nothing about the
uncertainty in a given void worth calculation. Since void worth is a key parameter in the LOCA
analysis, an uncertainty should be attached in order to assure that the consequences calculated
are limiting, i.e., the actual void worth in the calculation, V, should be that obtained from the
PPV calculation at given (conservative) conditions, P, plus an uncertainty, U:
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V = P + U ( ])

The calculation of the uncertainty is discussed in Section 3. Once the value for U is known then
the PPV calculation is adjusted to yield the void worth V. This is done at AECL-CANDU by
changing the coolant purity from the actuJ value to an artificially lower value (a change of =3
atom-percent). Although changing coolant purity to achieve the correct overall void worth does
not assure that the changes in cross sections are preserved, the error in using coolant purity as
a tunable parameter is not expected to be significant. At Ontario Hydro the modal reactivities
calculated using the PPV cross sections are scaled to yield the correct worth V.

3. Uncertainty in Void Worth

3.1 AECL-CANDU Position

In the past AECL-CANDU used an uncertainty in the void worth calculated by PPV of 1.6 mk
or approximately 10-15% of the calculated worth. This number has been used in recent
submittals to the AECBM and is to be replaced in the future with a new approach explained in
Section 3.3*. The value of 1.6 mk was based on an assessment of the ability of the code to
calculate void worth experiments that were done with fresh fuel at cold conditions combined with
an estimation of the additional error that enters because a power reactor contains burned fuel at
hot temperatures. An AECL-CANDU internal memorandum42 documenting the relevant analysis
sketches a reasonable approach. However, there are insufficient details given to enable an
evaluation to be done.

The first step in that analysis is the estimation of the error in the calculations of the cold clean
lattice experiments. The experiments were done at the ZED-2 facility at CRL where
measurements were made at room temperature with fresh fuel in different lattices, including one
lattice equivalent to that found in reactors with 37-element bundles. Measurements were made
of the critical buckling with coolant present and replaced with air or helium. Since these are
not direct measurements of void worth they cannot be compared with void worth measurements.
Instead, they are compared with the calculation of k^ using the measured value of buckling.
This comparison indicated that the calculated error was less than the measurement error and the
latter translated into an uncertainty of ±1.01 mk.

The next steps were to estimate how the uncertainty would increase if the coolant and fuel were
at operating temperature and the fuel burnup was significant. In order to estimate the effect of
a change in coolant temperature, first a comparison was made between the reactivity effect of
heating the coolant as measured at two plants with fresh fuel and the corresponding number
calculated with PPV in combination with a core neutronics code. The relative error from that
comparison was then applied to the effect on void worth of heating the coolant. This resulted
in an additional uncertainty of ±0.6 mk. A similar analysis was done for the effect of fuel
temperature changes alone. Using the relative error between core calculations and plant

* In the analysis2 done recently for the CANDU-3 design, values of 2.5 mk and 1.2 mk are
quoted as the uncertainty. It is suspected that these numbers were used because the analysis was
done during a transitional period when the uncertainty was being reevaluated.
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measurements, in combination with the effect on void worth of a change in fuel temperature,
an additional uncertainty of ±0.1 mk was determined.

The final step was estimating the uncertainty contribution due to burnup. Measurements and
calculations were compared for the effect of changing coolant temperature at a plant with burned
fuel. The relative error was then applied to the change in void worth expected (as calculated
by PPV) between fresh and equilibrium cores and resulted in an additional uncertainty of ±1.1
mk.

If each of the above errors is assumed to be random so that a statistical combination can be
made, then the error due to the change in conditions is ±1.26 [=(O.62+O.l2+l.l2)"2] and in
combination with the uncertainty derived from the critical experiments the total uncertainty is
±1.6 mk.

3.2 Ontario Hydro Position

In the past, and continuing to the last LOCA analysis submitted to the AECB for review5, the
uncertainty in the void worth calculated by PPV was taken by Hydro to be 1.4 mk. The origin
of this number is said to be based on an analysis of PPV calculations of experiments made at
the ZED-2 facility but a precise understanding of this analysis was not made clear to the author.
Note that this is not identical to the number used by AECL-CANDU. The LOCA analysis that
is to be done during 1992 for the Darlington reactor will use a different approach which is
explained in Section 3.3.

3.3 A New Industry Position

The members of the CANDU Owners' Group (COG) have been working on a new approach for
the uncertainty in the PPV void worth which has led to a standard industry position43. This has
been motivated by several factors. Among these was the fact that a comparison of the void
worths calculated by WIMS-AECL and PPV shows differences that grow with fuel burnup. At
a burnup of 6 GW.d/t the difference is approximately 3 mk and the PPV value is smaller (less
conservative). Another factor may have been the realization that the original assessment was
(at the very least) not well documented.

The new approach is to use WIMS-AECL as a benchmark for PPV and to take into account the
uncertainty in WIMS^AECL in determining U. The coolant purity in PPV is modified to result
in the same void worth at the reactor conditions of interest, i.e., with the coolant temperature,
fuel bumup, moderator poison, etc., for which the transient analysis is to be done. Since two-
group cross sections are defined differently in the two codes and the core neutronics codes are
compatible with PPV, WIMS-AECL cannot be used directly to supply cross sections.

Mathematically, the procedure to find the void worth, V, to be used in the LOCA analysis can
be written as follows. To the void worth calculated by PPV, P, the difference between the void
worth from WIMS-AECL and PPV, 6 = W-P, (always a positive number) is added, and the
error in the WIMS-AECL calculation at operating conditions, e' = W-M'is subtracted. In this
formulation M' represents a fictional measurement at operating conditions and hence the error
will be approximated. Note that in this notation it is appropriate to subtract the error. This can
be seen from Equation 2:
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V = P + (W-P) - (W-M') = P + 5 - e' (2)

In order to assess the error in the calculation of void worth with WIMS-AECL, CRL used the
experimental data that was collected and documented in the PPV validation report38. In that
report PPV calculations are compared against data collected from a variety of critical facilities
and power reactors. The critical experiments were done for different lattices at different
conditions. The data relevant to the void effect consists of the material buckling, fast fission
ratio, initial conversion ratio, fuel Westcott-r parameter, fuel neutron temperature, and the ratio
of moderator flux to fuel flux, for different fuel bundles in different pitches. Since the error in
reactivity worth is of interest, the data for material buckling was analyzed.

The original idea was to determine the error in WIMS-AECL based on all the void
measurements that had been done at the ZED-2 facility at CRL and at a facility at Savannah
River Laboratory. These measurements were for fresh fuel at cold conditions with unpoisioned
moderator. Since the fuel used for the experiments had different pitches and different bundle
designs, a correlation was developed44 which fit the WIMS-AECL error (difference from
experimental void worth) to moderator volume and fuel surface area. Using the parameters
corresponding to 37-element production bundles results in

(3)
£ = 0.09 ±0.84 mk

where the error e is unprimed to represent cold, clean conditions rather than operating
conditions. The 0.09 is an overprediction of void worth and 0.84 is the standard deviation.

This original approach was abandoned in favor of another means of analysis which would result
in a larger bias of the calculation toward overpredicting void worth and, therefore, a smaller
penalty with respect to LOCA analysis. The second approach uses only the data generated with
37-element bundles fabricated specifically for the Bruce plant. Data generated using non-
production bundles is assumed not to be applicable. This reduces the data base considerably
from approximately 44 measurements of void worth to essentially only one measurement*. The
result of the analysis of the data for the Bruce elements for the error is:

(4)
e = 0.92 ±0.81 mk

where now 0.92 is the overprediction of void worth and 0.81 is the standard deviation.

Ontario Hydro has put forth a rationale45 for using this approach rather than that leading to
Equation 3. Although the first approach, using all available data, is meant to take into account
systematic errors in the WIMS-AECL calculation, the argument is that no attempt should be
made to factor out this component. The claim is that the code should be used as is for

* For the Bruce bundles there were actually three measurements made with coolant present
and four measurements made with coolant replaced with air. However, the only difference
between the lattices in each set of measurements is the number of fuel bundles involved, i.e.,
the fuel bundles and pitch were identical.
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production fuel, in spite of the fact that this reduces the data base for the uncertainty
considerably.

Since the calculation of void worth for LOCA analysis is done at conditions different from the
conditions at which the experiments were done, an additional uncertainty still needs to be
factored into the error e to obtain e'. Based on the fact that the physics modelling in WIMS-
AECL is relatively rigorous and that the change in reactor conditions is a second order effect,
the additional uncertainty in the void worth was taken to be no more than that found for the
fresh fuel at cold conditions. Combining two uncertainties of 0.81 mk statistically leads to:

e' = 0.92 ±1.15 mk (5)

The conservative value for V is then obtained from

V = P + (5+0.3) (6)

(where the difference 1.15-0.92 = 0.23 becomes 0.3 if numbers are rounded off before adding).

This result (U = 5+0.3) has been accepted by the industry and is shown on Figure 2 as the new
industry position using values for 5 from a typical result presented to the author43. Also shown
on the figure are the original Hydro position (U = 1.4 mk), the original AECL-CANDU
position (U = 1.6 mk), and the uncertainty which would be expected if the original CRL
estimate of the WIMS-AECL error, e, (Equation 3) was used along with the argument that an
equal uncertainty is added to take into account that the calculation is done at reactor conditions
(curve CRL 1991). The other curves on the figure will be explained below.

3.4 Assessment of the Uncertainty Analysis

The author believes that the new industry position should be unacceptable for reasons that will
be explained below. Although it results in a larger void worth uncertainty for future calculations
than had been used in the past, it raises many questions and should be replaced by a more
conservative interim uncertainty until those questions are resolved.

To understand what is wrong with the new industry position one has to consider the following
questions:

1. Is the analysis of the uncertainty based on experimental data correct?
2. What is the validity of the uncertainty to account for WIMS-AECL being used at

reactor conditions different from the conditions at which the experiments were
done?

3. Is the resulting correction for PPV appropriate for use in a licensing analysis?

No attempt was made by the author to verify the validity of the CRL analysis44 or to reanalyze
the original ZED-2 experimental data for the Bruce bundles although they are sufficiently
documented4* so that an attempt could be made. This should be encouraged as the analysis
presented in the CRL report has insufficient detail to explain how the experimental data used for
the Bruce fuel (Tables 9 and 10 in Reference 44) were obtained. However, even a cursory
review reveals that the answer to Question 1 may be "No."
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Figure 2 Different Approaches to the PPV Void Worth Uncertainty



-28-

Given the acceptability of the data for the buckling and its uncertainty, the problem comes from
the calculation of uncertainty in the difference between k^ from WIMS-AECL and measurement
(k^ = 1.0). The assumption is made that the uncertainty is primarily from the uncertainty in
the measurement of buckling. This is translated into an uncertainty in calculated k^ for each
of the three measurements with coolant and four measurements without coolant. After
averaging, the result for the calculation with coolant is 0.99692 +0.00105 and without coolant
is 0.99783 ±0.00126. The error in the void worth is defined to be:

e = <7>

Based on the usual way of finding the uncertainty (standard deviation) of a function* and the
above numerical results, one obtains:

e = 0.92 ±1.64 mk (8>

which is different from that given in Equation 4.

In order to answer the second question note that if the uncertainty based on the experimental data
is questionable then too is the uncertainty which is added to account for the difference in
conditions between the experiments and a power reactor. In the industry analysis this additional
uncertainty would be ±0.84 or ±0.81 mk depending on which of the two approaches were
taken. This differs from the ±1.26 mk (see Section 3.1) which was determined in the past for
application to the AECL-CANDU position. There is an obvious need here for more
experimental data so that this number can be quantified.

This is particularly important because there is no comprehensive validation report on WIMS-
AECL. Hence, it is not clear how well the code can calculate the effects of burnup even without
considering void. Since there is plant data available which gives the power in specific channels,
values for burnup can be inferred for individual channels and used to help assess WIMS-AECL.
If there are post-irradiation isotopic data available this would also be important in validating the
burnup calculation within the code. Until this is done, there is a large gap in understanding the
validity of using the code for burnup dependent calculations.

If one assumes the validity of the industry argument which equates the uncertainty in going to
power conditions with that obtained from critical experiments, and applies it to the result of
Equation 8 then:

£' = 0.92 ±2.32 mk (9>

Question 3 above relates to the practice of using an uncertainty defined as a standard deviation
in order to bias a parameter in a safety analysis so as to result in a limiting result. This is in

" The uncertainty a in a function f(x1)x2,...) is

o =

where <ra is the uncertainty in independent variable x,, (n=l,2,.. .).
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general an acceptable approach and has had widespread use not only in Canada but in the light
water reactor industry as well. Nevertheless, there are situations in which it is judicious to be
more conservative and to bias the parameter to its (practical) extreme. When sufficient statistics
are available, this can be done by using the value of the parameter which has a 95% probability
of being less limiting with a 95% confidence level (the so-called 95-95 criterion). When there
are insufficient statistics to do this, an alternative is to use two times the standard deviation (2a)
in order to cover approximately 95% of the range if the statistics did follow a normal
distribution.

With this extreme approach the resulting correction for the PPV void worth becomes:

V = P + (5+3.7) mk <10)

This result is also shown in Figure 2. Note that this means that at burnups of from 3.5 to 7.0
GW.d/t the uncertainty is 6 to 7 mk. This is on the order of 50% of the void worth! It is
difficult to imagine that the uncertainty is this large based not just on the work that has been
done to understand the calculation of void worth in PPV but also based on the successful use of
the code in other applications. Nevertheless, this extreme result comes from the fact that
insufficient work has been done to analyze the existing experiments and insufficient experiments
have been done to develop a data base which would reduce the uncertainty at cold, clean
conditions and allow for a more accurate assessment of the uncertainty due to the lack of data
at hot, burned conditions.

Since the current situation is unacceptable and it is clear that the previous position of using a
fixed uncertainty of 1.4 or 1.6 mk is not justifiable, it is the author's recommendation that an
interim uncertainty be applied. Based on the current situation the recommendation is that a 25%
uncertainty be imposed on the PPV void worth at zero burnup and that this increase linearly to
50% at a burnup of 7 GW.d/t afterwhich it stays constant at 50%. This is shown in Figure 2
assuming the same PPV results as a function of bumup as used previously. The result is flatter
taking into account that although the error increases with burnup the void worth decreases. As
can be seen from the figure the value of U would be 3.5-3.9 mk for the range of burnups
shown.

It is important to realize that the number used for the PPV uncertainty is also meant to account
for other sources of uncertainty in the calculation of the effect of void in the core neutronics
codes. These are second order effects but could add to a significant contribution. The
uncertainties referred to are those that enter when the PPV cross sections are applied. This
includes errors introduced in the supercell calculation, such as the effect of decreased worth of
reactivity devices upon voiding (investigated by AECL-CANDU47) and the neglect of the effect
of reactivity devices on the void worth. It includes errors in the application of the cross sections
in the neutronic codes due to the use of linear interpolation of cross sections as a function of
coolant density, and errors introduced in the calculation of the global (i.e., leakage related)
effects. It also includes any errors associated with the second order effects not taken into
account in the initial conditions (see Section 2) and the error introduced by using averaged
burnup rather than the local burnup corresponding to the local coolant density.
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4. Improving the Understanding of Void Worth Calculation

4.1 Experimental Programs

A new program, supported by the CANDU Owners' Group, is underway at CRL in order to
improve the experimental data base. It is the understanding of the author that the currently
approved program includes buckling measurements with fresh 37-element fuel bundles with
different void fractions and work to improve the way in which substitution experiments are
analyzed. The latter is necessary because most of the other proposed experiments would involve
a substitution method rather than a full-core replacement and improved methods are needed to
reduce the errors associated with this approach to acceptable levels.

These new experiments, in addition to measuring the effect of varying amounts of void fraction,
will also provide data to supplement the existing data for cold clean conditions utilizing the
Bruce elements. It is not known by the author if 28-element bundles will be used or how the
uncertainty will be extrapolated for Pickering where these bundles are used.

Other experiments that are being considered are with hot fuel with and without hot coolant, with
moderator poison, with stratified void, and with mixed oxide (MOX) fuel. These experiments
would go a long way toward improving the understanding of the calculation of void worth for
a CANDU plant using both PPV and WIMS-AECL, as has been demonstrated (except for the
effect of stratification) by calculations carried out by CRL48. It is expected that the buckling
measurements would be supplemented with reaction rate measurements in order to improve the
understanding of the underlying physics. However, note that the use of MOX does not give a
definitive assessment of the code's ability to calculate the void worth in burned fuel. The
distribution of fission products is an important factor in determining void worth and the
uncertainty introduced by not being able to use actual burned fuel in the experiments must be
estimated.

There is other relevant work that has recently been done at CRL for which documentation was
not yet available to the author. This includes a report analyzing void worth (and other)
experiments carried out with a poisoned lattice and a report of a study of the sensitivity of void
worth to different parameters. The issuing of these reports should add to the base of knowledge
on this subject.

4.2 Other Means of Validating Void Worth Calculation

Another source of data which has been used in the validation of PPV and WIMS-AECL is the
reactivity swing measured when the heat transport system is heated in a power reactor49. This
data is interpreted from reactivity device positions and is available for fresh and burned cores.
The change in temperature has the effect of changing coolant density and molecular motion, and
changing fuel temperature. The first effect is identical to adding void and therefore, the
comparisons are a partial check on the ability of PPV to calculate void worth. Although the data
have led to valuable information regarding the codes' ability to calculate the effect of coolant
heatup as a function of burnup, they are not suitable to quantitatively assess the uncertainty in
void worth.

A potential source of data might also be a power reactor measurement made with and without
coolant present. This meaurement would have to be done at zero power but could be done with
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fresh or burned fuel. Although this was carried out at the Gentilly-1 plant where light water was
used as the coolant it has not been proposed by the industry for any of the currently operating
plants. It certainly is recommendable. PPV could be used in conjunction with SMOKIN and
CERBERUS so that the distribution of burnup, the presence of reactivity devices, and the effect
of leakage would all be taken into account. The distribution of burnup is not accurately known
within an operating reactor and this uncertainty would be reflected in the comparison of
measurement and calculation. This would help validate not only the lattice physics capability
but also the complete calculational package for calculating the void worth during a LOCA. The
result could be factored into the uncertainty allowance that is then used in LOCA analysis. A
potential drawback with this approach is the uncertainty due to the interpretation of reactivity
device position as reactivity.

There is also much to be gained by the use of the Monte Carlo code MCNP. Work is underway
at AECL-CANDU and at CRL with this code. It could be used to understand the effect of
different reactor conditions on void worth as well as to compare with existing codes. Note
though that it cannot be used directly as a benchmark in order to obtain the uncertainty of the
lattice physics codes. This is because there is an unknown uncertainty associated with the code
and the code has certain limitations especially in its use for burnup calculations. In addition to
comparisons with the lattice physics codes it would also be valuable in benchmarking the
MULTICELL code which is used as part of the procedure for generating cross sections.
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