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INTRODUCTION

Value-impact analysis is a quantitative process that examines the
benefits of proposed actions and the costs of implementing those
actions to determine the potential for a net beneficial result.
In Canada and the United States, value-impact analysis (VIA) has
been used or proposed to support decision-making within the
commercial nuclear power industry.

The motivations for using VIA differ, according to the particular
sector of the industry applying its techniques. Regulators may
tend to use VIA in order to assess the benefits to society of
proposed regulatory actions, most often at a generic level. In
this context, VIA is typically used to identify the most effec-
tive or least intrusive of a number of alternative actions pro-
posed for achieving the same end. The need for action is not
usually identified through the use of VIA; rather, requirements
for regulatory intervention are generally established by other
means [1,2]. Utilities, on the other hand, tend to apply VIA in
a more traditional way, seeking the best balance between costs of
various actions anu their projected effects on safety and econom-
ic performance. Among the proposed actions that utilities
address are those suggested by regulators for the purpose of
maintaining or enhancing nuclear power plant safety.

Given that utilities and their regulators have each considered
the use of VIA as a means to better inform their decisions, it is
natural that its methods would be applied to issues that they
both have in common - those actions proposed for controlling
risks arising from the operation of nuclear power plants. These
risks are derived mainly from the potential occurrence of ex-
tremely rare events that can release large quantities of radioac-
tive materials from the reactor core. Most often, probabilistic
risk or safety assessments (PSAs) or similar quantitative evalua-
tions are used to determine accident probabilities and conse-
quences and to quantify the potential change in risk associated
with proposed actions. VIAs that utilize the results of PSAs or



similar quantitative risk analyses are called risk-based value-
impact assessments, and are the subject of this paper.

VIA Applications in the US and Canada

The U.S. Nuclear Regulatory Commission (NRC) applies risk-based
VIA to assist in the ordering of its own initiatives for nuclear
safety regulation [2,3,4]. Following the Three Mile Island
event, many utilities began developing integrated schedules for
controlling the implementation of the many regulatory and utility
initiatives proposed to improve safety. Several utilities
developed VIA to support selection and ranking of the most
efficacious initiatives for plant improvement.

The USNRC has proposed coordinated utility/regulatory agency
application of VIA to develop integrated evaluations and imple-
mentation schedules for regulatory actions, the most notable
attempt being the Integrated Safety Assessment Program (ISAP) of
1984-1987 [5,6]. ISAP was a pilot program, involving only a
single utility and two operating nuclear plants. It demonstrated
the effectiveness of VIA as an evaluation, planning, and deci-
sion-making tool in the nuclear regulatory environment. However,
when the NRC later offered other reactor licensees the opportuni-
ty to participate in the program [7] none showed sufficient
interest, and this early opportunity in the U.S. for coordinated
regulatory and utility use of VIA was terminated.

No formal requirement to use VIA methodology in assessing regula-
tory proposals is imposed on Canadian regulators, but a more
general requirement suggesting the need for VIA is contained in
the Regulatory Reform Policy, Guiding Principle No. 5, which
states:

"Regulation entails social and economic costs and the gov-
ernment will evaluate these costs to ensure that benefits
clearly exceed costs before proceeding with new regulatory
proposals."

Unlike the USNRC, the Canadian nuclear regulatory authority (the
Atomic Energy Control Board - AECB) has not utilized the results
of PSA in a direct way in support of safety decision-making. As
a result, innovation in this area tends to be driven by the
action of the utilities. Among Canadian utilities Ontario Hydro
is preparing full-scope Level 3 PSAs for each of its nuclear
plants, and is actively investigating the benefits of VIA for
decision-making on plant modifications [8]. Ontario Hydro has
included VlAs in some recent safety-related submissions to begin
to examine their potential usefulness in the regulatory process.

Both U.S. and Canadian utilities and the USNRC continue separate-
ly to develop and use PSA and VIA methods, and the available
methods are, in many cases, certainly capable of supporting
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safety and economic decision-making in the broader context that
includes utilities and regulators. What is more, the opportuni-
ties for coordinated regulatory/utility application of risk-based
VIA in the U.S. and Canada appear to be better today than ever
before, because of the increasing availability of plant-specific
PSAs, including those being prepared for all U.S. nuclear plants
under the Individual Plant Examination program [9].

There would now appear to be a sufficiently broad dissemination
of the techniques and tools of PSA throughout the Canadian and
U.S. nuclear industries to support the general application of VIA
for coordinated decision-making on safety and economic issues.
While independent use of VIA will obviously benefit decision-
making, it is in the coordinated application of VIA for industry
decision-making on common issues that these methods can poten-
tially provide most benefit to safety and the prudence of nuclear
power plant operation.

Nonetheless, a number of issues must be addressed satisfactorily
before the use of VIA in a coordinated decision-making mode can
be successful. Certain issues are inherent in the choice to use
VIA for decision-making. Others arise from the fact that nuclear
industry decision-making takes place in a multi-party, highly
regulated, and politicized environment where each party to the
decisions may have entirely different objectives or motivations.
This paper examines some of the more important issues that might
be encountered in attempts to apply VIA in a coordinated regula-
tory/utility decision-making mode.

ISSUES ENCOUNTERED IN THE USE OF VIA

Issues encountered in the use of risk-based VIA for decision-
making may be broadly categorized as inherent - those associated
with the methods of VIA and its underlying philosophy; or contex-
tual - those associated with the need to apply VIA within the
multi-party nuclear regulatory environment as it exists in Canada
and the United States. Examples of each type of issue are
described below, with emphasis on those that, from the authors'
experiences, are most frequently encountered.

Inherent Issues

Inherent issues accompany the use of VIA regardless of the
context (e.g., the regulatory environment) in which it is used.
They can be further decomposed into two classes: philosophical
and methodological issues.

Philosophical Issues. The safety decision-making process begins
with the identification of a perceived safety deficiency followed
by the proposal of one or more alternative courses of action to
address the deficiency. If used, VIA attempts to identify and
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guantify the diverse aspects of the decision and each alternative
action in a manner that clearly presents all data and assump-
tions, so that an informed decision can be made. This comprehen-
sive presentation invariably generates debate over several
controversial social issues. Some of these are discussed below.

Considering Safety in an Economic Context. VIA permits
comparison of the benefits of proposed changes to their estimated
costs, thereby providing a direct means of assessing the compara-
tive worth of actions to improve the safety of nuclear power
plant operation. Such benefit-cost comparisons require that
monetary equivalents be assigned to a variety of actual and
potential health effects - and this can become a source of
controversy. That the principle of weighing safety issues
economically remains a cause for concern in some quarters is
perhaps surprising, because it is self-evident that there are
practical limits on safety spending that should be controlled by
cost-benefit or ALARA/ALARP considerations.

Admissibilitv of Quantitative Judgements. There are those
who insist that judgements specifically related to public safety
should not be reduced to quantification. When VIA is used to
inform and justify a particular decision, it forces the user to
commit on elements of the decision that otherwise might be
glossed over, and facilitates the identification of important
aspects of the decision that may have been omitted in a more
subjective process. The increasing availability of quantitative
information on the risks of nuclear power plant operation also
allows direct comparison of these risks with the other risks to
which society is exposed. Understanding the comparability of
risks supports development of regulatory policies that effec-
tively protect the public without requiring disproportionate
expenditures of public and private resources [10,11].

Utilitarianism. The use of VIA also implies acceptance of a
utilitarian philosophy that many consider incompatible with the
proper concerns of government in an individualistic society.
Unfortunately, rejection of this philosophy does not eliminate
the need to make decisions affecting the health and safety of
large numbers of individuals. VIA represents arguably the most
objective method for informing nuclear industry decision makers,
but they may or may not accept its recommendations. However, they
are entitled to the information that VIA provides and certainly
are obligated to acknowledge the implications if the information
is not used.

Methodological Issues. The present limited use of risk-based VIA
within the nuclear industry is to some extent associated with the
inherent limitations of the risk analyses that support it. The
uncertainty associated with statistical and phenomenological
modeling of rare events and in the data used to quantify these
models may make decision makers reluctant to rely upon the
explicit outcomes of risk analyses as the primary basis for
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decision-making. Among the many methodological issues that can
be raised, three that could substantially limit the usefulness of
VIA in safety decision-making if poorly addressed are:

o the definition of generic elements of value and impact for
use in constructing VIA models;

o the selection of parameters for measuring safety impacts;
and

o the valuation of safety impact parameters, especially those
derived from PSAs.

Each of these issues is discussed below.

Definition of Terms. Surprisingly, there is no common interpre-
tation of the terms "value" and "impact" within the community of
nuclear decision makers using VIA. Definitions vary depending on
the application and the individual practitioner's perception of
what is important in the analysis. The lack of consistency in
approach offers a potential stumbling block to the coordinated
application of VIA in the nuclear industry.

Selection of Value and Impact Measures. There is general consen-
sus on the economic and safety parameters that should be consid-
ered in a risk-based VIA. There is less agreement on the manner
in which these measures should be combined to produce an objec-
tive and meaningful assessment of the worth of a particular
course of action. The treatment of the economic consequences
associated with onsite and offsite property damage offers a good
example of the variety observed in both the selection and combi-
nation of value and impact measures for a VIA. Some methods omit
entirely the consideration of onsite property damage, because it
is not "safety related". Others use surrogate measures, as in
the treatment of off-site property damage by artificially inflat-
ing the dollar value for off-site health effects.

Eliminating explicit consideration of on-site property damage in
VIA reduces the potential value of any proposed safety improve-
ment. This has the effect of making the VIA model less conserva-
tive from a safety standpoint because the averted cost of on-site
damages increases the total value of any proposed safety modifi-
cation that also reduces public risk. Another approach uses
averted onsite cost to offset the total implementation cost of a
proposed action [12], which makes all proposals appear more
beneficial but at the expense of sometimes obtaining ludicrous
outcomes such as a negative total implementation cost.

The use of an artificially high dollar value for public dose also
has some inherent drawbacks. First, there is the strong negative
correlation between offsite economic consequence and dose. Costs
of decontamination are reduced if high intervention dose criteria
are assumed, but public dose increases. Thus, if offsite econom-
ic consequence is not explicitly estimated, it is possible to
minimize dose by assuming very low intervention criteria without
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paying the corresponding economic penalty. A second problem
associated with this type of modeling is the danger that an
artificially high dollar value for dose will come to be regarded
as the standard for other applications.

Valuation of Impact Measures. In attempting to value (quantify)
risk-analysis-derived impact measures, three distinct issues are
generally encountered: defining competing risk situations
properly, assuring the credibility of the risk estimates used,
and assigning consistent and acceptable valuations to risk
parameters, especially those related to health.

Defining Competing Risk Situations. The best basis for
estimating change in risk is the result of two comparable quant-
ifications of the whole or portions of a detailed, plant-specific
PSA. The implications of a proposed safety modification can
often be expressed in terms of a change in the frequency of one
or more consequence categories. For many improvements, this
limits the need to reanalyze and requantify the entire PSA model.
Even in these cases, extracting a credible estimate of the risk
changes associated with a proposed regulatory action may not be
easy because most changes usually involve beneficial and detri-
mental effects with respect to accident frequency. A design
change to an important support system may affect a number of
sequences, plant damage states, and release categories, requiring
substantial work to redefine and reintegrate the fault tree
models so that a sufficiently accurate estimate of the expected
risk change can be obtained.

In the authors' experience, the definition of competing risk
situations is perhaps the most fundamentally difficult element of
the application of VIA. If performed improperly, this element of
the process offers the greatest potential for skewing the results
of the evaluation.

Credibility of Risk Estimates. It remains to be proved that
nuclear power plant PSA results used in VIA are sufficiently
accurate representations of actual risk. However, extreme
accuracy is unnecessary for most safety decisions supported by
VIA, given the very low levels of risk that are believed to have
been attained in the operation of modern nuclear plants. In
those situations where VIA results suggest that risks are gener-
ally too low to justify significant expenditures on plant modifi-
cations or major component upgrades, the resources that would
normally be used for these purposes could be redirected, for
example, to ensure that existing equipment can reliably perform
its intended safety function.

There is also the related issue of the uncertainty in PSA risk
results, especially in the modeling and data characterizing the
releases and consequences of severe accidents. This difficulty
is ameliorated in those cases where the risk implications of
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plant modifications can be adequately expressed as the change in
frequency of one or more broadly-defined consequence categories,
which reduces the sensitivity of the VIA to some important
sources of PSA uncertainty. Uncertainties are always present;
VIA offers the advantage of allowing them to be explicitly
displayed and acknowledged in decision-making.

Valuing Risk-Related Parameters. The assignment of suitable
dollar values to the various impact parameters used in a VIA can
be difficult, requiring a relatively mature understanding of
fundamental economic principles such as cost levelization [13].
The assignment of suitable dollar equivalents to stochastic
elements of value, such as averted dose, is even more difficult
and requires a clear understanding as to exactly what is being
quantified. The public safety benefit of a proposed modification
arises directly from a reduction in the risk of release of
radioactivity. In VIA this safety benefit is represented as dose
or as lives saved, so an estimate of the resources society is
willing to expend to "save a life" is required. Evaluation of
actuarial data in areas such as highway safety and medicine
indicate a very wide range of expenditure is experienced, depend-
ing upon the number of people potentially affected by the hazards
being protected against. An intermediate dollar equivalent of
the order of one million is usually considered as being appropri-
ate for nuclear power plant VIAs, although larger values are now
being considered by the NRC for use in its regulatory analyses.

Inherent in safety regulation is the need to compare the postu-
lated benefits of averted accident consequences to the real costs
and occupational hazards associated with the implementation of
proposed modifications. This involves the comparison of uncer-
tain or probabilistic components of value against more certain
(i.e., predictable) components of value. The use of standard
economic analysis methods such as discounting of future benefits
seems to be accepted as the roost valid means of addressing this
particular issue [13], although it also engenders controversy
because of the perception by some that discounting the value of
future reductions in dose or public health effects "cheapens" the
value of life. One means of dealing with this last objection is
to neglect discounting for those impacts that deal directly with
health effects, on the basis that this decision will be a "con-
servative" one from the standpoint of safety.

The need to make judgements to facilitate the quantitative
comparison of uncertain benefits with the more predictable bene-
fits can be viewed both as a weakness and as a strength of risk-
based VIA. It is a weakness because of the need to make such
value judgements; it is also a strength because such judgements
are indeed the essence of safety-related decision-making and,
therefore, should be prominent in the decision process. One
judgement of this type that has been introduced in Canada [8] but
which has received little attention in the United States is the
extent to which the indirect costs of the health effects of
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replacement power sources are included in nuclear plant VIA.
Current estimates suggest that the environmental effects of
fossil power plant operation are at least ten time larger than
those of a comparably sized nuclear power plant [14]. If the
cost of implementation of a nuclear safety modification includes
a special, or specially-extended, plant shutdown with replacement
power provided by fossil units, the anticipated health effects of
additional fossil plant operation can become the dominant detri-
mental effect in the VIA. The lesson is clear: minimize the
length of the outage required for the modification, or assure
that the source of replacement power is environmentally benign
relative to nuclear.

Contextual Issues

In a decision context where a number of parties contribute to and
can be affected by decisions, VIA can be a very effective method
for incorporating the relevant objectives of each party and for
demonstrating the contribution of each party's objectives to the
decision. The multi-party regulatory regime in which Canadian
and U.S. utilities must operate nuclear power plants is just such
a decision context. Many decisions made in this context may have
significant safety, cost, and other impacts, and will affect the
allocation of the limited industry and regulatory resources
available to address safety issues. It is in the best interests
of the public that the industry and its regulators make all such
decisions objectively, efficiently, and scrutably. The use of
VIA supports the achievement of these objectives.

Three of the more significant contextual issues that can affect
the expanded application of VIA for coordinated safety decision-
making are:

o the perceived need for organizational independence and
control;

o the potential incompatibility between the use of VIA in
safety decision-making and the existing regulatory frame-
work ; and

o the natural tendency of regulators to seek continual im-
provements in safety.

Independence and Control. Both the AECB and the NRC are legally
required to maintain their independence from those being regulat-
ed. To be effective, they must also maintain the public's confi-
dence that they are indeed independent from and capable of con-
trolling the members of the regulated class. From long experi-
ence, utilities have also developed means to work within the
existing regulatory and political environment. At least in the
U.S., utilities and the NRC have become accustomed to operating
somewhat independently in the management of safety and regulatory
issues, and the coordinated use of VIA to support the decision
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process may require a departure from the usual organizational
modes of operation.

The results of risk-based VIA for nuclear power plants often
challenge subjective notions held by regulators and utility
personnel concerning the safety benefits of proposed regulatory
actions. In many instances VIA results that do not support the
implementation of proposed alternatives for regulatory action are
obtained. Often, this is because of defects in the process used
to identify alternatives for action, not because of limitations
in the PSA or VIA methods used to assess them. In such cases
there is a tendency for regulators to insist upon the implementa-
tion of one of their proposed actions, regardless of merit,
because any other outcome (e.g., adoption of a course of action
proposed by the utility) could be interpreted as a loss of
regulatory independence.

A second issue that can affect the successful use of VIA in a
coordinated decision-making mode is the perceived need of both
regulators and utilities to maintain a certain degree of "con-
trol" (real or perceived) over their own safety management
processes. For example, in ISAP II, the NRC offered U.S. utili-
ties the ability to better manage the implementation of safety-
related modifications through the application of risk insights
derived from PSA results. To obtain a number of not inconsider-
able advantages (plant specific evaluation of proposed regulatory
actions, scheduling implementation of safety modifications by
merit and resource availability, and elimination of proposed
regulatory actions of demonstrably limited safety benefit) utili-
ties were asked to commit to participation in ISAP for the
remainder of plant operating life and to accept a license modifi-
cation incorporating ISAP. The ISAP license modification provid-
ed the NRC staff with the degree of enforcement capability it
deemed necessary to "control" the safety management process.
However, it also exposed the utility to intervention whenever a
change in the conditions of that part of the license would be
required, which was perceived on balance as an acceptance of a
significant increase in regulatory uncertainty - a possible loss
of control over the process of safety management for the utility.
It was the inability of both the NRC and utilities to accept
certain limitations in their existing degree of control over the
safety management process, perhaps more than any other factor,
that was responsible for the abandonment of the ISAP concept.

There is another related "control" issue that can also affect the
potential for the coordinated application of VIA in nuclear
safety decision-making. This involves the means by which agree-
ment is reached on the models, methods, and data to be used in
evaluating proposed regulatory actions. In the U.S. VIA is often
used by the NRC staff during a regulatory analysis, consistent
with the agency's Regulatory Analysis Guidelines [15], which
incorporate VIA methodology by reference. The Committee to
Review Generic Requirements (CRGR) is expected to use cost-
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benefit analysis and the results of PSAs, where appropriate data
are available, to support its review of proposed regulatory
actions [16]. "Generic" VIAs using risk estimates obtained from
one of the many PSAs available to the staff are prepared in
support of a proposed regulatory action. Regulatory actions
affecting a class of plants may be approved on the basis that
both a substantial safety improvement is anticipated and the
generic VIA, if performed, shows a cost beneficial result.
However, objections are often raised to the applicability of a
generic VIA result to individual facilities on one or both of the
following bases:

o the VIA was incomplete or incorrect in that it improperly
accounted for costs, combined values and impacts improperly,
or used inapplicable decision attributes;

o the risk analysis results used to quantify the VIA models
were derived from incorrect data, inapplicable models, or
improperly defined competing risk situations.

Utility applications of VIA seeking to justify exemption from a
regulatory requirement are often subject to similar objections.
It would be in the best interests of both regulators and utili-
ties to agree upon a specific set of guidelines for preparing
VIA. This is imperative if a coordinated industry decision-
making process that applies VIA is to be finally achieved.

Because the viability of each proposed safety action is dependent
upon local economic factors and the specifics of plant design and
operation, both of which vary considerably from plant to plant,
it seems reasonable to prefer the use of plant-specific models
and data in VIA, The increasing availability of plant-specific
PSAs for Canadian and U.S. nuclear facilities makes it feasible
to argue for their use in preference to any "generic" analyses of
this nature.

The NRC staff remains concerned about the comparability of
results from the different PSA methods and modeling techniques
used by licensees in responding to the IPE requirements. It is
not possible to assess the degree of variability in VIA results
that could occur from these differences; it does not, however,
seem likely that such variability would disqualify VIA results
any more than would the use of generic risk analysis results,
even those derived from NRC-sponsored and maintained PSAs such as
NUREG-1150 [17].

Applying VIA Within the Existing Regulatory Framework.

Neither utilities, as a group, nor their regulators have yet
developed effective measures for systematically incorporating the
results of PSA and VIA into the regulatory decision-making
process. Most of the existing regulations were developed prior
to the availability of methods for quantitatively evaluating
their contributions to risk reduction; indeed some regulations by
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their very nature may never prove amenable to the quantitative
expression of their risk reduction potential. Agreement on the
basic means of using risk information in concert with existing
regulations is necessary before the coordinated application of
VIA can become an effective safety decision-making means.

As an example, Ontario Hydro has incorporated VIA into its policy-
regarding the backfit of safety improvements to older stations,
and into its safety goal philosophy as a means of assessing the
merits of proposed design modifications. But the AECB has not
yet accepted the validity of Ontario Hydro's VIA results as a
basis for regulatory action.

Continual Safety Improvement (How Safe Is Safe Enough?). Al-
though it is generally accepted that existing U.S. and Canadian
nuclear plants are adequately safe, both the AECB and the NRC
have undertaken many initiatives to improve the safety of operat-
ing nuclear power plants and to obtain additional safety margins
in the new reactor designs being proposed. The justification for
seeking continuous improvement in safety lies both in the legal
mandates, which clearly avoid establishment of static definitions
of adequate safety, and in society's continuing demand for dimin-
ished nuclear risks, which regulators translate into a demand for
greater levels of plant safety. To a degree, it is also associ-
ated with the present uncertainty in risk reflected in the
outcomes of PSAs.

There is a point beyond which efforts to improve nuclear plant
safety by implementing specific design changes, especially in
operating plants, will be unjustifiably expensive for the soci-
etal benefits obtained. Resources that would be used to obtain
marginal improvements in public safety can then be used to obtain
greater benefits for society in other areas. VIA can help
identify this point. What cannot be accomplished by VIA is the
definition of the level of risk (or safety) above which cost-
benefit considerations are not applicable. This must be estab-
lished separately, by political action or through promulgation of
acceptable risk levels and safety goals by regulatory agencies.

In Canada, the position of the AECB on the degree to which an
acceptable level of safety has been attained in operating Canadi-
an nuclear plants is not formally stated, but recent history
clearly indicates that the Board will insist on design modifica-
tions even in situations where all licensing requirements have
been fully met. Ontario Hydro has established an internal safety
goal policy that sets quantitative risk targets, below which
safety adequacy is assumed, and risk limits, above which remedial
action must be taken. In between, design modifications aimed at
risk reduction may be considered in the context of VIA [18].

In the U.S. there is no quantitative definition of the minimum
acceptable level of safety required for nuclear power plants.
The USNRC in 1986 promulgated its Safety Goal Policy Statement,
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which provided a set of qualitative and quantitative health
objectives for the operation of nuclear power plants. At issue
currently is whether these safety goals define the level of
safety beyond which no increase in safety should be sought by
regulatory action, or whether they define only a minimally
acceptable level of safety against which "substantial improve-
ments" in safety should always be considered and implemented when
deemed societally cost-effective. The outcome of this discussion
will obviously affect the degree to which VIA can be used in
determining the viability of proposed regulatory initiatives.

IMPROVING THE PROSPECTS FOR COORDINATED USE OF VIA

The preceding discussions have identified a number of issues that
may limit the potential effective use of VIA methods in nuclear
industry safety management, particularly as a joint endeavor
between regulatory agencies and utilities. Even with its
acknowledged limitations, VIA is arguably the best available tool
for achieving consensus among regulators and utilities on
important nuclear industry safety and economic issues. If
properly structured and applied, VIA can provide utilities with a
basis for examining and defending their economically-motivated
initiatives, even as it offers regulators a means of objectively
characterizing the safety benefits and the economic prudence of
proposed regulatory actions. Perhaps more importantly, VIA also
provides a common framework through which all affected parties
can better understand one another's objectives and motivations,
and a means to obtain reasonable compromises on safety and
economic objectives that benefit society overall.

It is obviously foolhardy to attempt to prescribe a detailed
program for assuring agreement between regulators and utilities
on the means for applying VIA in any particular regulatory
context. It may, however, be appropriate to provide a few
suggestions based on the authors' collective experience in
developing and using VIA methods.

The oft-repeated advice of a prominent athletic shoe company may
be most applicable: just do it. First, however, there must be
recognition of and acceptance by both regulators and utilities
that consistent use of VIA improves the prospects for coordinated
safety and economic decision-making. Given this, a working group
including representatives from utilities and regulators can
proceed to outline an approach for applying VIA in managing
safety and prudence issues, similar to that used in the past in
the U.S. for developing improved and simplified technical
specifications. Such an effort would first seek to identify the
key issues that have restrained the effective application of VIA
in the past, and then would develop specific recommendations for
resolving each issue.
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Ot the two basic types of issues affecting the potential for
successful application of VIA in nuclear power plant safety issue
management, it is the authors' belief that the contextual issues
will be the most difficult to resolve. U.S. experience with the
ISAP program, as reported above, clearly supports this view. The
key concerns have all been noted previously and each must be
addressed if expanded and more effective use of VIA is to be
achieved.

It has already been noted that the most important methodological
issue affecting the use of VIA is the formulation of the
competing risk situations that exemplify the initial and hoped-
for final states of the systems to be improved. Both utilities
and regulators would benefit from the development of a systematic
and scrutable method for defining competing risk situations.

Another critical element affecting the use of VIA in the safety
management process is the development of effective proposals for
regulatory action for acknowledged defects in safety or
regulatory requirements. Although not formally a concern of VIA
(because VIA is applied only after such alternatives for action
have been developed) it will have a substantial effect on the
potential usefulness of VIA for managing the safety and economics
(prudence) of utility nuclear power plant operations. If VIA is
presented with a set of alternative actions, none of which is
capable of addressing the particular safety defect of interest
satisfactorily, this will be made clear in the outcomes of the
individual evaluations. There is a risk associated with this
type of result, however. That risk is the potential for causing
or increasing the perception that the VIA method itself may be
flawed, rather than the alternatives presented for analysis. The
importance of having a robust method for developing alternatives
for regulatory action is thus underscored.

Coordinated application of VIA by utilities and regulators has
the potential to provide improved safety and more effective use
of resources within the nuclear industry. To achieve these
objectives, all organizations involved will have to accept
changes in their present modes of functioning within the
regulatory environment.
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ABSTRACT

This paper describes a framework for examining annunciation and
its use in a project to define the functional role for CANDU
annunciation. This work was performed as part of a larger multi-
year project to develop, evaluate and recommend an architecture
for CANDU annunciation that .better meets the information needs of
plant staff under all plant operating regions. The first phase of
the project, performed in 1991, has established an initial
definition of the functional role for CANDU annunciation.
Subsequent project phases will define options for solution for
specific alarm functions at CANDU stations in areas where the
present annunciation systems do not fully meet the needs of
operations staff. This paper discusses background to the project,
describes the place of annunciation in relation to other plant
operator support and plant information functions, describes how
the functional role was defined, and outlines the direction of
further work.

INTRODUCTION

Operations staff in a nuclear power plant must assimilate and
understand large amounts of information to control the plant
safely and effectively. Over the past twenty-five years of
nuclear plant operation, the amount of information annunciated to
operations staff has increased significantly, due to:

- the increased size and complexity of newer power plants,

- the application of computer-based technologies that have
increased the capabilities for data acquisition, processing
and presentation, and

- the continued use of annunciation implementations that rely
on annunciating the change in status of individual sensors,
components and equipment.

While the amount of annunciated information has grown, the
understanding of how to process and present this information to
plant staff to best fit operational needs has not kept pace. This
can result in a "flood" of annunciation messages during plant
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upsets, with the consequence that it is difficult to identify the
few annunciation messages of most importance for the situation,
because they are mixed in with many other, less important
messages.

The need to improve nuclear plant annunciation has been well
recognized within Canada and internationally for many years. -̂ '̂
Most recently, discussions by operations and design staff at the
1990 COG CANDU Computer Conference have reiterated that current
CANDU annunciation implementations do not meet the needs of the
operators for major events, and still require improvement.^f4 A
review^ of the methods and techniques developed by international
utilities and research organizations has identified a number of
ways to implement annunciation improvements. However, their
application will require careful integration with existing systems
and plant practices, to ensure that the overall information needs
of operations staff are met.

These review findings and discussions with operations and design
staff have re-emphasized the importance of looking at annunciation
from a user's perspective within the overall context of plant
operation. We believe that such an approach will provide a sound
basis on which to improve future annunciation implementations.

ANNUNCIATION WITHIN THE PLANT ENVIRONMENT

The purpose of a nuclear power plant is to produce electric power
safely and efficiently. The purposes of plant personnel and
systems are to perform functions necessary to achieve the power
production and safety goals. These functions are accomplished
through the performance of tasks assigned to humans and machines.
For most tasks, responsibilities are divided between humans and
machines.

In current CANDU plants, annunciation is commonly viewed as a
function that detects and alerts control room staff to deviations
in plant parameters. These parameter changes are primarily
defined as excursions away from the nominal values under full-
power operation.

In practice, it is necessary for other plant staff (i.e.,
maintainers, field operators and system engineers) to be alerted
to plant parameter changes to perform their normal tasks. In
addition, it is necessary for plant staff to be alerted to plant
parameter changes when the plant is in states other than full-
power operation. Thus, the need of all operational staff to be
alerted to plant parameter deviations for all plant situations
should be considered when examining the role of annunciation.
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Definition of Annunciation

In our work, annunciation is a plant function that detects and may
predict the occurrence of predefined plant transitions, and
provides direct attention to:

alert users that a process parameter or system condition is
abnormal for the current plant operating region and state,
and

- point users to additional plant information to understand and
respond to the transition.

The "alerting" role redirects a user's attention by the way in
which the specific plant information annunciated is conveyed, and
by the perceived importance of the message content. The
"pointing" role supports users by leading them to appropriate
plant information for the situation (e.g., information to
identify, assist, guide or confirm) by primarily the meaning of
the message.

The ability to predict the occurrence of plant transitions has
been included in the above definition, because advance warning of
the potential changes of plant parameters provides operations
staff with additional time to respond to the situation to avoid
loss of production or challenges to plant safety.

Relationship of Annunciation Functions and Systems

The relationship of annunciation funct-ions and systems that
implement annunciation features is shown conceptually in Figure 1.
We have distinguished between the view of annunciation as a
function and its implementation as a system. In general, a system
can be considered a specific machine implementation of a plant
function.

As Figure 1 indicates, the two aspects of the annunciation
function definition may be implemented by means of several
systems. In practice, the "alert" function has been addressed
primarily by the annunciation system, though some "alert" function
aspects may be more appropriately implemented in the future as a
part of other plant information support systems, to best satisfy
user needs. Likewise, the "pointing" or "support" function may be
partitioned and implemented by means of several systems.

Categories of Annunciation Messages

The information contained in annunciation messages represents a
subset of all the plant information available to operations staff.
The importance of bringing a specific piece of information to the
attention of operations staff is dependent on the operational
context of the plant. For this project, three categories of
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Annunciation

Functions

Systems

Plant Information
and

Annunciation Message
Categories

(Annunciation 1 I
System J I

Plant Information and Support
Systems

r Alarms

L Warnings

iliiiliL Status

Highest

Plant Information Ordered by Information Priority

Priority for information to be brought to
the attention of a user.

Lowest

Figure 1: The relationship of annunciation functions, systems and messages.

annunciation message have been defined based on message
importance:

- An alarm message indicates plant changes that have adversely
affected plant operational goals. Operators should
immediately attend to the conditions annunciated by the alarm
message, and begin undertaking a course of action to
stabilize the plant.

- A warning message provides advance notice of plant conditions
that, if left unaddressed, would adversely affect plant
operational goals. Operators do not necessarily need to
immediately attend to the conditions annunciated by warning
messages, but they should plan to respond to the situation
before operational goals are adversely affected.

- A status message indicates a change in status of equipment,
systems or processes, or the completion of actions supportive
of the successful achievement of plant operational goals.
Operators do not need to immediately attend or respond to the
conditions annunciated by status messages; they may respond
at their discretion.

The relative position of these three annunciation message classes
within the space of all plant information is shown in Figure 1.
In this figure, plant information has been ordered according to
the priority that is dependent on the importance of information
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for operations staff, and as the plant condition changes, the
priority may change.

In current CANDU practice, almost all annunciation messages
originate and are presented via the annunciation system. However,
in future implementations, annunciation messages of differing
priorities could be generated and presented to users by different
systems. For example, the annunciation system could be limited to
present only alarms and some warnings to help focus a user's
attention on the most important information in an event.

The allocation of a specific annunciation message to one of the
three message categories depends on the operational context, and
is based on several factors:

- the degree to which the information indicates a challenge to
human and plant safety,

- the degree to which the information indicates full power
production may be disrupted,

- the degree to which the information indicates plant economics
may be adversely affected (i.e., increase in production,
maintenance or equipment replacement costs),

- the degree to which the information indicates a challenge to
reguletory rules or utility operating policies and
procedures,

- the size of the plant disturbance indicated by the
information (i.e., a component malfunction versus a major
process disturbance, or a single parameter being abnormal
versus a major plant emergency),

- the availability of time and resources (i.e., human or
machine) to address the situation indicated by the
information,

- the relevance of the information to the current plant
operational state (e.g., full power, shutdown, fuelling),

- the relevance of the information to the current operations
staff tasks,

- the purpose for annunciating the information (i.e., to alert
versus assist, identify, guide or confirm),

- the intended user of the information (e.g., operators, shift
supervisors, system engineers or maintainers), and

- the degree to which the information is already available and
visible to users in plant human-machine interfaces.
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Task Execution

A decision-making model was used to provide a framework for
examining operational tasks and annunciation functions. For this
project, a model developed by Rasmussen^ was used. This model is
particularly appropriate because it can be applied to process
control applications, and can represent multiple decision-making
behaviours.

The model represents decision-making and task execution by eight
action steps: detect, observe, identify, interpret, evaluate,
define task, select actions and execute. In the performance of a
task, users do not necessarily spend equivalent effort for each
action or perform all eight steps of the model in sequence.
Depending on their experience, the task situation, and difficulty,
more effort may be spent on some actions than others, and some
actions may be skipped.

Human Actions Machine Actions

EvaluateQ-.O
OH'

Observe

Detect o- - - :oExecute Detect

Select
Actions

Execute

Task
Initiation

Task
Completion

Information Request
or

Control Command

Human-machine
Interface

Annunciation Message
or

Information Response

Figure 2: Task execution with action shared between human and machine.

In a nuclear power plant, many plant tasks are performed through a
sharing of task actions by humans and machines. The decision-
making model can be applied as a framework to represent the
sharing of task actions and to i l lustrate key communication
between human and machine to support task execution. Figure 2
shows task actions on two decision-making model frameworks: human
actions are on the left and machine actions are on the right.
Information that must be transmitted between the human and machine
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to support the transfer of task execution responsibility is shown
by arrows that pass through the human-machine interface between
the decision-making frameworks.

An example execution sequence for the eight task decision-making
actions in Figure 2 is shown using numerical labels. The actions
of observe, identify, evaluate, define task and select actions are
performed by the human, while the actions of detect,, interpret and
execute task are performed by the machine. In practice, the task
execution and the supporting human and machine communication are
more complex than this example indicates. For example, the
performance of individual task actions may be shared,
necessitating specific communication between the human and machine
to support the completion of a single action. In some instances,
the responsibilities for performing task actions for a specific
task may change, depending on the operational circumstances.
Finally, this model only indicates a portion of the information
communicated through the human-machine interface from the machine
to the human. The communications shown are only those that cue
actions when a transfer of execution responsibility occurs between
the human and machine, or vice versa. During all the task
execution, machine-originated information is continually updated
and presented in the interface for human use.

OPERATIONS AND DESIGN EXPERIENCE WITH ANNUNCIATION

Canadian utilities and designers have over thirty years of
operational experience with annunciation in CANDU nuclear power
plants. The project team drew on this experience to obtain a
broad understanding of how annunciation is currently used, to
confirm successful aspects of current annunciation
implementations, and to identify areas where improvements from an
operational perspective were desirable. Knowledge of the
capabilities and behaviours of humans to perform infomation
processing and decision-making for process control tasks was used
to guide the examination of operational experience.

Four CANDU generating stations were visited by the project team:
Point Lepreau, Bruce A&B, Darlington and Pickering. From the
discussions with operations and design groups, the following key
points were identified. Annunciation should:

- support all plant operating regions and plant states,

- support all users,

- present annunciation information in several hierarchical
levels,

- tailor messages for different plant conditions and task
levels,



- provide predictive annunciation for early warning of major
events,

- provide assistance to identify response procedures,

- provide better support for cause and root cause
determination,

- apply the "Dark Panel" concept for all plant states, and

- provide support for commissioning, testing and preventative
maintenance purposes.

FRAMEWORK FOR EXAMINING ANNUNCIATION

A framework was developed to organize and classify annunciation-
related issues and suggestions collected by the project team.
This framework consists of four elements:

- functions, which specify the purpose of annunciation,

- function allocation assignments, which determine how much
machine support is provided to users for annunciation
functions,

- information content, which specifies the type of annunciation
information presented to users through human-machine
interfaces, and

- information form, which specifies the way annunciation
information is conveyed to the users.

Annunciation can be defined in increasing levels of detail,
beginning with the definition of functions and proceeding, in turn
and iteratively, through the definition of function allocation
assignments, content and form. The following subsections describe
each element more fully.

Functions

Functions specify the purpose of annunciation in support of
operational tasks. They identify a purpose or goal and the
collection of tasks for achieving the purpose or goal. They do
not indicate how the implementation of the function is to be
partitioned between humans and machines. Also, functions do not
explicitly specify the information that needs to be communicated
between humans and machines in support of operational tasks, or
how such information should be best communicated.
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Function Allocation Assignments

Function allocation assignments identify the preferred sharing of
annunciation function responsibilities between humans and machines
in support of a specific operational task. In practice, a number
of assignment criteria can be used to determine function
allocation assignments. However, to enhance overall performance,
function allocation assignments are most appropriately determined
by matching the task demands (i.e., actions and characteristics)
for each operational task with the capabilities of humans and
machines.

Task actions are the perceptual, cognitive and psychomotor
activities that need to be performed to accomplish the task.
Examples of generic task actions are detecting, observing,
identifying, interpreting, evaluating, defining tasks, planning
actions, and executing actions. Task characteristics are action
or contextual attributes that describe distinguishing features of
task performance. Examples of task characteristics for detecting
are the accuracy required, explicitness of decision criteria,
amount of signal change to detect, signal to noise ratios, and the
number of signals to monitor.

The task demands of a function can be shared between humans and
machines, depending on which resources are most suitable to
address them. However, for a given function, there may be several
acceptable ways of dividing function responsibilities between the
human and machine, resulting in a range of complementary
assignments.

Content

Content refers to the type of annunciation information presented
to users through the human-machine interfaces in support of
operational tasks. Annunciation information can be organized
hierarchically by content categories (e.g., information on plant
operational goals at the top and information on component
functions at the bottom). Such an organization can help designers
ensure that information presented in interfaces is in an
appropriate context to support users in performing operational
tasks. Two kinds of annunciation information are needed:

- information concerning the functional purpose (i.e., goal
satisfaction criteria and means of achieving the task), and

- information concerning the situation and context (e.g.,
plant, process, system or component status) relevant to the
task.

Past and current implementations of process control human-machine
interfaces primarily provide information about the situation to
users. Information about goals and the means to achieve them
tends not to be explicitly presented in interfaces. Users recall



- 10 -

this information from memory or plant documentation (e.g.,
procedures) when performing operational tasks. The coqnitive
component of operator tasks could be simplified by having the
information about goals and the means to achieve them explicitly
represented in plant human-machine interfaces.6

Form

Form specifies the preferred visual or auditory manner in which
annunc:ation information is conveyed to users through the plant
human-machine interfaces. The objective is to specify information
forms that communicate task-related information to users in
manners that match the way humans use information for cognitive
reasoning and decision-making. Information that is communicated
in a less suitable form for task use will impose an additional
cognitive load on users, as the information is converted to the
form required for the reasoning or decision-making behaviour
required for the task. Thus, form can be determined from an
examination of the cognitive information processing and decision-
making behaviours employed by users in performing operational
tasks. Form does not necessarily specify the type of media to be
used.

PROJECT FINDINGS

Scope and Approach

In ^his first project phase, the functional role definition was
li nited to:

- the identification of an initial set of annunciation
functions, and

- the association of these annunciation functions with
operational tasks.

To complete this initial role definition, three activities were
performed. First, a set of operational tasks performed by
different plant staff that involved annunciation were identified
and described, based on operations and design documentation and
experience. These tasks characterized the scenarios where
annunciation was used.

Second, a set of annunciation functions were identified, based on
operations and design documentation and experience. These
functions comprised the initial definition of annunciation
functions for the functional role.

Third, the operational tasks were examined to identify the
annunciation functions that were required to support task
execution. This resulted in a set of associations that link
annunciation functions to operational tasks.
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Operational Tasks

Twenty-seven operational tasks that involve the use of
annunciation were identified and described. Twenty-four tasks
were found to be performed on an unscheduled basis (i.e., tasks
performed in response to an unplanned event or malfunction).
Three tasks were found to be performed on a scheduled basis (e.g.,
the routine testing of systems, where the annunciation system is
used to confirm test responses).

Three sets of factors (i.e., plant operating regions, users and
decision-making phases) were used to characterize and classify
tasks.

Plant Operating Regions. Plant operating regions are a
classification of plant operation by the status of a set of
critical safety parameters.7 The status of critical safety
parameters in CANDU plants is representative of the adequacy of
fuel cooling, and the integrity of the heat transport system and
containment. Four plant operating regions (i.e., Normal,
Abnormal, Upset and Emergency) have been defined.

CANDU plants are characterized by long periods of power production
where safety barriers are only rarely challenged (i.e., operation
within the Normal operating region with brief durations within the
Abnormal operating region). Thus, a large emphasis of
annunciation is to alert and support operations staff in response
to plant deviations that affect power production but do not
necessarily challenge safety barriers.

Users. Plant operation involves the interaction and cooperation
of diverse groups with unique job responsibilities. Discussions
with operations staff identified the following four representative
user groups:

- first operators and other licensed operators in the main
control room,

- shift supervisors,

- system engineers and non-operational support staff, and

- maintainers and field operators.

Decision-making Phases. Operational tasks can be categorized into
one of four decision-making phases, based on the predominant task
emphasis of:

- Detection - user's attention is diverted towards a
malfunction or event.
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Identification - analysis is performed to identify the
current plant state, the cause and consequence of the
malfunction.

- Planning - remedial actions by different groups are planned
and decisions on the need for immediate or delayed recovery
actions are made.

- Execution - planned actions are executed and monitored to
confirm success.

Annunciation Functions

Twenty-five annunciation functions were identified (see Table 1);
they form the initial definition of the functional role. These
functions were grouped by predominant decision-making phase.
Fifteen of the functions fall within the detection and
identification decision-making phases.

Association of Functions with Tasks

In our analysis, tasks provide the situational context for how
functions are applied; each task was found to be supported by
several functions. For example, the task to identify critical
safety functions that could be affected if a timely solution was
not implemented is supported by four functions:

- alert the users of undesirable values and trending of
critical safety parameters,

- alert the users of the impending loss of main plant
functions,

- enhance the user's ability to understand process status even
under fast transient situations, and

- assist the users to determine the system and equipment state.

CONCLUSIONS AND CURRENT WORK

In this project phase, a framework has been developed for
examining annunciation. We believe the use of this framework will
lead to the development of an architecture for CANDU annunciation
that better meets the information needs of the plant staff under
all plant operating regions (the long-term objective of this R&D
project). An initial definition of the functional role for CANDU
annunciation (i.e., the first element of the framework) has been
proposed that consists of 25 annunciation functions and their
associations with the operational tasks. This definition supports
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Table 1
Summary of Annunciation Functions

No. Function

9
10
11
12
13
14
15

16

17
18

19
20
21
22
23
24
25

Detecticn: Inform the users cf deviations that have occurred in the plant that
affect cr could affect the plant operational goals:

Direct the user's attention to system and equipment malfunctions.
Direct the user's attention to the occurrence of an event.
Assist users to track the execution of automatic actions.
Alert users of undesirable values and trending of Critical Safety Parameters.
Alert users of impending loss of production.
Alert users of impending loss of main plant functions.
Alert users of impending equipment and systems malfunctions.

Iden tification:

abnormality:

Point users to information for evaluating the extent of the

Enhance the user's ability to understand the process status even under fast
transient situations.
Support users in associating alarm signatures to events.
Indicate alarms caused by the malfunction of instrumentation.
Help identify the root cause of malfunctions.
Alert users of the unavailability of a dormant system.
Assist users to determine the system and equipment state.
Support users in handling conditions that exceed the design basis for the plant.
Support users in handling conditions that may result in failure to comply with
operating licence regulations.

Planning: Point users to information for determining corrective actions:

Predict the effects that the user's actions may have on safety and production
aspects of the plant.
Guide users in the selection of applicable operating procedures.
Provide the means to summarize data to support communications between different
users.

Execution; Assist in coordinating actions and confirm that actions have corrected
the deviations:

Support teamwork in execution of actions.
Alert users of off-normal selection of equipment.
Annunciate the success or failure of the operator's actions.
Record the sequence of events.
Support operators in post-accident situations.
Support users in testing systems and equipment.
Support commissioning of the systems.

operational tasks for all plant operating regions, all users
groups and in all decision-making phases, but with an emphasis on
detection and identification phases.

Subsequent project phases will refine the definition, based on the
development and evaluation of options for solutions to specific
plant events where the present CANDU annunciation systems do not
fully meet the needs of operations staff. Work is currently
underway to improve the annunciation in three areas:
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- At the Point Lepreau Generating Station, work is focussing on
reducing annunciation message presentation rates for the
alert phase of major plant upsets by improved prioritization.

- At the Pickering Generating Station, work is focussing on
developing a critical safety parameter advisory system to
improve the monitoring and management of critical safety
functions during plant upsets.

- At the Bruce 'A' Generating Station, work is focussing on
developing alternative control room displays that better
assist operators in predicting and monitoring the operational
margins of the steam generating system during transient
conditions.

The following annunciation aspects will be addressed in these
projects:

- confirmation of the annunciation-related operational tasks
and their associated annunciation functions,

- further definition of the plant states and their associated
parameter ranges; this is seen as key to achieving
meaningful annunciation during plant transients,

- further definition of annunciation message categories and the
criteria to be used to determine the overall message priority
for a piece of plant information,

- further research into additional concepts for characterizing
annunciation, and

- examining the issues associated with human trust in machines,
where the achievement of overall functional objectives is
dependent on the co-ordinated execution of the functional
responsibilities of both humans and machines.

We expect that the functional role outlined in this paper and
refined through continued studies will provide a sound basis for
designing improved annunciation architectures for application in
plant retrofits and new plant designs.
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ABSTRACT

Safety analysis is traditionally viewed as a design related
activity that is performed in order to obtain the Construction
and Operating Licenses for a new plant. Its primary function is
to evaluate and demonstrate the adequacy of Special Safety
Systems, and to assess the overall plant design to ensure that
safety objectives are met. Such analyses require large
specialized resources both in terms of people and computing
facilities and must be completed in a tight time frame consistent
with the project schedule.

In contrast to the design stage, the operations phase
requires a significantly different kind of analytical support.
Besides ensuring that the analysis reflects how the station is
actually operated and maintained, there is a need to provide
on-going analytical support as the station ages in a timely and
cost-effective manner. The establishment of a Safety Analysis
group at Point Lepreau fulfilled this need. At the same time it
optimized the use of off-site consulting services for the large
scale technical effort required to address on-going topical
safety analysis issues.

This paper follows from an earlier one which focused on the
manner in which the on-site PLGS analysis group was formed
(Reference 1). The intent of the present paper is to outline the
functions of the group and to explain the process which has set
the overall long term direction of the analytical program. A key
element in the establishment of this process is the recognition
of the eight basic components of analysis and the understanding
of how they relate back to plant operation and maintenance. The
rationale of how much effort should be expended and how these
resources are allocated are also discussed.

*Formerly with NB Power, now with Alikhan Consulting Inc.
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1. BACKGROUND

Atomic Energy of Canada Limited (AECL) performed the
original set of safety analyses required to obtain the
construction and initial operating licences for the Point Lepreau
Generating Station. This was done over the time period from
1974, when site approval was obtained, to 1983 when the station
was granted its full power operating licence. Although each
submission to the Atomic Energy Control Board (AECB) was reviewed
and approved by the experienced staff of the on-site NB Power
licensing group, the analysis itself was performed off-site by
the design organization as part of its defined scope of work.
This approach was necessary for a variety of reasons which
include:

large volume of work,
short time scale to complete the work to the
satisfaction of the AECB,
wide variety of experienced detailed specialists
requi red,
proximity to the Plant designers and detailed design
information,
awareness of relevant research and development work,
familiarity with past licensing issues and
safety analysis approach.
large computational and associated administrative
resources required,

During this period, the attention of the site staff was
focused on those areas in which they had primary responsibility.
These areas included design review, operator training,
development of the commissioning and associated quality assurance
programs, coordination with construction on scheduling for
testing and turnover of plant systems, preparing operational
documentation and managing the overall activities necessary to
obtain the Operating Licence.

As the station entered its operating phase it became
apparent that the analytical program which served its purpose
during the design and construction period was no longer optimum.
A new approach was required to address the emerging needs in a
timely and cost effective manner. The primary factors which
contributed to this evolution included:

Poor operational perspective by the design staff was forcing
the analysis to quickly become more of a paper exercise and
bear little resemblance to that which should support the way
the station is actually operated and maintained. This in
turn generated a lack of credibility and hence usefulness
and applicability of the analysis (and the Safety Report) in
the minds of station staff.
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Lack of long-term commitment and continued responsibility on
the part of the design agency for analytical support during
operation led to a situation in which here was a lack of an
overall long term plan both for analys s and its supporting
standards, methods developments and associated R & D. This
in turn, generated an ad-hoc reactive approach in which an
inordinate amount of money and effort were being expended
just to prevent losing more ground to address emerging
issues.

High cost of analysis combined with the lack of
understanding or other spin-off benefits being transferred
from the design agency to site staff resulted in an
extremely poor cost/benefit ratio for the work being
performed.

2. SAFETY ANALYSIS GROUP: ON-SITE CAPABILITY

The situation which was developing was unacceptable for NB
Power for which the continued good performance of Point Lepreau
was and remains crucially important to the provincial economy and
to meet customer commitments. In deciding how best to proceed,
NB Power reviewed its mandate and responsibilities. This is
summarized as follows:

The mandate of the utility is to provide safe, economic and
reliable electricity to meet both current and future
provincial demands. In the context of Nuclear Power, this
implies ensuring that the design, operation and maintenance
of the facility poses an acceptable level of health and
safety risk to the public (as judged by the rules in effect
when the unit was first licensed) and in doing so protect
the operating license in a manner consistent with the
allowable economic resources.

Translated into specifics, this means:

a) Ensuring that the plant is operated and maintained
within acceptable bounds as demonstrated or judged by
the analysis upon which the license is based. This
requires that detailed requirements be clearly
specified, and can be translated into clear and
workable operating and maintenance practices and
procedures through a set of measurable parameters with
action levels and appropriate response times given and
understood. (it should be noted that the approach,
rigour and level of detail imposed on Safety Analysis
by this requirement is far in excess of that which is
characteristically performed in initially licensing the
plant.)
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b) Identifying and systematically removing deficiencies
and shortcomings in past analysis (with priority on
those issues affecting O & M practices) and take them
to a consistent level of detail with quantified levels
of uncertainties.

MISSION

To meet these objectives, NB Power decided to establish an
on-site Safety Analysis group with specialized expertise in
each of the key disciplines with the capability to:

Develop and direct the long term analytical and
R & D Program.

- Ensure compatibility between Design, Operation and
Analysis (DOA).

Provide support to operations onr response to
questions and issues, perform impairment studies,
assessment of events and design changes.

Develop strategies and either carry out or direct
analysis in response to licensing issues.

Interact with station staff (including training
and simulator groups) to enhance the importance
and understanding of analysis in the effort of
creating an improved safety culture at the
station.

In performing these functions, the need to improve the
understanding of the rationale and the basis of the overall
analysis program was emphasized. Necessary steps were taken to
produce supporting documentation in an easily understandable
format for future reference. This helped to address operational
issues on a sound technical basis and minimize potential
conflicts which often arise between compliance activities and
plant production.

To be cost effective, the size of the NB Power group was
kept relatively small, with additional analytical effort being
made available through various specialized consulting groups.

3. PROCESS TO ESTABLISH THE OVERALL PROGRAM DIRECTION

As it was recognized that a successful group must have an
appropriate mix of both short and a long term plans, careful
attention was given to developing and implementing a long term
program. This program was put together based on the following
process:
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Creation and review of the basic components of analysis
(refer to next section).

Assessment of the current state of each basic
component.

Applying the premise that the analysis is only as good
as the weakest link, therefore, concentrate on the
weakest components until they all reach equal strength
and can progress together.

Applying the premise that there will be a need for
continued analysis until the plant is decommissioned;
and therefore implement a long term program based on a
review of priorities in each analysis discipline. In
many instances this involves going back to basics to
get an improved foundation of knowledge and using a
"building block" approach.

Seek out partners who will also benefit from the work
and can contribute in sharing the cost and thereby off-
set the increased cost of quality work. This is
especially important in the early years where the
payback from the upfront investment is still low yield
compared to the later years.

Fix up any "institutionally" related problems with
analysis; based on review of past problems (see earlier
section).

4. BASIC COMPONENTS OF ANALYSIS

The process described above hinges on the assessment of the
basic components of analysis. These eight components are listed
below and subsequently discussed.

1.

2.

Methodology & General Assumptions a) overall

Understanding of the basic
physical processes that can take
place during accidents in
each discipline:

b) accident specific
a) reactor physics
b) system thermal-

hydraulics
c) subchannel thermal-

hydraulics
d) fuel
e) fuel channel
f) moderator
g) containment
h) atmospheric dispersion
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3. Computer code simulation of the
physical phenomena in each
discipline

4. Plant Representation (Model) of
Process, control and safety
systems

5. Assumptions pertaining to

6. Documentation

7. Qualified, Knowledgable
experienced Team of People
and supporting resources

a) development
b) verification
c) documentation
d) QC/archiving/

maintenance

a) development
b) verification
c) documentation
d) QC/Archiving/

Maintenance

a) 0 & M
b) equipment (eg. EQ/SQ)
c) R & D
d) overall plant response

a) standard format
b) hierarchy
c) references to station

documentation

a) Training
- basic sciences/Math
- Design, Operation,

Maintenance,
Analysis,
Licensing, R & D,
etc.

b) Computers, station
documentation, report
production facilities,
etc.

8. Funding

The first component (Methodology and general assumptions)
comprises both general and accident specific items. It is based
on a combination of Licensing rules and practices, knowledge of
the expected plant response(including all the various operating
modes and configurations), the physical processes which we expect
to occur during the accident, and the ability of the current
codes and models to capture the appropriate behaviour. This area
received a lot of attention during the late 1970s and early
1980s, but has evolved only marginally since that time.

The second component refers to the knowledge provided by the
R & D program. Information generated from this program feeds
into a number of other areas; notably Methodology (Component 1),
code development and verification (Component 3 a & b) and
detailed specific assumptions pertaining to R & D (Component 5c).
The R & D program has received a lot of attention over the years
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and has generated a vast amount of fundamental understanding and
ata which supports our current analysis. As work in this area
.ends to be very expensive, it is very important to know what R &
D should be performed in order to support future analysis.

The third component refers to the computer codes used to
simulate the extremely complex physical processes that are
expected to occur during an accident. These codes simulate
somewhat simplified phenomena and the uncertainty resulting in
this approach must be reflected back in the methodology
(Component 1). Code simulation uncertainty is one of the three
ingredients (plant model and methodology being the other two)
which make up the "simulation uncertainty". This must be
determined in order to accurately r-pecify instrument and process
control uncertainty allowances in he plant. Although most codes
have been "compared" or verified against R & D results, in most
instances the R & D program has not provided enough detailed
information upon which code simulation uncertainties can be
rigorously determined. Note this imposes an additional demand
(quantitative versus qualitative R & D) on Component #2.

As the codes are the analytical workhorse, it is imperative
that they be maintained in excellent order and that their
evolution and documentation keep pace in an auditable fashion,
otherwise it will not be possible to know precisely what version
of the code was used in a given piece of analysis.

The fourth component is subtly different from the third, but
is used together with the code to simulate the response of a
plant to an accident. These are referred to as plant specific
models of the process, control and safety systems. Without an
accurate reflection of the plant design in the models, the
results simply bear no relationship to the actual plant. An
over-simplified model also makes the tie into 0 & H requirements
very complex. As these models are used in conjunction with the
codes, they too must be documented, verified (to a stated
accuracy), maintained and controlled. Again this is a big money
sink if not approached and managed properly.

The fifth component relates to the specific assumptions that
are made in conducting the analysis. One of the most important
are those pertaining to 0 & M as they effectively set the limits
to operation. Care must be taken to explicitly indicate and
justify (relative to station documentation and practice) the
0 & M assumptions and the implications arising from them from the
System Engineer/Operator/Maintainer perspective, as these
effectively become requirements they must enforce. An
operational perspective is useful here as it is difficult for a
designer and theoretical analyst to think and hence document (at
least without a guide) in a form that station staff find useful.
The importance of making, justifying and documenting these
assumptions cannot be over-emphasized, as it is unreasonable to
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penalize plant operation in terms of not meeting availability
requirements when a crucial assumption is either buried
implicitly in the generation of a model or methodology and hence
is either outright unreported, or put in a non-comprehensible
manner.

The sixth component is the manner by which the analysis is
documented. With the exception of the archived code and model
versions and critical output, the only historical account of
actually performing an analysis is in the detailed analysis
report and a summary contained in the Safety Report. As most
analyses are complex and intricate, it is important to develop a
format which will convey the detailed information necessary for
others to understand what was done, why it was done, how it was
done and what was found. The report must stand the test of time
and allow other analysts (both internal and external) to
reproduce the work, and to understand the assumptions and the
results. A hierarchy of documentation such as that shown in
Figure 1, helps bring most of the station related documentation
together and ensures consistency with a minimum of duplication so
that documentation configuration control is possible. By
ensuring that all the documents in the hierarchy are kept up to
date (i.e. through a process of either partial or complete
revisions), the state of knowledge is documented and passed on
with confidence in the technical content of all the references.
This is an essential training component.

The seventh component is the existence of a team of
qualified knowledgable experienced people which are supported by
the necessary resources in the computational and report
production areas. A team approach to analysis is considered
necessary due to the complex interdisciplinary nature of the type
of problem being solved. A complete team requires a mix of both
generalists and specialists who collectively can cover all the
following areas: the higher sciences and maths, plant design,
operation, maintenance, licensing, analytical techniques, R & D,
etc. It is not only important to set up a good winning team, but
since people move around, it is imperative to manage this
critical resource well and to establish training programs and
material to produce qualified analysts in as short as time as
possible so that a balanced stable work force is maintained.
This team also clearly requires the necessary computational and
report production resources which can smoothly evolve and keep
pace with the natural evolution of the other components.
Inadequate resources or team isolation (both internal and
external) will quickly undermine the group.

The eighth component (funding) is of course essential. This
is discussed at the end of this paper.
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5. PROGRAM IMPLEMENTATION

Having identified and studied the basic components of
analysis, work got underway to re-enforce the weak areas. As
programs began to take effect, the list was again reviewed and
the process repeated. Some of the major areas where changes were
introduced are summarized below.

i) The team concept was introduced into analysis. Individuals
were selected crossing many disciplines. Although this team
works mostly on one project, care is taken to avoid
isolationism. By holding frequent review meetings the
evolving approach and viewpoint can be effectively
communicated. "Brainstorm" sessions encourage people to
participate and contribute to a pride of ownership as well
as an improved product. Centralized control ensures well
needed consistency across the disciplines but allows for
evolution.

ii) An upfront step in the analysis, referred to as the AMAD,
was introduced whereby the Analysis Methods, Assumptions and
Data (including the precise code and model versions to be
used) are produced, documented and approved prior to the
start of. what used to be classically viewed as the
"analysis". This AMAD section (appropriately revised if
needed during the course of analysis if unforseen problems
are encountered) becomes a part of the standardized report.
Other sections of the report include: behaviour (which
outlines how the plant is expected to respond and what
physical processes are taking place in each discipline at
various times during the accident), the AMAD (which in
addition to the above, outlines the various simplifications
in the methodology which must be made in order to make the
analysis tractable) the results, which can differ from that
discussed in the behaviour section due to the
simplifications outlined in the AMAD section. Sections
providing the archive file locations, as well as a final
summary are also included. The format for the detailed
analysis report is also followed in the Safety Report which
summarizes the analysis. As much of the early analysis was
not reported separately, the Safety Report became very
detailed. In the future as these analysis are superseded
and documented in separate detailed reports, the level of
detail in the Safety Report can gradually be reduced, and
more emphasis placed on o & M requirements.

iii) Development of Standards for Codes and Models

It was clear that the utility in conjunction with the
developer must share the responsibility for the maintenance
and upkeep of certain critical codes. It was therefore
necessary to create an up-to-date list of critical codes and
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to develop rules for their application. The key features
are summarized below:

Each code and model version must be uniquely identified
using a format common throughout all analysis disciplines
and one which facilitates multi-users, different sites and
different computer systems; for example, NUCIRC Mod. 1.504
PL3 VAX.

Each new version must be accompanied by a release form to
update all the affected parties and users. The collection
of release forms provides a summary of the evolution of the
code/model and links together the formal documentation of
the base versions which are updated only periodically.

The analysis report must clearly specify which precise
versions were used. All versions used in analysis must be
archived for an indefinite period of time.

Code and model changes are to be approved by the code
boss.

Anyone finding an error must report it promptly to the
code boss who will then initiate a fan-out of this
information.

In addition to the requirements, NB Power also outlines a
philosophy for guiding development. The central concept involves
a modular approach to allow for the ease of documentation and
control as well as encouraging transportability from one code to
another to avoid reinventing the wheel. A building block versus
an ad-hoc approach allows the modelling to evolve forward over
tirae and to have less "stand alone" models which are costly to
maintain and generally must be upgraded before they can be used
again. This concept eventually leads to more flexible and robust
codes and models and minimizes the overall cost.

Each major code should have a long term development plan
(unless it has reached true maturity) which is prioritized and
fits logically into the R & D strategic plan and future needs of
analysis. Such plans exist for the CATHENA, PRESCON and PHOENICS
codes.

Finally, efforts should be made to consolidate codes down to
a small number of well written, documented and verified versatile
general purpose codes, which run specific plant models. This
again is cost effective in the long run since not only is code
maintenance expensive, but each code has its own idiosyncracies
and widely used general purpose codes have an inherent advantage
in a wide base of user support and familiarity than a highly
specialized code to which consideration must be given to keeping
select individuals on the regular payroll or risk effectively
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loosing the technology over time. These factors often sway the
balance in decision making away from what superficially appears
to be a quick, and simple way to go, since the utility will be
carrying, and hence paying for, that decision and its
implications, long into the future.

(iv) IMPROVEMENT TO PLANT MODELS

The oversimplification of the plant representation in the
original analysis led to many difficulties which were not easily
rectified. The least of which was that the lack of detail
resulted in not only poor simulations, but of forcing many
important assumptions pertaining to plant systems not being
stated since portions of the systems were not explicitly
modelled. In response, a model improvement program was
introduced to all major systems considered in the analysis. In
addition to following the philosophy and code requirements
outlined in the previous section, improved codes and models were
tuned against site data and the simulation uncertainty of the
plant models derived from relevant commissioning and special
tests, as well as plant transients. To facilitate future
development, a standard format (Reference 2) was derived whereby
each system would be characterized onto a database from which the
analyst draws upon to develop the required level of detail in the
model. In addition to more conventional means, the database is
checked for errors by utilizing a cad-graphics program and seeing
if critical piping endpoints are correctly placed in the 3-D
space. Use of a data base implies that apart from upkeep to keep
abreast of design changes; that the activity is performed only
once. Previous methods required a review of the drawings each
time a model was developed.

New developments in file management show promising signs of
being able to couple separate system models together easily.
With the use of this approach both a detailed and simplified
representation of a given plant system can be developed. The
analyst can then choose between a variety of models depending on
the nature of the problem he is solving. In this fashion run
time and storage space can be minimized. Even though computers
are steadily becoming more powerful and faster, these factors are
still major considerations as they force many otherwise
unnecessary simplifications.

IMPLEMENTATION OF PROJECT DOA

In order to systematically ensure consistency between
Design, Operation and Analysis, NBPC implemented project DOA.
The approach (discussed in detail in Ref. 3), involves a careful
review of a given systems components (by following the
operational flowsheets) to identify, discuss and document the
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requirements arising from either design, analysis, or licensing
points of view. This review encompasses both the process as well
as control functions and is designed to improve related
documentation such as Design and Operating Manuals, Test
Procedures, Impairments Manual, Maintenance Manuals, Training
Manuals, and Emergency Operating Procedures.

The DOA process produces a data sheet on each component.
This sheet identifies the component, outlines its function,
provides a description of the component (including explicit
drawing references for future quick access), states location (for
use by analysts involving EQ global and local (jet impingent/pipe
whip) issues. A list of parameters, that can vary day to day or
season to season, are then listed (even passive components such
as tanks have contents that vary). A discussion is then provided
as to whether the given variable can adversely effect system
performance, and if so, specify its allowable range. If a
parameter is considered critical, then its associated indication
is also considered critical. A similar list and discussion is
also provided for "non-variant" parameters as these are important
to modellers and might change if the component ages significantly
or is replaced, yet they should normally occupy a position of
secondary importance with the site staff since they do not
routinely vary. Other considerations such as environmental and
seismic qualification requirements, as well as periodic
inspection and testing requirements are also provided. Where
other documents exist giving detailed requirements, the DOA
document references these "basis documents" and hence acts like a
road map to where all the critical information can be found.

The DOA process has shown the importance of more detailed
and explicit plant models and AMADs. These have/are being
incorporated accordingly. For instance, if a parameter
associated with a given component is considered critical (say
level in a tank) then the model should explicitly input both the
indicated (unsafe fault) value as well as the instrument
uncertainty (under Loth normal and upset conditions). If
necessary the model must contain a pre and post processor to
convert the measured parameter (in this instance level) into one
used in the code (volume). In this fashion the relationship
(both geometric and tap reference) between level and volume are
established once and properly documented (as part of the model)
allowing analyst and system engineer to speak the same language.
In a similar context, O & M staff do not want to know what
enthalpy was assumed if their instrumentation is based on
temperature. Although these examples are relatively simple, they
eliminate a source of confusion between analyst and site staff
that could, from a human factors perspective, possibly lead to
unnecessary errors. DOA feeds back into the analysis,
operational perspective of what can be controlled, and what is
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measured along with what is important. It also ensures the
appropriate operating envelope and allowances are taken into
account based on how the plant is actually Operated & Maintained.

The subjects discussed above are all in place and proceeding
smoothly. Attention is now being focused on producing the NBPC
version of the R & D strategic plan to ensure that the R & D
reflects the users end needs (Component 2). The process which is
currently being undertaken is aimed at producing an end result
from the R & D program, of a well defended value for simulation
uncertainty for the various aspects of safety analysis. This in
essence leads to a program of quantifying the current level of
uncertainty for the various accidents in the matrix. This is
necessary in order to both rigorously specify accuracy
requirements on station instrumentation and to have a strong
defense of trip coverage and dose preditions. The process which
is being followed in each analysis discipline; is to compare the
actual plant geometry and operating modes and conditions in
conjunction with the actual physical processes that are expected
to occur in response to an accident (viewed across the entire
accident analysis matrix) and identify, analyze and prioritize
the simplifying assumptions arising from the use of the current
generation of methodology, codes and models. This process will
generate a long term list which will guide NBPC input to COG,
based on the users needs.

In addition to work on the strategic plan, attention will soon be
focused on a review of methodology to ensure the various modes of
plant operation and the desired operating envelopes (Component 1)
are properly reflected and that EQ is properly integrated into
analysis methodology, and finally to develop a strategy for
analyst training (Component 7).

CONSTRAINTS

This paper would be incomplete if it did not discuss the
issue of how much money should be funnelled into this type of
activity (Component 8). This of course is a difficult
philosophical issue. The answer to the question of how does a
utility balance what they feel must be done and what they would
like to do against what they have available and feel is
justifiably right and proper, does not come easy. This issue is
made even more nebulous when one looks outside the nuclear
industry and observes the disproportionate amount of money being
spent on reactor safety and licensing. In many instances, not
only is risk reduced, but also lives can be demonstrably saved by
channelling these funds into such items as critical road
improvement or establishment of cancer clinics, etc.
Nonetheless, one cannot deny the perception of uniqueness of our
industry, and the long lead time required to develop the
analytical technology required to address the questions and
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issues of tomorrow. Failure to adequately invest in such
activities, while showing short term financial gains, will
however manifest itself later on down the road.

The bottom line is that the safety objectives discussed
earlier in this paper must be met and demonstrated convincingly
with quality analysis that is both firmly supported and will
survive external scrutiny; and that the cost of the Safety &
Licensing program for a unit is supported as follows: The cost
of acquiring the construction and initial operating license be
included in the capital cost of the unit, and the ongoing Safety
and Compliance program (including R & D) be fully supported
through the units 0 & M budget. This is therefore directly
reflected in the provincial power rates and hence subject to
review through processes like the Public Utility Review Board.
Unrealistic escalation of expectations on either the part of the
designer, marketer, utility or regulator simply must be held in
check if the nuclear option is to remain viable (for existing as
well as new plants).

NB Power currently spends about $5.3 million per year on its
Safety & Licensing related activities (this includes about $1
million on Ssfpty & Licensing R & D but excludes the $1.7
million/year '•• ,;CB "Licensing fee".) This represents about 8% of
the yearly 0 & H budget,* which we feel is an appropriate
balance. As about $3 million per year are set aside for Safety
Studies, and some studies now cost upwards r>± $1 million to
complete, there is strong incentive to both spread the work out
over time, and to find partners for the work. NB Power has been
relatively successful on both accounts. Given a 30 year outlook
on analysis has allowed us to "pace" ourselves. In addition,
close co-operation with Hydro Quebec and AECL projects such as
the CANDU-3 has provided not only shared costs but additional
technical resources and much valued additional perspectives.

RATIONALE FOR DISPLAYING RESOURCES

NB Power uses the following rationale in allocating manpower
and money on analysis issues:

1) Divide items between short and long term issues. A
holistic view of the universe can often turn many short
term fire fighting issues into a component of a long
term project; and

2) Once all the basic analysis components are at equal
strength, try to spread the long term funding equally
across these components and disciplines.

* includes fuel costs and cost of PT replacement but
excludes capital costs and depreciation.
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BENEFITS OF THIS APPROACH

The approach described in this paper is essentially a living
process geared to making response to on-going and future issues
quicker, easier and more technically sound, as a result of
investing in the technology and by the pursuit of understanding.
It is heavily slanted towards a pro-active versus reactive
approach and hence avoids the problems associated with an ad-hoc
approach to issues which can consume far too much time and
effort. Although this method involves upfront planning time and
effort, it is expected to produce significant long term savings
due to improved efficiency and stability of key resources.
Finally, by taking a limited but progressive approach to the
issue of analysis, the utility clearly shows that it takes its
responsibility for safety seriously. This concept of course lies
at the heart of our industries philosophy and that which makes
the domestic CANDU industry unique.
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Abstract
New Brunswick Power is systematically reviewing each special
safety system to ensure that reliable operation is maintained and
that the system is being operated in accordance with the safety
analysis and vice versa. The ECC system is the first to be
reviewed by a multi-disciplinary team, known internally at Point
Lepreau as the DOA team (DOA is an acronym for Design, Operation,
and Analysis). This paper reports on the review and discusses
findings. Major benefits to the station arise from increased
awareness, improved communication, and development of the basis
for both safety analysis models and the operating envelope.

1.0 INTRODUCTION

New Brunswick Power is reviewing each special safety system at
the Point Lepreau Generating Station (PLGS), to ensure that the
capability and reliability of each system are maintained. The
objective is to review the existing design in detail and to
compare it with the assumptions used in the current safety
analysis. The Emergency Core Cooling System (ECC) has been
chosen as the first system for detailed review by a multi-
disciplinary team.

Previous attempts to correlate design and analysis started from a
list of analysis assumptions. The designers were then polled for
concurrence. (This process was known in the Canadian nuclear
industry at the time as the Safety Analysis Data List, SADL.)
Often, the assumptions represented code inputs having no physical
correspondence to the installed equipment. The system designers
who were asked to verify them could not easily construct an
equivalence nor could they identify missing components.

We know now that some parameters important to modelling accuracy
were overlooked in the SADL process. We recognize that this was
a shortcoming of the process, not any attempt to minimize the
importance of the parameters.
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The present study systematically examined every component of the
ECC system and its function. The safety analysis models were
checked for consistency. A few significant safety related issues
were identified in both the analysis and the ECC system equipment
and operation.

At PLGS, this project is known as DOA, short for Design,
Operation, and Analysis. The DOA project includes
representatives from all perspectives of the plant equipment and
its operation. We believe that the integrated approach
described in the following sections leads to safe and reliable
operation.

Section 2 describes the overall goals of project DOA. Section 3
describes our methodology. Section 4 describes typical results
and the status of the ongoing program. Section 5 lists the
benefits which have already accrued to the station related to the
first steps taken along this path.

2.0 OBJECTIVES

Our objectives were:

• To compile a set of requirements to show:

- that the safety analysis is compatible with the
existing system;

- that the station is being operated in accordance with
the information contained in the Safety Report and
Operating Licence.

• To identify deficiencies in existing system analytical
models and provide a basis for constructing new models, when
required.

• To document system requirements as an aid to the System
Engineer in making decisions on the operation and
maintenance of the system.

• To provide a database for input to the formulation of an
impairments manual and the upgrading of other documentation
such as the design manuals, the operating manuals, and the
test frequency studies.

3.0 METHODOLOGY

The ECC Process and Control Systems were reviewed by a core team
of specialists, systematically following the process flow and the
logic flow, respectively. The team considered all components,
but developed only those components having a specific safety-
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related function. The purpose, function and specification of
each component or subsystem were documented in separate
Information Reports for Process and Control. These II were
subjected to a detailed peer review in meetings with the system
analyst, and the system engineer, as well as specialists in
impairments, equipment qualification, and test frequency studies.

In particular, the safety analysis was reviewed to confirm that
the equipment models and system functions were consistent with
the equipment installed and the actual system operation. LOCA
analysis and other analyses such as water hammer and containment
transients were considered. Significant issues were uncovered
that had not been discovered by previous methods. For example,
see Section 4.1.2.

The major findings and discrepancies, identified during the peer
review meetings, were tracked in a separate Issues List. Those
issues deemed to affect safe operation were acted upon
immediately. Many were resolved at the working group level. The
DOA team referred some to NB Power management for longer term
action.

3.1 DOA Process

The DOA project is divided into four phases, ranging from
information gathering to completion of all issues.

3.1.1 Information Gathering / Assessment

We systematically reviewed every component in the ECC system,
both process and I&C. We focused on components "critical to
safety" which we classified as follows:
- anything required to make the system perform its function is

critical, and
- if the system is inactive (assumed poised), then anything

required to keep the system poised is non-critical, provided
there are alarms to annunciate its condition should it enter
an impaired state; otherwise, those components are critical
too. In this case, the credited annunciations and
indications become critical.

We prepared a detailed data sheet for every critical component.
For those which we classified as "not critical to safety", we
prepared a summary data sheet explaining the basis of our
judgement. As it turned out, some components which we dismissed
as "not critical" early in our review were reclassified as we
understood the integrated behaviour of all the systems better.
(The HPECC water tanks heating circuit, described later in
Section 4.1.1, is an example of a series of components which we
initially dismissed, and later reclassified.)



-4-
DETERMINATIOH OF ALLOWABLE OPERATING ENVELOPE (cont'd)

For each component, we adopted a "back to first principles"
approach. We developed our information from elementary drawings,
manufacturer's drawings and specifications, and actual operating
documentation such as instrument calibration sheets and their
technical bases documents.

As mentioned above, we divided the review into two disciplines,
Process, and Instrumentation and Control. T^is suited the
experience of the two people (Rennick and Kendall respectively)
who did a significant portion of the detailed information
gathering. This was appropriate because we could better
recognize the important ingredients. Additional issues surfaced
when these ingredients were presented to the peer group meetings,
usually monthly.

Also, this subdivision of the review was appropriate because of
the functions of the equipment. Generally, process components
were amenable to a process flow component by component review,
while I&C components were more suited to a logic flow "subsystem"
approach.

3.1.1.1 Process Components

For process components, we divided the system into five sections:
a) High Pressure ECC (HPECC), b) Medium Pressure ECC (MPECC),
c) Low Pressure ECC (LPECC), d) Gravity Injection from the
dousing tank, and e) auxiliary systems. For HPECC, we followed
the flowsheet from the air compressors right to the reactor
headers, and constructed data sheets for each component. We
then did the same for MPECC, LPECC, and Gravity Injection.
Often, the paths overlapped. Finally, we included all the
auxiliary systems which performed an ECC function, e.g. Main
Steam Safety Valves (MSSVs) and loop isolation.

For each component, we listed all the physical attributes it
could possibly have. Then, we evaluated the importance of those
parameters to the safety function of the component and divided
them into two main groups: Process Variables and Non-variant
parameters. The "Process Variables" were ones which the system
engineer could measure and/or control (e.g. pressure,
temperature, etc.); the non-variant parameters were ones which
the system engineer could not control en a day to day basis but
would be important for system changes or replacement part orders
(e.g. tank volume, material properties, etc.)* For each of these
we reviewed the safety analysis models and assumptions to
determine their importance to safety. We also reviewed the
Operating Procedures for possible effects.

A standard format for each data sheet (by component type) was
followed as far as possible to minimize chances of overlooking
important elements of the component's function. The categories
treated are as shown in the inset.
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Attachment 1 is an
extract from a
typical component
data sheet for the
HPECC gas tank,
3432-TK2. It
follows the format
described above.
Early in the
process, we
attempted to
separate the
safety analysis
aspects from those
the system
engineer would
control.
Afterwards, we
found that
describing the
safety analysis
assumptions with
the parameter
being discussed to
be more effective
and more in
keeping with
philosophy of DOA:
closely linking
Design, Operation
and Analysis.

1. TITLE

2. FUNCTION
A statement of the purpose of the component.

3. DESCRIPTION
A description of the physical attributes of the component such as size,
type, manufacturer, failure mode, air/waler/power source and
requirements, etc.

4. LOCATION
This section describes the physical location of (he equipment. This assists
in setting environmental requirements for the component.

5. PARAMETER SUMMARY
This is a summary of the parameters which are likely to be affected by the
component, or which it is exposed to. It is a summary only, each of the
headings is expanded in Sections 6 and 7.
The section u subdivided into two additional categories:
a) Process Variables:
w These are parameters which vary with time, and usually can be

monitored with time.
b) Non-variant Parameters:
• These parameter! do not vary with time and are of most interest

to the safety analyst, or to the system engineer should he wish to
replace the component.

Items which are critical to safety, and which will *et the requirements on
the component are tagged with a bolded "(critical)*.

6. SAFETY REQUIREMENTS

This section develops and discusses the importance to safety of the
parameters enumerated in Section 5. For each critical component, we
define the range of allowable operating values.

7. OTHER CONSIDERATIONS

This section deals with other Kerns over which the system engineer has no
immediate control. He would be interested in these parameters for
equipment changes or system operating changes. Typical example* would
be code class, environmental qualification, seismic qualification, periodic
inspection requirement*, availability requirements.

Standard Format for Process Component Data
Sheets

3.1.1.2 Instrumentation and Control Components

We used a similar process for I&C components. I&C subsystems were
divided into four general categories: Initiation Channels, Voting
Channels, Control Channels, and Annunciation and Indications.
Typically, the initiating signals provide inputs to voting
channels which combine the signals from three channels including
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3.

4.

conditioning
parameters. The
outputs from the
voting channels
fan out to many
control functions.
The Control
Channel Data
Sheets included
operation of
solenoid valves,
pneumatic valves,
and motors.
Annunciation and
Indication, which
monitor critical
variables, were
included because
the operator must
have clear
indications of
failures of
critical equipment
during normal and
abnormal
operation.

We followed the
logic path from
the initiating
signal to the
eventual operation
of the device,
describing every
power supply,
transmitter,
relay, current
alarm unit and
motor control
centre along the
way. We paid
particular
attention to function, timing, drift, and accuracy specifications
for each.

Again, a standard format was followed as shown in the
accompanying inset.

Attachment 2 is an example of a typical I&C Data Sheet, for the
control of the valves in the line from the Dousing Tank to the
ECC Pump(s).

TITLE

FUNCTION
A statement of the funclionis) of the I&C loop or sub-system. This is a
summary statement, aimed mainly at what a safety analyse might want to
know. A detailed analysis of the function appears in Section 8.

RELATED DOCUMENTS
A listing of relevant drawings, specifications, and instrument calibration
sheet*.

EQUIPMENT
A description of the equipment which makes up the loop or subsystem.
Thif includes equipment manufacturer, and aJJ relevant specifications.
Typical specifications are iu physical attributes, its location, and its
environmental and seismic qualification.

POWER SUPPLY
This section describes the power supply requirements, the location and the
qualification of the power supply.

TIMING SPECIFICATION

This section develop! the net timing response of the loop or sub-system,
based on the manufacturer'* specification, or on PLGS bench test results
where available.

ACCURACY SPECIFICATION
This »ection develops the overall accuracy of the loop or sub-system based
on the RMS combination of the individual contributor*. The elements to
accuracy are a) inherent accuracy, b) drift, and c) calibration error.

COMPONENT STATES
This section analyses all the possible component states the sub-system can
have, based on its inputs.

SPECIFIC FUNCTIONS
This section describes the detailed (unction of every component.

Standard Format Items for I&C Component Data
Sheets

7.
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3.1.1.3 Relationship between Process and I&C Requirements

Generally, the response required from the process components set
the requirements for each of the I&C subsystems. For example, a
subsystem might operate with a 2 00 ms response time according to
its design and specification of equipment, but if the process
equipment's mission required only a 5 s response, it would be
unnecessarily restrictive to set a 201 ms criterion for an unsafe
fault. On the other hand, an action criterion of 250 ms for a
safe fault might be reasonable because it would provide a system
health monitoring function while leaving some margin for rational
operation.

Referring back to the sample of the Process Component Data Sheet,
notice that instrument and control values have been summarized.
This enables the safety analysts to see what ranges to expect on
process parameters, and what alarms and indications the plant
operator would have in managing the accident.

3.1.1.4 Relationship to the PLGS Impairments Manual

If a component fails to meet its requirements, the component is
considered to be in a faulted state and a system impairment may
result. The DOA team deliberately avoided defining impairment
levels. Instead, we assigned up to three categories to each
component as appropriate. The categories were unfaulted, safe
fault, and unsafe fault.

The corresponding level of system impairment depends on
redundancy, use of the system, accident analysis and operational
assumptions, availability of annunciation, etc. However, a one-
to-one correspondence with Fault Category does not exist in many
cases. The Impairments Manual provides the interpretation of
information in this context, and therefore is the authority on
impairment categories.

3.1.2 Judgement of Operating Envelope

As stated in Section 2, our focus was to set requirements on the
systems so that we could ensure that the safety analysis provided
margin for all foreseen operating conditions of the equipment.
Part 1 of this four phase process defined the systems'
capabilities. However, requirements must be specified to declare
a component to be in a safe or unsafe faulted state. This
involves considerable negotiation between the system engineer
(representing both design and operations) and the safety analyst.

3.1.3 Documentation Upgrades

In phases 1 and 2, we discovered many inconsistencies between
documents, and noted that some of these reference documents have
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not kept pace with the equipment and operating setpoint changes.
These must be addressed. Typical documents which may be affected
are: Design Manuals, Operating Manuals, Impairments Manual (see
Section 3.1.1.4), Testing Procedures, and Test Frequency
Studies.

3.1.4 Ongoing Items

During phases 1 to 3, we maintained a tracking list. The issues
divided into 4 main categories:

i) Inconsistencies or Unknowns
Generally, these were items which we did not see as an
immediate issue, and which required further research, or
where information was scarce.

ii) Safety Issues
Safety Issues were items which we believed would have an
immediate safety impact and needed to be dealt with
expeditiously.

iii) Inconsistencies between Design/Operations/Analysis.
These were minor items which we could deal with at a working
group level (Design, Operation and/or Analysis)

iv) Issues for Management Attention
These were issues that involved considerable expenditure of human
resources, or expense, and which may have impact on other parts
of the station's operation.

In all categories, the items which were resolved were left on the
list as a record of their disposition.

4.0 RESULTS

4.1 Typical Findings

There was a large number of findings, mostly of a minor nature.
The following sections discuss typical results from three areas,
Design, Operation, and Analysis.

4.1.1 HPECC Tank Recirculation Pump

Problem

The HPECC tank water must be kept at a temperature between 18.5°C
and 30°C. Also, the water must be recirculated to provide mixing
for chemical control reasons.

A small pump recirculates water in a heating/chemical addition
loop, taking suction from near the top of the HPECC tanks,



-9-
DETERMINAIION OF ALLOWABLE OPERATING ENVELOPS (cont'd)

pumping through a thermostatically controlled heater, through an
underground line connecting to the main ECC pipe near the reactor
building wall, and back through the ECC pipe to the bottom of the
tanks. See pump P3 in Figure 1. In the event of a LOCA,
channel K of the ECC signal trips the pump. There are three
potential problems associated with this configuration:

a) During a LOCA, the suction to the pumps would be
uncovered relatively early in the transient. (The
location of the suction shown on the schematic is not
representative; it is actually located very near the
top of the straight section of the tank.) If the
recirculation pump fails to trip, there is a potential
to inject gas, N2 and air, into the ECC line near the
reactor building wall, and hence into the reactor core.
For certain break sizes, this would have detrimental
effects on system function. Even if the pump did trip,
for large breaks there could be a race between the 2"
line emptying, and the tank emptying.

b) P3 has only one trip signal, provided from channel K.

c) The water in the tanks contains hydrazine for corrosion
control reasons. When hydrazine is heated, it can release
small quantities of gas, and the bubbles are introduced at a
point in the main ECC piping where they can rise into the
piping leading to the isolation valves. Any gas which
bubbles up the pipe will form gas pockets at the high
points, causing potential problems with waterhammer if the
HPECC system is activated (these high points are vented
annually, and there are no records of significant amounts of
gas coming out).

An associated problem is that the safety analysis model does not
include this piping. Otherwise, we would have been aware of the
impending problem earlier, or dismissed it. Our judgement was
that it would be easier to implement the following design
solution than revise the safety analysis model and repeat a
significant amount of analysis.

Solution

NB Power is evaluating reversing the flow direction of the
P3/HTR3 combination as a potential solution. This will address
all three situations simultaneously. The check valve on the pump
discharge would be re-oriented to prevent gas blowing into the
reactor [points a) and b)], and any bubbles which formed would be
discharged into the water tanks and rise to the top, where there
is already a free surface.

If no offsetting problems arise from the assessment of this
design solution, there will not be a need to include it in the
safety analysis model.
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4.1.2 HPECC Gas/Water Tank Modelling Enhancements

Problem

The detailed review of system operation raised several points
related to the current modelling.

The current FIREBIRD representation does not model the HPECC
tanks explicitly. A pressure/enthalpy boundary condition node is
used where the integrated flow to the reactor is tracked to
calculate the gas expansion, and derive an isentropic pressure
rundown. There is also a rudimentary calculation of the
variation of hydrostatic pressure variations as the tanks empty.
There are three points related to this simplification.

a) Because only one virtual tank is used, the expected
differential level between the tanks related to
differences in flow resistance of the piping cannot be
tracked. The actual instrumentation for shut-off uses
different levels for each tank to account for the
differential flow. The current model does not permit
simulation of this effect. This means the actual
shutoff of the injection valves cannot be timed
properly and the calculated inventory injected is not
quite accurate.

b) The polytropic expansion coefficient will be a function
of break size. That is, for the fast transients
associated with large breaks, the pressure rundown of
the ECC driver gas will be close to isentropic; for
small breaks, it will be closer to isothermal. This
affects calculation of flow delivery to the reactor,
plus the timing of change-over to medium pressure ECC
(MPECC).

c) The shutoff of the valves is based on volume discharged, not
on the pressure. When the pressure is not properly
calculated, the changeover to HPECC cannot be modelled. We
expect that for some break sizes, the change over will occur
before all the available inventory has been discharged and
for some time, water will be injected to the core as a blend
from MPECC and HPECC. When the system transfers from MPECC
to LPECC, (taking suction from the reactor building floor
instead of from the dousing tank), there will be a pressure
drop in the delivery from the ECC pumps, and more water
could come from the HPECC tanks at this time. An additional
consideration is that there could be a pressure regain in
the HPECC driver gas. The reason is as follows. For a fast
transient, the isentropic expansion of the driver gas lowers
its temperature to around -80°C. Then as heat transfers
from the piping and tank walls, the gas temperature will
regain to approximately 15°C. Using the perfect gas law,
the driver gas will repressurize to about 150% of its
pressure at the end of the fast transient. This, too, will
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affect the blend of water flow from HPECC, MPECC, or LPECC
until the valves are shut on tank level. None of tMs has
been modelled.

Solution

NB Power has already commissioned AECL to upgrade the ECC
accident analysis models, and these factors are being included.

4.1.3 Handswitch Operation in the SCA

Problem

Each of the logic trains was checked from the elementary
diagrams. During the review of the handswitches in the SCA, we
discovered that the handswitches for the main gas valves, 3432-
PV81 & PV82, would not open the valves unless the handswitches to
close the vent valves PV83/PV84 had been operated first.
Obviously, these interlocks were deliberately installed to
prevent depressurizing the gas tank through the vent valves, but
this idiosyncrasy was not described in the Design Manual. While
this would not pose a significant problem if the operator
followed the procedure of operating the vent valve handswitch
first, gas valve second, it would be confusing if, unaware, he
operated the PV81 or PV82 handswitch first and waited for the EMI
to change state before proceeding with further actions.

Solution

The DOA team advised PLGS Operations. The draft generic
Emergency Operating Procedure for the SCA already included this
sequence.

4.1.4 Pressure Transmitter PT-26

The ECC water tanks are continuously pressurized for two reasons.
First, a pressurized vessel will provide leak detection, both
visibly and through monitoring pressure. Second, to prevent
draindown of the column of water up to the H20 isolation valves
in the reactor building, an overpressure must be applied to the
free surface of the HPECC water tank. For the elevations at
PLGS, the minimum overpressure is on the order of 60 kPa(g). The
operating range is 160 to 260 kPa(g), but it is controlled
manually based on pressure alarms.

The accuracy specification of the instrument, 63432-PT26 in
Figure 1, on which the associated alarms are based was near the
range being monitored/controlled. The range of this transmitter
is 0 to 7.5 HPa(g). This range is required because the
transmitter also measures pressure during the full pressure tests
(annually) and these pressures are up to approximately
5.0 MPa(g).
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Thus, there are two problems. First, there is a loss of
annunciation on an important parameter if the transmitter or its
loop fails. Second, the inherent accuracy is nearly the same as
the process variable being measured.

Solution

The proposed solution is to add a second pressure loop with a
lower range to provide good accuracy during normal operation
(i.e., except when the annual pressure test is performed, and the
reactor is shut down for this test). The current transmitter
would be left as-is, providing the indication during the annual
test, and a backup for the lower range meter during normal
operation.

4.2 Status

The assessment of Design, Operations and Analysis is a continuous
process. Occasionally, not all of the rationale for certain
design parameters could be recovered. In these cases, the team
made judgments, and recorded these judgements in the two reports.
The reports have been produced in magnetically readable format so
that they can be easily updated, if new information becomes
available. In summary, the DOA reports on ECC are intended to be
a living document.

As stated in Section 3.1, the process has four stages. We have
essentially completed stage 1 for ECC. Followup of the issues
will require further consideration and analytic effort, including
further assessments of the relative importance of the issues. We
have also addressed parts of the remaining three items, but as
suggested, this will be an ongoing process.

4.3 Future Work

Based on the experience and benefits from the ECC DOA process, NB
Power intends to continue with its plan to review the remaining
special safety systems, followed by reactor core parameters,
safety support systems (such as Boiler Makeup Water, Emergency
Water Supply, Emergency Power Supply), the utilities (electrical
power, service water, and instrument air), and the remainder of
the process systems. The review of Containment Systems has
already started.
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5.0 BENEFITS

The benefits to the station and station personnel were:

• For Analysts:

- declaration of implicit assumptions;

improved understanding of equipment being modelled;

improved understanding of functional operation;
improved code and plant model (eg: two tanks,
non-condensibles, AMADs, instrumentation uncertainty,
input of actual field values).

• For Operators, Maintainers and System Engineers:
- heightened awareness of accident analysis assumptions,

(part of an on-going program);

specification of items which should be monitored;

establishment of requirements for replacement of
components;

improved understanding of the allowable plant
operational envelope.

• For the Station as a Whole:
- reduction of avoidable impairments;

improved auditability of safety analysis;

improved communications between safety analysts and
system operators.
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Figur* 1 Extract from ECC System Flowsheet
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EXTRACT FROM TYPICAL
PROCESS SYSTEM COMPONENT DATA SHEET
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COMPONENT: 1-3432-TK2

1. TITLE: HPECC Gas Tank

2. FUNCTION:

• Contents of tank provides the source of energy required to drive the
HPECC water contained in the two accumulator tanks, TK1 & TK3, into the
PHTS.

3. DESCRIPTION:

• Cylindrical body 12'4" diameter and 24'4" long with truncated
hemispherical head and oriented horizontally. Fabricated by Dominion
Bridge of unlined carbon steel ASME-SA-516 Gr. 70 (Drwg:
87-34324-9002-1-DD Rev. 15). Shell is 4" thick; head is 2.5" thick.
Tank contains 107.6 m3 of an air/N2 mixture supplied by air compressor
1-3432-CP 1 and backed up by an array of N2 bottles (see
87-3432-2001-FS-E, Rev. 14)

• The tank is sloped slightly to allow water (if any) accumulation to be
drained via the drain valve, VIS.

• The exterior surface of the tank is painted for corrosion control, and is
not insulated.

• SCNs 583L1831 (see 87-34324-9003-1-DD-D Rev. 5)

4. LOCATION:

• ECC Building (E-101) (see 87-20030-2001-21-GA-E, Rev. 2)

• See drwgs:
- 87-34320-56-1-GA-E Rev. 10

for general layout detail. Note this drawing is not up to date in
some details (eg. location of PV81/PV82 and associated piping).

- 87-34320-2004-01-GA-E Rev. 1
for pictorial view. Note this drawing is also not completely up to
date.

5.0 PARAMETER SUMMARY:

5.1 Process Variables:
- Pressure (critical)
- Temperature
- Composition K Chemical Purity (critical)
- Relative Humidity

5.2 Non-variant Parameters:
- Tank Volume
- Flow Resistance at the Nozzle
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6.0 SAFETY REQUIREMENTS:

6.1 Process Variables

6.1.1 Pressure:

(a) Operating Continuum
Unsafe Safe Fault No Fault SF USF
Fault (SF) Normal Operating Range
(USF) ^___^^_
A B C D E

Low Nominal High
Alarm Alarm

Indicated Pressures in MPa(g)

A < 4.04
B < 4.33
C = 4.55
D > 4.66
E > 4.96

(b) Discussion:

Pressure is a critical process variable because it applies the force for
displacing the HPECC water inventory, which in the event of an accident,
will cool the fuel in the PHTS during the HP phase.

A low gas pressure reduces the HP injection flow rate into the core and
in the extreme, causes it to not occur.

A high gas pressure nay impose additional waterhammer loads on the ECC
and PHT systems during activation. In principal, the overpressure safety
valve RV86 limits system high pressure.

A high gas pressure discharges the water inventory from the tanks faster.

(c) Operating and Alarm Values:

The unsafe fault limit on low tank pressure (£4.04 MPa(g)) comes from
reference 1 (OP&P) section 3.12.1 ii) and reference 2 pg. 9
(DM34320/63432). (flee Section (f) for Additional Commentary).

The unsafe fault limit on high pressure is based on the opening pressure
for RV86 (4.82 MPa(g)) plus 3% uncertainty, to yield 4.96 HPa(g).

The safe fault limit corresponds to the low and high alarm setpoints.

(d) Indications/Annuneiations/Instrument Uncertainties:

The pressure in TK2 and the lines leading downstream to the HP gas
isolation valves is measured by preaaure transmitter PT22X and M, and
local indication is given by PI-122. PT22K and M loops provide both
visual indication as well as annunciation on high and low values, in the
MCR.
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Window Alarms W3-43 provide further indication to the operators:
(a) "3432 P22M ECC GAS TANK PRESS LO";
(b) "3432 P22K ECC GAS TANK PRESS LO";
(c) "3432 P22M ECC GAS TANK PRESS HIGH";
(d) "3432 P22K ECC GAS TANK PRESS HIGH";
(e) "ECC GAS 3432 TK2 TROUBLE".

Further I&C details are given in Section 7.3 of reference 3 (IR-63432-01)
and Section 7.2 of reference 4 (OM 34320/63420).

The alarm is backed up by routine surveillance of the panel meters,
called up weekly via OM tests 63432.39 and .40. Hence, failure of the
alarm should be treated as a safe fault, provided more frequent
monitoring is employed.

In the event of a complete lack of pressure indication in the MCR, tank
pressure can be obtained by examining PI-122 provided this gauge has been
kept in a calibrated state.1

Analysis which assumes a low tank pressure should include an uncertainty
allowance of 56 kPa (Section 7.3.6 of reference 3) to account for
measurement and indication uncertainties. This value includes allowance
for the current alarm unit (even though it is assumed to fail and is not
on) to cover either indication uncertainty or to provide for future
flexibility.

Calibration specifications for both the transmitters and current alarm
units are given in Section 7.3.6 of reference 3.

(e) Mandatory Testing:

TK2 is under continuous test since pressure (both high and low) is
alarmed and checked as discussed in (d), hence there is no specific test.

As discussed previously the instrumentation verification and panel checks
are performed under OM tests 63432.39, and .40, and the tank is subject
to periodic inspection (see Section 7.3).

(f) Additional Commentary:

LOCA analysis performed with FIREBIRD did not explicitly model the HP gas
tank and the downstream piping and valves leading to the two HP water
tanks. The code applied a pressure/time boundary condition to an assumed
combined set of water tanks. Details are provided in reference 5 (pg. 4-
33). (See Appendix 2, Table 3 for a sample calculation of the current
FIREBIRD model pressure rundown versus volume of ECC discharged).

It should be noted that the basis for the original selection of pressure
in the tank, nominally 600 psia, i s described in Volume 2 of this IR,
section ## (memorandum, P.J.Allen to J.D.Sainsbury, "Summary of G-2 High
Pressure ECC Design AsBist", 78.02.09, AECL f i le 66-01500 to be part of
IR). The selection of 600 psia was based on performance for the feeder

Its calibration must be trustworthy because i t is used as
a gauge for verifying the digital readings in tests
63432.30 and a reference in OM-34320/63432 Rev. 14 in case
of irrational readings of the instrument loops 63432-P22K
and M.
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s ize break. The other option considered, 800 ps ia , did not give
percept ibly be t t e r performance for larger breaks2, and 600 psia was
adequate for small breaks.

Additionally, the value 4.04 MPa(g) was modified by 0.25 MPa following a
minor mis interpre ta t ion of a requirement to have 600 psia avai lable at
the reactor headers. Reference 6 page 6 refers to SIC 5506 as the report
resolving t h i s discrepancy.

Final ly , an exp l i c i t model of the gas tank and the associated valves and
piping have been developed for the CATHENA code. This model (CATCIRC-PL2
and i t s l a t e r der ivat ives) wi l l be used for future LOCA ana lys i s .

A summary of LOCA analysis for the various events i s given in the PLGS
Safety Report.

Detai ls of the po ten t i a l effect of waterhammer are given in the Volume 2
of t h i s IR, section ### ("POINT LEPREAU ECC System Documentation of
Pressure Transient Analysis for ECC System Simulating ( i) LOCA Conditions
( i i ) Dynamic Tests with Rupture Discs Bursting at 75 psid" by
J.M.Francisco, 82-10-04 for geometric descr ip t ion. Analysis was
subsequently revised for 50 psid rupture disk and transmitted under memo,
Francisco to Liederm&n, "Routine Testing of 3432-PV81/82", 83-01-18, AECL
f i l e 87-34320-270-000).

The cha rac t e r i s t i c s assumed in the WH-NWA computer code, used in the
waterhammer analys is , for the gaB tanks are aa follows:

600 psig (note tha t WH-NWA
ignores elevation heads)

25 pBig
3820.98 ft3 (108.20 m3)
124.3 ft3

70°F (21J1°C)
Valve opening time 4.0 s .
No. of gas i so la t ion valves 2 END of EXTRACT

Po

Po
V
Vo
To

Gas tank

Downstream
Gas tank3

Downstream
Gas tank

of

of

gas

gas

valves

valves

2 In fact, sheath strain/fuel failures were slightly worse
for large breaks because of the faster rewetting and
faster depressurization of the fuel. This analysis was
done with a single loop FIREBIRD model.

3 Clearly this volume includes an allowance for the gas
piping up to the isolation valves 3432-PV81/PV82, but note
i t is different from previously used FIREBIRD analysis.
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SAMPLE INSTRUMENTATION AND CONTROL DATA SHEET
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I AND C DATA SHEET

5.3 1-3432-PV11, -PV10
Dousing Tank Isolating Valv* Control
Channels K and M

5.3.1 FUNCTION

1) To open the dousing tank isolating valves automatically
when the ECC Channelized Voting Logic Channel K (M) is in
the ECC trip state.

2) To open and close the dousing tank isolating valves under
manual control from the MCR.

3) To annunciate if:

- the dousing tank isolating valve PV11 (PV10) is open
under manual control;

or if:

- both the dousing tank isolating valve PV11 (PV10) and
the recovery sump isolating valve PV1 (PV2) are closed
under manual control.

4) To enable, when PVll (PV10) is fully open, the automatic
startup of the ECC pumps, PM1 and PM2, when they are in
either AUTO or STANDBY.

5.3.2 RELATED DOCUMENTS

• Pneumatic Connection Diagram 87-63432-3-9-ED-D Rev 09.

• Schematic Wiring Diagram Control Loop for PVll (PV10) and PVl
(PV2) 87-63432-4-73-ED-D Rev 11, (-74-ED-D Rev 11).

• Fuse Allocations: 87-55210-4-1-ED-B, Rev 03 (-5-1-ED-B Rev 03);

• Class I 48 VDC Distribution Flowsheet: 87-55212-2001-oi-FS-F
Rev 08.
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5.3.3 EQUIPMENT

MCR Handswitch (HS-77, HS-78):
- type: 3 position, SCN 684L1340;
- marking: CLOSE/AUTO/OPEN;
- panel: 1-66110-PL-3;
- location: Sl-326 Main Control Room;
- environmental qualification: none;
- seismic qualification: Seismic Qualification of Instrument

and Control Equipment, TS-XX-60000-005, Rev 2, 79/06/05.

Logic relays:
- type: 2C mercury wetted, SCN: relay 686N3353, module

686L0084;
- panel: 63432-PL-115 (-PL-174), in module 41K (42M);
- location: Sl-328 Control Equipment Room;
- environmental qualification: none;
- seismic qualification: Seismic Qualification of Instrument

and Control Equipment, TS-XX-60000-005, Rev 2, 79/06/05.

Solenoid Valve:
- type: Skinner Precision Industries Inc., Model A46HX6, SCN

545L6844, Note: existing valves are to be converted to
Viton seals, as found;

- panel: 1-63432-PL-1059 (-PL-1457);
- location: Sl-004 (Sl-019);
- environmental qualification: none;
- seismic qualification: Seismic Qualification of Instrument

and Control Equipment, TS-XX-60000-005, Rev 2, 79/06/05.

5.3.4 POWER SUPPLY

Class I, 48 VDC.

- Relay/solenoid valve circuits:
- panel: 1-5521-PL-559, (-PL-560);
- location: Sl-328 Control Equipment Room;
- environmental qualification: none;
- seismic qualification: none.

5.3.5 TIMING SPECIFICATION

The time delay for relay RL-99K (RL-87M) is accounted for in
the data sheet 1-63432, ECC Channelized Voting Logic Channels K
and M.
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• For opening PV11 (PV10):

1) Solenoid valve: 15 ms.

Total time delay: 15 ms.

5.3.6 ACCURACY SPECIFICATION

• None.

5.3.7 COMPONENT STATES

• Component's state when PV11 (PV10) is open:

- Logic relay RL-99K (-87M), i.e. from ECC Channelized
Voting Logic: energized.

• Component's state when the MCR handswitches are in the off
normal position:

- MCR handswitch HS-77 (HS-78) not in AUTO or MCR
handswitches HS-73 (HS-74) not in OPEN and HS-77 (HS-78)
not in CLOSE: open;

- Annunciation relays RL-430K RL-431M: de-energized.

• Component's state when the SCA handswitches are in the off
normal position:

- MCR handswitches HS-75, HS-76 not in CLOSE: open;

- Annunciation relays RL-430K RL-431M: de-energized.

5.3.8 SPECIFIC FUNCTIONS

1) The valve PVll (PV10) is open if and only if:

- ECC channelized voting logic is in the ECC trip
state,

and;
- MCR handswitch HS-77 (HS-78) is in the AUTO

position;

or if:
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- MCR handswitch HS-77 (HS-78) is in the OPEN
position.

3) An audible alarm is given and the 66110-PL3 H. S. OFF
NORMAL light is illuminated on panel PL-3 if:

- the MCR handswitch HS-77 (HS-78) (i.e. dousing
tank isolating valve PV11 (PV10)) is in the OPEN
position;

or if:

- the MCR handswitch HS-77 (HS-78) (i.e. dousing
tank isolating valve PV11 (PV10)) is in the CLOSE
position,

and;

- the MCR handswitch HS-73 (HS-74) (i.e. recovery
sump isolating valve PV1 (PV2)) is in the CLOSE
position.
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ABSTRACT

The Human Factors Engineering Program Plan (HFEPP) concept, which is
relatively well established in the military systems domain, offers a
systematic approach for the incorporation of human factors data and
design practise into the nuclear power plant life cycle. The
objective is to identify areas and methods for achieving enhanced
human performance in diverse aspects of plant design, construction,
commissioning, and operation. The view taken of Human Factors is much
broader than in the past, and includes consideration of operational
factors such as station staffing arrangements and operating
procedures, as well as more traditional aspects of human/machine
interface design. A generic HFEPP which is being jointly developed by
AECL CANDU and OH provides a broad general model for HFEPP's in the
CANDU power plants. The CANDU 3 experience with the HFEPP concept
indicates that special attention to project specific circumstances and
requirements is necessary and appropriate for practical cost-
effective implementation.

INTRODUCTION

The life cycle of a nuclear power plant involves many complex phases,
each requiring attention to the specific Human Factors (HF) issues
relevant to various project personnel (e.g., operators, maintainers,
construction, commissioning and decommissioning personnel). It also
includes an ongoing process of change as technology evolves, as new
requirements emerge, and as experience reveals new challenges and
opportunities to maintain or improve performance. In order to meet
these wide-ranging and ongoing requirements, a comprehensive, but
flexible program is needed that is established and committed to early
in the course of any project or any major change or refit during the
life of the plant. Such an approach has been developed in the form of
the Human Factors Engineering Program Plan (HFEPP).

Purpose of a HFEPP

The purpose of a HFEPP is to define, at a level appropriate to the job
concerned, the extent of the required program in human factors. The



HFEPP approach is applicable to human factor-related activities in
every stage of station design, and sets requirements for documenting
these activities. A HFEPP can apply to any job, whether it be a new
design, retrofit, an operational change to an existing plant or any
other significant undertaking.

In the Canadian nuclear industry, human factors have been an important
part of control centre design for many years and have also been
directly applied to occupational health and safety, operator
selection, and human reliability analysis. However, despite these
applications and despite a general sensitivity to human factors in
some other design areas, there has been no broadly based integrated
human factors program; and, in many aspects of station
design/operation, there has been no formal application of human
factors.

The HFEPP concept originated in military systems design and is a
relatively well-established approach in that domain. There is a
growing awareness now in the power industry, both within Canada and
abroad, of the potential for human performance improvements through
the HFEPP. A systematic approach to the incorporation of human
factors data and design practice will help alleviate a number of
design issues where humans are involved. For example: reducing
information overload during plant transients, integrating new
technology such as soft, VDU-based control, into the human/machine
interface,or enhancing maintenance of difficult-to-access equipment, a
problem often exacerbated by radiation protection clothing.

Benefits of HFEPP Approach

The HFEPP offers potential benefits in at least three main ways:

1. It identifies at the outset of a job all the areas where human
performance can be usefully enhanced through the application of
human factors - making human involvement safer, more efficient,
more productive, more reliable - and establishes a consensus
between all affected groups as to the required scope of human
factors in the job and the methods to be used.

2. It encourages an integrated application of human factors to the
areas identified and agreed on, so that overall objectives are
clear and so that the approaches to meeting them are consistent
and/or complementary from area to area, rather than being
determined separately and in isolation.

3. It encourages a broad approach to decision-making and to the
assessment of operating experience, so that the most appropriate
and effective solutions can be found without being limited by
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individual group responsibilities. Thus, the investigation of an
incident at an operating station could include a review of broad
organizational, training, and communication issues as well as
more specific design and procedural issues.

International Perspective

Internationally, there have been several developments that point tc
the need for systematic incorporation of human factors in power plant
design. For example: IEC 964 (Design for control rooms of nuclear
power plants, IEEE 1023 (Guide for the application of human factors
engineering to systems), equipment and facilities of nuclear
generating stations), and EPRI 4350 (Human engineering design
guidelines for maintainability). These documents vary in the degree
to which requirements are prescribed, but the general message is the
same - develop a program for the systematic and timely inclusion of
human factors and document it.

The external documents are providing an impetus and useful direction
for the integration of human factors within our designs. However, we
have found them to have various shortcomings in meeting the unique
requirements of particular projects such as CANDU 3. For example,
IEEE 1023 lays down a valid general design philosophy but does not
provide detailed guidance about design methodology. IEC 964 does
provide quite detailed methodology recommendations, but prescribes a
very extensive and costly plant function analysis which is predicated
on the assumption that the control system design is a totally new one,
rather than one which inherits a great deal of proven technology,
functionality and architecture from earlier, operationally proven
CANDU designs. Because of such considerations, we have found that
more detailed human factors engineering guidance, tailored to the
particular needs of particular projects, is necessary for cost-
effective implementation.

GENERIC HUMAN FACTORS PROGRAM PLAN

In order to reduce costs and encourage a common approach to the
development of HFEPPs for specific projects, a generic HFEPP is being
developed jointly by AECL CANDU and Ontario Hydro (Reference 1). The
generic HFEPP will be provided as a guide to designers/specialists
responsible for developing project-specific plans. The generic plan
contains all the various human factors program elements that are
relevant to a new nuclear plant design. It also contains reasonable
latitude for technical specialists and project managers to provide
judgement and innovation consistent with specific projects, in order
to accommodate any unique requirements and constraints. In other
words, the comprehensive generic plan can be (and normally is)
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"tailored" by selecting human factors activities in accordance with
project-specific scope, scale, cost and schedule.

General Content

The potential scope of the human factors program defined in the
generic HFEPP is much broader than the approach applied to earlier
projects. The areas of human factors application include the well-
established ones (e.g., those related to control centre design), but
they extend as well to many aspects of generating stations where we
have not formally addressed human factors in the past. The following
outline indicates the proposed scope of the generic HFEPP. Note that
the subjects shown against each heading are representative, but the
lists are not meant to be restrictive.

1. Design
• control centre design

- room layouts
- control panel arrangement
- anthropometries
- information display
- operator control devices
- human-computer interaction devices
- human factors aspects of supervisory control
- environmental conditions
- human reliability analysis (HRA) in safety assessment
- verification, validation of control centre design

• plant design
- equipment accessibility
- plant layout (e.g., radiation zoning)
- operability, maintainability
- labelling, signs
- human reliability analysis (HRA) in safety assessment
- environmental conditions

2. Operator selection and training
education qualifications
selection criteria
training philosophy
qualifications of training staff
training materials
use of simulators
validation of selection and training
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3. Procedures
• commissioning, operating, testing and maintenance
• presentation
• workload assessment
• validation

4. Station operational management
• organization
• job definition
• reporting mechanisms
• staff communication
• policies and administrative procedures
• shift schedules

authorization/responsibility
• operational records
• supervisory style and authority gradient

Responsibilitv

Typically, responsibility for an HFEPP would be split between the
design organization and the operating organization. Design ensure
that the more traditional human factors engineering areas are
satisfied, such as: anthropometry, display and control layout, basic
ergonomic features of hardware and operator workload (both physical
and cognitive). The operating organization ensures that such issues
as training (operators and maintainers), assigned responsibility,
teamwork, reporting mechanisms and general plant organization support
safe and reliable human operation. It is currently proposed that any
given HFEPP will eventually be composed of both these "areas". As a
result, plans will most often be started by design organizations in
order to deal with the immediate needs of a design schedule, but will
at some point (the earlier, the better) be passed to the operating
organization for the appropriate additions and be maintained by them
over the life of the plant.

CANDU 3

Practical aspects of applying the HFEPP concept to new CANDU plant
designs are illustrated by the CANDU 3 experience. In that project,
the HFEPP concept is being applied across the plant, but with some
practical restrictions. One of these restrictions stems from the fact
that the development of a CANDU 3 human factors program began well
after the start of design (several years). As a result, human user
aspects of the initial plant design were based, following traditional
design practice, on the judgement and experience of the designers and
on various design reviews which included experienced utility
operations personnel as reviewers. This was augmented by new three-
dimensional CADDS modelling of plant and equipment layouts, which
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facilitates visualization of space and accessibility for service and
maintenance. A maintenance assessment review of the civil engineering
design augmented the review of space allocations. Further reviews are
planned for later stages of design and commissioning.

In the case of CANDU 3 control centres, the design work is done
relatively late in the project, making it possible to incorporate
human factors more formally into the design process. Control centre
development was initially supported by a link analysis of personnel
traffic patterns. This was done to assess the merits of various
locations within the overall site plan. Following this decision,
conceptual room layout was carried out. This involves mapping of the
basic plant functions to operator work stations in the control
centres. As the design evolves, attention to operator tasks in the
control centres will be addressed in several ways. This will include
a review of task allocations, i.e., whether tasks have been automated
or given to the operator), task analysis, supported by operations
feedback, co guide the panel and CRT human-machine interface design, a
full-scale, quasi-dynamic mockup of the main control centre for
evaluation of selected operator interfaces (e.g., annunciation system)
and finally, full procedure development and evaluation in a full-scale
simulator by utility personnel, supported by AECL CANDU.

In the design of the control centre, human factors attention is given
to all systems. However, recognition is given (Reference 2) to the
evolutionary nature of the human/machine interface design relative to
earlier, operationally proven CANDU designs. Hence, the principal
focus is on those areas of the design which have been found in the
past to be operationally limiting, or which are affected by plant
design changes or advances in interface technology.

CONCLUSIONS

In summary, recent new international standards and guidelines, and
growing awareness of the importance of systematic treatment of human
factors have motivated the introduction of the HFEPP concept in CANDU
design. A generic HFEPP, which is being jointly developed by AECL
CANDU and Ontario Hydro, provides a model for project-specific HFEPPs,
and has the objective of reducing program development costs and
encouraging a common approach. Our CANDU 3 experience (as well as
experience on other projects)indicates that special attention to
project-specific circumstances and requirements is necessary and
appropriate for practical, cost-effective implementation.
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1. INTRODUCTION

The "paper tiger" is a suitable metaphor to describe the current difficulties

associated with technical documentation management at the Gentilly 2 NPP.

The steadily increasing and evolving needs of NPP personnel in the area of

technical documentation are not being satisfied. However it is becoming

increasingly difficult to manage with traditional methods, technical documen-

tation in the paper medium. The tremendous volume of paper, the wide diver-

sity of information and the high degree of technical specialization involved are

combined with a great variety of user needs driven by constantly rising quality

expectations. Inefficiency has been institutionalized!.

It is suggested that a gradual move towards a centralized computer-based

technical document management system be initiated. It is the author's opinion

that the full benefit of modern technology and methods can only be realized by

the development of a user-friendly NPP document management tool which

enables a rapid grasp of the general nature of technical documentation and its

identification by non-technical personnel.

This paper describes such a "Person-information Interface" tool and provides

some insight into possible applications.



2. THE ISSUE

"Information management and transfer between Design and Operations occu-

pied a major role in the Chernobyl accident" (1). This statement by the former

station manager of the ill-fated Chernobyl NPP speaks for itself.

It is possible to say that no nuclear plant operator is totally satisfied with his

technical document management system. It is probable that many stations are

apprehensive in this area for various reasons, including safety, and feel that

improvement is necessary. The Gentilly 2 NPP falls in the latter category.

3. THE PAPER TIGER

Documentation management may be defined as the filing, storage, identi-

fication, distribution, verification, approval, consultation, classification by sto-

rage life, standard forms, purchase and loan of documents. The term technical

document is "all-inclusive" and includes all information of a technical nature.

These functions have traditionally been performed manually for most technical

documents in a decentralized environment at the Gentilly 2 NPP. It has

become increasingly apparent in recent years that the present way of doing

things is not adequate for a modern nuclear power plant.

REF: Nuclear Engineering International, November 1991, "How it was: an operator's

perspective, Anatoly Dyatlov.



The visible results of this inadequacy are not comforting! These results

include numerous instances of lost documents, revision control breakdown,

operation errors, equipment maintenance problems associated with "lost"

information, an important amount of document rework by both clerical and

professional staff and a general inefficiency associated with delays in document

updating, information retrieval etc. It is certain that quality work at Gentilly 2

and as a result safety, has been hampered by the paper tiger. An excellent

example of a Gentilly 2 technical document plagued by many of these

deficiencies is the Gentilly 2 operating manuals. In fact it may be said that our

current program of revision of the (131) operating manuals would not have

been required, had modern documentation management methods been used all

along.

At Gentilly 2 the paper tiger sprang into existence under the following condi-

tions:

i) The limited financial and human resources of the documentation mana-

gement unit only permitted centralized administration of a limited num-

ber and type of technical documents.



ii) The "Human Factor" has prevented significant progress in technical

document centralization. Approximately 50% of the station technical

documentation is located in the technical unit among (20) satellite

documents areas and numerous personnel cubicles (NOTE 1). This

decentralization has fostered document duplication, non-uniformity and

revision control problems. The later two points are of safety significance.

Another irritant is that specialist information is often accessible only with

the aid of the particular specialist.

ill) Gentilly 2 has witnessed a phenomenal growth in the volume of accu-

mulated technical documentation since the in-service date of October

1983. The current total volume of technical documentation occupies the

equivalent of (11 000) standard boxes or (900) standard "6 drawer" wall

units. These units alone, would occupy about 5000 square feet of floor

space.

NOTE 1: Only 15% of the technical documentation has been centralized of which 9%

is in storage.



The institutionalized inefficiency of this arrangement had a direct bearing on

operating costs. This is reflected not only in floor space and clerical costs

(typically 2300 $ per wall unit - year), but also in increased professional labour

costs. This is due in large part to the difficulty of most clerical to retrieve and

file technical documentation with reasonable precision. The engineer is requi-

red to get involved in clerical tasks. A rule of thumb in the technical document

management industry is that an engineer spends 40% of his time in locating

and assembling data necessary to his work. However high this figure may be,

the importance of documentation management in a NPP cannot be taken

lightly.

4. A VISION OF THE FUTURE

The management of Gentllly 2 recognizes the problem of technical documenta-

tion management at Gentllly 2. "It is our vision that Gentilly 2 shall be equip-

ped with a modern document management system for all important technical

documents within 10 years.

5. STRATEGY FOR CHANGE

It is recognized that our long-term objective is to evolve towards a central

computerized document management system. This is to be in step with

modem technology as employed at numerous world class, engineering-related

companies.



It is required that this evolution be driven by specific station needs. The first

such need is an operational document management system to provide a docu-

ment management of the operating manuals, operating flow sheets and overall

operating procedures.

It is highly desirable that this evolution be coordinated with other CANDU sta-

tions to achieve optimum cost, quality and schedule benefits. It is also

preferable to take advantage of the current "user-driven" climate, free of

regulatory interference. Recently several CANDU stations have participated

with Gentilly 2 in the definition of a "common needs" statement for an

operational document management system.

It is further suggested that the starting point for a major and permanent

improvement is a complete rethinking of how we manage our documentation.

An integrated technical document management strategy based on strong physi-

cal/electronic document centralization may be essential to meet current and

future needs. However it is not enough! All integration and centralization

techniques (eg: computer, microfilm, manual, etc..) quickly run up against

the person-information interface (or filing system) stumbling block. This

specific problem results from the combination of many factors. They include

the large volume, technical specialization, extreme diversity, variability of

format and interdependence of technical documentation and the multiplicity of

user needs and of course, the "human factor". The nature of NPP technical

documentation is such that a formidable barrier to its access and management

by non-technical personnel is difficult at best and sometimes impossible.



This difficulty extends to technical personnel. The existence of several different

partial or specialized filing systems does not facilitate matters. Naturally the

"subjective" nature of document identification by many individuals does not

help either.

6. SIMPLIFICATION OF THE PERSON - INFORMATION INTERFACE

Commencing in 1989, it was attempted to develop a single integrated NPP

document index to simplify the person-information interface problem. The

Function Nature Index is designed to be used in conjunction with the existing

USI code for equipment. It is essentially complementary to the USI system and

both of these codes would be combined to form a complete station document

code system.

The three digits of the Function Nature Index basically describe:

1) The function or ownership of the document

2) The physical or intrinsic nature of the document

3) The specific subject

The Function Nature Index or "FNI" constitutes a concise inventory of the

roughly (1000) major subjects and/or unique documents which one commonly

finds in a CANDU NPP.



The inventory is essentially a cartesion matrix (eg: 'Top-Down" or hierarchical

based) collection of subjects. The subjects are assembled according to the fol-

lowing hierarchy (top-down):

1) Function eg: document utility

2) Nature eg: document type, format, subject domain or relation to

time (or phase).

3) Item eg: specific subject.

This FNI attempts to integrate all existing "non-equipment" document codes

and is intended to complement the existing USI (on SCI) code. Essentially the

FNI emulates the USI code in an attempt to maximise the "periodic" nature of

its subjects.

The primary criteria associated with FNI development is the KISS principle

(Keep It Simple Stupid). ALL station personnel must be able to quickly

understand the general nature and Identify technical documentation with the

aid of simple concepts. Only then can they be expected to file and retrieve NPP

documentation efficiently.

The graphic matrix presentation of the FNI is designed to accommodate the

human factor. It is generally accepted that 70% of the population in North

America perceive information in an essentially visual manner.



7. POTENTIAL APPLICATIONS OF THE FUNCTION NATURE INDEX

The FNI can be easily adapted for numerous applications. These include:

Identification of relevant station reference plan(s) via a specific subject.

Identification of the station work group having overall document

responsibility.

Use as a learning aid for the training of new station personnel.

Use as the basis for station change control (ex: check list). Note that

change control is required both for document and hardware changes.

Identification and indexing of all station technical documents.

Use as a compendium of standard document identification nomenclature.

8. CONCLUSIONS

Much work remains to be done at Gentilly 2 to tame our paper tiger. Station

management has adapted an aggressive position with respect to modernizing

the management of important technical documents.

A person-information interface tool has been developed and proposed as a

solution to the document identification and filing stumbling block. The

Function Nature Index is an inventory of 1000 common key words (or

subjects) arranged in a top-down hierarchy. It is presented in a tabular matrix

to provide a user-friendly roadmap to technical document identification. It is

considered that the FNI may be the key in overcoming the "human factor"

resistance to document centralization.
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GENTILLY 2

STRUCTURE OF THE STATION DOCUMENT CODE

AND FUNCTION NATURE INDEX

1. BASE STRUCTURE: Station # - FNI - USI - (PROJECT)

2. EXAMPLE:

Gentilly 2

3.

66

T
571 31100 (SLAROO)

"FNI"
(Document "Function/Nature/Item")

USI*
(Equipement Code)

Project*
(Major activity eg: SLAR)

"FNT CODE STRUCTURE !

Funrttnn
(Technical Support)

Nature

S

(Report)

TtftTTl

7 3

fTechnlcal Report)

The USI and Project codes are optional.
Often only a "Fin" code can be applied.



GENTILLY 2
DOCUMENT IDENTIFICATION WITH THE fFNIr CODE

UNIQUE
TECHNICAL
DOCUMENT

©
YES

COMMON
OR

IMPORTANT
SUBJECT
NO

YES

CRITERIA

- 1. Ex.: OM, SER, ETC.

FUNCTION ?

IRREGULAR
FUNCTION ?

NO REGULAR
FUNCTION ?

PHASE, SUB
FUNCTION, PRGM

OR ORGANIZ.?

GENERIC
SUBJECT

DOCUMENT
YES

1. A SUBJECT WHICH MERITS
A UNIQUE ENTRY IN
THE FNI.

1. WHAT IS THE UTILITY OF
THE DOCUMENT FOR THE
STATION?

2. WHO MAKES MOST USE
OF IT?

3. WHAT IS THE EXTERNAL
LINK?

1. CHARACTERIZED BY PHAS3
SUB-FUNCTION, PROGRAM
OR ORGANIZATION.

- - 1. NO DISTINCTION OF PHASI
IN THE FUNCTION.

,, YES

NATURE ?

NOA

GENERAL
DOSSIER

ITEM ?

SERIAL NUMBER
REQUIRED TO IDENTIFY

DOCUMENT

DOCUMENT
IDENTIFICATION
ON FNI MATRIX

ONFIRMED I
PROJECT OR

KEY WORDS REQUIRED
TO IDENTIFY DOSSIER

I— 1. PHYSICAL DESCRIPTION?
Ex.: REPORT, PROCEDURE.

2. UTIUTY IN THE LONG TERl
OR THE SHORT TtRM?

3. ADMINISTRATION OF THE
FUNCTION?

- 1 . Ex.: ENGINEERING, QA,
PUNNING NUCLEAR

" MANAGEMENT.

OFTEN BY ORDER OF
IMPORTANCE, SEE DOC.
ABBREVIATION AT RIGHT
MARGIN. ITEM "0" IS
ALWAYS GENERAL



DEVELOPMENTS IN CANDU STANDARD PLANT LICENSING

by Joe F. Sobolewski, Paul S. L. Lee and Peter J. Allen
Atomic Energy of Canada Ltd. (AECL)

2251 Speakman Drive
Mississauga, Ontario

L5K 1B2 Canada

SUMMARY

AECL is continuing with its goal of completing the standard plant design for
the CANDU 3 nuclear power reactor. To date major aspects of the conceptual
design and some of the detailed design work have been discussed with the
Canadian nuclear regulatory agency, the Atomic Energy Control Board (AECB).

The Standard Plant Design (SPD) envelope has been chosen to accommodate the
characteristics of a wide variety of sites in Canada and around the world.
One of the key objectives of the project is to ensure the standard plant
design is licensable in Canada. This is to be accomplished prior to the AECB
issuance of the construction licence for the first unit. Approval from the
AECB is required to reduce the plant owners' risk and achieve the 35 month
construction schedule established for the project.

The focus of the early years of the project was to agree on and document the
design requirements and then derive the conceptual design. The detailed
design work could proceed only with agreement on the major design-related
licensing pre-requisites, thus reducing the risk and associated costs of major
design changes which might be required by the regulatory agency during the
detailed design or construction phases. The licensing objectives for the
first years included establishing the licensing basis for the SPD, review of
the unique features of the CANDU 3, agreement on the Safety Design
Requirements, agreement on the Systematic Plant Review and then agreement on
the Safety Analysis Basis. These will then be used to ensure the detailed
design and safety analysis proceeds on a mutually understood basis.

Consultative Document C-6 "Requirements for the Safety Analysis of CANDU
Nuclear Power Plants" was previously used on a trial basis in the licensing of
Darlington. For CANDU 3, the traditional single/dual failures licensing
approach has been abandoned by the AECB. These up front licensing discussions
-on the CANDU 3 provide the first opportunity for the AECB and the industry to
explore what full implementation of the Consultative Document C-6 as the sole
basis for judging the acceptability of the safety analysis entails.
Clarifications of the draft requirements utilized in the Darlington licensing
process have been discussed and these have resulted in the production of
unique licensing documents such as the systematic plant review. In this
paper, we review the issues discussed in the licensing process and outline
their resolution.

INTRODUCTION

AECL CANDU continues to update the CANDU product to provide improvements in:

• safety and reliability

• capital and operating costs

• construction schedule

• construction techniques

• maintenance and operation

be
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To remain an environmentally preferred alternative to coal fired plants, or
alternative energy sources such as solar power, bio-mass, and wind generated,
the CANDU product must be technically advanced and economically competitive.
Therefore AECL is continuing with its program to design and license a standard
450 MW(e) plant (CANDU 3) which has a 35 month construction schedule from
start to in-service operation, and has been pre-approved by the nuclear
regulatory authority-

The site acceptance process, including the environmental assessment and impact
on the local area, and the application for operating licence from the nuclear
regulatory authority will follow once an owner/operator's commitment has
occurred.

STANDARD PLANT DESIGN PROGRAM

The design of the standard plant has proceeded such that the majority of
conceptual issues have been resolved and some detailed design work has
commenced. The design envelope (Reference 1) was chosen to accommodate the
characteristics of a wide variety of sites in Canada and around the world.

Design Principles

The design principles remain:

1. enhance or improve traditional CANDU advantages including safety, low
radiation exposure, high capacity factor, ease of maintenance and low
operating cost;

2. reduce the capital costs, construction schedule and unit energy cost;

3. standardize the plant design so it is suitable for various sites world-
wide, without significant design changes or modifications;

4. create separation and independence among the plant structures and
systems to facilitate construction and contractual options such as
shared financing, utilization of partners and subcontractors without
introducing significant design or documentation changes;

5. employ state-of-the-art technology, include design, construction,
operation and project management methodologies consistent with twenty-
first century approaches;

6. For plant components:

a. maximize life expectancy,

b. enhance ease of replacement at the end of life - quick and simple,
without the need for complex tooling or an extended outage,
thereby minimizing radiation exposure,

c. minimize complexity and cost, and

d. minimize installation time and cost;

7. For maintenance and in-service inspection:

a. maximize the operating period between scheduled maintenance
outages and in-service inspection,

b. minimize the outage period duration to 21 days per year,

lie
92/06*13



- 3 -

c. maximize the operating period between major maintenance outages to
15 years.

d. minimize the major maintenance outage duration for major equipment
replacement (fuel channels, steam generators), major system
modification or modernization (controls, computers) or major
equipment refurbishment (re-blade the turbine).

Design and Safety Approach

The design approach has been to establish a comprehensive set of design
requirements, with emphasis on the safety and licensing requirements, prior to
the start of the detailed design work. These requirements have evolved during
the conceptual design phase and are now included in the safety design guides
and the design requirements documents (see Figure 1). The safety team has
been integrated with the design team to ensure these requirements were clearly
understood by the designers at the start of the project.

After the conceptual design of a system is completed and documented, the
requirements and the proposed implementation are reviewed by a design review
panel. Fifty-four of the some fifty-seven formal design reviews have taken
place. These have included representation and participation from the utility
staff and knowledgeable experts independent from AECL.

STATUS OF THE LICENSING PROGRAM

Standard Plant Licensing Plan

AECL has been following an up-front approach to licensing for the standard
plant design. This up-front licensing approach enables all parties to better
understand the project licensing requirements and helps reduce the project
risks and uncertainty. Before proceeding with the site approval, detailed
design, and construction phases, the major design-related licensing pre-
requisites will be agreed by the designers and licensing authorities. This
process helps to clarify the safety and design intent and reduces the number
of design changes that may arise during construction because of the regulatory
review process. Precise commitments are made and clarification and agreement
of requirements are achieved by all parties before significant expenditures
occur.

The licensing objectives for the first years included establishing the
licensing basis for the SPD, review of the unique features of the CANDU 3,
agreement on the Safety Design Requirements, agreement on the Systematic Plant
Review and then agreement on the Safety Analysis Basis. These will then be
used to ensure the detailed design and safety analysis proceeds on a mutually
understood basis.

Originally, as part of the up-front licensing discussions on the CANDU 3, AECL
had planned to follow the licensing approach described in ACNS-4; the most
current licensing approach available in Canada as of June 1983 (Reference 2).
However, further discussions with the nuclear regulatory agency showed that
the advances and understanding gained during the Darlington licensing process
should be applied to the CANDU 3. Thus the CANDU 3 SPD provides the first
opportunity for the AECB and the industry to explore what licensing
implementation of Consultative Document C-6 "Requirements for the Safety
Analysis of CANDU Nuclear Power Plants" (Reference 3) as the basis for judging
the acceptability of the safety analysis entails without relying on the older
single/duel failure dose limits. Clarifications of the draft requirements
utilized in the Darlington licensing process have been discussed and these
have resulted in the production of unique licensing documents (Reference 4).

MOWO
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Licensing Requirements and Documentation

So far in the licensing process, AECL has submitted twelve Safety Design
Guides (SDG) (Table 1) which describe the safety design requirements. These
have been reviewed by the AECB and all major comments have been addressed.

Additionally, to ensure compliance with the AECB Regulatory Documents for
Special Safety Systems (References 5, 6, and 7), AECL has submitted a document
which compares the individual clauses of the Regulatory Documents with the
clauses of the SDGs and/or the design documentation. Where operating,
commissioning, maintenance and training requirements are presented in the
regulatory documents, AECL has been recording all the requirements on behalf
of the plant owners and/or operators, so their intent and purpose can be
discussed with the AECB.

Preliminary probabilistic safety assessments have been performed as part of
the conceptual design. These documents have provided valuable risk and safety
analyst insight to the design and helped derive reliability requirements for
the system designers. This information has also been invaluable as input to
the exhaustive and comprehensive systematic review process on the CANDU 3
design (Reference 4). This report identifies for the major systems those
failure modeB which could possibly result in the release of radionuclides from
their normal locations. Using a failure modes and effect analysis technique,
the report identifies all serious process failures. Derivation of a
combination of these failures with the unavailability of systems or equipment
whose action would mitigate the consequences of these events will be found in
the Safety Analysis Basis (SAB) documents, which are expected to be issued to
the AECB next year.

Licensing Topical Meetings & Correspondence

Special effort has been made to arrange topical meetings with the AECB, the
Canadian utilities and plant operators on the novel standard plant design
features and the traditional safety issues. As part of this process,
assessment documents (Table 2) have been submitted for early AECB review and
approval.

Major safety concerns as diverse as the systematic plant review, reactor power
pulae, grouping of plant systems and plant layout, single ended refuelling,
pipewhip, environmental qualification and tornado design have been documented
in the assessment reports. Further correspondence has occurred on the
requirements for SDS1 depth, CHF, post-LOCA instrument air design, new and
irradiated fuel transfer, the need for main steam isolating valves, AECB
consultative document C-83 (Reference 8), computer code documentation
requirements, containment equipment hatch testing, safety analysis and
licensing requirements for beyond design basis events, containment electrical
penetrations and fire protection.

Standard Plant Documentation

In addition to the assessment documents submitted, while obtaining standard
plant design approval, the documents listed in Table 3 have been or will be
submitted for regulatory approval.

Discussions are underway to answer AECB questions and resolve outstanding
issues on the submitted documents. These documents will be supported by the
detailed design and analyses documents listed in Table 4, some of which have
already been submitted to the AECB.

9222ffi/»p3>
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Progress to Date

For the CANDU 3 SPD, AECL is aiming to resolve issues early in the licensing
process, to the satisfaction of all parties, thus reducing risks. Exchanges
of correspondence and discussions on the Safety Design Guides have progressed
to the point where agreement on the SDGs is essentially complete, with only
minor editorials outstanding. In response to the AECB and potential utility
clients needs and requirements, a number of design changes and modifications
have occurred. For example, the AECB's desire to see much more extensive
information on the reactivity holdups, transient analysis of sub and
superprompt critical ranges, the computer codes used and shutdown system
performance to avoid operation in superprompt critical modes, resulted in a
re-design of the heat transport system to include four heat transport pumps
and four reactor inlet headers. Furthermore, the AECB was concerned about the
capability to recover from a fuelling machine failure, since the concept of
single ended refuelling was perceived by some to be a major departure from
past designs. To alleviate these concerns a thorough review of the
significant event reports involving the fuelling machine was conducted.
Additionally, as the design concept progressed it was decided that the channel
inlet end fitting would be modified to have a full bore hub, compatible with a
special flask/grappling machine that would permit defuelling capability for
emergency conditions.

There were also minor changes as a result of internal and AECB design reviews.
For example, the number of local air tanks in the post-LOCA instrument air
design was significantly reduced from past plants because of utility concerns.
As a result of AECB concerns, the containment electrical penetrations were re-
designed so that they will be individually testable.

An important aspect of the CANDU 3 SPD is its grouping and separation
philosophy. Plant systems are laid out systematically with emphasis on
separation of safety systems from process systems and the separation between
safety systems. There has been several discussions on this subject and the
AECB has agreed that the CANDU 3 concept of grouping, separation and layout
provided important improvements in safety. The design team is putting special
effort to ensure that the benefits of the CANDU 3 grouping and separation
concept is carried out in the detail design. A natural fall out of the
grouping/separation concept is that it is easier to provide tornado protection
to safety systems without inhibiting accessibility and maintainability because
of heavy concrete barriers. In addition, the number of penetrations has been
reduced and labyrinths have been added in front of all unprotected doors and
penetrations so there is no or a very minute chance of tornado missile damage.
Pipewhip protection also benefits from the improved separation and layout
design since there is better placement of process systems and less chance of
consequential damage to safety systems. The AECB agreed that the design
methodology for pipewhip protection is reasonable.

An enhanced approach was used for the systematic plant review for initiating
events; the details can be found in Reference 4. Positive verbal feedback has
been received from the AECB on this new approach. There were presentations
and discussions on environmental qualification (EQ) and an encouraging
response on the process was received. To ensure the well defined processes
are followed, the AECB is scheduling an audit on the CANDU 3 EQ SDG and EQ
procedure later this year.

Since the need for fire prevention, detection, mitigation and suppression was
incorporated into the SPD at the beginning of the project, the AECB has
acknowledged that this iB an improved, systematic approach to fire protection.
Improvements in the grouping, separation and layout design also made it easier
to provide clear, separate fire protection to safety and process systems.

Other important issues that have been discussed include: CHF methodology which
AECB has accepted that it will not be an issue until we apply for a high power
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license (The design/analysis team will keep abreast of the on-going generic
CHF tests. ); improvements in computer code documentation,
verification/validation, and version control; the requirements for main steam
isolating valves; and safety analysis and licensing requirements for beyond
design basis events.

Finally, the AECB has performed its first audit on a large scale AECL project
in some ten years. Corrective measures are being taken to remove the
deficiencies identified via the two recommendations and six quality
observation action notices. As was mentioned earlier the AECB will be
following up this audit with a more specific audit on the EQ program.

New requirements have also arisen, such as the need for an on-site nuclear
simulator to train the operating personnel and increased licensing fees for
the review of the SPD. The CANDU 3 project team is keeping abreast of these
requirements as they evolve.

CONCLUSIONS

The emphasis on specifying requirements before proceeding to the detailed
design phase has necessitated greater co-operation and co-ordination among the
design and safety staff. The safety team has been integrated with the design
team to ensure a full set of safety and design requirements are documented and
understood before component assembly and fabrication, and project construction
and implementation occurs. Conflicting requirements among economics,
schedule, design, construction, reliability, maintenance, operation, testing,
decommissioning, environment and safety continue to be resolved.

Dialogue on various subjects has been occurring among the AECB, the Canadian
utilities, and AECL. Several design changes or improvements have been made as
a result of these design reviews. Major issues including the systematic plant
review, reactor power pulse, grouping of plant systems and plant layout,
single ended refuelling, pipewhip, environmental qualification and tornado
design have been resolved satisfactorily. The design team will ensure that
the improvements from the conceptual design are fully implemented during the
detail design phase.

The use of PSA tools early in the conceptual design, and their continued
updating as part of the systematic plant review (and later as part of the
plant generic PSA), ensures a comprehensive list of postulated events will be
analyzed by both deterministic and probabilistic techniques.

The continued use of up-front licensing and agreement on the requirements
before proceeding to the next phase in the design, construction and eventual
operation of the plant should lead to a reduction in risk to the future
operators and owners of the plant.
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Table 1
Lust of Safety Design Guides

1.

2.

3.

4.

5.

6.

7.

e.
9.

10.

11.

12.

Safety Related Systems

Seismic Requirements

Environmental Qualification

Grouping and Separation

Fire Protection

Code Classification

Periodic Inspection

Radiation Protection

Tornado Protection

Pipe Rupture Protection

Decommissioning

External Flooding

922268 Vp5l
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Table 2
Subjects of Topical Meetings and Assessment Documnents

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

Grouping & Plant layout

Containment

Containment electrical penetrations

Post-LOCA instrument air

Single ended fuelling

Distributed control

Human factors

ECC

CHF

Reactor power pulse

SDS1 depth

Tornado

Environmental Qualification

Pipe whip

Aircraft impact

Fire protection
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Table 3
Licensing Documents Proposed to be Submitted for Standard

Plant Design Approval

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

Standard Plant Licensing Basis and Systematic Plant
Review of Initiating Events - submitted

Safety Design Guides (SDG) - submitted

Conceptual Safety Report (CSR) - submitted

Standard Plant Safety Report (SPSR)

Conceptual Probabilistic Safety Assessment (CPSA) -
submitted

Standard Plant Probabilistic Safety Assessment
(SPPSA)

Assessment of Common Cause Events

Assessment of Low Probability Events

Regulatory Compliance Documents - 1st iteration
submitted

Overpressure Pressure Protection Report

System Classification List (SCL)

Safety Analysis Basis (SAB) Documents - examples
submitted

Safety Analysis Data Lists (SADLs)

Computer Codes' Documentation - examples submitted

Register of Licensing Docuir.entat ion - updated on a
continuing basis

Minimal Allowable Performance Standard (MAPS)
Documents
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Table 4
Design Documents Proposed to be Submitted

for Standard Plant Design Approval

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

Design Requirements (DRs) - submitted (selected
systems)

Design Guides (DGs) - submitted (selected topics)

Design Descriptions (DDs) - submitted (selected
systems)

Standard Plant Design Quality Assurance (QA) Manual
- submitted

AECL CANDU Engineering QA Manual - submitted

AECL CANDCJ Procurement QA Manual - submitted

Design specifications for components

Decommissioning Plan - submitted

Reliability Reports for systems

Human Factors (HF) Plan

Post-LOCA (loss-of-coolant accident) Radiation
Management Study

Environmental Qualification (EQ) Program -
submitted

Radiation Exposure Control Program

Periodic Inspection Program

Shutdown Systems Trip Computer Software QA Plan
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HIGHLIGHTS OF CANADIAN ACTIVITIES IN FUSION SAFETY

G.A. VIVIAN, A. NATALIZIO, and M.A. WRIGHT

Canadian Fusion Fuels Technology Project (CFFTP)
2700 Lakeshorc Road West

Mississauga, Ontario, CANADA, L5J 1K3

ABSTRACT

A next-step experimental fusion reactor will likely have many
of the features of a fusion power reactor except for tritium
breeding and electrical power production systems. The
proposed International Thermonuclear Experimental Reactor
(1TER) will have a total (plasma plus direct heating) power
output approaching 2000 MW (thermal). This level of
performance (up from the 1 to 2 MW recently demonstrated
at JET) requires significant quantities of tritium to be
handled inside the facility. Hence, tritium safety is one of
the key issues to be addressed in the design.

CFFTP is supporting the TTER conceptual design activity by
design contributions, primarily to fuel cycle (tritium) related
systems. As a result of the tritium safety R&D programs
that have been in place for many years, in support of the
CANDU program, Canada is a recognized world leader in
tritium safety. While CFFTP has utilized fission relevant
R&D to the greatest extent possible, some safety R&D
programs have been established to address specific fusion
safety concerns. In some instances, such programs have
been co-sponsored by fusion groups outside Canada.

The paper describes the key safety issues associated with
experimental fusion devices and how these issues are being
addressed by the fusion community and by CFFTP.

1.0 INTRODUCTION

In the past few decades, the world fusion community has
advanced from small plasma experimental devices to major
experimental facilities such as JET (Joint European Torus),
which recently demonstrated the capability for producing
fusion power by sustaining up to 2 MW of plasma power for
a few seconds, a major accomplishment in the world of
fusion. Future tests in the JET facility anticipate even better
power and energy performance.

Already, design work is underway on the next major fusion
experimental facility - ITER (International Thermonuclear
Experimental Reactor). ITER will be a truly international
project, with major participation from Japan, Russia, ihe US
and Europe. Canada's participation in ITER is through the
European Community, with Canada contributing the

equivalent of 10% of the European ITER budget, in
technical and R&D services. ITER will be designed for a
nominal fusion plasma power output of 1000 MW (thermal)
sustained over 1000 to 2000 seconds. ITER will be a major
project and will carry a price lag of several billion dollars,
hence, the need for international cooperation.

Although an ITER-type machine is still some distance from
a commercial fusion reactor, it will have the features of a
commercial power reactor, with the exception of large-scale
tritium breeding and electricity production. For this reason,
many of the safety issues associated with ITER will be
similar to those of future commercial machines based on the
D-T fuel cycle. Tritium safety is almost synonymous with
fusion safety. There are two characteristics of tritium that
give rise to safety concerns: its radioactivity and its
flammability and explosion potential. Coupled with the
perceived need to make fusion much safer than fission,
ITER participants have proposed safety targets that are
exceedingly stringent and will ultimately lead to major
constraints on the design of tritium systems.

2.0 FUSION SAFETY ISSUES

A brief overview of fusion safety issues is given below. As
with fission reactors, there are both occupational and public
safety concerns. Occupational safety considerations impact
primarily on the extent of plant automation as well as remote
maintenance capabilities. Public safety considerations deal
primarily with containment of radioactive material and the
health effects of potential radioactive releases.

2.1 Occupational Safety

2.1.1 Radiation Fields

Experimental fusion reactors such as ITER will produce
high-energy neutrons (14 MeV), hence, shielding is a
primary consideration for occupational safety. Furthermore,
the materials of construction for JTER torus (mostly stainless
steel) are exposed to neutron irradiation and themselves
become radioactive. This means that once the reactor has
become activated personnel access into the torus will not be
possible and activities, such as replacing first wall
components or maintaining diagnostic equipment inside the



torus will have to be done by remotely operated robotic
devices. Even so, radiation fields from activated equipment
and structural components will be a major contributor to
total dose. Based on ITER operating experience and the
development of low activation materials, such as vanadium
alloys and silicon carbide fiber composite ceramics, this dose
component will be reduced in post-ITER machines.

2.1.2 Tritium Exposure

Occupational safely issues also arise from the tritium
handling systems required to supply tritium fuel to the torus
and clean up the tritium exhaust streams. The maintenance
activity associated with tritium contaminated components
such as valves and pumps, in tritium handling systems, is
likely to be a significant portion of the overall occupational
tritium dose. However, it is expected to be a small fraction
ol the total occupational dose, which includes neutron and
gamma contributions. Canadian experience plus continued
R&D work into more effective means of decontaminating
components prior to maintenance should significantly reduce
tritium occupational doses for both fusion and fission
facilities.

2.1.3 Tokamak Dust

Experience from the JET facility and other devices indicates
that a fine dust is produced from the torus walls during
plasma operation. Depending on the first wall material, the
dust can be activated or not, but regardless of the presence
of activation products, the dust will contain tritium, as a gas,
vapour or organic compound (eg., methane), and metallic
hydrides. Suspension of the dust during a maintenance
period requiring opening of the maintenance ports will
require careful contamination control measures. At JET,
such precautions have been taken to protect maintenance
staff from tokamak dust. However, the concern to date has
been primarily due the toxicity of beryllium, which is used
as a first wall material, and not due to radiation. This will
change once JET starts to operate with significant quantities
of tritium and high neutron fluxes. The dosimetry and
toxicity of tokamak dusk is currently receiving little
attention.

2.1.4 Non-Radioactive Hazards

From an occupational safety viewpoint, fusion power
reactors will have unique hazards relative to fission power
reactors. They include: cryogenic fluids for pumping plasma
impurities and for hydrogen isotope separation, large
magnetic fields required for sustaining intense currents in the
plasma and for controlling it, large radio-frequency and
microwave fields for plasma heating, and large accelerators
and pellet injectors for fuelling the torus with tritium and
deuterium. Although the hazards associated with such
devices are well recognized, the standards of protection for

some of these have not reached the same level of maturity
as radiation protection standards.

2.2 Public Safety

2.2.1 Accidental Tritium Releases

Because the reactor is heavily shielded to protect the
magnets and operating personnel, public safety is not an
issue during normal operation. Chronic tritium releases will
be minute as a result of the proposed ITER emission targets.
Public safety issues could arise from accident conditions that
have the potential to release significant quantities of tritium
and/or other radioactive material. In contrast with fission
reactors, fusion reactors do not have a fuel overheating
problem due to fission product decay heat generation after
the reactor is shut down. The relatively small amount of
decay heat from activation products does not pose a
significant safety threat to the public. Although there are
significant amounts of stored magnetic energy in a fusion
reactor, there are means for dissipating it without posing a
direct threat to (he public. In short, in fusion reactors there
is no equivalent of the fission core meltdown concern.

2.2.2 Accidental Tritium Releases from Shipping Containers

The fuel requirements for an experimental reactor such as
ITER will amount to a few kilograms of tritium per year.
As ITER is not expected to breed significant quantities of
tritium, most of it will have to be shipped to the facility in
a metallic hydride, i.e. a tritide, in stainless steel
transportation containers. Once the tritium is absorbed on
the metal getter, it must be heated to large temperatures for
it to be released from the metallic solid. Even then, it will
be largely contained by the stainless steel pressure vessel.
Therefore, transportation accidents are not likely to give rise
to the release of significant quantities of tritium.

In contrast, in the reactor facility itself, tritium will also be
present in the gas phase. Hence, under accident conditions,
it can potentially react with air in an explosive way
providing a large driving force for releasing it to the
environment. For this reason it is believed that the risk from
transportation accidents is likely to be considerably smaller
than that from reactor facility accidents.

2.2.3 Radioactive Waste Generation and Disposal

Of the tritium fuel injected into a tokamak reactor, only a
small amount is burned (2 to 5%). The rest is recycled,
hence, the fuel itself does not present a waste disposal
problem. The product of the fusion reaction is non-
radioactive helium, which does not pose any environmental
or health problems.

The first-wall and divertor material, which is expected to be
replaced several times during the life of an experimental



reactor such as ITER, will require controlled storage and
disposal, in the same manner as fission reactor waste. The
extent of activation will depend on the neutron fluencc and
the choice of materials. Low activation materials such as
beryllium and graphite do not require a long storage time
prior to disposal in non-radioactive waste sites.

Structural materials such as stainless steel will become
activated and will require long-term storage in radioactive
waste disposal facilities. However, such structural materials,
widi the exception of those used in divertors, may not need
to be replaced during the operational life of the reactor,
although provision will be made for their replacement.

3.0 CANADA'S PARTICIPATION IN FUSION SAFETY

Canada's involvement in fusion safety work is focused on
tritium safety, and more specifically on the safety aspects of
tritium handling systems, where we have a recognized level
of expertise. Our participation in fusion safety work is
through attachment of safety analysts and engineers at
international fusion facilities such as JET; through
participation in international fusion projects such as ITER;
and through the domestic tritium safety research program,
which benefits both the fission and fusion communities.

3.1 Assistance to International Fusion Facilities

3.1.1 Staff Attachments

Safety analysis from Ontario Hydro, AECL, and the
consulting community have been involved in the safety
analysis of the JET facility for a period of six years,
primarily through staff attachments. Together with experts
from European countries, they have performed the necessary
safely analysis and prepared the necessary licensing
submissions to satisfy the regulatory requirements and to
obtain the necessary permits for its operation. A significant
amount of additional safety analysis is required to obtain
permission to operate with substantial quantities of tritium in
the near future. Canadian safety involvement at JET has
focused on the safety design and safety analysis of the
Active Gas (tritium) Handling System.

Staff attachments at operating facilities provide Canada an
excellent opportunity to participate in fusion projects that are
too costly for us to undertake independently.

3.1.2 Support Services

Safety analysis, such as dose calculations for tritium
environmental releases, has been performed for both JET
and TFTR (Tokamak Fusion Test Reactor) as support
services from Canada, in addition to the staff attachments.
Other safety services include Design Safety Reviews of
tritium related systems.

3.2 Participation in the ITER Design Study

3.2.1 Fuel Cycle Systems Safety Analysis

CFFTP's contribution to the four partner ITER design study
has been through the European ITER team. One of
Canada's primary responsibilities on ITER is the design of
fuel cycle systems. Accordingly, the key safety role at
CFFTP is to support the design of such systems with the
appropriate level of safety analysis. Some of this safely
work is being performed in collaboration with ENEA - the
lead agency in the Italian fusion program, which has the
responsibility for fuel systems safety analysis on the NET
(Next European Torus) reactor design.

Specifically, safety analysis efforts to date have focused on
the isotope separation system and the fuel clean-up system.
The objectives of the current preliminary safety analysis
were:

a)

b)

c)

to determine the conditions for which in-process
detonation is possible,

to determine the design features required to
eliminate oxygen from the process stream, and

to determine the maximum credible detonation
resulting from a process failure giving rise to the
release of hydrogen isotopes into the tritium
building.

Safety assessments of these systems have included both
event sequence analysis and consequence analysis.
Preliminary analysis results of the current fuel clean-up
system design indicate that only minor design changes would
be required to meet current safety standards. Also, early
indications from the isotope separation system analysis
suggest that the maximum credible detonation would be the
equivalent of a blast from about 1 kg of dynamite. This is
an order of magnitude lower than what is predicted in a
similar scenario for the Darlington Tritium Removal Facility.

3.2.2 Containment Design Assist Analysis

In addition to fuel cycle systems, containment design has
been an area of interest lo CFFTP. Contributions to the
ITER study have been made in the form of containment
safety design concepts submissions as well as design assist
analysis. The objective of the design assist analysis7 was to
determine peak pressures in various containment zones, as
well as the vent area required between zones to limit
differential pressures to 15 kPa. For example, calculations
performed for the largest pipe break in the ITER cooling
system demonstrate that containment integrity (pressures
below 30 kPa) can be maintained with only a vent area of
10 m2 in the inter-zone boundary. This can be achieved
without external venting or active pressure suppression



systems. The calculations were performed with the
PRESCON2 containment code.

A thcrmalhydraulic model of the largest ITER cooling circuit
(shield cooling) was developed to determine the mass and
energy discharge rates into containment. The CATHENA
computer code was used for this.

In addition to external pipe breaks, some analyses were
performed for in-vessel cooling tube breaks. These showed
that vessel integrity would be maintained by providing a vent
area of less than 1.0 m2. For even the largest in-vessel pipe
break, a total vent area of 10 m2 would ensure vessel
integrity. Even this area is a modest requirement
considering thai it only represents a rupture disc of less than
1 m diameter on each of 16 torus exhaust ducts. Each duct
is about 2 m in diameter.

3.3 Tritium Safety Program

3.3.1 Dosimetry

Research continues into the potential health effects of tritium
and particularly the means of quantifying the biologically
significant dose that can result from exposure to HT, HTO,
and tritiated hydrocarbons. Past efforts have concentrated on
understanding the effects of tritium associated with
inhalation and ingestion. Current efforts are focused on a
third exposure pathway: skin exposure from contact with HT
contaminated surfaces1. Metallic surfaces used in tritium
systems (eg., piping, valves, pumps) may be also
contaminated with very thin oil films, which react with
tritium to form tritiated hydrocarbons. Hence, the level of
hazard depends not only on the amount of tritium
contamination, but also on the form in which it exists.

Skin contact experiments performed with rodents indicates
that the percentage of activity transferred from the metal
surface to the skin increases linearly for up to 15 to 30
seconds and then becomes constant The data also suggest
that the skin dose, rather than the whole body dose resulting
from the skin up-take, may be the limiting one.

3.3.2 Environmental Tritium Modelling

In contrast with CANDU fission plants, the tritium in fusion
facilities exists primarily in gas form (T2 or HT), as opposed
to tritiated vapour or liquid. Hence, tritium releases from
fusion facilities are expected to be primarily in the form of
HT gas. However, tritium gas will react with soil bacteria
and with vegetation in the environment, converting lo the
vapour form (HTO). CFFTP has funded the development of
environmental models for assessing the impact of tritium
releases on the environment and the public. This has
included laboratory research and field test work, to establish
the tritium transport and conversion rates in the environment,
and to verify the computer models. This pioneering work

has led to international validation experiments in the natural
environment.

A significant result of this world-leading effort was a
reduction in the amount of conservatism that had been
previously built into dose estimates for elemental tritium
releases. This was a key factor in establishing the regulatory
emission limits for tritium at the Darlington TRF.

The most recent version of the ETMOD8 (Environmental
Tritium Modelling) code was demonstrated, during
benchmark comparisons that were part of the International
Thermonuclear Experimental Reactor (ITER) design studies,
to be the best available code for predicting tritium
environmental effects. This code is now fully documented
and available for use by the international fusion community.

3.3.3 Monitors and Samplers

Tritium monitors are a key part of the process for controlling
and maintaining occupational and public doses as low as
reasonably achievable. Close interaction between laboratory
and industry in Canada has helped in the development,
testing and production of tritium measurement devices for
personnel and effluent monitoring. CFFTP and AECL
Research co-funded the development of the Scintrex Portable
Tritium Monitor, which is in wide use both in CANDU
power stations, and in international tritium laboratories.

AECL Research has conducted a program of comparative
field testing of passive diffusion samplers against
conventional active samplers. These passive samplers can be
employed in chronic monitoring of the workplace,
environmental compliance monitoring, and in environmental
research programs required for model verification. Some
passive samplers can also discriminate between HT and
HTO2-3.

3.3.4 Component Decontamination

Significant occupational doses can arise from maintenance
operations on tritium contaminated components, but this can
be substantially reduced by component decontamination,
prior to maintenance work. Improved methods that
minimize waste generation and decontamination risks are
being developed at the Ontario Hydro Research Division,
where glow discharges in a variety of gases have recently
been studied. Stainless steel vacuum fittings with surface
activities ranging from 30-800 kBq/m2 have been exposed
to glow discharges in three gases: hydrogen, helium, and
argon. Following several brief exposures, the surface
contamination has often been reduced below 300 Bq/m2 -
the minimum detectable level in these experiments. Argon
plasmas have been shown to be particularly effective for
tritium decontamination4.



3.3.5 Storage Beds

Uranium beds are commonly used for tritium storage in
experimental handling facilities and at both JET and TFTR.
The known propensity of uranium for pyrophoric combustion
has raised safety questions in the event of accidental ingress
of air to a large bed containing tritium. An experimental
program was carried out at the Ontario Hydro Research
Division with the support of CFFTP, the Princeton Plasma
Physics Laboratory, and the Idaho National Engineering
Laboratory5- Uranium beds of 5 to 3000 g were tested with
exposures to air, nitrogen, and oxygen. In every test, the
oxidation reaction was limited and produced only a modest
temperature rise. No measurable tritium releases from the
bed were observed. It was concluded from this work that
the hazard associated with an air-ingress accident involving
a uranium bed is minimal, and should not be of concern.

3.3.6 Air Detritiation Systems

Drier technology developed for CANDU plants to recover
heavy water escaping into equipment rooms is being adopted
in fusion facilities for removing airborne tritium in operating
areas of the plant, and for emergency clean-up.

A fully integrated confinement and air detritiation system
(ADS) is being designed for the ITER fusion reactor
concept. This system will include normal ventilation with
box-up capability and pressure control lo maintain
radioactive zoning under normal operating conditions. In the
event of a tritium release (either HT or HTO), the system
will isolate the release, maintain the affected area sub-
atmospheric with respect to its surrounding areas, and
perform the actual detritiation of the affected area. This
limits the impact of the spill, and minimizes occupational
radiation doses, and emissions to the environment.

An R & D program has been initiated in support of the
above work.

3.3.7 Sorption/Desorption

The sorption/desorption characteristics of different
architectural surfaces and coatings for elemental tritium have
been studied in the laboratory. The objective is to determine
the most appropriate materials and surface coatings for
equipment and architectural surfaces for minimizing tritium
up-take. Using small specimens, AECL Research has been
conducting systematic, "bench-scale" studies of the
sorption/desorption behaviour of HT and HTO on a variety
of materials and coatings6. The results of this work indicate
that the desorption rate for HT is much greater than that for
HTO. Another key conclusion of the work is that surface
finish is just as important as the type of material in
determining the sorption/desorption behaviour of HT and
HTO.

The results of this work assist in determining the size of air
detritiation systems and the rate of attenuation in tritium
airborne concentrations following accidental releases.

4.0 CONCLUSIONS

Although Canada's role in international fusion projects such
as JET and ITER is modest in dollar value, it is significant
in technical value. Experience gained from the operation of
CANDU generating stations, the Darlington Tritium
Removal Facility and domestic tritium R&D has given
Canada unique skills and experience and opportunity to
participate in world class fusion projects. CFFTP intends to
maintain its presence in international fusion projects and to
support tritium safety R&D that is of benefit to both the
fission and fusion industries. Such participation will equip
Canada to share in the long-term benefits promised by fusion
energy.
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ABSTRACT

Several years of research and development in a particular plasma
configuration designated by the name of Spherical Pinch has led to
a device that provides short-term industrial benefits and long-
term nuclear fusion energy benefits. The former benefits derive
from its exploitation as a soft X-ray generator for
microlithography and as a neutron generator for nondestructive
detection of hidden defects and corrosion in metallic structures.
The latter benefits derive from its potential to approach fusion
breakeven conditions in a spherical configuration which is
essentially a modification of the well known inertial confinement
fusion configuration. This paper highlights the milestones of the
research program on the Spherical Pinch carried out in the past
several years, up to the present status of the Spherical Pinch
concept both as a nuclear fusion device and an industrial tool.

INTRODUCTION

Since the late 70s an experimental and theoretical program has
been carried out at the National Research Council of Canada in
Ottawa on an evolution of a well-known plasma physics concept, the
theta pinch, from the cylindrical geometry to the spherical. The
motivation for such a study was given by the ability of the
spherical configuration to overcome the serious problem of plasma
end losses inherent in the cylindrical geometry. If this scheme
was supplemented by the presence of a hot plasma in the centre of
the spherical vessel, which would act as a target for the
imploding shock waves generated in the spherical pinch, these
would then compress such central plasma, contain it, and further
raise its temperature. The spherical pinch concept could then
lead to a machine capable of seriously competing in the fusion
race.

The conversion from cylindrical to spherical geometry along the
lines indicated above was successful. A number of experiments
were carried out and copious X-ray and neutron emission was
observed from modest scale plasmas.'1) This, in turn, led at the
beginning of the 80s to analyze in depth the experimental
conditions required for a spherical pinch to satisfy the Lawson

*Also with Advanced Laser and Fusion Technology, Inc.
189 Deveault St., #7, Hull, P.Q., J8Z 1S7, Canada
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criteria for breakeven fusion conditions. Following an intensive
study and modelling of the phenomenon, in 1983 the scaling laws
for spherical pinch devices were derived.(2) Although obtained
under simplifying conditions, they nevertheless indicated that the
spherical pinch concept had the potential of reaching breakeven
fusion conditions. A series of pilot experiments designed to
approach the conditions required by the scaling laws were then
carried out, which verified the stability of the spherically
pinched plasma under those conditions, and neutron emission, a
signature of fusion reactions, was again observed, i3-41

Encouraged by these successes, industrial interest in the
Spherical Pincn has recently been manifested. In 1987 a Company
(Advanced Laser and Fusion Technology, Inc. - ALFT) became
operational in Canada and a particular target industrial spinoff,
soft X-ray production for microlithograpy(5'6) , was selected as
initial application of the Spherical Pinch. This project has now
completed the stage of final machine prototyping, and the
production and marketing stages are beginning.

Another industrial spinoff of the Spherical Pinch is now being
seriously considered. It is neutron generation for nondestructive
testing of materials. A Feasibility Study has been recently
concluded which indicates that the Spherical Pinch can become a
transportable neutron generator for a neutron radiography system.
An experimental proof-of-principle stage is now being planned, in
which a 1 MJ condenser bank facility will be used for the project.

The knowledge acquired through these industrial spinoffs on the
basic operation and characteristics of the Spherical Pinch has
proven fundamental in understanding the direction to follow to
reach fusion ignition conditions with this machine. In
particular, a recent numerical stuay carried out with realistic
energy input parameters has revealed that the Spherical Pinch can
become a serious contender for fusion*7' . The advantages of
pursuing this line of research are therefore: 1) the laws that
govern the phenomenon are known and understood; 2) experiments
aimed at proving conditions near or at ignition are, by all
standards, modest scale experiments, and therefore economical; and
3) even if ignition conditions are not achieved in the short term,
the Spherical Pinch is already providing economical returns
through its industrial spinoffs.

In the following sections a broad overview of past achievements in
the Spherical Pinch program will be provided, and future
directions of research will be outlined.

LAWSON CRITERION FOR BREAKEVEN FUSION CONDITIONS

For a successful thermonuclear reactor working with a mixture of
deuterium and tritium the following two conditions have to be
satisfied'81 :
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Fig. 1 - Inertial confinement fusion scheme

Critical temperature: T > 2.58 keV (for ntc —> °°) .
Particle number density n x plasma containment time tc:

cm-3. sec.
ntc >

It is towards the attainment of these conditions that all fusion
devices address their effort. Since the Spherical Pinch is
essentially a modified Inertial Confinement Fusion scheme, in the
following sections we will briefly outline the fundamental
features of the latter scheme, and contrast it with the former.

INERTIAL CONFINEMENT FUSION

This scheme relies on the sudden deposition of a large amount of
energy at the periphery of a spherical vessel in order to generate
strong imploding shock waves that converge towards the centre.
(Fig. 1). The most significant characteristic of this scheme is
the pressure amplification behind the shock front due to shock
area convergence effects. Theoretically, the shock pressure
amplification varies proportionally to the inverse of the radius
of the shock front <9):
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P.R.T

Fig. 2 - Final plasma in the inertial confinement
fusion scheme

[1)

At shock collapse time at the centre of the vessel, this large
pressure amplification can be used to raise the final plasma
temperature to very high values, as the gas equation of state
indicates:

p = nkT. (2)

Temperatures of the order of 8 KeV and neutron yields of about 1010

have been obtained with this scheme <10>. However, the final
particle number density required to satisfy the second Lawson
criterion for breakeven is difficult to attain because the density
behind the shock front can at most increase by a factor of - 4, as
the following formula of shock wave theory demonstrates:

Y + (3)

P2 Y "

is the gas

In other

where Pi is the gas density behind the shock front,

density in front of it, and y = — is the adiabatic index.
3

words, the density does not increase indefinitely and, therefore,
the main limitation of this scheme is the particle density that
cannot reach the value required for breakeven conditions. The
effect of this limitation will be seen more clearly in the next
section.

SCALING LAW FOR INERTIAL CONFINEMENT FUSION

In the Inertial Confinement Fusion scheme, after the shock wave
collapses at the centre of the vessel, the final "blob" of plasma
does not persist in a hot state and rapidly expands by reflection
(Fig. 2) . The "confinement time" tc is proportional to the time
taken for a rarefaction wave to cross the plasma. In order to
take into account the reduction in reaction rate as the density
falls, we put
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t 1 A (4)
2 cs

where cs is the sound speed at temperature T. Sequentially, one
has :

ntc > lO
14 cm"3.sec

JL I _5_ > io14 cm"3, sec
mH 2 cs

where we have replaced for n the value _£_, and for tc the value
mH

provided by (4). One has:

p R > 2 x 1014 mH. c s g.cirf2

p R > 3 g.cm-2 <5)

where P is the final density, R is the radius of that plasma which
is hot enough to provide a significant number of nuclear
reactions, and mH is the proton mass. One derives:

p = 200 g.crrf3 ( = 1000 x its normal density) (6)

Compression to this density is required for efficient
thermonuclear burn. This is a very high density.

FURTHER CONSIDERATIONS ON THE INERTIAL CONFINEMENT FUSION MODEL

Because the deposition of energy at the periphery of the vessel is
obtained with either laser beams, ion beams, or electron beams,
this entails two main drawbacks:

- large and expensive machines are necessary;

the overall efficiency of the system is rather
poor (< 1%), because electrical energy must
be converted first into optical, ion, or
electron energy, and then into plasma energy.

Moreover, the final plasma parameters, and in particular the PR

product, cannot easily be obtained.

THE SPHERICAL PINCH MODEL

In the Spherical Pinch, the large pressure amplification due to
shock area convergence effect is now used to act upon a preformed
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Fig. 3 - Spherical Pinch scheme

rarefied hot plasma, which is compressed by the imploding shock
waves, thus raising further its temperature (Fig.3). The
containment time can now be adjusted according to a well defined
scaling law for breakeven fusion conditions, as we shall see in
the following sections.

COMPARISON OF THE TWO SCHEMES

From the above illustrations of the two concepts, we see that they
differ in the sense that the Inertial Confinement Fusion deals
with very high density plasmas and very short confinement times,
whereas the Spherical Pinch deals with relatively low density
plasmas and long confinement times (Fig. 4).

OTHER FAVOURABLE FEATURES OF THE SPHERICAL PINCH

There are other features that make the Spherical Pinch attractive
relative to the Inertial Confinement scheme. They are:

1. In the Spherical Pinch, the energy from a condenser bank goes
directly into creating a plasma at the periphery of the
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Fig. 4 - Comparison of the Inertial Confinement with the
Spherical Pinch fusion scheme

spherical vessel; therefore, a transfer efficiency from
electrical into plasma energy of up to 30% can be reached in
this way;

Better control of the final plasma parameters, such as
density, temperature and containment times are achieved, as
the scaling law enunciated in the following sections will
demonstrate.

SCHEMATIC SEQUENCE OF SPHERICAL PINCH OPERATIONS

Fig. 5 is a diagram of the time evolution of the shock fronts
(dashed lines) and contact surfaces (solid lines) when a plasma is
first created in the centre of the vessel (R = 0) and is later
compressed by the imploding shock waves launched from the
periphery of the spherical vessel (R = R). We observe the
following sequence of operations : <2>

1. A central plasma is formed, as hot as possible. This plasma
is necessarily a rarefied plasma, i.e., of density lower than
the original density of the gas in which it is formed;

2. The imploding shock waves collide with this central plasma
and start compressing it;

3 . During compression, the central plasma temperature increases
and significant nuclear reactions begin to take place;
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Fig. 5 - Time evolution of spherical pinch operations

The reaction rates increase as the central plasma is being
compressed;

Finally, when the central plasma pressure equals the pressure
of the imploding shock waves, equilibrium is reached, and the
plasma begins to be disassembled. The phenomenon ends at
this time.

SCALING LAW FOR SPHERICAL PINCH EXPERIMENTS

The Spher.-ical Pinch phenomenon is governed by well-known fluid
dynamics <and shock wave equations. In order to derive the scaling
law for breakeven fusion conditions we assume that the reaction
rates in the central plasma begin to be significant, during the
compression phase, when T = 2.58 KeV. From this time on and until
the plasma is disassembled we want the plasma to obey the Lawson
criterion for breakeven conditions in terms of plasma density and
containment time. In planar geometry, the scaling law is:'2-3'

—\ 2> 1.96 x cm2 g2 J2 (7)
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Fig. 6 - Plot of the scaling law for spherical
pinch experiments

where:

• P is the initial gas density, which is a controllable
parameter;

• R is the radius of the vessel, which is a controllable
parameter; and

• It is the energy density deposited at the periphery of the
Ms

vessel, which is a controllable parameter.

If we plot Eq. (7) (Fig. 6), we see that, in order to keep the
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radius R of the vessel to acceptable value (2 - 10 cm), and the

energy density :_£. within realistic range (5 x 107 - 108 J/g) ,
Ms

breakeven conditions can be achieved only at high pressures of the
working gas.

NUMERICAL ANALYSIS OF THE PHENOMENON AND COMPARISON OF THE TWO
MODELS: INERTIAL CONFINEMENT FUSION (ICF) AND SPHERICAL PINCH (SP)

The code used for the numerical analysis was a 1-dimensional,
lagrangian hydrodynamics and heat transfer code originally
developed to simulate ICF pellet implosion, and modified to model
the spherical pinch phenomenon. The code calculates out-of-
equilibrium ionization (and electronic density) interpolating from
tables generated separately (for computational time sake), and
based on Summer's prescription for recombination coefficients, and
makes allowance for the cooling effect of the ionization sink.
The external wall is treated as adiabatic, but bremsstrahlung
cooling of the plasma is accounted for (though in the assumption
that the plasma is optically thin, i.e., all emitted light escapes
and none is reabsorbed). Since we are only concerned with the
plasma at a time when it is hot (a fraction of keV), and at such
temperatures hydrogen is essentially stripped, it is felt that
under the circumstances neglect of line radiation is justified.
As for the energy deposition, certain assumptions are made, the
more restrictive being that a certain energy deposition density
(and hence the volume of the plasma in which deposition takes
place) is assumed a priori: 106 J/g at the periphery of the plasma
and -101 J/g at its centre.

The graphs that follow refer to an example of the application of
the code for comparison of the ICF with the SP. They refer to: 2
cm radius sphere filled with deuterium-tritium at 100 atm, 43 KJ
deposited in 0.5 \lsec at the periphery of the gas in a volume such
that the energy deposition density is 106 J/g; after 1 fisec, 43 J
are deposited in 0.1 [isec in the centre of the sphere with an
energy deposition density of 6.5 x 107 J/g. For computational
purposes, the sphere is divided in 800 concentric spherical
shells, the first three in the centre being allocated for the
deposition of energy in the central plasma, and the last three at
the periphery being allocated for the energy of the imploding
shock waves. The graphs refer to the time history of
characteristic parameters such as radius, density, etc., of the
three central zones.

Each figure is composed of three graphs. The upper one refers to
the analysis of the time evolution of the parameter of interest
when the central discharge acts alone. The central graph refers
to the analysis of the time evolution of the parameter of interest
when the implosion acts alone. This is clearly the ICF case. The
bottom graph refers to the case when both discharges act together.
This is clearly the Spherical Pinch case.
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Fig. 7 reports the time evolution of the radius of the central
plasma. When the central plasma is generated alone, its radius
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increases with time, up to a maximum radius. When the implosion
is acting alone in the sphere, the three central zones are
initially compressed by the imploding shock waves, and then they
bounce back and expand. Finally, if the central plasma is
generated first, it will expand and then it will be recompressed
back by the implosive shock waves until it will return to its
original radius.

Fig. 8 reports the time evolution of the density of the central
plasma. When the central plasma is generated alone, its density
decreases up to a minimum density, which then remains constants
for the interval of time considered in the graph. When the
implosion is acting alone in the sphere, the three central zones
are compressed by a factor of 2.5 by the imploding shock waves,
and then they bounce back and the density decreases to values
lower than the original density. Finally, if the central plasma
is generated first, it will expand and its density will decrease,
until such a time when the imploding shock waves recompress it
back to a slightly higher value than its original density.

Fig. 9 reports the time evolution of the pressure of the central
plasma. When the central plasma is generated alone, its pressure
increases up to a maximum of 2.28 x 1010 dynes/cm2 (2.25 x 10< Atm) .
When the implosion is acting alone (ICF case), the pressure in the
three central zones increases up to 1.15 x 1012 dynes/cm2 (1.13 x
10s Atm). Finally, in the combined case of the central plasma
compressed by the imploding shock waves (SP case), the pressure in
the three central zones shoots up to 1.67 x 1012 dynes/cm2 (1.65 x
106 Atm).

Fig. 10 reports the time evolution of the temperature of the
central plasma. When this plasma is generated alone, its
temperature reaches a value of 125 eV. When the implosion is
acting alone (ICF case), the temperature in the three central
zones increases up to 63 eV. Finally, in the combined case of the
central plasma compressed by the imploding shock waves (SP case),
the temperature in the three central zones shoots up to 205 eV.

Fig. 11 reports the time evolution of the number of neutrons
emitted by the central plasma. When this plasma is generated
alone, the total number of neutron is 3. When the implosion is
acting alone (ICF case), the number of neutrons is 200. Finally,
in the combined case of the central plasma compressed by the
imploding shock waves (SP case), the total number of neutrons
increases by 3 orders of magnitude to 1.4 x 105.

INDUCTIVE SPHERICAL PINCH

In recent years, the concept of the Spherical Pinch has been
exploited for targeted industrial applications. Since the concept
has now branched out into two particular directions according to
the way energy is deposited into the plasma, namely inductively
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or resistively, we will deal in this section at some length with
the inductive pinch and its industrial applications, and will only
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briefly summarize in the next section some of the characteristic
features of the resistive pinch.
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Fig. 12 reports a schematic drawing of the inductive spherical
pinch. It is a metallic sphere where slots have been cut in order
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to direct the current first from the equatorial plane (plane xy)
to the north pole, then to the south pole, and then back to
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POLE

Fig. 12 - Inductive Spherical Pinch

ground in the equatorial plane. A suitable ceramic vessel
containing a gas is located within the metallic sphere. Plasmas
created in spherical pinches have shown to be very hot and to emit
soft X-rays and neutrons. d.3,4) Fig 13 shows a streak photograph
of the luminosity from the central plasma when this is compressed
by the imploding shocks. The record shows that there are two
phases of compression caused by the imploding shocks created at
every half-cycle oscillation of the condenser bank. The imploding
shock trajectories, from the moment they leave the periphery of
the vessel until collision with the central plasma, are not
recorded on the photograph because they are very strong and hot
and, therefore, do not emit much visible radiation, which is the
only radiation that the photocathode of the image converter camera
can record. However, the shocks transmitted into the central
plasma appear clearly and show that their strength decreases from
the first compression phase to the second.

The neutron yield from these plasmas can be as high as 3.38 x
lOVdischarge in DD and the ion temperature can reach 1.3 keV<3) .

INDUSTRIAL APPLICATIONS OF THE INDUCTIVE SPHERICAL PINCH

The inductive Spherical Pinch has been utilized for a prototype X-
ray generator in order to demonstrate the engineering feasibility
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Fig. 13 - Compression of the central plasma by the
imploding shocks, as revealed by a streak record of the
plasma luminosity. The neutrons are emitted at the time
of collapse of the shocks transmitted into the central

plasma and at time of maximum plasma compression

of the approach. Design goals of the Spherical Pinch X-ray
generator (SPX II) have been:<6<

high X-ray flux in ~1 keV range
high energy transfer efficiency
high repetition rate
ease of operation
low electromagnetic noise
operational flexibility.

Krypton gas is used for optimum X-ray radiation in this preferred
spectrum range. Other types of gas such as Argon can be used for
different requirements. The gas is automatically filled to a
specified pressure (typically 1 Torr) and renewed for each
discharge. The energy is stored in a capacitor bank (15 kJ of
stored energy at 20 kV charging voltage) , then discharged in a low
inductance circuit through spark-gap switches. About 20% of the
stored energy is deposited into the plasma. A fraction of this
ai ̂ orbed energy is then converted into X-ray radiation. 50 J of X-
r. • radiation are expected to be emitted from each discharge,
which is equivalent to an X-ray flux of 10 mJ/cm2 at a distance of
20 cm from the source.

Since X-rays are produced in a pulse of a few microseconds
duration, the machine is designed to perform multiple discharges
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vacuum vessel

circuit connection
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l.r >•

exposure cone
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Fig. 14 - SPX II spherical pinch design showing its pinch
coil and X-ray port.

up to a number of pre-specified cycles. The repetition rate is
currently -1/10 Hz (to be increased to 1/5 Hz) and limited only by
the capacity of the high voltage power supply. The machine can be
operated fully manually or automatically. In the automatic mode,
one needs only to enter a desired number of discharges and then to
initiate. The manual operation is for machine optimization or
diagnosis.

A schematic of the spherical pinch coil and X-ray port is given in
Fig. 14. The X-ray port is oriented vertically under the pinch as
shown. A metal coated Mylar window of 0.001" thickness is used to
isolate the discharge gas and to maintain the proper pressure in
the discharge vessel. Another port will be added to monitor the X-
ray flux from each discharge and to integrate it to control the
total dosage over multiple discharges. Fig. 15 shows the overall
dimensions of the prototype which consists of a discharge unit and
a control console.

Table I reports the technical characteristics of the SPX II
machines. Table II reports the flux per discharge in mJ/cm2 at 20
cm from the radiation source transmitted through suitable filters.

Finally, Table III shows the parameters of the commercial machine
SPX III which is now being built. This is a commercial machine,
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75"

Fig. 15 - SPX II prototype X-ray generator, overall
configuration.

aecianeci to satisfy rr.ore closely the requirements of the
rr.i c rcl ithoaraphy industry. The parameters of the SPX III machine
;:."'.• compared v;ith those of the SPX II machine in the same Table.

?.~2f I FT IVE SPHEF I "AL P INCH

For fusion purposes, the scaling law for breakeven conditions ci
Eq. (7) (see Fig. 6) indicates that a gas pressure of several
h'jr.dred atmospheres is required in order to keep the radius of the
vessel withir. reasonable limits (2-10 cm) . At these pressures,
energy deposition into the gas by inductive means is not possible.
k:. alternative method is therefore adopted, the resistive method,
wr.ereby the deposition of energy at the periphery of the spherical
vessel takes place, as with the central plasma, through sparks,
although, of course, any other suitable means of energy deposition
:c eo-uaI 1v va1 id.

IT. a pilot, experiment, the configuration that we adopted was to
create a multitude of peripheral sparks replacing the inductive
discharge.''' Each spark was fed by individual condensers of 0.5
|i?~, charged to -1C.5 KV. Moreover, since it was important in this
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Parameters

Operating Voltage (max)
Stored energy
Energy transfer to plasma
Peak current
Repetition rate
Gas pressure
Gas Volume
X-ray output/pulse (max)
Distance from source
Pulse duration

Units

kV
kj
%
kA
Hz
Torr
ml
mj/cm2

cm
usec

SPXII

30
34
20
1200
0.1
1
250
10
20
>1

Table I - Technical characteristics of the SPX II machine.

Radiation
(A)

Rad. Flux
(mj/em?)

Soft X-ray
10-15

1-4

xuv
50-150

400

DeepUV
600 -1800

91

UV
1800 - 3500

150

Table II - Flux per discharge in mj/cmz at 20 cm from the
radiation source through suitable filters.

pilot experiment to be able to visualize the plasma motion, we
adopted a cylindrical configuration, rather than spherical. In
other words, the vessel was a cylinder of 1.15 cm height and 2 cm
radius, closed on one side with a metal plate and open on the
other side, from where the plasma can be observed. Thirty six
electrodes were radially accommodated along the peripheral circle
of the cylinder so as to have 36 sparks. In the centre of the
vessel another spark is created by discharging between two
electrodes a 0.5 [IF condenser charged to 10.5 KV. By carefully
adjusting the gap of the central spark, self-breakdown of this gap
occurs occurs first, the UV radiation from the plasma so created
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Parameters

Operating Voltage (max)
Stored energy
Energy transfer to plasma
Peak current
Repetition rate
Gas pressure
Gas Volume
X-ray output/pulse (max)
Distance from source
Pulse duration

Units

kV

%
kA
Hz
Torr
ml
mj/cm?
cm
usec

SPXU

30
34
20
1200
0.1
1
250
10
20
>1

SPX III

30
60
25
1500
1
1
50
12
30
>5

Table III - Parameters of the commercial machine SPX III.

triggering all peripheral discharges. The cylindrical vessel, as
described, is located in a high-pressure chamber provided with a
window, from which the plasma evolution can be observed.

Figure 16 shows three streak records of the central plasma when it
is compressed by the imploding shocks. The first record at the
left is essentially a record of the plasma luminosity time
history, as observed with an image converter camera through a
narrow slit oriented along a diameter of the cylindrical discharge
chamber. The original pressure of hydrogen gas in the chamber was
8 atm = 6,000 Torr, corresponding to a density of 2.14 x 1020 crrr3.
The condenser bank energy used for the implosion was ~1 KJ,
whereas for the central discharge the energy was ~30 J. This
record shows that the central plasma is being compressed by the
imploding shocks, but not much information beyond this is
available.

Since the plasma luminosity can only provide a general indication
of the events occurring in a plasma, we reduced the recorded
plasma luminosity by decreasing the width of the slit in front of
the camera and obtained the streak record shown in the middle of
Fig. 16. We observe now that the central plasma seems to
disappear at t = 6 ̂ .sec from the initiation of the discharge. In
other words, the plasma becomes black at the time when maximum
compression begins to take place. Clearly, this effect is a
manifestation that the plasma blackbody radiation, because of the
compression and subsequent temperature rise, shifts toward the XUV
range.

In order to have a confirmation of this we placed in front of the
camera a narrow band interference filter centered at X = 3,900 A
and having bandwidth 60 A. We virtually rejected in this way all
visible light and let only light at 3,900 A cross the slit (whose
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Fig. 16 - Streak records of the central plasma, when this
is compressed by the imploding shocks. The record at left
is the time history of the plasma luminosity. The centre

record is the time history of the plasma when its
luminosity has been greatly reduced. The record at the
right is the plasma as observed through a narrow-band

interference filter centered at X. = 3,900 A and bandwidth 60
A. This is the hottest plasma, which is stable and lasts
5.4 (isec. All discharges are in hydrogen at 6,000 Torr

initial pressure.

width was slightly increased for this purpose), thus reaching the
image converter camera. The streak record at the right of Fig. 15
shows the plasma as it appears through the narrow band filter.
Clearly, this is the hottest plasma formed during the compression
phase of the central plasma. This remarkably stable plasma begins
to appear at about 3.5 |i.sec after the initiation of the discharge
and lasts for 5.4 p.sec.

The same experiment was then repeated by fully enclosing the
cylindrical discharge chamber with a metal plate working with
deuterium, rather than hydrogen gas. Four calibrated silver
activation neutron detectors were radially and symmetrically
placed in a 60° solid cone angle having apex at the central
plasma. Neutrons were detected in this experiment. Within the
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Film

Specimen

Neutron beam

Fig. 17 - A flux of 106 neutrons/cm2 are required at the
position of the sample (~40 cm from the neutron source)
for a total number of 1010 neutrons/discharge emitted by

the source.

above solid angle, and within the experimental errors, the
neutrons were symmetrically emitted. Their average number was
7.11 x 106 per shot.

INDUSTRIAL APPLICATIONS OF THE RESISTIVE SPHERICAL PINCH

One of the first possible industrial applications of the resistive
Spherical Pinch is in neutron radiography for non-destructive
testing of materials. Fig. 17 shows in schematic form the
principle of neutron radiography. A proof-of-principle experiment
of neutron generation with the Spherical Pinch will be shortly
conducted with a 1 MJ condenser bank facility located in the NRC
campus in Ottawa and the details will be provided in a successive
publication.

CONCLUSIONS

The Spherical Pinch concept of plasma heating offers several
advantages relative to other known fusion concepts, the most
notable being that its scaling law for breakeven conditions is
known and understood. This allows an experimental approach to
fusion through modest scale experiments, rather than expensive
ones. Moreover, the Spherical Pinch is providing immediate
industrial applications, such as X-ray generation for
microlithography, which are not possible with other more expensive
approaches to fusion.

For these reasons, the Spherical Pinch is gaining acceptance among
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the international plasma and fusion physics community, and several
groups are now working on this concept, such as the Department of
Physics of the University of Miami, the Institute of Atomic and
Molecular Physics of the National Research Council of Italy in
Pisa, the Department of Mathematics of the University of Texas,
etc. It is believed that Canada should direct a portion of its
national fusion effort along the line of research of the Spherical
Pinch in order to maximize the chances of success in the fusion
race and to acquire a leadership position in the world.
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RESULTS AND UPDATE ON THE TdeV FACILITY

G. Le Clair and TdeV team
Centre canadien de fusion magnetique

1804, Montee Ste Julie, Varennea, Quebec, J3X 1S1

It is the purpose of TdeV to contribute significantly to a certain number of
selected areas in Tokamak physics, and thereby enable the Centre canadien de
fusion magnetique to participate in international fusion research. This goal is
seen in the context of size and budget limitations-

TdeV is a device of modest size operating at 1.5 Tesla. In divertor mode with a=
0.27 m and R=0.87 m, the plasma current attains 300 kA. Im ohmic operation, the
device is capable of electron densities of about 6 10" m'3 and electron
temperatures of 1 keV. A major feature of the device is it capacity for long
pulse operation using lower hybrid current drive. This feature will be used to
particular advantage in long pulse studies of recycling, impurity accumulation,
and material erosion and shock.

The double-null three-coil divertor system is a major tool opening the path to
a number of edge plasma and impurity control and accumulation studies. The
divertor plates are also electrically insulated and equipped with current feeds,
and can therefore be used for biasing, vertical current injection, and helicity
injection experiments.

The addition of a lower hybrid current drive system in 1993 will enhance the
capacity of the device. Long pulses, higher plasma parameters, and the study of
enhanced confinement modes will then become possible, as will direct studies of
the current drive physics. The parameters of the device can be further enhanced
by the subsequent installation of additional heating.

A complete set of diagnostics for detailed profile measurements of the central
plasma, as well as impurity and edge plasma measurements, are either operational
or will be added in the future.

MAIN RESEARCH AREAS AND EXPERIMENTAL RESULTS

The particular areas of study are divertor and edge plasma physics, impurity
transport, sources, and control, plasma-wall interaction and materials studies,
transport and equilibrium of the central plasma. In the course of the program,
these areas will be studied with particular emphasis on long pulses, current
drive, additional heating and the associated enhanced confinement regimes.

Divertor and edge plasma studies

Divertor and edge physics, a very important topic for large machines and fusion
reactors, is a domain particularly suited for study in a medium sized device
because the edge parameters can be similar.

Measurements with specially designed Langmuir probe arrays and sophisticated
spectroscopic techniques in the visible have permitted the spatial resolution of
drift velocities of certain light impurities. Such velocities are in both the
toroidal and the poloidal directions, and are associated with the biasing, both
natural (ambipolar) and imposed (via the divertor plates), of the plasma. Most
theories of improved confinement postulate the existence of such drifts, which
are important as well for sweeping impurities into the divertors.

During divertor biasing experiments, important changes in the edge electron
density and temperature have been measured by spectroscopy on a carbon-lithium
beam ablated by laser into the edge plasma and even penetrating a little past the



last closed flux surface into the main plasma.

Evidence that energy confinement in the outer regions of the central plasma may
be improved by biasing (of both signs) is the suppression of electrostatic
density fluctuations, as measure by C02 laser scattering. Preliminary data on
intrinsic and injected impurities indicates that biasing does in fact improve
impurity removal from the plasma.

Impurity transport, sources, and control

TdeV can provide unique contributions to this area by directed experiments to
measure and control impurities using the combination of pumped closed divertor
plates and limiters, impurity injection experiments and its complement of
impurity diagnostics.

Results show that impurity transport is anomalous, as in other similarly sized
machines. Preliminary work shows that impurity transport changes when the plasma
is biased via the divertor plates. Impurities do not appear to accumulate in the
main plasma, and the divertors are effective in removing light impurities, since
increases in partial pressure in the divertor boxes, enhanced by appropriate
biasing are observed. Boronization reduces the plasma oxygen content by an order
of magnitude, but has little effect on carbon.

Bolometry reveals that TdeV normal discharges in the divertor mode radiate about
30% fo the ohmic input power. This figure can fall by over a factor of two when
the vessel is boronized, depending on the method. Negative plasma biasing reduces
the radiated power by as much as 25%, whereas positive biasing increases
radiative losses.

Plasraa j?all interaction and material studies

Hydrogen recycling and transport as well as erosion and redeposition of limiter
and divertor plate materials are important topics for large machines and can be
studied in TdeV

An extensive wall conditioning program has been undertaken to boronize TdeV. A
thin boron layer on the side of the vacuum vasael not only presents a low Z
surface to the plasma, but also reduces the oxygen content in the vessel by
chemical gettering. Three boronization techniques have been tested and evaluated.

The first technique uses a boron-graphite hemispherical limiter head mounted on
the test limiter which when lowered in to the edge of the hot plasma, heats up
and evaporates boron (and carbon). Results indicate that this technique
effectively reduces the oxygen contamination of the plasma by a few tens of
percent, but is short lived. The effect dissapears after 6-10 shots. Boron-
graphite appears, however, to be an interesting first wall material, and, in
addition, some evidence of reduced carbon sputtering has been found during the
tests.

The second boronization technique involves using TMB (trimethylboron) as a
fuelling gas. This technique seems to give results similar to the previous
technique: plasma parameters are improved by about the same amount, but the
effect is short lived. The additional carbon in the TMB molecules does not seem
to be detrimental.

The third and more conventional technique is to form a boron layer by plasma
enhanced chemical vapour deposition fo TMB. This technique improves plasma
parameters (ie. reduces the oxygen impurity) more than the other two techniques
and last for hundreds shots. High density plasmas (up to 6 10" m"3) can be
obtained when TdeV is boronized in this manner.



Transport and equilibrium of the main plasma

The topics in this area are chosen for their interest to larger devices in areas
in which the diagnostics are particularly appropriate (e.g. perturbational
transport measurements, sawteeth, current transport, turbulence) or in which the
device is equipped to make a unique contribution (e.g. fast plasma current
rampdown, vertical current injection).

Experiments on fast current rampdown are continuing. Disruption free rampdown
rates up to about 16 MA/s down to currents of only a few tens of kA can be
achieved by gas puffing at the end of the current plateau. We speculate that the
gas puff increases the resistivity allowing faster current density redistribution
and tending to stabilize MHD disruptive modes.

Studies have begun and will be continued on vertical current injection using the
insulated divertor plates to determine the effect on the plasma horizontal
position control. Helicity injection, which will require emitting plates, may be
a future field of study in this area.

Current drive and supplementary heating

While providing long pulses and additional heating, the current drive system of
Tdev will contribute to research in this field, particularly in the area of
current transport and synergistic effects, access to enhanced confinement modes
would render the studies in the other research areas more relevant.

Several current drive scenarios are under consideration. In addition to the long
pulse condition entirely with RF current drive, an alternating cycle of current
drive-enhanced ohmic operation (5s) with low density transformer recharge (5s),
will be examined. The RF-ohmic part of the cycle will permit higher density
operation than pure RF current drive, while the recharge part will allow
investigation of limits to the recharge speed.

Plama heating accompanying the current drive is expected to be significant,
doubling the electron temperature. Attainment of the enhancement confinement H-
mode is expected, even without plasma biasing. Control of the electron density
profile in the SOL just in front of the RF antennas using plasma biasing should
enable optimum coupling to the plasma of the K? energy. Clearly, the attainment
of higher temperatures, better confinement and longer pulses during RF current
drive will enhance the studies described in the other sections of this program.

Theory and interpretation program

The main objective of the theory and interpretation group is the support and
giudance of experimental tokamak research at CCFM by means of applied theory. The
program of the group is therefore strongly coupled to the main topics of the
experimental program described previously and consists mainly of data
interpretation and numerical simulation.

STATUS AND PLANNING

The scientific program is and will be implemented in several phases.

Phase 1

This was the initial operation phase with limiter plasmas, terminated in Dec
1988. The major goals were:

commissioning of the device and some diagnostics
commissioning of cleaning systems
measurements of the main plasma parameters with power balance
measurement of plasma-wall interaction



determination of operational limits in current and density
study of fast plasma current raropdown, using EF position control
tests of Tic coatings
technical teat of multi-pulse operation
teat of impurity injection

Assembly i-n

This assembly phase started at the beginning of 1989. Diagnostics, outer TF coil
legs, upper PF coils and structures, and the vacuum vessel were dissambled. The
internal coils and liner were installed and the device reassembled. The HP power
supply f:>r fast position control was installed. Most of the diagnostics were
modified and quite a few were added. The device and the diagnostics were
recommissioned. The vacuum vessel was closed in the late spring of 1990, and ,
by the fall diverted tokamak discharges of excellent quality were being routinely
obtained.

Phase Ila

This phase is called the biased divertor phase and includes several aspects of
divertor operation with rapid horizontal position control using the internal
coils. A single short plasma pulse is produced. Work is currently being carried
out on the following topics:

divertor plate biasing, effects on confinement and transport, impurity
levels, turbulence

evaluation of boronization techniques
single null divertor operation
current injection via divertor plates
operation with deuterium, effects on confinement and transport, impurity

levels and divertor operation
test limiter- further tests with boronized graphite and Tic
laser ablation to measure impurity transport, divertor efficiency,

scapeoff layer parameters
gas injection to measure impurity gas- scrapeoff layer screening, divertor
pumping, transport, divertor efficiency
evaluation of divertor pumping with one unit

Openings between phases Ila and lib

In 1992, 3 machine openings will be performed for a total of about 3 months for
the following operations: narrowing of the divertor throat, installation ef the
prototype cryosorption pump, installation of a reversing "switch" for the
toroidal magnetic field, and improvement of the voltage standoff of the divartor
plates. The highly encouraging results from plasma biasing experiments resulted
in the decision to delay the installation of the 3 additional cryoBorption pumps
until a few months before the opening for the W antenna. In the autumn of 1992,
these pumps will be installed in the upper divertor chamber. At the same time,
installation is planned for the thallium atom beam diagnostic for the compact
torus injector at the request of tne collaborators who are constructing it.

Phase lib

Machine operation will probably become routine. In addition to the continuation
of the experiments of phase Ila, the following topics will be studied:

plasma biasing using test limiter and trials using a LaB6 head
evaluation of divertor pumping with 4 cryogenics units
lithium pellet injection experiments

Opening between phases lib and Ilia

During this opening the Lower Hybrid Current Drive system (LHCD) will be
installed. It is also hoped to install a diagnostic hydrogen atomic beam, some
special diagnostics for the LHCD system and a emissive electrode. Depending on
the results in Phase lib we might install additional divertor pumping units.



Phase Ilia

This phase represents the beginning of the experiment using the LHCD system. In
particular it is envisaged to pursue the following topics:

LHCD and OH operation scenarios ( maximum 5 s)
LHCD characterization with new hard and EC transmission diagnostics
OH transformer recharge
helicity injection via emissive electrode
improved confinement regimes with LHCD

current profile control
transport and impurity accumulation
turbulent heating and current density perturbations
divertor plate biasing

composite carbon and other new materials on the test limiter
edge plasma and SOL studies with thallium atom beam
light impurity density and transport measurements with diagnostic light

element beam
helium injection using diagnostic beam and studies of fusion ash transport

and divertor pumping
characterization of pumped divertor boxes
compact torus fuelling experiments
continued transport and confinement experiments using gas puffing, laser
ablation and pellet injectron with different current density profiles
(LHCD), divertor plate biasing and wall conditioning

Opening between phases Ilia and Illb

This opening is planned for preparation for longer pulse operation of TdeV by
modification of some cooling systems, RF antenna etc...

Phase Illb

During phase Illb, the following are the topics that are planned to be addressed:
long pulse (30 s) LHCD and OH operation
divertor operation under high plate loading - characteristics under

different conditions
density profile peaking and fuelling with deuterium and Hydrogen ice pellet

injection, possibly multi-pellet
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GAS CHROMATOGRAPH ISOTOPE SEPARATION SYSTEM
FOR KERNFORSCHUNGSZENTRUM KARLSRUHE GmbH
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General Manager
EG&G Labserco

Oakville, Ontario

INTRODUCTION

The Canadian Fusion Fuels Technology Project (CFFTP) is under
contract to supply a tritium recovery system to the Tritium
Laboratory (TLK) at the Kernforschungszentrum Karlsruhe (KfK),
Germany. This patented recovery system has been designed and
developed in Canada by Ontario Hydro Research, and is being
fabricated by EG&G Labserco, AECL-SPEL and E.S. Fox Ltd. The
system is scheduled to be installed in Germany later this year.

The hydrogen Isotope Separation System (ISS), which utilizes gas
chromatography, will become an integral part of the service
systems in the TLK. Its basic function will be to separate any
mixture of tritium-bearing hydrogen isotopes that might result
from various experiments in the laboratory, into distinct isotope
product groups. The isotopes are retained on five uranium beds
that can be regenerated to allow the tritium to be re-used in the
TLK.

The ISS is designed to be capable of operating continuously in a
fully automatic mode as a batch processor. The proposed
operating cycle is four injections per week at up to 140 NL per
injection, with weekly regenerations of all five uranium beds.
It is estimated that it will take 130 hours to process the four
injections and approximately 16 hours to regenerate the uranium
beds. The design throughput of the system is 3 mol/day.

SYSTEM DESCRIPTION

A brief description of the ISS process flow through the following
four main sub-systems

The Feed Collection and Sample Injection Sub-system
Isotope Separation Unit
Isotope Storage and Recovery Sub-system
Carrier Gas Loop

is given below.

The feed stream of mixed isotopes to the ISS is collected in the
Feed Collection Tank, and from there it is compressed into the



Sample Injection Loop to form one sample batch. This sample is
then injected into the helium carrier gas stream flowing through
the Isotope Separation Unit comprising a set of Gas Chromatograph
Columns (GCC) immersed in liquid nitrogen. As the injected plug
of sample slowly moves through the columns, the isotope species
separate and emerge from the GCC as six detectable groups. The
carrier gas stream is directed alternately through five uranium
getter beds to temporarily store the isotope species in the
following five groups:

T
2
DT
HT
D (with some tritium)
the inactive species H2, HD, and D2

After passing through one of the U-beds, the carrier gas stream
is fed through a Zr/Fe scavenger bed to remove residual traces of
hydrogen isotopes, and re-circulated through the ISS loop again
via a continuously operating metal diaphragm compressor.

At some appointed time, typically once per week, the separation
process is interrupted and the pure tritium is transferred back
to the Tritium Storage System by regenerating the T2 uranium bed.
The inactive species are not retained for re-use and are vented
from the ISS via the Central Tritium Removal System (ZTS). The
HT, DT and D2 streams are recycled through the ISS again for
further refining of tritium arising from dissociation of HT and
DT within the system.

The process control of the ISS is managed entirely by a dedicated
programmable logic controller (PLC) housed in the local control
console adjacent to the ISS glovebox. The control system also
includes interfaces with the TLK Safety System that allows the
ISS to be shut down independently should the normal process
control system fail to do so. A display of ISS process
conditions and limited control will also be available in the
Central Control Room.

Although the primary circuit is designed to satisfy the specified
low leakage rates of 10"B mbar-l/s, the entire ISS (except the
liquid nitrogen make-up tank, BD008) is enclosed in a glovebox to
form a secondary containment barrier. The glovebox measure 3
approximately 1.5W x 6B x 4H meters and is equipped with
gloveports to allow access for maintenance of all serviceable
components in the ISS. The pressure inside the glovebox is kept
at 10 mbar below ambient pressure in the TLK so that leakage flow
through this outer containment is inward into the glovebox.



UNIQUE FEATURES OF THE ISS

Gas Chromatograph Columns

The gas chromatograph column is at the core of the KfK Isotope
Separation System. Designed and patented by Dr Chris Cheh, et
al, the column is in two parts, each comprising of a number of
series-connected subsections that are contained in two separate
dewar vessels. Having the column in two stages improves the
batch throughput by allowing two consecutive samples to be
injected without waiting for the entire sample to elute from the
column.

The column subsections are identical in design and are in the
form of two concentric stainless steel tubes, 75 mm and 25 mm in
diameter respectively, with 5A molecular sieve powder packed in
the annular space. Sintered stainless steel frits at top and
bottom of the annular spaces keep the fine column packing
material in place while still allowing gas to flow through.
Shaped stainless steel end-fittings seal the top and bottom of
each sub-assembly and facilitate a smooth flow of carrier gas
into and out of the annular column packing. The end-fittings
also provide an opening for the liquid nitrogen, in which the
column is submerged, to flow up the inside of the inner tube so
that the radial temperature gradient in the column packing is
minimized.

The column subsections are connected in series by 10 mm tubing to
form one subassembly for each of the two dewar vessels. The
subassemblies are held together by two radial support plates and
the whole assembly suspended in the liquid nitrogen from the
underside of the dewar flange.

Temperature programming of the GC column

Raising the temperature of the column has a major impact on the
elution rate and hence the throughput capacity of the system. The
temperatures of the column assemblies are controlled by turning
on and off heater elements in the liquid nitrogen and regulating
the pressure of the liquid nitrogen, thereby ensuring that the
liquid nitrogen is at its boiling state. This design feature
allows a fast and even temperature change in the containers, as
boiling nitrogen has a much larger heat capacity than in the
vapour state, and the heat transfer between the liquid phase and
the column is better than vapour.

The liquid nitrogen dewars that contain the GC column are
pressure vessels able to withstand 35 bar, thus allowing the
operating temperature of the columns to be regulated over the
range 77 to 120°K.



Uranium Beds and Scavenger Bed

Another unique feature of the ISS is the design of the Uranium
Beds used in the ISS. The ISS has five double-containment U-
beds, each having a storage capacity of 15.75 moles of any
hydrogen isotope at 50 % stoichiometric capacity, to provide
temporary storage of the eluted hydrogen species in the ISS.

These U-beds are "flow-through" beds, differnt from the more
usual getter beds, with the full carrier gas flow of 1 NL/s
passing through the beds during normal operation. They have been
designed by Dr Walter Shmayda of OHRD, and fabricated by AECL
SPEL.

The in-flowing carrier gas stream enters the U-bed through a
central tube and flows up through the uranium powder dispersed on
the several interior shelves. Gas exits from the top of the U-
bed assembly. A manual valve welded to the top of each vessel
allows for the isolation of that vessel as a unit, independent of
connecting tubing and valves.

To retrieve the isotopes adsorbed in a U-bed, the uranium is
heated from room temperature to 350°C by means of the internal
heater to bring about desorption from the uranium. The heaters
in each uranium bed are connected to controllers to regulate the
temperature during the recovery process.

During the isotope recovery process, the annulus between the two
containers is evacuated to provide a thermal barrier for
minimizing heat transfer to the glovebox environment . The
annulus also provides a means of containing any tritium which may
permeate through the primary vessel.

Downstream of the Uranium beds, a flow-through scavenger bed is
included in the circuit to remove any remaining hydrogen isotopes
from the carrier gas after leaving either of the uranium beds and
before returning to the rest of the carrier gas circuit. The
scavenger bed, built by E.S Fox, employs a Zr/Fe alloy getter
material enclosed within a stainless steel vessel. It includes
heaters and thermocouples to regulate its normal operation, which
is at approximately 350°C. For regeneration, the operating
temperature is raised to 700°C.

PERFORMANCE RESULTS TO DATE

Following the development of a pilot scale GC system in 1986, a
large scale demonstration system for a throughput of 3 mol/day
equimolar mixture was designed. This demonstration system was
jointly funded by KfK, CFFTP and Ontario Hydro and built by
Labserco. The performance results obtained from this
demonstration system led to the award of the present contract
between CFFTP and KfK.



Kany experiments were carried out on the demonstration system to
study the performance capability of the system to separate
hydrogen isotopes at high throughput. Various temperature
programming schemes were tested, heart-cutting operations were
evaluated and very large (up to 138 NL/injection) or high tritium
(up to 740 Ci) samples were separated in the system. Due to the
great flexibility of the system and the time limitation of the
project, the operation of the system was not optimized, but the
results did indicate that the column performed well and good
separation could be achieved even with the large sample.

The system being supplied to KfK has not yet been completed, so
at present there is no information on its general performance
characteristics regarding tritium separation, control system
response, etc. So far, the only results that have been obtained
are a few chromatograms of dry air samples done at room
temperature. The fact that these chromatograms compare
favourably with those of similar tests performed on the prototype
columns, indicates that system being supplied to KfK should meet
the required performance specifications. Installation and
acceptance testing is schedules for the Fall of this year.



BLOCK DIAGRAM FOR THE KfK ISOTOPE SEPARATION SYSTEM
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DEVELOPMENT OF A PRESSURE SWING ADSORPTION PROCESS
FOR RECOVERY OF TRITIUM

FROM SOLID CERAMIC BREEDER HELIUM PURGE GAS OF A
FUSION REACTOR

C. Fong and S.K. Sood D.M. Ruthven O.K. Kveton
Ontario Hydro University of Canadian Fusion Fuels
700 University Avenue, New Brunswick Technology Project
Toronto, Ontario New Brunswick Mississauga, Ontario
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ABSTRACT

A new PSA (Pressure Swing Adsorption) process for recovering
hydrogen isotopes from the helium purge of a fucion reactor
breeder blanket has recently been developed by Ontario Hydro.
The PSA process is based on using a molecular sieve (5A) at 77 K,
with pressure cycling from about 1.1 MPa during the adsorption
cycle, to a rough vacuum (== 0.2 kPa) during regeneration.
Laboratory studies on a small scale PSA column were carried out
at the University of New Brunswick (UNB). The results of the
laboratory study confirm that PSA is a feasible process for ITER
(International Thermonuclear Experimental Reactor) and high
purity (> 90%) hydrogen isotopes can be obtained from the ITER
blanket containing only 0.1% total hydrogen isotopes in helium.
The preliminary design of a PSA pilot plant on a scale of one
fortieth of the ITER (or about 3 g T/day) has been developed by
Ontario Hydro on behalf of the Canadian Fusion Fuels Technology
Project (CFFTP). The laboratory test results and the preliminary
PSA pilot plant design are presented in this paper.

INTRODUCTION

Lithium-based compounds have been proposed for breeding tritium
in fusion reactors, thereby reducing the need for external fuel
supply. The reference breeding blanket for ITER is a solid Li2O
ceramic blanket. Tritium is recovered from the blanket by
purging with He. The composition of the purge stream is
approximately 0.1% hydrogen isotopes in He. The hydrogen
isotopes are approximately 99% H and 1% T. If all the hydrogen
isotopes can be removed in a single pass, then the purge stream
flowrate is approximately 0.6 m3/s (STP). It is desirable for
the product stream to have a hydrogen isotope concentration as
high as practical, but in a final step, the hydrogen isotopes
should be enriched to about 100% before being introduced into the
Isotope Separation System (ISS).

A design of a tritium recovery system has recently been proposed
[1] where the hydrogen isotopes are removed from the He stream
using a cryogenic molecular sieve bed. The bed is regenerated by
raising its temperature to liberate the hydrogen isotopes. This
process is known as Temperature Swing Adsorption (TSA). Due to
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the considerable thermal mass of a TSA bed large enough to handle
the ITER He purge stream flowrate, a cycle time of at least four
hours is required.

An alternative PSA process is proposed by Ontario Hydro as a
better option than the reference TSA design for ITER. PSA is an
industrially established process [2], widely used for hydrogen
and helium purification and for air separation. For blanket
tritium recovery, the PSA process is advantageous because it
allows much faster cycling and therefore has significantly lower
tritium inventory. For example, a PSA cycle of 10 minutes has
48 times less tritium inventory than an 8 hour TSA cycle.

Since PSA is inherently a non-steady state process, a dynamic
simulation was developed to facilitate system design and
optimization. The dynamic simulation model and the
gravimetrically measured He/H2 adsorption isotherms on molecular
sieve 5A at a temperature of 77 K were described in [3].

The PSA proposed for ITER is significantly different from
conventional PSA for three reasons. Firstly, the ITER PSA
columns are deliberately operated to complete breakthrough. In a
recirculating system, there is no need for complete hydrogen
isotope removal from the He purge stream on each pass through the
PSA column. It is quite sufficient from a practical standpoint
to remove 50-80% of the hydrogen isotopes. Secondly, the
pressure ratio required for enriching the 0.1% hydrogen isotope
concentration in the feed to greater than 90% in the product is
unusually high (> 103). Finally, H2 is added to the column at the
beginning of the evacuation cycle in order to displace adsorbed
HT, and thus increase the HT partial pressure during column
pumpout.

EXPERIMENTAL STUDIES ON A SMALL SCALE PSA COLUMN

Laboratory studies on a small scale PSA column were carried out
at the University of New Brunswick [4]. The schematic of the
experimental set-up used in this study is shown in Figure 1. It
consists essentially of a He/H2 supply, a dehydration column, a
PSA column, a rotary vane two stage vacuum pump (Model Balzers
DUO 1.5A), a novel H2 detector (developed by UNB) with the
associated humidifier, wet test meter, voltmeter, opposing
voltage supply and chart recorder, the associated
instrumentation, valves and piping.

Measurement of Breakthrough Curves

A dehydration column containing molecular sieve 5A was used to
prevent any moisture (if present in bottled helium) from entering
the experimental PSA column. The feed gas was pre-mixed stream
containing 0.16 - 0.18% H2 in He.
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Figure 1: Schematic of the PSA Experimental Apparatus

The PSA column used for this study was a stainless steel column
(length 15-6 cm x ID 0.77 cm) packed with 0.07 cm (diameter) 5A
particles (bed voidage of 0.31 and adsorbent density of
1.12 g/cc). The column was completely immersed in a Dewar vessel
containing liquid nitrogen at 77 K. Prior to the experiments,
the PSA column was regenerated by purging overnight with helium
at about 350°C. With the regenerated column in place, the
required flow and corresponding column pressure were adjusted
with the helium supply. The length to velocity ratio in all of
the experiments was about 4.76 s. The flow of helium was then
replaced by the feed gas (1600-1800 ppm H2 in He) through
switching of valves. The column effluent was continuously
monitored using the H2 detector, which was precalibrated with
pure H2 and/or He/H2 gas mixture of known compositions.

The adsorption breakthrough was run to completion i.e., the PSA
bed was completely saturated with the feed gas. The feed was
then cut off, and the desorption was measured using a helium
purge at the same pressure. The experimental conditions for the
breakthrough measurements are shown in the second and third
columns of Table 1.
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Table 1

Summary o f the

Run

2
3
4
5
8
9

Note:

Feed
Composition

(ppm H, in He)

1600
1600
1600
1600
1800
1800

i Breakthrough Experiments
Operating
Pressure

(MPa)

1.13
2.16
1.13
2.16
2.16
2.16

T = Mean residence time
H, = H, adsorbed

T

( s )

6288.
3934.
6288.
4042
3627.
3735.

phase concentration
c0 = H2 concentration in feed gas
V = H, equilibrium concentration in

5
0
5
5
5
0

597.8
370.7
597.8
383.3
347.2
351.9

in equilibrium

the

c

and

(g mole/cc)

2.836
5.420
2.836
5.420
6.097
6.097

with c0

idsorbed phase

x 10'
x 10"
x 10'
x 10s

x 10"
x 10'

Equilibrium

lo

(g mole/cc)

1
2
1
2
2
2

.695

.009
695
078
117
146

x 10 3

x 103

x 103

x 103

x 103

x 10 3

Data
\1

cc(STP)/g

33
40
33
41
42
42

9
.18
9

.552

.336
912

The H2 breakthrough curves obtained from the experiments were
quite reproducible and the representative profiles are shown in
Figure 2. A simple mass balance for a saturated adsorption
column yields:

T - _
1 - e

(qo/co) (1)

The mean residence time, T, was determined from the breakthrough
curves (Figure 2). The length to velocity ratio, L/y was about
4.76 s and the bed voidage, e, was about 0.31. The qo to co ratio
and therefore the q0 and V values for different H2 partial
pressures were easily obtained from the experimentally measured
breakthrough curves. The experimental results are summarized in
Table 1.

The H2 equilibrium data obtained from the breakthrough
experiments are also compared with the previously measured
gravimetric data [3] in Figure 3. The close agreement between
breakthrough and gravimetric H2 equilibrium data suggests that,
in the range of the present investigation, the capacity for H2
adsorption is not significantly affected by the presence of high
pressure helium (i.e., the sorption of H2 and He is
non-competitive). The recent experimental data also indicate
that the isotherm for D2 (and by extrapolation for tritium) is
similar to that for H2 but slightly higher.

The He isotherm was also measured from the experimental column.
The column was first equilibrated with helium at various
pressures up to 2.16 MPa. It was then depressurized down to
atmospheric pressure through a mass flow controller at a constant
desorption rate. The amount of helium released upon desorption
was estimated by measuring the time required for the column
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pressure to fall to atmospheric. The amount of helium present in
the macropores at atmospheric pressure was estimated assuming the
particle porosity of about 0.33. (The amount of helium adsorbed
in the 5A crystals at atmospheric pressure was considered
negligible.) The amount of gas released from the inter-particle
voidage of the column was then subtracted from the total gas
quantity to calculate the amount of helium adsorbed by molecular
sieve 5A at given pressure. Figure 4 shows the He isotherms on
molecular sieve 5A at the temperatures of 77 K and 303 K.

Blowdown Experiments

For the blowdown experiments, the column was saturated with a
feed containing 1600 ppm of H2 in He at about 2.16 MPa. The
inlet valve to the saturated column was then closed. The column
was allowed to depressurize to atmospheric pressure while the
blowdown gas was withdrawn at the column outlet through the mass
flow controller at a constant rate. The pressure-time history of
the column during this period was monitored and this procedure
was repeated for different blowdown rates. The H2 effluent
concentrations as a function of cumulative blowdown gas volumes
for different blowdown rates are shown in Figure 5. The areas
under the profiles in Figure 5 represent the loss of hydrogen
during blowdown. The maximum loss of hydrogen during blowdown
was estimated to be less than 1% of the total hydrogen loading at
saturation.

Vacuum Desorption Experiments

The experiments were carried out at the adsorption pressures of
1.13 to 2.16 MPa with 1800-2100 ppm H2 in He [5]. The PSA column
was saturated with feed containing hydrogen at 77 K. The
parameters such as velocity and pressure were maintained same as
those in the breakthrough experiments. The saturation of the
column was confirmed when the detector showed the voltage
corresponding to the inlet hydrogen concentration (1800 or
2100 ppm). The inlet of the PSA column was closed and the column
was depressurized to atmospheric pressure. After the blowdown,
vacuum was applied to the column and the effluent from the vacuum
pump discharge was collected in an inverted burette placed in a
bucket filled with water as shown in Figure 1. The volume of the
gas collected for each run is shown in the fourth column of
Table 2.

The rate of vacuum desorption depends on the kinetics of
desorption and the efficiency of the vacuum pump. In all the
vacuum desorption runs, it took less than 15 seconds to achieve a
vacuum close to 0.01 kPa. If the mass transfer resistance is
only due to molecular diffusion in the macropores, then it will
be insignificant during vacuum desorption, as the molecular
diffusivity varies inversely with pressure.



- 7 -

40

20

0 0.2 0.4 0.6 OI 1 1.2 14 1.6 U Z ZZ 2.4

Hatum Pressure, p (MPa)

Figure 4: Helium Isotherms on Molecular
Sieve 5A at 77 K and 303 K
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Table 2

Summary of the Vacuum Desorption Experiments

Run

1

2

3

4

Note

Feed Composition
(ppm H3 in He)

1800

2100

2100

2100

Column
Pressure
(MPa)

1.13

2.16

1.13

2.16

: Mass of adsorbent = 5.6 g

Gas Volume
Collected
(cc STP)

105

202

110

210

Effluent Gas
Composition

(% H2)

-

97

93

92.5

For the analysis of the collected gas, first the H2 detector and
the inverted burette were evacuated by applying a vacuum, so as
to remove air or other impurity gases. The gas collected in the
burette was then passed to the detector to analyze for the H2
content. It was found that the H2 content in the effluent gas
was greater than 92% (see Table 2).

Conclusion

The results of the laboratory experiments indicate that the
hydrogen product at greater than 90% purity can be obtained from
the PSA process by means of a high pressure adsorption, followed
by atmospheric blowdown and subsequent evacuation to a
sufficiently low pressure.

PRELIMINARY DESIGN OF THE PSA PILOT PLANT

The preliminary design of a PSA demonstration facility on the
one fortieth of the ITER scale (or 3 g T/day) has been developed
by Ontario Hydro on behalf of the CFFTP. The design study has
shown that the PSA process can be engineered using, mostly,
available components and can be designed to have a low tritium
inventory of about 1,000 Ci in the demonstration loop.

Design Requirements

The design of the PSA process is primarily governed by the helium
purge gas processing requirements for the ITER solid ceramic
breeder blanket. The design requirements of the PSA pilot plant
are to demonstrate that:

1. PSA is a feasible process for recovery of tritium (at
the rate of 100-120 g T/day) from the ITER solid ceramic
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breeder helium purge gas, which contains about 0.1%
hydrogen isotopes and 99.9% helium.

2. The PSA process will have a drastically (40 to 50 times)
lower tritium inventory than the reference TSA process
for ITER due to much faster cycling (10 vs.
480 minutes).

The pilot plant will also provide useful data on the lifetime
of molecular sieve 5A under PSA conditions as well as the
verification of the dynamic simulation results [3], thus allowing
us to scale up the pilot plant data directly to reflect the
performance of a full scale PSA process for ITER.

Process Description

The PSA process is based on using a 5A molecular sieve at 77K,
with pressure cycling from about 1.1 MPa during adsorption cycle,
to a rough vacuum (« 0.2 kPa) during regeneration. The major
components of the PSA demonstration loop are a buffer tank, a
feed tank, a compressor*, two PSA columns, vacuum pump sets,
recombiner, dryer, heat exchangers, the associated valves, piping
and instrumentation. A preliminary flow schematic for PSA
demonstration facility is shown in Figure 6.

The two PSA columns, operating in parallel, are designed for
continuous processing the helium feed gas from the feed tank TK2.
The pressure in the tank TK2 is maintained by the compressor PI.
The feed flows to one PSA column while the other column is being
evacuated for regeneration. The flow in the column is the same
direction during feed and evacuation. Also, the PSA column
pumpout time is the same as the pressurization and feed time.
The cycle time for the PSA process is estimated to be about
10 minutes.

During the adsorption step of the process, the PSA column is
pressurized to about 1.1 MPa by means of the high capacity feed
compressor PI, which draws the tritium-bearing helium/hydrogen
feed gas from the buffer tank TK1. The feed gas rate is
approximately 2.2 mol/s at 1.1 MPa, 300 K with 0.1% hydrogen and
balance helium (see Table 3).

A cooler HX4 is provided at the outlet of compressor PI to
maintain the feed gas temperature at about 300 K. Prior to
entering the PSA column, the feed gas is cooled from 300 K to
about 77 K by a countercurrent heat exchanger (HX1, HX2).

* The exact number of compressors and vacuum pumps required
will be determined during the detailed design phase.
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Figure 6: Preliminary Schematic for PSA Demonstration Facility

Table 3

Feed Gas Flow, Temperature and Composition

Parameter

Feed Flow

Feed Temperature

Feed Composition

PSA on 1/40 ITER Scale

2.2 mol/s

300 K

99.9% He and
0.1% Hydrogen Isotopes
(99 parts H and l part T)

The pressure in the PSA column is maintained at about 1.1 MPa by
a pressure reducing coil and a flow control valve through which
the hydrogen isotope depleted helium is recycled back to the
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buffer tank TK1. The feed gas will continue to pass through an
adsorber bed in the PSA column for about 5 minutes at 1.1 MPa.
During this time, the adsorber bed will become fully loaded with
hydrogen isotopes and helium.

At the end of the adsorption cycle, the hydrogen isotopes/helium
feed stream is switched over to the second PSA column that has
been regenerated and pressurized. The first PSA column is then
isolated from the feed gas and is depressurized to atmospheric
pressure to release the bulk of helium adsorbed in the bed. The
released helium is recycled back to the buffer tank TK1.. The
first column is then connected to the Normetex vacuum pump set P2
and the column is evacuated to a pressure of about 0.2 kPa.

For a short initial evacuation time, the exhaust from the vacuum
pump set P2 contains mainly helium, since the mole fraction of
hydrogen isotopes is still low. The hydrogen isotope
concentration in the exhaust increases gradually with further
column pumpout. At the later part of the evacuation process,
the exhaust gas from the vacuum pump set P2 contains mainly
hydrogen isotopes. In order to verify the performance of the PSA
demonstration loop, the gas mixture compositions in the feed line
and the exit line from each PSA column are continuously monitored
by on-line gas analyzers.

The regenerated hydrogen isotopes are then pumped back to the
buffer tank TK1. (Note: For a few experimental runs, pure H2 may
be introduced into the column to raise the hydrogen partial
pressure in the column to about 20 kPa in order to purge out any
residual tritium from the bed. This excess hydrogen will be
routed through a catalytic recombiner and a dryer unit to recover
tritium prior to sending it to the stack.)

At the end of the pumpout and regeneration, the column is
repressurized to about 1.1 MPa by the feed gas and kept ready for
the next adsorption cycle. During the adsorption and
regeneration cycles, the PSA columns are maintained at a
temperature of 77 K using liquid nitrogen.

System Arrangement

Due to the presence of radioactivity (tritium) in the facility,
all of the major equipment in the PSA demonstration loop is
located within a secondary containment in the form of glove box,
cold box or vacuum vessel.

The two PSA columns and associated heat exchangers HX1 & HX2 are
located inside the cold box CB1.
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Component Design Description

A list of the major process equipment used in the PSA
demonstration facility is shown in Table 4. The important design
features of the equipment are outlined below.

Design of Buffer Tank TK1 and Feed Tank TK2. These are
cylindrical tanks. Each tank has a holding capacity of about
3 m3. The tanks TKl and TK2 shall be fabricated from stainless
steel and be provided with fittings for pressure and temperature
measurements, overpressure protection device and for sampling and
gas analysis of tank contents.

Design of Compressor PI. The compressor, PI, is provided to
pressurize the feed gas from 101 kPa to 1.1 MPa at the flowrate
of 50 L(STP)/s.

Design of Vacuum Pump Set P2. This is a vacuum pump set for
evacuating the PSA column contents during regeneration. The
column must be pumped down within 5 minutes from 101 kPa to
0.2 kPa. For this purpose, the pumping speed should be on the
order of 15 Nm3/h. A Normetex Model PV12 Dry Vacuum Pump may be
used as the main vacuum pump, and a diaphragm pump (Normetex
Model D7) may be used as the backing pump.

Design of Heat Exchangers HX1. HX2 & HX4. These are compact,
highly efficient, countercurrent flow heat exchangers [6]. The
process gas to be cooled flows through the inner pipe and the
cooling water (or gas) flows through the outer pipe or shell.
The pipes shall be made of stainless steel and the extended heat
transfer surface shall be made of copper.

Design of PSA Columns. The PSA columns are maintained at their
normal operating temperature of 77 K using liquid nitrogen. Each
column is provided with an individual jacket for liquid nitrogen
supply. Liquid nitrogen supply to each PSA column is controlled
by a level controller in the jacket side. Drain and vent
connections are also provided on the jacket to facilitate filling
and draining of liquid nitrogen.

The PSA columns are designed to operate on a 10 minute cycle
(i.e., 5 minutes of adsorption and 5 minutes of regeneration).
The column contains molecular sieve 5A and spring mounted
pressure plates to prevent the adsorbent bed moving. The
particle size of molecular sieve adsorbent should be 20 to 40
mesh to minimize diffusional resistance to mass transfer during
the adsorption step. The quantity of the molecular sieve 5A
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Table 4

Equipment List

Equipment Description

Buffer Tank TK1

Feed Tank TK2

Compressor P1

Vacuum Pump Set P2

Heat Exchangers
HX1 & HX2

Cooler HX4

Condenser HX5

PSA Columns

Cold Box CB1

Vacuum Pump Set P3

Heater HX3

Recombtner CR1

Drier DR1

Operating

Temp. K

300

300

300

300

77-300

300-400

423

77-300

77-300

77-300

300

423

300

Conditions

Press. kPa

101

1100

101-1100

0.1-101

0.1-1100

1100

101

0.1-1100

0.001

0.001-101

0.1-1100

101

101

Design

Temp. K

350

350

350

350

77/350

450

573

77/350

77/350

77/350

350

573

573

Conditions

Press. kPa

500

1500

1500

Full Vac/1500

Full Vac/1500

1500

200

Full Vac/1500

Full Vac/1500

Full Vac/200

Full Vac/1500

200

200

required for a 10 minute PSA cycle is about 2.34 L (length
16.84 cm x ID 13.3 cm).

Since the PSA are deliberately operated to complete breakthrough,
the bed dimension was estimated based on the superficial flow
velocity of 10 cm/s. At this low superficial flow velocity, the
pressure drop across the adsorbent bed is minimized. Thus, the
pressure through the PSA column can be considered to be uniform.
The PSA columns are located within a vacuum insulated cold box
CBl. The material of the construction of PSA columns shall be
316L stainless steel.

Design of Cold Box CBl. The two PSA columns and associated heat
exchangers HX1 & HX2 are located in cold box CBl. The cold box
is a vacuum insulated vessel which contains a minimum of 10
layers of super-insulating mylar insulation, and serves also as a
secondary containment. The cold box shall be maintained at a
pressure of less than 1 Pa by a vacuum pump set P3, and the
vacuum shall be continuously monitored. The material of the
construction of cold box shall be 316L stainless steel.
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Design of Vacuum Pump Set P3. Vacuum pump set, P3, consists
of one small oil diffusion pump and one small rotary vane pump,
which are operated in series to maintain the pressure in cold box
CB1 at < 1 Pa.

Design of Heater HX3. HX3 is a tubular electric heater and it is
provided to heat the process gas stream to about 300 K, before
the gas enters the vacuum pump set P2.

Design of Catalytic Recombiner. The catalytic recombiner, CR1,
is provided to recover tritium from the exhaust gas prior to
sending it to the stack. The recombiner operates at a
temperature of about 423 K to combine any free hydrogen isotopes
(H2, HT) with oxygen to form water. It contains 1% Pd on Alumina
catalyst and is electrically heated to maintain its operating
temperature. A temperature controller automatically regulates
the heating. The recombiner vessel is fabricated from stainless
steel and is of all-welded construction.

Design of Condenser HX5. Condenser, HX5, is provided to remove
all the water vapour generated by the catalytic recombiner CR1.
It is a double pipe, counter-current heat exchanger. The heat
exchanger is constructed of two concentric tubes, with turbulence
promoters in the inner tubes. The process gas to be cooled flows
through the inner tube and the coolant (chilled water) flows
through the annulus. The material of construction shall be
stainless steel.

Design of Drier DRl. After leaving the condenser HX5, the
moisture-laden exhaust gas enters a drier bed (filled with
molecular sieve) for further moisture removal. The drier
provides 99.95% moisture-free exhaust gas prior to sending it to
the stack.

Valves and Piping. All major process lines shall be constructed
and examined in accordance with the requirements specified in
ANSI B31.1. The size of main process lines shall be less than
5.1 cm. All cryogenic lines shall be insulated in order to
prevent accidental contact of personnel with extremely cold
surfaces.

All valves installed on the PSA columns and vacuum pump set P2
for switching/directing flow between adsorption and regeneration
cycles shall be pneumatically operated, rated for rough vacuum
and 1500 kPa operating conditions. These valves shall be
equipped with compact pneumatic operators, solenoid valves, limit
switches and three-position (Close-Auto-Open) handswitches.
Manual valves can be used for the purpose of equipment isolation.
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Control System

Operation of the PSA process is automated to the extent possible.
It is envisaged that monitoring and control of the PSA process
will be performed via a microprocessor based system. In general,
the PSA process parameters are monitored with the use of the
following devices:

• Temperature measurements are made by RTD's (Resistance
Temperature Detectors).

• Pressures are measured by conventional transmitters or
pressure gauges.

• Flows are measured by conventional differential devices, such
as modified venturi. The flow elements are located in the
piping, and flow transmitters are located close to the
piping.

• Liquid levels are measured by conventional level transducers.

• Helium and hydrogen isotope concentrations in the process
streams are measured by gas analyzers, such as gas
chromatography, mass spectrometer and/or ionization chamber.

• Pneumatic valve positions are monitored by miniature analog
proximity transducers.

• The status of pumps and compressors is monitored by MCC
(motor control) relays.

Other Design Considerations

Overpressure Protection. The following sources of overpressure
have been identified in the PSA demonstration facility:

• Cryogenic Fluids: Liquid or vapour at cryogenic conditions
could undergo significant volume expansion if it is allowed
to warm up to ambient temperature. This could lead to
overpressure under confined conditions.

• Electric Heaters, Pumps and Compressors: These could cause
overpressure as a result of instrumentation and control or
operating errors.

• Failure of Interfacing Systems: A high pressure utility
(helium, cooling water), if leaked into the process, could
pressurize it above the design limits.
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• Failure of valves to open or to close: Valve failing in
inappropriate positions could possibly result in
overpressure.

The PSA demonstration facility will be protected against all the
potential causes of overpressure by means of relief valve and/or
rupture disks.

Tritium Inventory. The tritium inventory in the PSA
demonstration facility is primarily that of the tanks TK1 to TK2,
PSA columns, vacuum pumps and compressor. The maximum tritium
inventory in the facility is estimated to be about 0.1 g
(1000 Ci).

The majority of the tritium inventory will exist in the
buffer/feed tanks TK1 and TK2, and the two PSA columns. Only
very small amount of tritium will exist in the vacuum pumps and
compressor.

Material Considerations. In order to minimize the release of
tritium, the PSA demonstration facility is constructed using
metal components whenever possible. Austentic stainless steels
(316 series) are most preferred, since they have good physical
and corrosion resistance properties.

Future Design Work

Spectrum Engineering Corporation Ltd. (SECL) has been awarded a
contract to carry out the detailed engineering design of the PSA
demonstration facility. The detailed design tasks provided by
SECL will include the preparation of equipment and I & C
specifications, assembly and detail drawings, logic and control
diagrams, safety analysis report and design manual. Procurement,
fabrication/assembly, test and delivery of the pretested PSA
package will then follow.
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ABSTRACT

The Compact Toroid Fueller (CTF), at the University of
Saskatchewan, will inject high-speed, dense Spheromak
plasmoids into the STOR-M tokamak and the Tokamak de
Varennes (TdeV) to examine the feasibility of this
approach as a fueller for future tokamak reactors.
Compact Toroid (CT) formation and acceleration at the
RACE device at the Lawrence Livermore National
Laboratory has shown that CT-plasmoid velocities
sufficient for center fuelling fusion reactors can be
achieved by magnetized coaxial accelerators. The CTF
injector will test theories on CT-tokamak interaction and
fuelling by the injection of CT-plasmoids into the STOR-M
and TdeV tokamaks. Among the questions to be addressed
are the repetition-rate requirements for future injectors,
the bootstrap current enhancement factor, CT fuel
confinement times, impurity effects, plasma heating,
injector electrical efficiency and gas load to the tokamak
following CT injection.

1.0 INTRODUCTION

For long-pulse or steady-state operation of a tokamak, on-
line fuelling is needed. Continuous fuelling by gas puffing
external to the plasma is a standard technique in all
tokamaks. However, this gas will not efficiently penetrate
into the central core of a burning plasma, where the bulk
of the fusion reaction occurs. Most of the puffed fuel
would be swept away in the scrape-off layer, resulting in
very low burnup rates. In fact, it is necessary to penetrate

well beyond the magnetic separatrix. Although the
optimal penetration depth is not yet clear, it is highly
desirable to be able to penetrate to the plasma core to
minimize tritium throughput, to improve startup ignition,
and to provide full and flexible control of the plasma
density profile. Two types of "centre fuelling" schemes
exist today. These are (a) frozen pellet injection and
(b) neutral beam injection. For central penetration of an
ITER class reactor, frozen pellet velocities of up to 100
km/s may be needed [1]. Conventional pneumatic
injectors have attained velocities of up to 3 km/s [2] while
10 km/s appears possible with advanced systems. This is
still an order of magnitude less than desired. The low
inertial strength of frozen pellets further exacerbates the
problem by limiting the acceleration pressure and
consequently requiring impractically long (length »
tokamak dimensions) acceleration sections for reactor
centre fuelling. The alternate approach, neutral beams are
designed for plasma beating and (while successfully used
for fuelling present-day tokamaks, e.g. JET tritium shots)
are too inefficient for fuelling purposes.

Recent work by Perkins [1] and Parks [3] indicates that
central fuelling of reactor grade tokamak plasmas may be
possible by Compact Toroid (CT) injection—specifically,
by Spheromak injection. The Spheromak is a compact
toroidal plasma configuration with toroidal and poloidal
magnetic fields of approximately equal strength. With
serious studies in the 1980's, Spheromaks were considered
to have the potential for generating fusion reactor grade
plasmas. The major experiments were conducted at Los



Alamos National Laboratory (LANL, CTX device) [4],
Princeton University (SI device) [5], Univ. of Maryland
(MS device) [6], and at Osaka University (CTCC device)
[7]. At LANL, the CTX [8] device demonstrated the
formation of relatively clean Spheromaks as indicated by
the electron temperature of about 70 eV, which exceeds
the oxygen radiation barrier temperature. The cones-
ponding flux confinement time was about 100 /is. At the
Lawrence Livermore National Laboratory's (LLNL) Ring
Accelerator Experiment (RACE) [9], Spheromak
translational velocities of up to 2500 km/s have been
demonstrated for low mass CTs ( « 10 //g), while
velocities of about 1400 km/s have been achieved with
CTs weighing about 20 fig. The net acceleration
efficiency defined as CT kinetic energy divided by the
initial capacitor bank energy, was & 30%. CT formation
efficiencies are generally a 10% for an unoptimized
system [10]. The overall system efficiency (unoptimized,
formation plus acceleration) is a 20%. The rather high
efficiencies achieved in this scheme combined with the
plasma parameters achieved to date, which exceeds the
modest requirements for tokamak fuelling [1,3], makes
this a highly desirable fuelling scheme.

Preliminary experiments by Brown and Bellan [11,12]
have shown that it is possible to perturb the density and
current of a tokamak by CT injection. However, in their
experiment the target tokamak (Encore, major radius =
38 cm) was small in relation to the injected CT (N^-j- ~ 6
x N t o l c a m a | ( , where N is the total particle inventory), the
effect of CT impurities on the target tokamak was not
studied, and they did not inject accelerated CTs into the
tokamak.

The CTIX device at UC-Davis/LLNL [13] generates
accelerated CTs with a mass of up to 15 p% and velocities
of up to 200 km/s. The immediate goals of this program
are to study the interaction dynamics of the CT with a
vacuum magnetic field.

For CT fuelling to be viable, accelerated CT injection into
a medium-sized, well-diagnosed tokamak ( N ^ j s 0.3 x
Ntokamak)' w ' t D acceptable levels of impurity needs to be
demonstrated. The goal of the Compact Toroid Fueller
(CTF) injector is to perform such a proof-of-principle
experiment at the Tokamak de Varennes (TdeV) facility
(major radius = 86 cm). Initial commissioning and testing
of the injector will be done on the STOR-M tokamak
(major radius = 45 cm).

The main physics goals will be to determine:

(a) the maximum fuel mass that can be injected without
causing a tokamak disruption. This information will
be used in future injectors to determine the rep-rate
requirements;

(b) the density deposition profile within the tokamak as a
function of CT parameters (size, speed, field
strength);

(c) CT impurity, levels and methods to limit their level,
and effect of CT impurities on the tokamak;

(d) the injection of CTs with hydrogen, deuterium and
helium plasmas to simulate tritium-CT injection;

(e) the particle confinement time of the CT fuel during
centrally-fuelling discharges. This will be done to
estimate the fuel burn up fraction that can be
expected during CT-tritium fuelling of future
reactors;

(f) the extent of additional plasma heating due to the
substantial kinetic energy of the CT; and

(g) the extent of enhancement in bootstrap current due to
CT fuelling. Since the bootstrap current is propor-
tional to pressure gradient dp/dr, this effect would be
expected to be much higher than during pellet
fuelling. The density deposition profile will be
determined that maximizes this effect.

The technology goals are:
(a) measure CT injection electrical efficiency;
(b) measure and minimize CT impurities; and
(c) measure and minimize residual gas loads on tokamak.

2.0 CT FORMATION AND ACCELERATION

2.1 Injector Requirements

Table I lists the representative TdeV parameters [14] and
Table II is a list of the desired CT parameters. For a
proof-of-principle experiment, a 5 - 30% perturbation of
the TdeV particle inventory is desired. The necessary
inventory of particles should be contained in a CT small
enough to pass through a port on TdeV and small
compared to the minor diameter of the tokamak. This
limits the CT diameter to be less than 15 cm. Given these
parameters for the CT mass and size, the Perkins/Parks
model predicts central fuelling for CT velocities of
approximately 40 to 60 cm/us, the primary requirement
being that the CT kinetic energy exceed the displaced
toroidal magnetic field energy of the tokamak. In general,
the temperature of the CT plasmas would be limited to
about 10 eV as energy loss from these plasmas would be
dominated by line radiation from trace carbon and oxygen
impurities. Even if compressed to high densities, on time
scales relevant to this experiment, the temperature is not
expected to rise above 20 eV since less than 1% of oxygen
is needed to clamp the temperature at about the oxygen
radiation barrier temperature (for ng > lO1^ cm"^). How-



ever, because of the high translational velocities, the
energy per ion is substantial (e.g. 2.5 kev per ion).

Table I: TdeV Machine and Plasma Parameters

Major radius (R)
Minor radius (a)
Plasma volume (Vol)
Average density (<ne>)
Peak density (ne peak)
Particle inventory (N(o()
Toroidal field on axis (B.)
Electron temperature (Te)

Zcff
Plasma thermal energy (E)
Helicity

86 cm
27 cm
1.27xl06cm3

1.85-7.4 x lO 1 3 cm°
2 . 7 - 8 . 3 x l 0 I 3 c n r 3

2.3-94 xlO18 particles
1.5 T
700 eV
1.4-1.5
5kJ
~0.15Wb2

Table II: Desired CT Parameters

Particle inventory (NCT)
Plasma density ( n ^ )
% fuelling (of TdeV inventory)
Mass (m^p)
Outer radius (rout)
Inner radius (rm)
Length (LCT)
Volume (VolCT)
Average magnetic field (<B(jj->)
Magnetic energy (W^-)
Translational velocity (Vel^-p)
Plasma beta (0)
Electron temperature (Te QY)
Plasma thermal energy
Plasma kinetic energy
Equivalent energy per ion
Helicity
Magnetic binding energy per ion

2.3-28 xlO18 particles
8.3xl0 1 4 - lx l0 1 6cm" 3

5-30%

7.5 cm
3.5 cm
20 cm
2764 cm3

I T
lkJ
10 -100 cmjfis
<5%
<20eV
22-270 J
19 - 23,380 J
25 - 2609 eV
- 10'5 Wb2

0.5-6keV

2.2 The CTF Injector

Figure 1 shows the main features of the CTF injector. The
injector consists of four regions. These are the formation,
pre-compression, acceleration and focusing regions.

The Formation Region: This region contains the Stainless
Steel (SS) 304 formation electrodes, and the Oxygen Free
High Conductivity (OFHC) copper entrance region
electrodes. The SS electrodes consist of two 71 cm long
coaxial electrodes with diameters of about 16.8 cm (OD)
for the inner electrode and 24.8 cm (ID) for the outer
electrode. To the far left of these electrodes, a 22 cm
diameter, 10 cm long alumina cylinder provides the
electrical break between (he inner and outer formation
electrodes. The SS flanges on either side of the dielectric
are connected to an 800 fiF, 10 kV capacitor bank system

with the inner electrode being the cathode and the outer
electrode (the anode) being the ground. Figure 1 also
shows the associated electrical schematic. Inside the inner
electrode is a solenoid powered by a 3 kV, 1500 ftF
capacitor bank capable of generating up to 6 mWb of
magnetic flux. The formation electrodes are made out of
304 SS as these need to be resistive enough to allow the
solenoid flux (o penetrate through them. The outer
electrode has two eight inch ports. The bottom port is
connected to an (Edward's) 1000 {/a turbo molecular
pump. The top port contains ionization and convectron
gauges, as well as provisions for in-situ residual gas
analysis during glow discharge cleaning. To the right of
these ports are eight pulsed gas injection valves spaced
equally azimuthally. The valves are powered by a 55 /JF,
6 kV capacitor module. The valves (designed by the UC-
Davis, CTTX group) are fast acting and provide up to 10 ig

particles per pulse per valve. The large number of valves
provides a uniform gas distribution in the annulus between
the electrodes on as short a time as possible. Approxi-
mately 15 cm is provided on either side of the gas valve to
trap an adequate amount of particles in the CT (for high
mass CTs). Since the neutral hydrogen transit time is
about 0.1 cm/,«s, approximately 150 ,os is available from
the time the gas exits the valve nozzle to when the
formation gun may be discharged (to maximize trapped
particles). Alternatively, to form low mass CTs, the
formation gun would be discharged at the instant the gas
front reaches the inner electrode (about 16 fis after the gas
exits the nozzle). Further to the right of the SS electrodes
is the 14 cm long OFHC copper entrance nozzle. In
general, the nozzle should be flux conserving and have a
length equal to a few times the inter-electrode gap
distance. These attributes serve three purposes. First, they
isolate the forming CT from the resistive SS electrodes.
Second, they provide a flux conserving region in which the
solenoidal flux can stretch and easily detach at the nozzle
exit, due to a sharp jump in the inner electrode radius.
Third, they isolate the solenoid flux from the acceleration
flux.

CT Formation: Figure 2 outlines the steps involved in CT
formation and acceleration. First, the solenoid would be
energized (t = 0). This would cause the solenoidal flux to
penetrate the SS electrode and create a "foot print" on both
electrodes. "Fool prints" are the regions where the flux
enters and leaves a surface. Around the time of peak
solenoid flux (t ~ 1 ms) the gas valves would be pulsed.
This causes neutral hydrogen gas to fill the annulus
between the electrodes. At some time At past the time of
gas valve trigger, the formation capacitor bank discharge
would be initiated and thereby ionize the gas. The current
density (J) between the electrodes coupled with the
toroidal field (Btor) it generates, results in a force (J x B)
that accelerates the plasma toward the entrance region.
The solenoidal flux (the poloidal flux) will, due to field
line tension, offer resistance to the flowing plasma. If the



gun current (L,) exceeds a critical valve (Icrjt), then the
gun J xB force exceeds the restraining tension and a CT is
formed. The CT that forms in the flux conserver will
decay as the interna' 'urrents are dissipated due to plasma
resistivity. The es! ited plasma lifetime in CTF is about
33/re.

Once formed, the CT may be non-axisymmetric.
However, since the Spheromak equilibrium in an oblate
flux conserver requires it to be axisymmetric, an initially
non-axisymmetric CT will relax to become axisymmetric
after a relaxation period. This relaxation time is on the
order of a magnetic reconnection time and is estimated lo
be about 3 to 7 /zsec in CTF.

In order to decouple the CT formation phase from the
acceleration phase, it is important that the plasma lifetime
exceed the sum of the helicity injection time plus the CT
relaxation time. The formation bank's first quarter cycle
time in the present injector configuration is about 14/*s, so
that by proper adjustment of the solenoid flux, the helicity
injection phase may be limited to as low as 5 /is. Thus, in
CTF, it is anticipated that the acceleration phase will be
initiated about 10 - 15 /is after the helicity injection into
the source chamber begins.

CT Acceleration: CT acceleration occu -̂s in the precom-
pression, acceleration and focusing regions of the device.
The precompressor is the region that separates the
formation section from the accelerator and serves two
purposes. First, it allows for the formation of a relatively
large Spheromak which can then be reduced to the
required final size. Since the flux confinement time of
these plasmoids scales as r% it is advantageous to form as
large an initial Spheromak as possible. As the Spheromak
is compressed lo its final dimensions, its lifetime will
correspondingly decrease. However, since the accelera-
tion phase lasts for less than 10 /is, the compressed CT
will exit the accelerator before excessive flux loss occurs.
Furthermore, during the precompression phase, which may
last as long as 5 /is, the magnetic energy density in the
Spheromak will actually increase due to compression.
Second, the precompressor allows the separation of the
formation and acceleration processes and allows time for
the source plasmoid to relax before acceleration. This has
the advantage that, should the formation process produce a
nonaxisymmetric plasmoid, the relaxed and hence
accelerated CT will likely be axisymmetric. Also, since in
this gun geometry the acceleration phase is independent of
formation, the accelerator bank timing is less critical (as
compared to dynamic formation and acceleration). This
should result in a more reproducible CT.

In this injector, the precompressor reduces the inner and
outer radii of the source Spheromak from 5 and 12 cm to
about 3.5 and 7 cm, respectively, in the accelerator. This
compression is obtained by discharging the accelerator

bank across the inner formation electrode (biased positive)
and the inner acceleration electrode (biased negative) as
shown in Figure 1. The resulting J x B force will compress
the CT against the cone of the precompressor while eddy
cunenls in the cone wall provide the restraining force.
With increasing current in the circuit, the CT is
compressed until small enough to enter the accelerator
region. Once in the straight accelerator, there is no
restraining force and the CT accelerates very rapidly. The
transit lime along the one meter accelerator section is
expected to be s 4/is (much less for low mass CTs).

In this injector, a final focusing section has been added.
Its purpose is to allow proper interfacing with the
lokamak. Here part of the CT kinetic energy is used to
further compress the CT to enable it to pass unobstructed
through the 6 inch gate valve that separates the injector
from the TdeV tokamak.

The precompressor, accelerator and focusing regions were
optimized using the TRAC code developed by J.
Eddleman [15] at LLNL. TRAC is 2-D ideal MHD
Lagrangian code that tracks the group motion of the CT
through the different phases of precompression,
acceleration and focusing. The code has shown good
agreement with the results of the RACE experiment [15].
The code allows for arbitrary variation of the accelerator/
precompressor geometry as well as the external circuit
parameters. Based on simulations, a 100 /<F, 40 kV
capacitor bank with an external inductance of ~ 150 nH
was chosen as the CT injector accelerator bank. TRAC
simulations indicate that CTs with a mass of about 30 //g
can be accelerated to velocities up to about 1000 km/sec.

3.0 IMPURITY CONTROL

An essential requirement for any fuelling device is that the
injected fuel should entrain minimal levels of impurity.
After considerable effort, CTX at LANL generated CTs
with low levels of impurity, as indicated by the relatively
high electron temperature and long plasma lifetime. This
was only achieved after plasma spray coating the
electrodes with tungsten, extensive glow discharge
cleaning, and a "density pump-out" wait time (~ 0.1 -
0.5 ms). During this period, the CT lost sufficient mass
such that the level of impurities was no longer large
enough to cause the CT to be radiation dominated through
oxygen (due to reduced electron density). This is because,
for a coronal steady-state plasma (as would be approxi-
mately the case in CTX after ~ 100 /is), the radiated power
for a given impurity fraction is directly proportional to the
square of the electron density. Thus, a 50% density drop
lowers the radiated power by a factor of four.

In Spheromaks used for fuelling, one cannot wait the
required pump-out time since: (a) we would like to
maximize the number of fuel particles in a given sized CT;



and (b) it is the actual impurity content that is of
significance. Actually it is preferred if the CT were to be
radiation dominated and the impurity fraction was
acceptable. This is because, for a radiation-dominated
plasma, the plasma temperature would be low which
means that more fuel particles can be contained (due to
finite p* limitations). Fortunately, it is easy to meet the
first condition with less than \°7< oxygen being needed to
clamp the temperature at the oxygen radiation barrier level
(for ne 2 1015 cm"3). A limit on the acceptable level of
impurity (if oxygen) for TdeV may be obtained, for a
proof-of-principle experiment, by limiting the CT

^effective t o ^ c between 2 and 3. Assuming that the
oxygen is fully stripped (conservative), this means that up
to 2% oxygen may be contained in the CT to result in a
Zeff of 2 and 5% for a Zeff of 3. Thus, for the present
experiment, between 2 to 5% of oxygen may be an
acceptable level.

While thus far in accelerated CTs the absolute impurity
fraction has not been measured, in the RACE experiment
the dominant impurity lines seem to be those of oxygen.
In RACE, the intensities of high-Z elements are either
absent or negligible in comparison to oxygen lines. One
explanation offered by C. Hart man of the RACE group is
that the heavy particles (tungsten, iron, etc.) are not
entrained in the high velocity CT and simply fall back on
to the electrode surface once the CT acquires sufficient
velocity. In fact, RACE reports the collection of heavy
metal dust on the electrode surface after many months of
operation. The observation that CTs preferentially collect
low-Z particles may be an unexpected and desirable
feature of this type of CT fuelier.

Impurities in the CTF injector will be controlled by plasma
spray coating the electrode surfaces with low porosity
(high density, ~ 95% theoretical density) tungsten
followed by extensive glow discharge cleaning. While the
tungsten-coated electrodes in RACE result in relatively
clean plasmas (as far as high-Z elements are concerned),
the RACE electrodes are somewhat porous. C. Hart man
estimates the theoretical density of the tungsten coat on
the RACE electrodes to be ~ 85%. This makes it difficult
to form low mass CTs since the CT collects gas from the
walls. Therefore high density coating should, besides
producing clean CTs, allow the injector to operate in the
low CT mass regime.

Finally, while oxygen appears to be the dominant impurity
in single-shot injectors, it is expected to be less of a
problem in multiple-pulse injectors. At a pressure of about
10"4 Pa, the time it takes to form an impurity monolayer
on tbe electrode surfaces is a few seconds, therefore, for an
injector rep-rated at a few Hz, there should be inadequate
time for a monolayer of oxygen to form between
discharges, so the electrodes should progressively clean

up. However, future research is needed to investigate the
specific effects of a rep-rated CT gun operation.

4.0 DIAGNOSTICS

CT Diagnostics: Accelerated CT experiments to date
have not measured the absolute impurity fraction. Since
this is extremely important for lokamak fuelling, in CTF,
the Silicon Implantation Materials Method System
(SIMMS) technique will be used for the absolute
measurement of high-Z impurities. This involves the
capture of a portion of the translating CT plasmoid and
quantitative measurement of all the particles contained in
that sample. During the initial testing phase of CTF,
spectroscopic measurements in the visible region will be
performed for both the formation and acceleration sections
to determine the rriative intensities of various impurity
lines. Based on RACE results, oxygen is expected to be
the dominant impurity. The spectrometer will be
absolutely calibrated at a wavelength near the appropriate
oxygen wavelength to determine the absolute oxygen
fraction in the CT. A spectrometer (monospec 18) in
conjunction with an intensified CCD (Princeton
Instruments) detector array will be used for coarse survey
work while a high resolution spectrometer (SPEC 1702)
fitted with the same CCD detector will be used for detailed
measurements of oxygen (or other) lines.

Eight, two-axis magnetic probes will be used at different
azimutbal axial locations to measure the poloidal and
toroidal magnetic field components on the outer electrode
surfaces. These probes will also provide information en
the symmetry and magnetic confinement times of the CT
in the formation flux conserver. In the accelerator, they
will provide the CT velocity and field decay rates during
acceleration.

Also, a single-channel, two-beam Mach-Zender interfero-
meter will be used at two-axial locations on the accelerator
to determine the CT mass and velocity.

5.0 CONCLUSIONS

The CTF injector is designed to increase the TdeV particle
inventory by about 5 to 30%. This will be achieved with
the injection of a CT-Spberomak plasmoid travelling at a
velocity of up to 1000 km/s and trapped magnetic field of
about 1 Tesla in a CT volume 1 to 3 liters. The large
magnetic binding energy of the Spheromak should aid in
maintaining its structure during tbe CT-tokamak
interaction phase. Plasma spray coating the electrode
surfaces with dense tungsten (- 95% theoretical density),
followed by extensive glow discharge cleaning should
allow the generation of relatively clean low and high mass
CTs. With future rep-rated operation, this type of injector
is expected to naturally clean up.



The physics studies at TdeV are expected to answer many
questions in regard to CT fuelling. Among these are the
rep-rate requirements of future injectors, the bootstrap
current enhancement, CT fuel confinement times, impurity
effects and plasma heating.
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DARLINGTON NGS
FUEL DAMAGE INVESTIGATION

AN OVERVIEW

W.B. STEWART
Senior Design Engineer - Nuclear/Civil

Darlington Engineering & Construction Services

Ontario Hydro

Introduction

On November 30, 1990 with the Unit 2 reactor operating at 100% full
power, a routine recycle fuelling operation was attempted on
channel N12. The channel closure and shield plugs were removed
and an empty fuel carrier was advanced into the inlet end fitting
with no difficulty. However, at the outlet end of the channel, a
fuel carrier containing two irradiated bundles irom channel Y08,
which were being recycled into N12, stalled short of its home
position.

The fuel carrier was finally positioned with difficulty but the ram
could not advance to push the fuel into the channel. Despite the
application of high forces, and with the fuelling machine under
operator control in semi-automatic mode, the ram could not be
advanced. The front face of the fuel in the carrier was left
approximately four inches short of the fuel latch. The fuelling
operation was aborted and the fuel carrier was retracted from the
outlet end fitting. However, problems were encountered while
trying to rotate the fuelling machine magazine, which was an
indication that fuel could be protruding from the fuel carrier.
After several stalls, the magazine was rotated. During insertion,
the shield plug stalled short approximately one bundle length. In
addition, the closure plug could not be reinstalled. Indications
were that there was debris in the outlet end fitting and both the
Gaseous Fission Product monitor and heat transport system chemical
analysis were indicating damaged fuel in the south loop, the loop
containing channel N12. Reactor power was reduced to 65% full
power in early December and operated until December 23, 1990 when
the unit was shutdown to install a maintenance cap on the end
fitting.

Unit 2

Unit 2 fuel load started on June 17, 1989 and First Criticality was
achieved on November 4, 1989. Due to problems unrelated to fuel,
Full Power was not achieved until July 1, 1990. Unit 2 was
operated at high power levels for most of the period from July to
November, 1990 until the incident occurred.
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Following successful disengagement of the fuelling machine from the
reactor face and installation of a maintenance cap on N12 East, on
January 4, 1991, the fuelling machine was returned to the Fuelling
Facilities Auxiliary Area. On January 12, 1991, the fuel carrier
containing the Y08 bundles was discharged to the Irradiated Fuel
Bay, at which time fragments of fuel elements from the bundle in
position 1 were discovered. Unit 2 was shut down and an
investigation into the cause of the fuel damage was initiated.

The evidence from the fuel fragments (subsequently confirmed) was
that part of the N12 position 1 bundle, consisting of some centre
and inner ring elements broke free of the bundle and moved through
the fuel latch prior to the refuelling attempt.

Subsequent to the shutdown of Unit 2, in-reactor inspections of the
downstream end plates of selected bundles in position 1 and 13 were
performed with CIGAR (Channel Inspection Gauging and Recording)
video camera inspection equipment. Inspections were done on three
separate occasions in 1991; February 12-17, May 16-21 and May 31-
June 3. The channels inspected are shown in Figure 1. The first
inspections revealed cracks in D2K12/1 (Darlington Unit 2, Channel
K12 bundle 1) and D2Q12/1 downstream end plates. The second
inspecton period concentrated on channels away from the centre
columns 12 and 13 of the reactor face, except for channels C12 and
E12. The inspected endplates showed no visible indications of
cracks but channels R06, F07, and H03 were flagged for abnormal
marks on the end plates. During the third inspection three
channels, J13, H12 and R13, presented indications of cracks and two
channels, Lll and Ell, were flagged as indicating possible cracks.
Subsequent inspection in the Irradiated Fuel Bay on the downstream
end plates of the H12 and R13 position 1 bundles, confirmed the
presence of a crack in R13 and that H12 was not cracked.

Following the first CIGAR inspection, preparations were made to
ship irradiated fuel to AECL's Chalk River Laboratories and
Whiteshell Laboratories for examination in hot cells.

The hot cell examinations provided the best quantified
characterization of bundle damage, including detailed end plate
crack characterization and also bearing pad and spacer pad fretting
wear. Observations of visually indicated partial and incipient
cracks in the hot cell examinations were influential in directing
the early Irradiated Fuel Bay inspections and CIGAR video camera
inspections.

Inspection of discharged fuel bundles in the Irradiated Fuel Bay
(IFB) is a normal part of fuel performance monitoring. However,
following the N12 fuel damage finding, a significantly expanded
program of IFB fuel bundle inspections was initiated. The initial
focus was to inspect discharged bundles from the first charge of
Unit 2 that were available in storage modules in the fuel bay. The
available bundles were those from positions 10, ll, 12 and 13 which
had been discharged during normal four bundle shift fuelling.
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By the end of April 1991, a number of channels with visible end
plate cracking indications from CIGAR video camera inspection were
defuelled. Inspection provided evidence of extensive fuel string
wear and damage in channels D2K12, D2K13 and D2J13, ranging from
multiple cracks in a number of bundle positions, through heavy
spacer sleeve interaction wear on outboard bearing pads of bundles
in position 13, to varying degrees of inter-element spacer pad and
end plate impression wear along the fuel strings.

Characterization of damaged fuel in Unit 2 has recently been
completed. Endplate cracks have been identified on fuel from 8
channels (J12, J13, K12, K13, M13, N12, Q12 and R13) . Severe
bundle 13 bearing pad wear, due to interaction bearing pad with the
spacer sleeve, has been observed on fuel from 7 channels (J13, J14,
K07, K12, K13, M12, V20).

CIGAR pressure tube inspection has been performed on 19 channels.
Fuel Channel K13 was replaced due to a 0.5 mm deep fret mark, as
well as a desire to physically examine fuel channel components.
Recently, the entire assembly was sent to CRL for characterization.

The CIGAR inspections did not identify any other pressure tube that
has to be replaced, although channel N12 will be changed due to
fuel debris in the end fitting liner.

Unit 1

Unit 1 fuel load started on August 1, 1990 and first criticality
was achieved on October 29, 1990. Full Power operation was
achieved January 12, 1991 and continued until March 9, 1991 when
the unit was shutdown for a planned maintenance outage. AECB
approval to restart the unit was not secured until August 10, 1991
due primarily to concerns over the fuel damage found in Unit 2. As
part of the Unit 1 restart, an extensive data collection program,
similar to that undertaken on Unit 2, was undertaken. The unit
operated from early September 1991 to October 17, 1991 when another
planned maintenance outage started. Extensive fuel inspection
program during this period of operation did not identify any
significant fuel damage. AECB approval to restart the unit was
obtained December 24, 1991 and the unit operated until January 26,
1992 when heat transport iodine levels exceeded the revised (more
restrictive) shutdown limits. The Iodine excursion was later found
to be due to debris fretting wear of fuel elements and was not
associated with endplate cracking or excessive bearing pad wear.
Subsequent to the shutdown, an endplate crack was identified during
IFB inspection of a bundle from channel M13. As well, significant
bearing wear was observed on fuel discharged from two channels (H13
and K18). It was concluded that the same mechanism which caused
the damage on Unit 2 was present on Unit 1, and the decision was
made not to restart the unit until a design solution was installed.
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Organization

Following the identification of fuel fragments from channel N12, an
investigation team was established. The initial technical review
team was established as an ad-hoc group of Ontario Hydro, AECL-
CANDU and General Electric (Canada) personnel, with representation
from operations, project design, functional design, fuel
inspection, fuel handling and nuclear safety. By February 15,
1992, a formal investigation team structure and evolved. This team
focused upon two objectives:

• determination of the cause of the N12 failure, and
• determination of implications of the Nil event for continued

operatoin of Unit 1 and returning Unit 2 to power.

Technical review meetings of the investigation team, held weekly,
were initiated in late January 1991. Initially, the investigation
team made recommendations to Darlington NGS and, when required,
reviewed the priorities of actions proposed by operations to
protect Unit 1 and return Unit 2 to power.

Working groups with assigned leaders were established to direct and
co-ordinate activities in the following areas:

Fuel inspection and assessment
In-reactor inspection
Station chemistry
Metallurgy
Unit 2 rehabilitation

Nuclear Safety and licensing activities were maintained under the
already existing responsibilities of the Operational Safety
Engineer - Darlington, in the Nuclear Safety Department.

In early March 1991, a Darlington Fuel Damage Investigation and
Recovery Program Steering Committee was established. The committee
consists of the Vice-President's of the Design and Construction and
the Nuclear Operations Branches, and other members of senior
management in the two branches. The chairman of the investigation
team and the manager of the Nuclear Safety Department are members
of this committee. With the establishment of the Steering
Committee, the reporting of the investigation team was changed from
Darlington NGS to the Steering Committee.

The structure of the investigation team was modified in May, 1991.
This modified structure reflected the increased scope of activities
related to fuel design and performance, the increased scope of out-
reactor loop testing to include a wide range of hydraulic as well
as mechanical vibration issues and the rapidly expanding fuel
inspection program. In addition, because of planned testing on
Unit 2 with restarted pumps, a planning and integration function
was established.
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A futher modification to the structure of the team occurred in
August 1991 following the testing performed on Unit 2 during the
period July 6 to July 15, 1991. This change reflected the expanded
effort :n activities related to interpreting the hydraulic flow and
aocusti data acquired during Unit 2 testing and associated
hydraul c modelling activities.

A noted above, the investigation team structure and membership has
evolved as the scope of activities has changed. The current
organization is shown in Figure 2.

Investigation

The initial activities of the investigation team were concentrated
on evaluating potential scenarios whereby the observed break-up of
the N12 bundle in position 1 could have occurred, assessing the
potential implications of bundle break-up occurring in-reactor,
establishing a fuel inspection plan and reviewing operating
history. The work was focused in large measure on identifying the
causes of fuel damage observed in Unit 2 as shown in Figure 3.

The first scenarios addressed involved possible fuel manufacturing
defects, excessive force during manual loading of the first charge
fuel, debris fretting damage to the end plate, and possible
mechanical overload of the bundle by overextension of the fuelling
machine ram during the N12 fuelling operation. With very limited
information available, the most logical scenarios were ones
involving mechanical overload induced ductile failure mechanisms
which could damage the position 1 bundle.

In parallel, tests were initiated in the flow visualization rig at
the AECL Sheridan Park Engineering Laboratory (SPEL) to investigate
the vibration behaviour of loose elements in a downstream bundle
and possible vibration induced fretting of the pressure tube.
There was a suspicion that low cycle/high amplitude fatigue was the
mechanism that had caused the break-up of the D2N12/1 bundle, based
on preliminary results of detailed examination of an endplate
fragment from D2-N12/1 at Chalk River Laboratories. A series of
tests were performed in the SPEL flow visualization rig with pumps
cycle on and off. However, these tests did not produce any end
plate cracks, which indicated that low cycle/high amplitude fatigue
was a doubtful mechanism to cause the observe damage.

On Unit 1, a series of vibroacoustic endfitting vibration and
pressure pulsation measurements were taken and these measurements
indicated pulsations and vibrations at the 150 Hz vane-passing
frequency of the pumps, as well as components at 30 Hz and in the
6-12 Hz range. Since the pressure measurements were taken at the
end of long instrument lines, the 6-12 Hz components were most
probably associated with instrument line resonances excited by
broad-band turbulent eddies in the flow. Conflicting views existed
regarding the significance of the higher frequency pressure
pulsations and vibrations, resulting in a wide range of varying
hypothesis being formulated in the ensuing months. As part of the
effort to resolve issues pertaining to possible fuel damage
mechanisms, testing on Unit 2 was performed in July 1991, and on
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Unit l during the August, 1991 restart. Hydraulic, fuel bundle and
fuel string modelling and analysis were also initiated in this time
period.

During the period from April 1991 to early June 1991, a wide range
of analysis and testing activities were focused around possible low
cycle fatigue mechanisms: large amplitude flow variations due to
pump starting and stopping, flow variations due to boiling at
channel exits, static bundle overload due to excessive hydraulic
drag load, flashing and waterhammer pressure surges in the ROH
balance lines and pressure surges associated with pump startup.
These areas were pursued, in part, because of observations from the
operating history of Unit 2 and, in part, from the postulation that
cracks could have been initiated by some event, or series of events
which had stressed end plates severely, leaving the endplates
susceptible to crack growth and propagation due to lower amplitude
cyclic loads.

Details of many of the programs that have been undertaken to
support the investigation team are provided in other papers.

Conclusion

An intensive, wide-ranging investigation in to the causes of the
Darlington fuel damage has been underway since the occurrence of
the N12 event on Unit 2. Although this investigation has not yet
concluded, a number of definitive statements regarding the fuel
damage can be made.

Endplate cracking is due to high cycle fatigue occurring at
amplitudes just above the fatigue limit. The cracking of Unit 2
fuel bundles appears to have occurred at distinct periods in time
and the cracks have developed over a relatively short time periods.

Endplate fretting wear occurs down the fuel string with a high
incidence of impression wear occurring at the downstream bundles
and at bundle position 9 on Unit 2, while Unit l indicates a high
incidence at bundle positions 8, 9 and 10. The incidence of wear
at bundle positions 12 and 13 is low on both units. This, together
with hot cell examination of some wear marks, indicates a
predominant relative axial movement along the fuel string. This is
also consistent with spacer pad wear, particularly between rings of
elements. In addition, the pressure tube fretting wear on channel
D2K12 is consistent with the higher impression wear of endplates in
the region of the position 8, 9 and 10 bundles.

The spacer sleeve interaction wear of outboard bearing pads shows
evidence of axial wear movement, as inferred from fret marks on the
bearing pads and the dimensions of the pressure tube fret marks.
However, the possibility of channel inlet flow contributing to
bundle 13 bearing pad wear remains open. Certainly, the Bruce
experience would suggest that some Type 3 wear could be expected,
but at a significant lesser frequency than being observed at
Darlington. No definitive conclusion has been reached regarding
the mechanism, or mechanisms causing bearing pad wear.
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The clearly established 150 Hz resonances in the reactor inlet
headers and inlet feeders at hot conditions, together with the
indications of a significant number of Unit 2 channels with damage
exhibiting good acoustic transmission response, has contributed to
this being considered the dominant mechanism causing fuel failure.
Practical design solutions have been developed to significantly
reduce the amplitude of the pressure pulsations and reduce the heat
transport system sensitivity to resonant conditions. These are
expected to significantly reduce the potential for incurring
further fuel damage. In part, demonstration of the effectiveness
of some of these modifications will come from Unit 3 testing.

Acknowledgement: The author would like to thank Dr. J.C.
Luxat who coordinated the preparation of
the "Report on the Investigation to Fuel
Damage Causes Following the Unit 2 N12
Event" from which the majority of this
paper was taken.



FIGURE 1
UNIT 2 CHANNELS INSPECTED BY CIGAR VIDEO EQUIPMENT
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THE EXPERIMENTAL LOOP PROGRAM

G.J.Field
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INTRODUCTION

As part of the N12 investigation the fuel channel experimental loop program
was set up in June 1991 to address the vibration and fretting characteristics
of fuel under closely simulated reactor operating conditions in an attempt to
understand and duplicate the fuel failure mechanisms which were discovered in
Darlington Unit 2.

The program initially utilized three full scale fuel channels operating at or
close to reactor operating conditions of temperature, flow and pressure in
addition to the existing flow visualization test rig in AECL SPEL. In October
1991 the fuel channels at GE (Canada) were included in the program to
undertake fuelling machine transfer function experiments and subsequently
involved a series of endurance tests. Flow and pressure pulsing equipment was
designed to create flow variations in the channels, and pressure pulses over a
complete range of frequencies up tc 300 Hz. A mechanical vibrator was utilised
at OHRD to excite a fuel channel and the fuel string. Monitoring of the
channels covered a range of parameters such as pressure pulse amplitude at
various locations in the channel, vibration of fuel elements and channel
components and strain or deflection of the outlet bundle downstream end plate.
In addition, the fuel was dimensionally measured before and after test to
assess the degree of cracking, inter-element-spacer fretting, end plate/end
piate fretting and bear-iiig-pad fretting.

The four loops were either refurbished or constructed at the OHRD
Laboratories, AECL SPEL at Sheridan Park, STERN Laboratories in Hamilton and
facilities of GE (Canada) at Peterborough. The OHRD and SPEL loops utilized
existing Bruce channels, the loop at STERN was fitted with a new Darlington
channel representing D2K12, (a D type channel) while the channels used at
GE(Canada) were Darlington channels constructed in 1983 for fuelling machine
commissioning.

Many of the objectives of the original test program were achieved by September
1991 and revised tests were started to assess the hypothesis that pressure
pulses, caused by the 150 Hz vane passing frequency of the PHT pump, were
responsible for all the known damage. The continuing investigation and
particularly the measurements of pressure pulsing and end fitting axial
vibration taken during reactor testing and assessment of the various failure
scenarios led to a wide range of tests.

Figure 1 shows how the experimental loop program fitted into the overall N12
investigation. Results of the experiments were reported on a weekly basis to
the N12 Investigating Committee.

Flow Visualization

A series of tests were undertaken during the early part of the investigation
to show how damaged fuel in steady flow corditions ap to 40 kg/s behaved.
Whilst a significant amount of understanding of fuel performance was gained
the results did not show any of the failure modes seen in the reactor. In
fact under almost all test conditions the fuel remained very stable.
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Flow visualization studies of the inlet end of the fuel channel were conducted
to improve the understanding of flow instabilities in the inlet end
fitting/Grayloc geometry. It was suspected that these contributed to the
'rocking' and hence fretting of the inlet fuel bundles. This work did show a
flow instability in the annulus between the liner and the inlet end fitting
body which appeared to be a function of the flow rate and created by swirl
flow in the entrance region from the Grayloc. The frequency of oscillation, in
general, increased linearly with flow to approximately 16 Hz at 32 kg/s flow
rate. Some comparison tests were done in the ETR-7 loop under hot pressurised
conditions and similar flow oscillations in the annulus were measured. Tests
with alternative shield plug designs indicated that turbulence was more
directly related to shield plug design.

Recent test results have shown that the position of the bundle with respect to
the spacer sleeve has a significant effect on the degree of bundle 'rocking',
figure 2 . This shows that the type D channels in the centre of the
Darlington core are the most stable from the point of view of 'rocking' of the
bundle caused by the inlet geometry.

Fuel Response to Steady State Flows

Tests with steady state turbulent flow rates up to 40 kg/s were conducted at
SPEL and STERN to measure both the downstream end plate deflection and the
upstream bundle axial movement for different fuel strings. Inlet bundle
movement was shown to be more than expected. Figure 3 shows axial movement of
the upstream bundle of up to 3 mm when increasing the flow from 0 to 30 kg/s.

The outlet bundle end plate deflection, due to hydraulic loading, was shown to
be of the order of 0,5 to 1.00 mm depending on the fuel string, figure 4.
These values were expected based on load shedding calculations done early in
the investigation. Based on measurements of the variation in element lengths
of the two manufacturers, GE (Canada) and Zircatec, the different fuel types
should behave differently under similar flow conditions because of the
different load shedding behaviour.

Several tests were conducted with simple axial mechanical loading to determine
the mechanical spring constant of the fuel string. The intent was to provide
information input to the fuel string analytical modelling. The axial spring
constant of a GE fuel string was found to be about 3mm/10,000N.

Fuel Response to Pressure Pulsations

The effects of pressure pulsations on both the inlet and the outlet fuel
bundles was investigated at STERN Laboratories and SPEL.

Initial results from STERN indicated that the downstream end plate of the
outlet bundle responded axially to a wide range of pulsing frequencies up to
300 Hz with peaks in the displacement amplitude at many specific frequencies,
figure 5. Axial amplitudes of vibration were much higher than anticipated and
values up to ± 0.2 mm were measured. In general, the outlet bundle downstream
endplate responded fairly easily to pressure pulsing up to approximately 140
Hz. Above this the endplate required higher pulses to attain the same
deflection suggesting a loop acoustic resonance or a fuel string mechanical
resonance, figure 5.

Tests in which both inlet and outlet bundle movements were monitored, using UT
probes, indicated complex relationships between the two bundles. In some cases
they moved in phase in others the movement was independent.
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Fuel Response to Flow Variations

Changes in flow creates variations in the drag load on the fuel string and
subsequently changes in the end plate stress. A calculation of the flow
changes needed to meet the fatigue stress amplitude threshold indicated that ±
2 kg/s would be sufficient. A test at SPEL was carried out at approximately
this flow rate variation at 1.5 Hz ana a mean flow of 28 kg/s at 70 °C. The
test was continued for 2.3 million cycles with no failure of the end plate and
only light fretting on the inlet bundle bearing pads. Based on the fatigue
curve it is possible that continued cycling, to 5 to 6 x 106 cycles, may have
caused end plate cracking. This frequency, however, is too low to cause the
high cycle/low amplitude failures seen in Darlington in the expected time
frame.

Following analysis of the flow signal variations in the reactor a series of
tests was conducted, at SPEL and STERN, with flow variations in the frequency
range up to 40 Hz corresponding to flow variations in the range 0.5 to 1.7
kg/s. Some of these included a modulation of the basic flow as suggested by
the reactor measurements. Although subsequent analysis has indicated that the
reactor channel flow measurements are significantly influenced by instrument
line effects, these tests provided good characterization of the inlet fuel
bundle response to transient flow variations. Major results of these tests
indicated a clear preference for the inlet bundle to undergo 'rocking' at a
flow variation frequency of 16 Hz. The degree of rocking was relatively
independent of the flow amplitude. Lateral amplitudes of motion, at the inlet
bundle mid plane of up to ± 0.2 mm were measured, as compared to an expected
maximum of 20 micrometres. At approximately 35 Hz, element lateral amplitudes
of motion were of the order of +/- 0.5 mm.

The modulating flow tests, conducted at STERN, consisted of pulsing flow
variations in the 5 to 15 Hz range whilst varying the flow rate at frequencies
less than 1 Hz. In addition, random sudden drops in the flow rate of some
channels were simulated.

As with the results from SPEL the inlet bundle was seen to respond
significantly at a flow variation frequency of 16 Hz and was relatively
independent of the flow amplitude. The modulation of the flow variations had
little effect on bundle performance. Tests in which random, sudden flow
decreases were created caused the inlet bundle to 'rock' momentarily at 16 Hz.

Similar testing utilising a flow straightening inlet shield plug indicated
that the shield plug was transparent to such imposed flow variations in the
bulk flow. The flow straightener shield plug did however significantly reduced
inlet bundle rocking due to ^normal' inlet shield plug turbulence from the
standard MklllA shield plug.

Endurance Testing

Based on calculations and fatigue testing undertaken with small samples, the
fatigue deflection limit of the endplates was approximately ± 0.15mm for
simple bending. Endurance testing under cold, pressurised operating
conditions, whilst pulsing with a pressure pulse amplitudes at high frequency
(150 Hz nominal) to maintain an end plate deflection of approximately 0.15 mm
and hence to crack end plates, was initiated. A second endurance test under
similar conditions was carried out to verify the previous test result.

The first test bundle was intended to maintain a constant deflection of the
downstream end plate and to achieve this the frequency of the pressure pulsing
had to be adjusted between 134 and 168 Hz. The objective of the test was
achieved and the end plate cracked after approximately 10 million cycles. The
fracture surfaces were examined and found to be a result of high cycle, low
amplitude fatigue similar to those seen in the reactor but having a fretted
fracture surface. Continuation of the test demonstrated that the failures
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propagated along the fuel string. A second test, to verify the conditions
required to cause cracking, was undertaken at a constant 136 Hz pressure pulse
frequency and cracking occurred after approximately 6 million cycles.
Continuation of the test demonstrated that the cracking was, again,
progressive with further cracks developing not only in the outlet bundle but
also in bundles further down stream. The inlet bundle was carefully monitored
for bearing pad fretting. The fretting rate was seen to be higher than
expected but due to difficulties in measuring the bearing pad height a
quantitative estimate of the fretting was not possible. These tests reproduced
the essential damage features found in Darlington unit 2 - namely end plate
cracking, high spacer pad fretting in bundles 1 and 2 between intermediate and
inner rings, fretting between the end plates and high fretting on the inlet
bundle.

Testing at GE in which the conditions were variable, covering temperatures
from 60 °C to 295°C with the frequency held at 150 Hz, also resulted in
cracked end plates. When the fracture surfaces were examined they were seen to
be very similar in surface texture to those seen in the reactor. This result
suggested that the in-reactor failures occurred under hot operating
conditions. A test at 150 Hz with a reduced pressure pulse amplitude of about
25-35 Kpa and 'domed' bundles produced incipient cracks at elements 22, 26 and
30, consistent also with the cracking patterns seen in the reactor.

Testing at GE concentrated on developing a pulse amplitude threshold for end
plate cracking. This threshold for GE fuel was found to be in the range 25-40
Kpa (zero to peak) pulse amplitude at the inlet bundle. Similar testing of
Zircatec fuel resulted in a value of about 65 Kpa (zero to peak) pulse
amplitude.

A test at 150 Hz, and 285 °C, and a pressure pulse amplitudeof 65 Kpa (zero to
peak) at the fuel string inlet - created end plate cracks in bundles 1, 2, 6,
8 and 12 after 21 hrs of operation. Investigation of these cracks indicated
that the crack in bundle 12 was a fresh ductile crack not caused by the test.
Those in 1,2,6 and 8 were shown to be due to fatigue failure. Cracks in
bundles 8 and 9 have been seen in three Darlington channels. Recently the D2
K12 #12 bundle was inspected and also found to be cracked. This test suggests
that severe fuel damage in-reactor was caused by high pressure pulse
amplitudes.

In order to create a significant change in the channel response, at GE, a test
was conducted without an outlet shield plug. The results showed significant
differences in the end plate cracking to that of a test run with the shield
plug. In particular cracks were easily produced in bundles 1, 2 and 8. It is
possible that the removal of the shield plug affected the mechanical response
of the end fitting, the acoustic response of the channel and hence the fuel
string.

An outlet fuel supporting shield plug was tested at STERN, under conditions
known to cause endplate cracking. The test ran for approximately 200 hrs which
was about 20 times longer than necessary to crack end plates under similar
conditions with a regular shield plug. No cracking was observed. This was
expected based on the reduction in high mean endplate stress. Measurement of
the inlet bundle axial movement suggested that the fuel supporting shield plug
did not, however, prevent axial movement and hence fretting of the inlet
bundle bearing pads or the pressure tube.

Two tests of approximately 150 hrs under steady state flow were undertaken at
SPEL at 2 65 °C and 30 kg/s flow rate with light water, in order to provide a
baseline fretting rate. In both cases the inlet bundle exhibited fretting on
the inlet fuel bundle bearing pads which was unexpected. This fretting was
seen as a step in the bearing pad approximately 130 micrometres deep. It is,
however, somewhat typical of fretting seen at Bruce 'B' and in many channels
in Darlington although the duration of the test was low compared to the
residence time of fuel in the reactors. It is surmised that the fretting rate
is high to begin with and decreases with time. Further examination of the
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bearing pad fretting over the complete bundle indicated that no significant
fretting existed other than on the bearing pads resting on the spacer sleeve.
This fretting was considered to be due to 'rocking' of the bundle caused by
flow variations/turbulence created by the geometry of the inlet Grayloc and
the MklllA shield plug.

A review of the examination of the fracture surfaces from the reactor and the
test loops concluded that the hot testing created fracture surface features
closer to those seen in the reactor than did cold testing.

End Fitting Axial Motions

A series of tests was undertaken to assess if monitoring of the end fitting
axial motion could provide information on the fuel string behaviour or an
indication of the pressure pulse amplitude in the channel and a possible
monitoring parameter for fuel behaviour in the channel. Similar tests were
conducted at the three loops, SPEL, STERN and GE with conditions at the
various loops up to 305 °C and 210 Hz pulsing frequency.

The results were variable, being apparently consistent at GE, indicating the
method would provide a good monitoring basis, to variable at STERN and SPEL,
particularly at high pressure pulse amplitudes at the inlet bundle position.
The results from SPEL conducted at 210 Hz with a Zircatec fuel string, showed
more consistency than at 150 Hz. In general the SPEL testing indicated few
string resonances between 170 Hz and 220 Hz. The data from the three loops
were correlated to determine the basis on which the end fitting axial motion
could be used to monitor the reactor for conditions that could be associated
with fuel damage, figure 6. This included a set of data generated at GE with
no fuel in the channel. The conclusions from this comparison, in general, show
that endfitting axial motion was positively correlated with the magnitude of
pressure pulsation at the inlet bundle and appeared to be similar for both GE
and Zircatec fuel.

Feeder/Fuel Channel Acoustics

Measurements of the pressure pulse amplitude along an inlet feeder, fuel
channel and outlet feeder was accomplished at STERN following installation of
extra pressure transducers in the feeder pipes. Three typical results are
shown in figure 7 for 30, 150 and 210 Hz. The overall results indicated that
there can be standing and travelling waves in the feeder/fuel channel
combination. There can be amplification in the feeder at 150 Hz with two peaks
between the inlet to the feeder and the Grayloc. The highest peak occurred
approximately 2 metres upstream of the GrayloC/ the amplification being a
factor of two compared to the pressure pulse at the inlet to the feeder.
However between the inlet to the feeder and the Grayloc there was slight
amplification at low pressure pulse amplitudes and attenuation at all higher
pulse amplitudes. Through the channel, from Grayloc to the latch bundle the
pressure pulse amplitude generally attenuated except at the bundle position 4
where the pulse amplitude was always higher than at position 7 but still lower
than at the Grayloc. Apart from the 30 Hz result it appeared that a pressure
node always developed just outboard of the shield plug in the inlet end
fitting.

Measurements of the pressure pulse amplitudes along the loop were not possible
at GE or the SPEL loop because of the lack of pressure transducers. The
experiments to date were not set up specifically to run in resonating
conditions. However, resonances obviously occur in the loops as testing at 150
Hz and 265 °C in the GE loop creates a pulse amplitude under all bypass valve
conditions which is very low. A significantly higher pulse amplitude is
possible at either 150 Hz and 295 °C or 168 Hz and 265 °C suggesting a
resonance of the loop or pulser system.
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In SPEL, the loop showed several resonances and in particular a pulse
absorption at about 10 Hz. These results indicated that the behaviour of the
loops and presumably the channels in the reactors is acoustically very
complex, a fact which could, in part, account for the variable results between
the loops.

Fuel String Response to Mechanical Vibration

The effect of mechanical vibration of end fittings on the fuel and pressure
tube has not previously been quantified and such testing was undertaken at
OHRD-NPCTF. Several test runs were made with a mechanical vibrator attached to
the inlet end of the fuel channel and used to vibrate the end fitting in a
vertical direction. The results suggested that vertical accelerations of the
end fitting at 150 Hz were unlikely to cause the fuel to vibrate axially but
at specific frequencies could cause the fuel to impact the channel.

Axial vibration of the downstream endfitting indicated that about a 600 N
alternating load is needed to cause the end fitting to vibrate at a velocity
of 4 mm/sec, a value measured on the reactor. Calculations of the axial
forcing function, due to pressure pulses in the feeder, suggest that this
alternating load is unlikely to be achieved on reactor.

Further work at OHRD consisting of vibrating the inlet bundle directly and
monitoring fuel string response using accelerometers, demonstrated a
'breakaway' behaviour, of the inlet bundle motion when subjected to a 150 Hz
axial load forcing function, figure 8. Applying an additional varying load at
low frequency (10 Hz) was shown to take the fuel string into and out of the
'breakaway' part of the curve. Subsequent testing covering low frequencies
between 6 and 15 Hz exhibited similar behaviour. A brief test at 210 Hz also
gave similar behaviour. During the testing the knee at which 'breakaway
behaviour' began moved towards a lower dynamic load and it is speculated that
this could be a result of a change in the friction force between the fuel and
the pressure tube as the bearing pads 'wore in'.

During all of the above tests the outlet fuel bundle did not respond
significantly.

CONCLUSIONS

The experimental fuel channel loop program has provided significant
information to the investigation of the fuel failures at Darlington. The major
conclusions from the program are as follows:

a) Fuel bundles potentially damaged through initial manual fuel loading do
not behave differently to undamaged bundles.

b) Flow oscillations caused by the inlet end fitting geometry are unlikely
to have caused severe inlet bundle fretting.

c) Flow causes the inlet bundle to move axially by about 3mm. The outlet
bundle endplate deflects by between 0.5 and 1.0 mm with flow rate up to
30 kg/s.

d) Flow variations are unlikely to have caused the high cycle/low amplitude
fatigue failures.

e) Pressure pulsations at high frequency (~ 150Hz) have been shown to cause
end plate cracking, end plate/end plate, interelement spacer and bearing
pad fretting. For end plate cracking the pressure pulse amplitude
threshold is 25 - 40 kPa for GE fuel and about 65 kPa for ZPI fuel.
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f) End fitting axial velocity provides a very rough estimate of the inlet
end fitting pressure pulse amplitude but does not provide information on
the bundle movement.

g) The feeder/fuel channel acoustics is very complex. Standing waves and
travelling waves can exist throughout the system. A pressure node
appears to always exist in the inlet end fitting.

h) The fuel does not respond significantly to external mechanical vibration
in the axial direction. However forced axial vibration of the inlet
bundle has a threshold beyond which significant axial movement of the
bundle occurs.

The experimental program continues to provide additional information to assist
the understanding of the problems at Darlington NGS.
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FIGURES

Figure 1. Relationship of the Experimental Program with other aspects of the
Investigation.

Figure 2. 'Rocking' of the Inlet Bundle with Inlet Geometry.

Figure 3. Axial Movement of the Inlet Bundle with Flow.

Figure 4. Outlet Bundle End Plate Deflection with Flow.

Figure 5. Outlet Bundle Deflectin with Pulsing Frequency.

Figure 6. End Fitting Axial Velocity as Function of Pulse Amplitude.

Figure 7. Acoustic Response of the STERN Loop with Frequency.



D1/D2 Measurements

Acoustic Flow Dynamic Mech.

J
Fuel Stiffness

System Response Fuel String Response

±
Experimental Program

Fuel Performance
Hypotheses

Monitoring

- Z motion measurements
- FM Press. Pulse

920494

Figure 1
Relationship of the Experimental Program with Other Aspects of the Investigation
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ABSTRACT

This paper describes the development and
application of a mathematical model and
numerical solution method for the transient
flow behaviour of a fluid in a system of pipes.
The type of problem studied falls under
classical waterhammer theory, and the solution
technique is the method of characteristics.

This method is applied in a computer program
WHAM which was initially developed to model a
series of waterhammer experiments simulating
the rupture of a pressure tube within a CANDU
nuclear reactor. The WHAM code was then
modified considerably to model the acoustic
response of a general piping network.

Application of the WHAM
experiments is discussed.

code to various

INTRODUCTION

This paper describes the development and
application of a mathematical model and
numerical solution method for the transient
flow behaviour of a fluid in a system of pipes.
The type of problem studied falls under
classical waterhammer theory, and the solution
technique is the method of characteristics.

This method is applied in a computer program
WHAM which was initially developed to model a
series of waterhammer experiments simulating
the rupture of a pressure tube within a CANDU
nuclear reactor (Reference 1). The WHAM code
was then modified considerably to model the
acoustic response of a general piping network,
with particular application to a single core
pass of the Darlington reactor, from the pump
discharge, to the RIH, and through each of the
120 channels to the ROH. Other connecting
pipes such as the ECI and SDC pipes are also
included in the model.

An important input to the code is the pressure
wave or sonic velocity in various parts of the
piping network. The method used to obtain this
velocity is briefly reviewed, including such
effects as pipe elasticity, and in the case of
the pressure tube rupture experiments, non-
condensible gas mixed with the fluid.

This paper mainly discusses the application of
the WHAM code to various experiments performed
at Stern Laboratories in Hamilton, Ontario, and
at Ontario Hydro's Research Division. The
former simulated a pressure tube break in a
full-scale set-up. The latter simulated the
overall features of the Darlington piping
system in a small-scale rig.

BASIC DIFFERENTIAL EQUATIONS FOR TRANSIENT FLOW

For any flow in which viscosity (friction)
cannot be ignored, complex pipir.g systems, and
so on, the propagation of pressure waves becomes
very complicated, and recourse must be made to
developing the basic differential equations for
transient flow, and solving ther. with the
appropriate approximations. Chief among these
.for the present application is that the density
of water remains approximately constant
(although the equations are derived for the
general case of a compressible fluid). Another
important assumption is that the equation of
motion (momentum equation), together with the
continuity equation, and the physical properties
of the fluid, are sufficient to determine the
wave propagation behaviour in situations where
negligible heat transfer takes place, and where
negligible conversion of frictional work into
thermal energy takes place. These assumptions
are commonly made in the modelling of acoustic
phenomena in single-phase water. The change in
sonic velocity with temperature change from
channel inlet to outlet (e.g. during power
operation) can be accounted for via the bulk
modulus of the water, which is treated as a
physical property of the water. The derivation
of the basic differential equations for momentum
and continuity are described in detail in
Reference 1.

The momentum and continuity equations are a pair
of quasi-linear hyperbolic partial differential
equations and as such cannot easily be solved
analytically. A standard method used to
numerically solve systems of such wave-type
equations is the "Method of Characteristics", in
which the two original partial differential
equations are converted to two total
differential equations, each with the
restriction that it is only valid along the
corresponding characteristic, whose slope in
space-time is given by the speed of sound. This
method of numerical solution is adopted in the
computer code WHAM.

At a boundary condition such as a pipe dead end,
a constant pressure source, a partially open
valve, and so on, there is only one
characteristic available (i.e., information is
transmitted at the sonic velocity either from
upstream or downstream of the pipe, depending on
the pipe end) . As it is from the boundaries
that disturbances are usually initiated, the
analysis of boundary conditions is very
important. The boundary conditions may take the
form of some auxiliary equation that specifies
either the pressure or flow, or some relation
between them. This information is sufficient to
determine both the pressure and flow at the
boundary, in conjunction with the momentum and



continuity equations.

For pipes in a complex network, the junctions
between pipes constitute internal boundaries at
or across which certain constraints must be
imposed. Assuming no frictionai losses occur
at a junction, the pressure at the end of each
pipe connection must be common. This is
equivalent to assuming that the velocity head
term may be neglected in comparison to the
pressure head term (the corollory is that the
energy equation may be neglected). In
addition, the continuity equation must be
satisfied at the junction. Thus, pressure and
flow boundary conditions are imposed at each
internal pipe junction, whether it be a series
or a parallel connection.

NUMERICAL METHOD OF SOLUTION

Two approaches are possible to obtain a
numerical solution. These are the use of a
fixed space-time grid, and the use of a grid of
characteristic lines. The first method offers
some advantages in most fluid transient
problems, since the space-time variables are
assigned definite values. This is the method
chosen in the WHAM model. One of the main
advantages of this method is that a common
fixed timestep can be used in a multi—pipe
system without having to adjust other
parameters.

To be assured of numerical stability, the
Courant condition (also known as the CFL
condition) must be met as described in
Reference 1. This is achieved by the
appropriate choice of Ax (axial segment length)
in each pipe for a given At (time-step),
assuming that the sonic velocity is known.
Since an integral number of axial segments are
also required in each pipe, this means that
numerical interpolation will be the norm rather
than the exception. Such Interpolations can
introduce artificial numerical damping or drift
into the solution, unless relatively small
axial resolution is used. The WHAM code is
flexible enough that extremely small resolution
can be specified, without unduly slowing down
the calculation time.

SONIC VELOCITY CALCULATIONS

The prediction of acoustic phenomena is
strongly dependent upon the assumed sonic
velocity in any segment of pipe. The sonic
velocity is dependent not only upon the bulk
modulus and density of the water, but also on
the elastic properties of the pipe, and to a
great extent, upon the amount of gas (either
non-condensible such as air or nitrogen) or
steam present in the water. For example, as
described in Reference 1, the presence of
nitrogen in the pressure/calandria tube annulus
of the Stern Labs facility described below, has
a strong bearing on the severity of the
waterhammer transient.

An important consideration for the calculation
of the sonic velocity in either the fuel

channel, or the PT/CT annulus in the case of the
PT rupture experiments, is that the effect of
any component geometry internal to the external
tube (e.g. fuel bundles) needs to be taker, into
account. This is done via ar. exact, derivation
of the continuity equation, which considers the
cross-sectional area changes that occjr due to
the elastic straining of each cor.pone.it. This
is described furtner in Reference 1.

In the case of the PT rupture experiments, the
flow through the calanaria tube is annular
rather than cylindrical, since it contains a
circular pressure tube. This effectiveiy car. b»
represented as a reduced Young's Modulus of the
outer tube, when calculating the effect of wail
flexibility on the sonic velocity. For nominal
pressure/caiandria tube dimensions the effective
Young's Modulus is about C.27 times the nominal
value, i.e., a considerable rea-jction. This
leads to a much lower sonic veiocity in the
caiandria tube than would normally be the case
for cylindrical fiow in a tube.

In the case of a fuel channel, the sonic
velocity is affected by the presence of the fuel
bundles in a similar manner to the above. In
addition, fresh or unirradiated fuel sheaths may
also compress elasticaily, and this would
further reduce the sonic velocity in the
channel. In the former case (irradiated fuel),
the continuity equation yields an effective PT
Young's Modulus of about 0.42 times the nominal
value. In the case of fresh fuel (assuming
completely elastic sheathing), the continuity
equation yields an effective PT Young's Modulus
about 0.25 times the nominal value. Use of the
effective Young's Modulus is a very convenient
method of accounting for the effects of flexible
piping on the sonic velocity.

Figure 1 shows the computed sonic velocity for
heavy water, as a function of the water
temperature at 11.4 MPa pressure. These values
are used in all the WHAM reactor calculations,
and similar calculations are available for light
water. The computed sonic velocity is shown for
feeder (steel) pipes, unirradiated and
irradiated fuel channels. Also shown in the
figure is the sonic velocity uncorrected for any
effect of piping elasticity. It can be seen
that the sonic velocity in the feeders is little
affected by the elasticity of the pipe, whereas
the sonic velocity in the fuel channels is
significantly reduced due to elasticity effects.
Channels containing unirradiated fuel have the
lowest sonic velocity due to the added elastic
flexibility of the sheaths.

Separate sonic velocity calculations were
performed for the simulation of the PT rupture
tests with WHAM, and these are described in
detail in Reference 1. These tests used light
water, and a nitrogen-filled PT/CT gas annulus.
The large reduction of sonic velocity with a
small amount of gas is important to the results
of these tests, as discussed below. The effect
of a small amount of void may also be important
if any steam quality is present. Figure 2 shows
the calculated sonic velocity as a function of
the void.



THE COMPUTER CODE WHAM

As mentioned previously, the computer code WHAM
was initially written to numerically solve the
momentum and continuity equations for the PT
rupture experiments. For this purpose, the
model was set up for the general case of a
network of pipes connected either in series,
parallel, or a combination of both. The basic
flow diagram for WHAM is discussed in Reference
1.

Later, when applying the model to the more
complex geometry of an entire core pass of the
Darlington reactor, major modifications were
required to the WHAM code, although the basic
numerical technique and solution methodology
remained the same. A large effort was then
devoted to setting up a more general network
model, with the result that the user now has
almost complete freedom to specify the desired
location of junction connections (e.g., channel
feeders) and branch lines (e.g., ECI/SDC
piping, header ends), together with the
appropriate hydraulic boundary conditions.
With all these modifications, however, the WHAM
code remains an essentially one-dimensional
piping network transient hydraulic model.

Another important modificatior. made to WHAM for
application to Darlington, was the modelling of
full coolant flow in the piping network. The
user need specify only the steady-state flow in
every fuel channel (e.g., obtained from NOCIRC
calculations) and the model calculates the
initial pressure and flow distribution along
each section of piping, including the fuel
channels, the reactor inlet header piping, and
the pump discharge legs. The initial pressure
and flow conditions are always calculated
starting from the downstream end of the
network. The initial distribution values are
used as boundary values at time zero, and the
transient solution is obtained by stepping in
time using the method of characteristics. For
all times greater than zero, the pressure and
flow are calculated by the code, using only the
fundamental equations, together with fixed
pressure boundary conditions at the pump
discharge outlets (cutwaters) and the reactor
outlet header. Other than piping dead-ends
(zero flow), and internal area/resistance
changes, these are the only imposed wave
reflection points for the reactor calculations.

The effect of any area change at a junction, or
frictional resistance change of a pipe,
orifice, venturi, or nozzle, is inherently
accounted for in the solution of the acoustic
wave transmission problem. All such area or
resistance changes produce wave reflection, and
it is important that they be accurately
modelled, in such a way that the steady-state
pressure drop predicted using the transient
fundamental equations in the WHAM model,
matches closely with that calculated by other
standard codes such as NOCIRC. Equivalent
friction factors are therefore derived for each
pipe section, orifice, nozzle, and so on, using
NUCIRC code predictions. These equivalent
friction factors are then input to WHAM, with
the result that transient (local) pressures and

flows calculated by WHAM represent the acoustic
wave transmission part, while the mean or
average pressure anc flow at any location are
almost identical to that calculated by the
NUCIRC code. This is a very useful self-check
on the solution provided by h'HAX, as it steps
through time. Another useful self-check is that
a zero wave disturbance initiated at a boundary
condition should produce no cr.ar.go fror. the
predicted initial pressures and flows in the
piping network. That is, the solution of the
transient equations following a null-disturbance
should exactly equal the initial steady-state
solution. This was always found to be the case
with WHAM, indicating that the effect of
numerical damping or drift was neglibie.

In order to obtain a r.Lar. decree of prediction
accuracy of the changing pressure gradients, so
-as to deterr.ine the locations cf pressure nodes
and antipodes in the acoustic wave, a very small
axial resolution (caiculatior. length) of about
5 cm, or l/10th of a fuel bundle length, was
chosen for the entire 5CSC metres or sc of
piping in a core pass. In order to satisfy the
Courant criterion for numerical stability, this
necessitated a caicuiat ionai time step of 50
microseconds. This small time-step allows a
steady-state solution to be reached relatively
quickly (within about 0.5 seconds of simulation
time), so that computer run time is not
excessive. A typical 12C channel run on the IBM
RISC computer uses about 10 Mb of core memory
and takes about 3 hours.

The WHAM code, therefore, provides an extremely
numerically accurate time-series solution for
acoustic wave transmission in a piping network.
That is, the distributed model equations
themselves are solved in an accurate manner.

The required inputs to the program may be
summarized as follows:
(a) all dimensions and friction/loss factors

of the piping
(b) network details such as junctions,

series/parallel pipe connections
(c) pressure wave velocity in each section of

pipe
(d) pressure (or flow) boundary conditions as

necessary
(e> steady-state flow rate through all

channels
(f) logic for open/closed connections (e.g.,

for interconnecting pipes)
(g) calculational time step and maximum time

of simulation
(h) tolerance factor on wave velocity (if

applicable)
(i) input/output (I/O) instructions to the

code

The outputs of the program are the pressure and
flow rate at each node in each pipe of the
network, as a function of time after the start
of the simulation transient. All internal
calculations of the program are in metres of
head (pressure) and discharge flow (velocity x
area), these being the two variables normally
used in the analysis of fluid transients. The
internal calculations are then independent of
the fluid density as can be seen by inspection



of the governing equations. The code uses an
input fluid density only to convert the output
pressure and flow to the more familiar MPa {oz
psi) and kgs"1 units.

PRESSURE TUBE RUPTURE EXPERIMENTS INVOLVING
WATERHAMMER

These experiments were extensively instrumented
and carefully planned, and since the observed
phenomena require the solution of the same
fundamental wave equations as for the acoustic
phenomena, verification of WHAM against these
experiments provides a measure of confidence in
the methodology employed.

For application to these experiments, a
simulation of the as-built loop was performed
with the WHAM network model (Fig. 3 ) . At one
end of the network there is a constant pressure
srurce (pressurizer), while at the other end a
pressure/flow boundary condition is imposed to
simulate the flow discharge out of the
calandria tube annulus. It is the limited
discharge out of the annulus which results in
the deceleration of the water and the
initiation of the waterhammer transient
(acoustic response) in the PT/CT annulus. This
deceleration follows the steam-gas-water mixing
and steam void collapse sequence described in
Reference 1.

The calculational time step chosen determines
the number of segments in each pipe according
to the Courant condition. Too large a step
produces only one or two segments in the
shortest pipe, while too small a step slows
down the calculation time. A sensitivity study
showed that a 100 ms width waterhammer pulse is
accurately modelled with a lms time step.

Four of the most pertinent pressure tube
rupture experiments were modelled with WHAM,
namely Tests 1,2,5 and 6, described in detail
in Reference 1. As well, numerous sensitivity
analyses were conducted to assess the relative
importance of various variables, and to confirm
the robustness of the solution technique.
These studies are also described in Reference
1.

Test 1 was the highest pressure test performed
of the series, with a source (pressurizer)
pressure of 11.6 MPa. The water temperature
was 290 C, corresponding to a saturation
pressure of about 7.5 MPa. Consequently, the
pressure differential driving water to the
break was about 4 MPa, and produced a high mass
flow rate of about 60 kgs'1 into the annulus.
As a result, a large peak annulus pressure was
expected and a thick stainless steel calandria
tube was used to contain the pressure.

Test 2 was performed at a lower source pressure
(9.2 MPa) than the first test, and more
importantly, at a higher temperature (300 C)
corresponding to a saturation pressure of 8.6
MPa. The reduced driving pressure cifferential
(0.6 MPa) produced a much lower initial flow
rate into the annulus, so that a waterhammer
effect was not expected. This test is referred

r.o as a "low subcooling" test, in contrast with
Test 1 which is referred to as a "high
su-bcooiing" test.

Test 5 was performed at 7.5 MPa and 255 C using
a thinner stainless steel caiar.dria tube than in
Tests i and 2. Since the saturation pressure
for this test is 4.3 MPa, this is termed a "high
subcooling" nest, with a reasonably high initial
flow rate into the annul us (about 30 kgs"1) .

Test 6 was performed at pressure ar,c temperature
conditions very similar to Test 5. The main
difference was that the caiandria tube was
thinner than in Test 5, and made of Zircaicy
rather thars steel. This tune was expected to
yiela at about 8.5 MPa, so the survivability of
the tube was in question befcre the test.
However, the tube did r.oz fail out strained
plastically in the hoop (i.e., circumferential)
direction by a relatively large amount
(0. :b percent).

Only a su.Tur.ary of the WHAX coae predictions for
the above four tests is provided nere. Details
may be founa in Reference 1.

The four tests can be separated into two
categories, namely:

(a) tests with "high" caiandria tube scric
velocity (Tests i and 2)

(b) tests with "low" calandria tube sonic
velocity (Tests 5 and 6)

Figure 4 shows a comparison of the annuius
pressure transients for Tests 1 and 2. The
large difference between the two tests is due
mainly to the difference in inlet flow. Test 1
(with the much higher inlet flow) exhibited a
much more violent waterhammer transient than
Test 2. The main conclusion from this
comparison is that "high" subcooling conditions
result in a more severe waterhammer than "low"
subcooling conditions.

Figure 5 shows a similar comparison for Tests 5
and 6. Both these tests are with "high"
subcooling conditions, but the waterhammer is
substantially reduced due to the low calandria
tube sonic velocity resulting from plastic
strain. The main conclusion from this
comparison is that the greater the strain, the
lower the sonic velocity, and the lower and
broader the pressure pulse. Comparison of the
predicted annulus pressure transients with the
measured pressure transients in Figures 4 and 5
shows that the experimental results are
reasonably well predicted by the WHAM model.

OHRD SMALL LOOP TESTS

A number of tests have been performed recently
in the small-scale loop at OHRC, to investigate
the effect of relatively simple potential design
changes on the RIH acoustic response. The small
loop consists of 1" diameter piping connected to
the main loop in which flow is driven by a
prototypical 5-vane Darlington pump. The small
loop tests include the base case (no fixes),
effect of pump discharge interconnect, effect of



stub or branch lines, and effect of resonators
of various scaled designs.

All the pertinent small loop tests have been
modelled with the WHAM code at the small loop
resonance temperature of 220 C. Figure 6 shows
a schematic of the WHAM model for the base
case. The figure also indicates the relevant
modifications to simulate the other cases. In
all cases, the measured amplitude and phase of
the source pressure at the entrance to each
simulated pump discharge line in the small loop
was input to the WHAM code, and the outlet
pressure near the main loop pump suction was
held fixed. This ensured that the pressure
drop across the small loop was equal to the
pump head of the main loop. In all cases
discussed below, the pressure pulse
amplification is normalised to 100% at the West
discharge line. Unless otherwise stated, the
reference sonic velocity (corrected for pipe
elasticity) used in WHAM at 220 C is held
constant at 1265 m/s. Note that the
uncorrected sonic velocity in light water at
220 C is calculated to be 1295 m/s.

Base Case: Figure 7 shows a comparison of the
predicted vs. measured pressure pulse
amplification in the two 1" discharge lines and
the 1" header for the base case. Note that
WHAM is able to predict the measured pressure
amplification reasonably well.

3/4" Interconnect: The 3/4" interconnect case
was chosen since the pressure response varies
slowly with temperature at 220 C, and hence, is
considered stable. This was not the case for
the other interconnect cases tested (1/2" and
3/8") at this temperature. Figure 8 compares
WHAM predictions with experiment for the 3/4"
interconnect case. Again, relatively good
agreement is obtained.

1/2 and 1/4 Wavelength Stubs: Fundamental
considerations indicated that a 1/2 wavelength
long stub connected near a pressure antinode on
the pump discharge lines, should not reduce the
RIH pressure, whereas a 1/4 wavelength stub
should significantly reduce the simulated
header pressure. These effects were tested in
the small loop and modelled with WHAM. It is
important to note that the temperature in the
relatively long stub (much larger L/D ratio
than the reactor case) was maintained with a
small bleed flow out of the stub, and this was
also modelled with WHAM.

Figure 9 compares WHAM predictions with
experiment for the 1/2 wavelength (termed
"lambda") case. It was found that a small
change in the sonic velocity from 1265 m/s to
1275 m/s (which is well within the uncertainty
normally associated with sonic phenomena) gave
better agreement with the experimental data.

Figure 10 shows the corresponding results for
the 1/4 wavelength test, assuming zero bleed
flow through the attached stub. There is a
marked decrease in the header pressure compared
to the base case, but WHAM appears to
overestimate the pressure reduction.

Figure 11 shows the predicted effect with WHAM,
of assuming a small bleed flow through the stub,
of about 0.5% of the flow in the discharge line.
It can be seen that this small bleed flow has a
significant effect on the results, and much
better agreement is obtained with experiment
when this is included. The reason for this is
that zero bleed flow implies a perfect
reflection boundary at the stub end, whereas a
small finite bleed flow produces a lower
reflection.

Resonators (Types 1 through 4): Various designs
of resonator have beer, tested in the small loop,
ranging from relatively large volume to small
volume resonators, connected to the discharge
lines via pipes of different diameters and
lengths. The details of reso.-.atcr design are
not the subject of this section, and only
results are shown here of the various
simulations performed with WHAM compared to
experimental results.

Figures 12 through Ib show the results for the
four resonator cases. A striking feature of
these results is that a large decrease in header
pressure is obtained in ail cases, and the
experimental results are excellently reproduced
by WHAM.

CONCLUSIONS

It is concluded that the solution technique in
the one-dimensional WHAM model is more than
adequate to predict the data from the full-scale
pressure tube rupture experiments involving
waterhammer, and the small scale tests
involving acoustic pressure pulsations, with
reasonable confidence.
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DARLINGTON UNIT #2 RETURN TO SERVICE PROGRAM
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FORMATION OF THE UNIT #2 RESTART TEAM

In August 1991, the Darlington Steering Committee determined that
there was a need to form a team to review and specify what
actions had to be taken to safely return Unit 2 to service as
there had been significant progress in the understanding of the
causes of the fuel damage mechanism. This Restart Team was to
report to the Darlington Technical Manager. Members of the team
provided the expertise of several groups within Darlington
Operations as well as Ontario Hydro Inspection and Maintenance,
Darlington Engineering Department (DED), Darlington Construction,
AECL CANDU, Nuclear Engineering Department (NED) and Nuclear
Safety Department (NSD).

The mandate of the restart team was to specify the actions needed
to assure that pressure tubes, core fuel, reactor components and
other systems (i.e. turbine generator rotor) were satisfactory to
allow the restart of unit 2.

The objectives were to:

1. Determine the state of the Unit 2 core fuel and refuel as
necessary

2. Determine the state of the Unit 2 pressure tubes (PT) and
disposition/replace PT's as necessary

3. Complete all necessary modifications to the Primary Heat
Transport (PHT) system on Unit 2 as specified by DED to
minimize or eliminate further fuel/PT damage

4. Review all other ECN's and mandatory work to safely return
Unit 2 to service.

5. Provide the necessary technical and administrative support
to implement the required actions on Unit 2.

The original target date for completing this work on Unit 2 and
returning it to service was March 1992. Because of uncertainties
related to the design change (FIX) on the PHT system, manpower
shortages with FH panel and field qualified operators, commis-
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sioning workload and priorities on other units, Unit 2 will
probably not return to service until September 1992.

INSPECTION STRATEGY

One of the initial activities of the team was to develop a
strategy and program for the reactor inspections that would be
necessary, as this was recognized as being the key to determining
what work would be required to restart the unit. The goal of the
inspection program was defined as assuring the continued reli-
able, safe operation of the unit 2 fuel and fuel channels,
assuming that modifications to equipment and operating procedures
would ensure no future damage would occur.

The strategy relied upon fuel examination from the core as a
means of indicating where fuel damage had occurred and where
potential pressure tube damage may have also occurred.

The reactor inspection program that evolved from this strategy
consisted of two phases:

Phase 1: Determine severity of the fuel and pressure tube (P/T)
damage by:
a) Inspecting suspect damaged fuel in the Irradiated

Fuel Bay (IFB)
b) CIGAR inspection of channels with known fuel dam-

age
c) Developing a relationship between fuel & fuel

channel damage

Phase 2: Determine the extent of the fuel and P/T damage by:
a) Mapping out areas in the reactor with known damage
b) CIGAR inspection to assess pressure tube damage

Following completion of the inspection program, pressure tubes
could be replaced if necessary, and reactivity refuelling of the
reactor would be performed to return the unit to 100 % F.P
operation

ACCEPTANCE CRITERIA FOR INSPECTION

Fuel inspections were directed primarily at determining and
classifying the extent of wear/damage to fuel removed from the
core, and as such there was no "acceptance" level in the conven-
tional sense. Pressure tubes, on the other hand, were assessed
according to the methods that have been developed and accepted by
the jurisdictions.
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Number of Pressure Tubes To Replace

The plan to restart unit 2 was based on replacing a small number
of pressure tubes. It was felt at the time that the fuel damage
was not wide spread and therefore may not have been severe enough
to cause damage to a large number of pressure tubes. Fuel bundle
endplate cracks were totally restricted to columns 12 & 13, rows
H to R and inlet bundle bearing pad spacer sleeve interaction
(SSI) varied from Type 1 (no evidence of SSI) to Type 4 (25 %
wear). Therefore 6 channels were arbitrarily assumed to require
replacement for planning purposes. These pressure tubes were
scheduled to be replaced during the installation of any modifica-
tions or changes to the reactor/PHT systems.

MAJOR CONSTRAINTS

Station Status as of November 1990

DNGS Unit 2 was the lead unit at Darlington. It was at 100% full
power for approximately 13 0 days.

Status of Other Units:

Ul - Phase "B" Commissioning in progress (critical, low power)
U3 & U4 - Under construction

West Service Area (WFFAA) - available for service with some
commissioning remaining

East Service Area (EFFAA) - under construction

Fuelling Machine Trollies - T3/4 - commissioned and in-service
- Tl/2 - commissioning in progress
- T5/6 - under construction

In summary, the station was in the early stages of its operating
life and therefore really not ready to handle damaged fuel such
as was discovered in 2N12.

History And Condition Of N12

The DNGS Unit 2 N12 incident occurred on Nov.30, 1990 at approxi-
mately 2:00 a.m. during a fuel shuffling operation where 4 fuel
bundles removed from channel 2Y08 were being inserted into
channel 2N12. Fuel shuffling is the movement of fuel from outer
lower power channels into the centre higher power channels for
reactivity and increased fuel economy. The fuel carrier with
irradiated fuel (IF) bundles # 12 & 13 from channel Y08 stalled
short of it's normal forward position in channel N12. The fuel
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carrier was retracted and the shield plug installation was
attempted in preparation to close up the channel. The shield plug
also stopped short of it's normal forward position.

See Figure 1. Fuel Channel Components.

The shield plug was removed and stored in the Fuelling Machine
(FM) head #4 and the normal closure was inserted in an effort to
close up the channel. The closure plug could not be inserted and
rotated to it's normal locked position of approximately 70
degrees. Attempts were made over approximately a 2 week period to
install the closure plug by using a series of flushing,rotating
and pushing motions to lock the closure plug. The spare closure
(12 lug, reduced diameter soft seal) was finally inserted to
approximately 61 degrees (58 degrees is considered locked) but
it did not seal tightly.

The reactor was shut down on December 22, 1990 to install a
maintenance cap on N12E so that the fuelling machine could be
removed from the channel and the reactor could return to power.

The leakrate from N12E at this time was estimated to be approxi-
mately 3 0 1/min by using the rise in the level of the FM storage
tank.

The first attempt to install a maintenance cap on N12E was on
Dec.27/90. When the FM head was backed off the channel, the
leakrate was estimated to be approximately 20 1/min using the PHT
storage tank level change. Radiation fields measured near the
closure plug of N12E were approximately 13 R/hr. The radiation
fields were higher than anticipated and therefore the FM head was
placed back onto the channel to contain the leak. A shielded
platform was fabricated and 3 crews of mechanical maintainers
were trained on maintenance cap installation.

On January 4, 1991 a second attempt was made to install the
maintenance cap on N12E. The FM head was backed off the channel,
the maintenance platform was placed on the bridge, and the cap
was successfully installed within 3 hours. Approximately 3 MG of
D20 drained out of the PHT system during the maintenance cap
installation. This D20 was collected in the PHT recovery trench
under Unit 2 and pumped to the cleanup and storage system in the
heavy water management building. A radiation survey of N12E
after the cap was installed showed a contact dose rate of
approximately 600 R/hour at the bottom of the endfitting at the
closure plug seal face area. This indicated that fuel bundle
debris was trapped at the seal face area.

The unit 2 vault and FM duct was then successfully decontaminated
by service maintenance crews using high efficiency particulate
filter (HEPA) vacuum cleaners and washing the floors. The vault
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floor was then checked for contamination. The maslin mop smears
picked up only approximately 10,000 CPM thus confirming the
success of the decontamination effort.

The radiation dose received by the six man cleanup crew during
the decontamination of the unit 2 vault and FM duct cleanup was
less than approximately 20 mrem.

On January 8, 1991 the reactor was returned to a derated power
level of 65% F.P. due to lack of reactivity. It was not possible
to fuel as there was only one FM trolley commissioned and avail-
able for service (T3/4). The FM trolley (T3/4) used on N12 was
taken to the west service area (WFFAA) to discharge the fuel from
Y08. The fuel inspection in the reception bay showed pieces of
fuel elements jammed into the end of the fuel bundles from
channel Y08. The elements were later identified as elements from
N12 bundle # l. This was the first view of the fuel damage in
channel N12.

See Figure 2. Picture of Fuel Carrier with fuel fragments.

See Figure 3. Sketch of suspected fuel debris in 2N12E.

The unit was shutdown on January 12, 1991 as soon as the frag-
ments from N12 were discovered in the Y08 fuel bundles. The unit
has remained shutdown since then for fuel damage investigation.
Trolley (T3/4) was parked in the WFFAA for decontamination and
maintenance. The radiation measurements on the trolley indicated
200,000 to 300,000 CPM of loose contamination on the head and
trolley. The trolley and FM haad (H4) took approximately 2 weeks
to decontaminate and test before it could be returned to unit 2.

Channel Q12 Inspection And Refuelling

A program was set up to video the outlet bundles of 8 channels
(using a CIGAR system modified for TV inspections) with similar
feeder pipe characteristics as N12. Two channels (K12 & Q12)
showed cracked end plates in the #1 bundles.

An attempt was made to remove the fuel from channel Q12 for
inspection in the reception bay. FM head # 4 was test operated
and the magazine positions were visually checked before going to
channel Q12. During the fuelling operation on channel Q12, small
pieces of fuel sheath debris wtre pushed into the channel from
the FM. This debris had been left in the FM during the handling
of the broken fuel from N12. This caused a premature stall of the
fuel carrier and thus the fuelling operation was aborted. The
closure plug was inserted into the channel but it could not be
rotated to it's normal rotary position of 70 degrees. The channel
had a minor leak when the FM head was removed.
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Figure 2

Fuel Carrier with Fragments
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The FM was loaded with an end fitting debris scoop and the CIGAR
closure plug and returned to Q12E to CIGAR video and scoop the
endfitting. The debris was successfully scooped from the endfitt-
ing. A 4 lug closure originally manufactured by G.E. and shipped
to site for installation into N12E was installed into Q12E and
stopped the D,0 leak. This closure plug has 4 lugs at the back
of the body and an elastomer seal face thus making it very debris
tolerant.

See Figure 4. Picture of 4 lug closure.

It was decided at this time that FM Head # 4 was not reliable
because of the potential that more debris could come out of the
magazine. A spare head was shipped to site from G.E. Until this
time there were no spare operational heads at site. Head # 7 was
installed and tested on trolley T3/4 and placed into service in
March of 1991.

The fuelling program was then continued and several channels were
refuelled on unit # 2 including Q12 and K12.

At this time only one trolley (T3/4) was available for service. A
second trolley (Tl/2) was still undergoing commissioning tests,
therefore, the fuel damage investigation program was limited to
one trolley (T3/4).

Another CIGAR video campaign was undertaken in an attempt to map
out the extent of fuel damage in the unit 2 core. Approximately
3 7 more channels were CIGARED (video) with 5 channels showing
crack-like indications in the bundle # 1 endplates. Several of
these channels were then refuelled and the discharged fuel was
inspected in the reception bay. Only 2 cf these 5 suspect chan-
nels actually had cracked endplates (J13 & R13).

Fuel Bundle Inspection And IFB

Early in the N12 program it was determined that the irradiated
fuel bay and reception bay were a critical resource (bottle neck)
in the fuel damage investigation. The west irradiated fuel bay
(IFB) and reception bay were still undergoing some commissioning
during the initial fuel shuffle on unit 2 because very little
fuel was required to be discharged to the reception bay. The east
service area (IFB and reception bay) was not in service (sched-
uled commissioning completion date is Jan 1993).

When the damaged fuel was discovered in N12 a large scale program
had to be implemented to allow rapid unloading and inspection of
a large number of irradiated fuel bundles. Also, irradiated fuel
shipments to CRL were required to perform destructive fuel bundle
inspections. This large scale fuel discharge, inspection and
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Figure 4
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shipping program required a large number of fuel handling field
operators and support staff and several months to implement. Some
of the new pieces of equipment installed were a module unloader,
two inspection facilities with bundle rotators, underwater
cameras etc., a separate inspection building for the fuel inspec-
tion personnel computers and records and shipping flask decon-
tamination and unloading facilities.

The fuel inspection and documentation facilities can presently
unload, inspect, document and reload approximately 8 - 1 0 bundles
per day. This inspection rate is adequate to keep up with
fuelling on two units at a time. When units 3 and 4 come on line,
it is anticipated that the bundle inspection requirements will
reduce substantially.

OTHER CONSTRAINTS

A test program was developed for Unit 2 to determine the reac-
tor/PHT operating conditions that lead to fuel damage. Special
instrumentation was attached to PHT headers, feeders and channel
closure plugs to assess pressure pulsations in various operating
conditions for the reactor.

Prior to the unit 2 reactor test, the inlet ends of channels CIO
& K13 were CIGAR inspected (UT) to provide assurance that the
pressure tubes were fit for operation. Channel CIO had minor
indications but was acceptable for service. Channel K13 had fret
marks up to approximately 0.5 mm depth in the inlet bundle
(bundle #13) position. This channel was assessed to be acceptable
for the duration of the test.

The 4 lug closure plug in channel Q12E was rated at only 4 MPA
therefore it had to be removed before unit 2 could be placed in
the zero power hot state (10 MPa pressure and 265 Deg. C. )for
the test starting in July 1991.

Preparations were made to freeze off and refurbish Q12E seal face
so that the 4 lug closure could be removed and a normal 16 lug
closure installed. Before the channel feeders could be frozen,
the flow restricting shield plug had to be tested on the
rehearsal facility (SARF) before going to the unit. The testing
on SARF was used to confirm both automatic sequences and mechan-
ical installation. This was the first time that an in-service
channel at Darlington was isolated for seal face refurbishing.
The channel feeders were successfully frozen and the channel seal
face was refurbished.

The test program on unit 2 involved taking the reactor critical
to 0.1% F.P. and heating up the PHT to 265 degrees C. This test
ran for 2 weeks and provided valuable information on channel
vibrations and pulsations.



- 12 -

MAJOR ACCOMPLISHMENTS

Replication Technique

The unit 2 restart program started in September 1991 with
fuelling selected channels to map out the extent of damage in the
core. This was called "core characterization". This program
continued until about October 1991 when all fuelling was stopped
to permit unit 3 bulkhead removal in the FM duct and FM trolley
power track extension to the East FFAA. This construction and
fuel handling commissioning work was completed in January 1992.

During the power track extension work, the fret marks identified
earlier in channel K13 were examined using the "Replication
Technique" developed at CRL. This was the first time that a
replication was attempted on a pressure tube in a fuelled core.
This technique involved taking a mold of the inside of the
pressure tube at the fret mark locations. The mold was then
removed from the pressure tube and the surface of the mold is
scanned with a laser profilometer. A computer attached to the
laser profilometer produced 2 and 3 dimensional contour maps of
the inside of the pressure tube. From these maps, the depth,
length, root radius etc. of the fret marks were determined. This
is a good technique to support CIGAR inspections, as CIGAR
inspections cannot presently provide root radii measurements.

Replication may be used later in the unit 2 return to service
program to help disposition and thus minimize the number of
pressure tube changes.

Channel K13 SFCR

Channel K13 had a fret mark of approximately 0.5 mm depth and
therefore it was decided to change this pressure tube during the
power track outage. Removing the pressure tube at this time also
provided an opportunity to prove the techniques and tooling
developed for Darlington fuel channel replacement. This channel
was replaced in approximately 2 weeks by a dedicated day crew
with a total accumulated radiation dose to the workers of less
than 1 Rem.

Channel K13 has been shipped to CRL for further inspection.

U2 Core Characterization

Channel N12 was initially scheduled to be defuelled in Sept. 1991
before the power track extension work was started in the FM duct
by Construction workers. It was felt that with the potential for
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spread of contamination in the unit 2 vault and FM duct that N12
should be defuelled after the Construction and commissioning work
on the power tracks was completed.

Unit 2 fuelling resumed in January 1992. This fuelling was part
of the initial core charactarization program. Approximately 20
channels (13 bundle pushes) were completed before FM head #4 was
placed back into service to start defuelling N12. FM head #4
which had been heavily contaminated during the original N12
event, was to be used for N12 defuelling to avoid contaminating
other FM heads.

Unit 1 was operating at this time and required reactivity
fuelling. Since unit 2 fuelling was second priority at the
station, the fuelling rate on unit 2 was substantially reduced.

Defuellina Channel 2N12

One of the activities that was key to the restart of unit 2 was
the defuelling of channel N12. This was the channel where the
fuel damage problem was first discovered. The schedule for the
defuelling and CIGAR inspection of channel N12 was dictated by
corporate priorities, Fuel Handling system capability, fuel
handling operator availability, tooling and procedure development
necessary for the special operations.

See Figure 5. N12 Defuelling Overview,

Plans were in place to start the preliminary work to defuel N12
on Feb. 15, 1992. The basic guidelines for defuelling N12 were
as follows:

1) There would be a dedicated Mechanical Maintenance crew
to remove the maintenance cap from N12E.

2) There would be a dedicated fuelling machine operator
for the N12 defuelling program.

3) Work was to be done on dayshift ONLY.
4) There would be a dedicated Technical Section group to

provide work plans and technical support for the N12
defuelling program.

5) Channel N12E would be CIGAR videoed after each major
step of the defuelling program.

6) All major steps of the defuelling program were to be
discussed with the affected work groups before field-
work started.

Preparations were made to start the removal of the maintenance
cap on N12E on February 21, 1992. The shielded maintenance plat-
form was moved into the vault and placed on the east FM bridge. A
collection trough was placed on the east reactor face to collect
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the water draining from N12E to minimize the spread of contamina-
tion especially onto the FM trolley below N12E.

On February 22, 1992 the maintenance cap was removed from N12E
and the collection trough placed into position to collect the D20
from N12E while the maintenance platform was being removed from
the bridge. The shielded mini-platform was removed from the East
FM bridge and the East Fuelling machine (Head #4) was raised into
position to lock onto N12E. Just prior to homing and locking
Head #4, the collection trough was removed from N12E. The
fuelling machine was then advanced and locked onto N12E to stop
the D20 leak. This work of removing the maintenance cap, instal-
ling and removing the collection trough and homing and locking
the fuelling machine onto N12E was completed in approximately 12
hours.

The next step of the program was to remove loose debris from the
endfitting by using a debris scoop.

See Figure 6. Picture of Debris Scoop

This scoop was advanced down the endfitting until it stalled.
This stall location was determined to be the start of the
flowholes in the liner.

The debris scoop was then removed from the channel and the 4 lug
closure was inserted to close up the channel. A leak check was
performed on the 4 lug closure before the fuelling machine was
removed from the channel. There was no leakage from the channel.
This was visually confirmed later when the fuelling machine was
removed from the channel.

The channel was then CIGAR videoed to assess the amount of debris
left in the endfitting and to determine the condition of bundle #
1 at the latch.

See Figure 7. Picture of N12E before shear scooping.

The CIGAR picture showed that there were fuel elements from
bundle # 1 in the channel stuck crossways in the flowholes of the
liner. Part of bundle # 1 was visible behind the debris.

The shear scoop was then advanced through the endfitting in an
attempt to shear off the fuel fragments that were stuck in the
flowholes. After several attempts, this shear scoop was eventual-
ly advanced to the latch.

See Figure 8. CIGAR video after shear scoop advanced.
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Figure 6

Debris Scoop
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Figure 7

N12E Before Shear Scooping
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Figure 8

CIGAR video after shear scoop advanced
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The channel was again CIGAR videoed to assess the state of bundle
# 1 and the fuel debris remaining in the flowhole area.
The CIGAR picture showed that the fuel debris was removed from
the flowhole area but debris still remained in the holes. Bundle
# 1 appeared to be intact but the centre seven elements were
missing and there appeared to be a small pile of debris still at
the front of the bundle. It was decided to try to advance a
defuelling scoop to push bundle # 1 away from the latch and
attempt to open the latch. After three attempts, the latch was
successfully opened (i.e. the defuelling scoop had advanced the
full distance).

See Figure 9-A . Picture of Defuelling Scoop

The opposite fuelling machine (upstream end) was loaded with
grapple extensions to push the fuel but of the channel into head
#4 (the downstream fuelling machine).

See Figure 9-B. Picture of grapple extension with push plate.

The grapple extensions are normally used with the grapple heads
to pull fuel bundles out of the channel. It was decided to try to
push the bundles out of the channel because of the damaged state
of bundle # 1 and possibly other bundles in the channel.

The push defuelling operation was started on March 3, 1992. The
defuelling of channel N12 was completed in approximately 8 hours.
The damaged fuel was then pushed into the reception bay where the
fuel was subsequently examined for damage.

See Figure 10-A and 10-B. Pictures of bundle # 1 from 2N12
(downstream and upstream ends)

After the fuel was discharged into the reception bay, fuelling
machine head #4 was decontaminated and test operated on the
calibration port. The magazine positions in head #4 were also
visually inspected for remaining fuel debris and confirmed
acceptable for service, trolley 3/4 returned to unit 2 to defuel
the remaining 8 channels around N12 that could not previously be
fuelled because of the maintenance cap restriction.

Fuelling machine head #4 operated satisfactorily for the
fuelling operations on N12 and surrounding 8 channels. This head
was removed from service and is presently being decontaminated
and rebuilt as a spare fuelling machine head.

COMPLETION OF U2 RETURN TO SERVICE PROGRAM

The remaining parts of the unit 2 return to service program are
as follows:
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Figure 9-A
Defuelling Scoop

Figure 9-B
Grapple Extension with Push Plate
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Figure 10-A

Bundle #1 from 2N12 (Downstream end)
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Figure 10-B

Bundle #1 from 2N12 (Upstream end)
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1) Core characterization has been completed, with over 4 00
fuel bundles from 107 channels having been inspected.
Severe damage has been found to be limited to columns
12 & 13. Only minor damage has been found elsewhere.

2) Full and partial CIGAR of 19 channels is complete.
Only channel K13 (already replaced) and K12
(dispositioned) have been found to have significant PT
wear.

3) Plans are in place to replace N12 due to debris trapped
in the end fitting liner. No other channels require
replacement at this time.

4) Complete reactivity fuelling.

5) Install 7 vane impellers in PHT pumps.

6) Install new turbine generator rotor.

7) Complete inspection programs on other unit 2 equipment
(i.e. steam generators, Reactor Feeders etc.).

8) Complete outstanding work on approximately 40 major
ECNs (ie, moderator level instrumentation, interunit
feedwater tie) and remaining - approximately 150 minor
ECNs.

See Figure 11. D2 Return to Power Schedule.

The remainder of this program is estimated to be completed by
September 18, 1992. At that time, Unit 2 should be safely
returned to 100% full power operation.

Throughout the entire N12 investigation and unit 2 return to
service program, the fuel handling systems and staff have been
called upon to perform work that had never been included in the
original commissioning program, especially that early in the
station's life. This demand has necessitated a great deal of
resourcefulness and commitment from the fuel handling operators
and technical support staff to overcome a large number of chal-
lenges. The experience and knowledge gained by this ambitious
fuel investigation and restart program will benefit both
Darlington and other CANDU stations in gaining a better under-
standing of fuel, pressure tube, and PHT system performance.
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DARLINGTON N12 INVESTIGATION
MODELLING OF FUEL BUNDLE MOVEMENT IN CHANNEL UNDER PRESSURE

PULSING CONDITIONS

J.H.K. Lau, M. Tayal*, E. Nadeau, M.J. Pettigrew**, I.E. Oldaker*,
W. Teper, B. Wong*, F. Iglesias

Ontario Hydro
700 University Avenue

Toronto, Ontario
Canada, M5G 1X6

ABSTRACT

Activities in fuel and fuel string modelling were undertaken as a
part of the overall program to determine the cause of fuel damage
in Darlington Units 1 and 2. The aim is to establish the fuel
response in a fuel channel under loading and pressure pulsing
conditions. This paper provides an overview of these modelling
activities, and present sample results to illustrate the fuel
response trends.

1.0 INTRODUCTION

As a part of the Darlington N12 investigation, a program to model
the fuel and fuel string behaviour that may lead to the fuel
damage was initiated. This program evolved over time, guided by
results from fuel inspections, post-irradiation examinations,
metallurgical examinations and loop testing.

When endplate cracks were first identified in Unit 2, the
assessment was initially focused on the static load on the fuel
bundles in the channel, and the resultant stresses on the
endplates of the latch bundle (bundle 1)• The latch bundle
supports the hydraulic drag load of 12 upstream bundles. This
hydraulic load is dependent on the coolant flow rate and is
approximately proportional to the mass flow squared. Since
bundle 1 is, in turn, supported by the latch on only 14 outer
elements, the stresses on the endplates are dictated by how the
loads from the upstream bundles are transferred to the inner and
outer elements of the latch bundle. The load shedding, stack
load on bundle 1, and endplate stress distribution were assessed
(References 1, 2 and 3). The results showed that the observed
endplate cracks in Darlington Unit 2 latch bundles are generally
at the locations of high predicted stresses.

AECL-CANDU
AECL-Chalk River Laboratories
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When the metallurgical examination of the endplate cracks
demonstrated that the damage is du:- to fatigue, possibly because
of flow variations or pressure pul_;ing, bundle vibration
characteristics were investigated. Tests were performed on a
shaker table at Ontario Hydro Research Division (OHRD) to look at
the transverse and axial movements of elements, and to see
whether this would cause endplate cracks (Reference 4).
Modelling work has also been performed to predict the different
bundle vibration modes and their natural frequencies
(Reference 5). The work demonstrated that the vibration
characteristics of the fuel elements are non-linear, and that the
transverse and axial vibrations of the elements are coupled and
can result in endplate cracking.

Metallurgical examination of bearing pads on bundles from
Darlington and the pressure tube wear surfaces have shown axial
as well as some transverse scratches, which suggests that the
predominant motions of the outer fuel elements are axial in
direction. Testing at Unit 1 and Unit 2 indicated acoustic
resonance in the heat transport system which led to pressure
pulses in the channel predominantly at 150 Hz frequency. Loop
tests at STERN Laboratories have demonstrated that pressure
pulses can cause fatigue cracking of the endplates. The loop
test data also suggested that mechanical resonance of the fuel
string could result in endplate cracking at lower pressure pulse
amplitudes than if the fuel string is not in mechanical
resonance. The fuel string natural frequencies depend on the
axial stiffness of the bundles, and these are expected to change
during irradiation. All of these factors indicated that fuel
damage would be a result of axial vibration of the fuel string,
under hydraulic load and pressure pulsing conditions. Also,
mechanical resonance of the fuel string (i.e, when the natural
frequency matches the pressure pulse frequency) may be an
important parameter in the fuel response in Unit 1 and Unit 2.
The coupling of the transverse and axial element movements, as
observed in the earlier shaker table tests, explains the
observation that some of the wear on inter-element spacer pads as
well as pressure tube may result from transverse motion of the
fuel elements, apart from the axial motion.

As a result of these findings, the focus was shifted to model the
axial response of a 13 bundle fuel string. A fuel & fuel string
modelling team was formed, consisting of the authors of this
paper, to carry out the activities. Modelling is performed for
unirradiated bundles, in order to compare to the loop test data
to facilitate data interpretation. Fuel bundles under power
operation are also modelled, in order to simulate the response
during Unit 1 and Unit 2 operation.

Since the axial response of the fuel string depends on the axial
stiffness of individual fuel bundles, one of the activities is to
model the axial stiffness of unirradiated fuel bundles as well as
fuel bundles during power operation. Another activity is to
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develop an uniaxial fuel string model to simulate the axial
vibration of the fuel bundles in a channel under hydraulic load
and pressure pulsing conditions. Apart from the development of
methodology and models, laboratory tests to provide data for
model input and validation are also performed. Figure 1
summarizes the activities involved. Some of the activities have
been completed, while others are still ongoing. This paper
provides an overview of the work, and presents sample results to
illustrate the trends in fuel response. However, due to the
ongoing nature, some of the most recent analyses were not ready
in time for inclusion in this paper. Nevertheless, the overall
results and the conclusions remain unchanged.

2.0 AXIAL STIFFNESS OF FUEL BUNDLES

2.1 Unirradiated Bundles

For modelling bundle stiffness, a number of effects as
schematically shown in Figure 2 are considered. These include:
axial stiffness of the fuel elements (sheaths and pellets),
bending/bowing of the fuel elements, parallelogramming of the
bundle, and the end plate waviness.

(i) Sheath Compression

The axial compression of the sheath refers to the shortening of
the length of an individual fuel sheath under a compressive load.
The parameters that govern sheath compression are the Young's
modulus of the sheath, the cross-section area of the sheath, and
the length of the sheath.

(ii) Pellet Compression

The pellets can also contribute to the stiffness of the fuel
element if there is a tight circumferential or axial contact
between the pellets and the sheath and endcaps. In unirradiated
fuel elements, the pellets and the sheath are separated by axial
and diametral clearances, hence, the pellet does not participate
in the axial stiffness.

(iii) Element Bending/Bowing

Fuel elements exhibit a certain degree of lateral bending due to
as-manufactured bows, and circumferential temperature gradients
when the fuel is at power in the reactor.

An axial force will increase the bow which, in turn, will
decrease the axial length. This is another source for element
compliance. The governing parameters are element flexural
rigidity, element length, and the magnitude of bow. However, for
a fuel bundle in a fuel channel, the degree of lateral movement
is small as the fuel elements are constrained by the bearing pads
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and inter-element spacers. Therefore, this tends not to be an
important contribution to the compliance, as confirmed by the
bundle compression tests.

(iv) Parallelogramming

Within manufacturing tolerances, a small degree of
"parallelogramming" may exist in the as-fabricated bundles. This
means that the endplates are not perfectly square to the
longitudinal axis of the bundle. This can be removed under a
very small applied load. Under the high hydraulic loads in a
fuel channel, this effect is not significant.

(v) Endplate Compliance

As-fabricated bundles have "wavy" end plates due to two reasons:

(1) Welding of the elements to the endplates leads to local
deformation, termed "small" waves, in the webs between
two adjacent elements.

(2) The welding process also results in some deformation of
the endcaps/spigot. This causes different element
lengths when measured from endplate to endplate. It
forms the "large" waves on the endplate.

Figure 3 shows an example of the endplate waves measured on
production fuel bundles. The small waves are about 0.06 mm high,
with a maximum of approximately 0.07 nn, The height of the big
waves varies between elements. Generally, the overall
differential in element lengths between the outer and inner
elements is a maximum of about 0.2 mm for fuel bundles
manufactured by GE Canada, and a maximum of 0.6 mm for bundles
manufactured by Zircatec Industries.

For each of the components of bundle compliance, equations for
load versus deflection are formulated using standard principles
of classical mechanics. The spring constants of the components
are then summed in an appropriate manner (i.e., some springs in
series; others in parallel) to calculate the overall spring
constant of a fuel bundle. When two or more components are
connected in series (e.g., the sheath and the endplate), then the
most compliant component dominates the overall behaviour. When
the components are connected in parallel (eg., the different fuel
elements within a ring of elements), the stiffest component
dominates the overall behaviour.

To provide the test data to validate the method of calculating
bundle stiffness, axial compression tests of fuel bundles were
conducted at the INSTRON load frame in the Metallurgy Laboratory
at Sheridan Park Engineering Laboratories (SPEL), Fuel bundles
were axially compressed and the corresponding loads and
deflections measured. Two support systems for the bundle were
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used: two flat plates, one at each bundle end, for distributed
load measurement, and two rings, one at each bundle end, for
outer element load measurement. Single and two bundle
compression tests were performed with GEC as well as ZIRCATEC
bundles. Tests were performed with undamped bundles and with
bundles clamped at the mid-plane to study the effect of element
bow on the axial stiffness.

The test results confirm our understanding of fuel bundle
stiffness and its different components. The results also confirm
the validity of the model in predicting the axial stiffness.
Figure 4 compares the measurements to the calculations for
ZIRCATEC and for GEC bundles respectively for outer-element
loading. The first region of the curve represents the removal of
parallelogramming. The second region represents the load range
at which the "large" waves (i.e., those created by the variations
in element lengths) are flattened. As noted earlier, the
length-variations are larger in the ZIRCATEC bundle than in the
GEC bundle. Thus the ZIRCATEC bundle requires a larger load to
remove the big waves. By the end of the second region, the
elements have been compressed sufficiently so that, within the
ring, they are now equal in length. In the third region, the
compliance represents contributions from all the 18 outer
elements as well as from the "small" waves in the end plates. In
general, the calculations show a reasonable agreement with the
measurements.

To provide further data to validate the bundle stiffness
calculation, compression tests on single elements with endplates
attached at their ends were also performed in the INSTRON load
frame. Each element tested was obtained from a fuel bundle by
cutting the endplate web at its mid-points between neighbouring
elements. The results of the single element compression tests
also compared well with predictions.

2.3 Fuel Bundles During Power Operation

Unlike unirradiated fuel, the radial and/or axial gap in fuel
elements during power operation may be closed due to various
physical processes. Thus, the axial stiffness is dependent on
the (radial) interfacial pressure between the sheath and the UO2
pellets, and the presence or absence of an axial gap in the fuel
element. In the absence of an axial gap, both the sheath and
pellets act together as a single structure, and the resulting
axial stiffness is high compared to that of the sheath alone.
Even when there is an axial gap, if the interfacial pressure is
high, axial load will still be transmitted to the pellets,
providing a high stiffness. The stiffness reduces to that of the
sheath only when there is an axial gap coincident with a low
interfacial pressure.
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The axial gap and the interfacial pressure during irradiation are
governed by various physical processes. Generally, thermal
expansion resulting from power increases, fission product
swelling of U02, and sheath creep are the processes which
increase the interfacial pressure or close the axial gaps. The
processes which decrease the interfacial pressure or open the
axial gaps are thermal contraction resulting from power
reductions, U02 densification, and sheath stress relaxation.
This complicated inter-relationship of the various processes and
the effects on the interfacial pressure and axial gap of fuel
elements during irradiation were assessed with the fuel
performance code ELESTRES (Reference 6) and the structural code
BEAM. The power burnup histories calculated by fuel management
codes were used as input.

To-date, there is no direct measurement of the axial stiffness of
fuel elements during on-power operation. At power, a fuel pellet
consists of a hot plastic U02 core, and an outer peripheral
region which has cracks normal to the axis. The axial stiffness
of the pellets depends on the size, number and distribution of
these cracks which are subject to large uncertainties.
Therefore, when the ELESTRES/BEAM codes predict that the pellets
contribute fully to the axial stiffness, either because the axial
gap is closed, or the interfacial pressure is high, a lower and
upper range of stiffness values for the combined structure were
assumed. The lower range assumes that the entire pellet stack is
cracked. The Young's modulus of cracked pellets were measured in
tests performed at Chalk River Laboratories (CRL). In the tests,
the endcaps of irradiated Darlington fuel elements were removed,
and the load deflection curve of the irradiated cracked pellets
was measured in the hot cell. Since the elements were discharged
from the reactor, cooling will produce distributed cracks within
the pellets. This lower range value is a factor of about
3.5 times the stiffness of the sheath alone. The upper range of
stiffness assumes that the pellets are not cracked, and the
Young's modulus of solid U0z was used. This yields an axial
stiffness of the fuel element which is a factor of 14 times the
sheath axial stiffness.

As an illustration, Figure 5 shows the calculated axial stiffness
of an outer element in Bundles 1, 3, 7 and 10 in Unit 2 Channel
K13 where endplate cracks have occurred. The results show the
following trends:

(i) At cold (20°C), unpressurized and unirradiated
conditions, the axial stiffness of a fuel element is
that of an empty sheath and is approximately equal to
3.2 MN/m.

(ii) Under pressurized (10.7 MPa), hot (290°C) and high-power
conditions, the U02 pellets participate fully in
stiffening the fuel element. The axial stiffness
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increases by a factor of about 14, to approximately
47 MN/m (upper-range estimate).

(iii) In bundle positions 3 and 10, the axial stiffness is
calculated to drop at around 1500-1600 hours after
startup due to U02 densification, and then returns to
its high value at about 1700 hours. The drop in
stiffness occurs when both the axial and the radial gaps
are open. This condition occurs when pellet contraction
due to densification is faster than the inward creep of
the sheath. Once sheath creep closes the axial and/or
the radial gap, the axial stiffness returns to a high
value.

(iv) In bundle positions l and 7, high axial stiffness
(about 47 MN/m) is maintained up to refuelling (about
3200 hours). This is due to one of the following:

(1) the axial gap is open but there is sufficient
interfacial pressure to maintain high stiffness
(position 1); or

(2) the timing of axial gap opening and radial gap
opening do not coincide (position 7).

(v) In general, the outer element axial stiffness decreases
following a large reduction in power (e.g., the 35%
power drop at approximately 3500 hours) (positions 1, 7
and 10). However, the axial stiffness may increase
again if creep of the sheath onto the pellet closes the
gaps.

(vi) In position 3, the stiffness does not decrease with the
35% power drop at about 3500 hours, since the thermal
contraction due to the power drop is insufficient to
open the gaps.

The results demonstrate that the axial stiffness of a 13 bundle
fuel string tends to increase as the Unit 2 reactor reached full
power. The stiffness decreased temporarily at about 1500 hours
due to densification. The stiffness also decreased when there
was a large power reduction.

In addition to the change in fuel element stiffness, power
operation also changes the compliance of the endplate. There are
three effects:

(i) stiffening due to pellet expansion;
(ii) creep of the fuel element; and
{iii) creep of the endplate

When the fuel is raised to full power, thermal expansion of the
pellets stiffens the fuel elements. By itself, this tends to
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increase the stiffness of the bundle. However, the situation is
modified when the effect of large endplate waves (i.e., length
equalization) is also con-idere;^. Compared to the off-power
situation, a given hydraulic load leads to less on-power
deflections of the individual stiffened fuel elements. This in
turn leads to a smaller equalization of element lengths. Thus, a
smaller number of fuel elements share the axial load. This
counteracts the increased stiffness of the individual elements.
The net effect represents a balance between the increased
stiffness of the individual fuel elements versus the decreased
number of elements sharing the load (i.e., less initial
flattening of the large waves by the hydraulic load).

The hydraulic load introduces compressive axial stresses on the
endplates. Combined with the elevated temperatures and the high
neutron flux, this leads to axial creep, which reduces the
waviness of the endplate. Flatter endplates are less compliant.
Thus, the endplate stiffness is expected to increase with
irradiation time. Preliminary results indicate that at locations
not already flattened by elastic compression, many months are
needed to cause additional flattening via creep.

The methodology and models previously described are used to
assess the stiffness of the fuel string under different operating
conditions. These stiffness values are then used in the fuel
string model to assess the fuel string natural frequency and fuel
string response.

3.0 UNIAXIAL FUEL STRING MODEL

An uniaxial model of the fuel string was developed in order to
assess the overall behaviour of the thirteen fuel bundles in a
fuel channel (Reference 5). Each fuel bundle is modelled using
four masses joined by four springs as shown in Figure 6. This
simple one-dimensional bundle model divides the bundle into two
structural parts: the 18 fuel elements in the outer ring, and the
19 inner fuel elements that consist of the central element and
the elements in the intermediate and inner rings. The mass of
the 18 outer elements is simulated using 2 masses labelled Ml,
each of them having the mass of 9 fuel elements. The combined
axial stiffness of the 18 outer elements and their associated
endplate waves are represented by the spring stiffness Kl.
Similarly for the inner fuel elements, M2 has a mass of
9.5 elements and the stiffness K2 represents the combined axial
stiffness of the 19 inner elements and their associated endplate
waves. The inner and outer parts of the bundles are joined by a
pair of springs K3 which represent the compliance of the radial
ribs of the endplates.

Thirteen basic fuel bundle units are assembled to form the fuel
string shown in Figure 6. Mass M3 and spring K4 represent the
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mass and the stiffness of the shield plug and liner tube
(end-assembly) of the fuel channel respectively.

The values of Kl and K2 are predicted with the methodology
discussed in Section 2.0. They are a function of the applied
hydraulic load. The value of K3 is obtained by tuning a single
uniaxial bundle unit to the first axial bundle mode (78 Hz) found
experimentally at SPEL. This corresponds to K3 = 1.385 MN/m. M3
and K4 are evaluated based on the geometry and material
properties of the channel end assembly.

For modal analysis, stiff spring elements (K5) are used to
connect the contact surfaces from bundle to bundle. It is
assumed that the endplates of the bundles are flat, (i.e. that
there are no gaps between the bundles at the centre line). The
contact between bundle 1 outer elements and the end-assembly
(i.e., between node #1 and node #53) is also modelled using a
stiff spring, which reproduces the latch support conditions. The
fuel string model consists of 54 nodes and 78 spring elements.
Only axial motion is allowed.

For dynamic analyses, Kl, K2 and K5 springs are replaced by
non linear analog elements. The advantage of the non-linear
analog elements is that their behaviour can be represented by the
entire load-deflection curve instead of a fixed distinct value.
Also, the inter-bundle springs K5 are modelled as gap elements
which can take compression forces but no tension. This allows
the fuel string to separate if the alternating forces are large
enough to overcome the hydraulic drag load.

3.1 Comparisons to Experiments

Frequency sweep tests were performed at the STERN loop with
13 GEC bundles at a temperature of 59 C with a channel flow of
31.4 kg/s. Peak response of the endplate deflection for the
latch bundle was observed at various frequencies during the
sweep. These frequencies of peak response likely correspond to
the natural frequencies of the fuel string. Modal analysis of
the fuel string was performed with the uniaxial fuel string model
for the conditions of the STERN loop test. The calculated
natural frequencies of the fuel string are compared to the
observed frequencies of peak response in Table 1.

Due to its simplicity, the fuel string model will not yield all
the natural frequencies that were observed in the test. Also,
some of the peak responses in the test may be due to a loop
acoustic effect, and may not be due to fuel string resonance.
Nevertheless, agreement between model predictions and
experimental results is good.

The analytical mode shapes are plotted in Figures 7a and 7b for
Mode 4 and Mode 5 respectively. The natural frequencies for
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Mode 4 is 121 Hz and Mode 5 is 139 Hz. These are close to
150 Hz, which is the frequency of the dominant pressure pulse
measured in the heat transport system at Darlington NGS. Each
mode shape is represented by two graphs, showing the normalized
displacements of the outer fuel elements and the inner elements
respectively.

3.2 Results of Fuel String Calculations

To illustrate the dynamic response of the fuel string, simulation
results are presented for a GEC fuel string at Mode 5 (natural
frequency of 139 Hz), excited by a 139 Hz pressure wave. In the
simulation, a drag load of 691 N (Reference 2) is applied on each
bundle. It is assumed that the pressure pulse is generated by a
standing wave in the channel, with an amplitude of 10 psi zero to
peak, a wavelength of about 5.4 m, and an antinode at the
upstream end of bundle 13. It is also assumed that the pressure
is uniformly distributed on the cross-sectional area of all
37 fuel elements.

In the simulations, the drag load is applied first, using a ramp
function from time t^O.O s to t2=0.1 s. The system is allowed
to reach a steady state condition resulting from the application
of the drag load before the pulsating load is applied. This
latter load is applied using a ramping function from time
t3=0.2 s to tA=0.25 s. It is assumed that the damping is 1% and
that the friction forces between the bundles and the pressure
tube are negligible.

Figure 8 shows the bundle 1 nodal displacements,. The drag load
causes doming of the endplates towards the channel outlet. The
predicted static deflection of the bundle 1 downstream endplate
is on the order of 0.8 mm. This is caused by the stack load of
8983 N (691 N/bundle). This drag load corresponds to a flow rate
of approximately 34 kg/s under cold conditions. The deflection
of the bundle 1 downstream endplate was measured as a function of
mass flow rate at OHRD for a string of GEC fuel under cold
conditions. The data indicates that at about 34 kg/s mass flow,
the endplate deflection is about 0.7 mm. Thus, there is good
agreement between model prediction and measurement. Note that
the pulsating load is applied using a ramping function from time
0.2 s to 0.25 s. As shown in Figure 8, after 0.3 seconds of
running time, the steady response of the system is attained.

Figure 9a plots the maximum amplitude of vibration in the
steady-state regime for the inner and outer elements axially
along the channel. Figure 9b plots the relative amplitude of
vibration between the inner and outer elements. It can be seen
that the amplitude of relative vibration between the inner and
outer fuel elements is highest at bundle 1. This factor,
combined with the high mean stress due to the hydraulic load, is
consistent with the observation that bundle 1 endplates are most
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susceptible to fatigue cracking, as found in Darlington Unit 2
for GEC fuel string. Also, the amplitude plot indicates that the
outer elements of bundle 13 have the highest amplitude of
vibration. This may also explain the high bearing pad and
pressure tube fretting wear observed in Darlington Unit 2 at the
bundle 13 location.

3.3 Fuel String Natural Frequency During Darlington
Unit 2 Power Operation - Sensitivity Studies

Various scenarios of fuel string stiffness were postulated to
provide a qualitative trend of how fuel string stiffness might
change during reactor operation. The natural frequencies of the
fuel string were evaluated for these scenarios using the uniaxial
fuel string model. Since the frequency of the dominant pressure
pulses measured in Darlington reactors is 150 Hz, the resonance
modes that have frequencies close to 150 Hz were examined in more
detail. These are Modes 4, 5 and 6. Figure 10 summarizes
schematically the calculated natural frequencies of the fuel
string in Mode 4, 5, and 6 for the various scenarios.

As indicated for each scenario, two cases are considered: (i) the
upper bound fuel element axial stiffness which is a factor of
14 greater than the unirradiated value, and (ii) the lower range
stiffness which is a factor of 3.5 greater. As discussed in
Section 2.1, this range of stiffness reflects the uncertainties
related to the pellet crack size, number and distribution at
power.

Scenario 1 represents the fuel at cold, unirradiated conditions
(20°C). Scenario 2 represents full power operation with full
endplate compliance (i.e., before any endplate waviness is
removed by creep). It can be seen that even when the fuel
element stiffness is assumed to be increased by a factor of 14
from its unirradiated value, the natural frequencies of the three
modes are not drastically increased. This is due to the endplate
compliance. They represent soft springs and they tend to
dominate the overall fuel string stiffness.

Scenario 3 represents the situation when UO2 densifies.
Densification causes the fuel element stiffness to drop. This
causes the reduction of the natural frequencies from those in
scenario 2.

Scenario 4 represents the situation of full power operation for a
long period where portions of the endplate compliance would have
been removed by creep. Thus, the fuel string stiffness
increases, which results in an increase in the natural
frequencies.
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Scenario 5 represents a drop in the reactor power of 35% or more.
This causes pellet contraction and reduces the element stiffness.
The natural frequencies reduce from those in scenario 4.

As shown in Figure 10, upon startup of the Darlington reactor,
the natural frequencies increase from the zero power situation.
Densification, which occurs early (estimated to be completed by
1500 hours for Unit 2) will lower the frequency, as will a large
power drop. However, as time proceeds, the creep of the endplate
will tend to increase the fuel string natural frequencies.
Mode 5 is the most likely to move to a frequency of 150 Hz.
Mode 4 also has the potential to move to 150 Hz, but only for the
cases involving the upper range in the uncertainty of the axial
stiffness estimates. It can be seen from this trend analysis
that it is possible that, during power operation, the fuel string
can have a natural frequency of 150 Hz. This is due to the large
number of possible fuel string vibration modes, and the
stiffening of the fuel string during power operation.

4.0 RECENT DEVELOPMENTS

Due to the ongoing nature of the investigation, the results and
methodology presented in this paper do not always reflect the
most current status. Improvements have been made on the fuel
string model, such as separately representing the stiffness of
the endplates and that of the fuel elements, the modelling of
friction between the bundles and the pressure tube, and the
validation of the fuel string prediction with preliminary test
data recently obtained. In addition, the stiffness calculations
have been improved, accounting for temperature and pressure
changes along the fuel channel. Furthermore, a structural model
consisting of a solid U02 core, a severely cracked peripheral
region, and a sheath has recently been developed to predict the
axial stiffness of a fuel element at power when the fuel pellets
are in good contact with the sheath. The model agrees well with
the flexural rigidity results of the CRL U118 tests
(Reference 7). This model provides a maximum stiffness value of
the fuel element at 8.5 times the sheath stiffness, which is
between the lower and upper range values assumed in the
sensitivity studies presented in this paper. All of these
revisions, however, do not substantially alter the response trend
and the overall findings.

5.0 SUMMARY OF FINDINGS TO-DATE

A large number of analyses have been performed with the
previously discussed models and methods to elucidate the fuel and
fuel string response in Unit l and Unit 2 under pressure pulsing
conditions. The overall findings to-date are as follow:

(i) The fuel string has a large number of axial
vibration modes. The number of modes is likely
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larger than that predicted, since the simple lumped
parameter uniaxial fuel string model cannot capture
all the possible modes.

(ii) The fuel string stiffness consists of the stiffness of
the fuel elements and of the endplates. Upon initial
startup of Unit 2, the element stiffness is predicted to
increase rapidly since thermal expansion causes the
pellet to interact with the sheath. Element stiffness
is reduced upon U02 densification, which occurred for
the Unit 2 power history at about 1500 hours from
startup. About 200 hours later, the stiffness is
predicted to increase to the previous value. Element
stiffness is predicted to decrease if there is a
significant power drop, such as in a 35 % reactor power
reduction, or during fuelling when high power bundles
are shifted into the position of lower bundle power.
The natural frequency of the fuel string increases with
the stiffness.

(iii) Endplate waviness/compliance, representing a softer
spring than the fuel element, moderates the increase in
the fuel string stiffness from fuel element stiffening.
However, endplate compliance will be removed by Zircaloy
creep during irradiation. The creep rate is expected to
be higher for downstream bundles due to the higher
hydraulic load.

(iv) Mode 5 is the likely mode in which fuel strings
responded to the 150 Hz pressure pulses in Unit 2,
leading to the observed fuel damage.

(v) It is possible that the fuel string natural frequency
(Mode 5) would change during Unit 2 power operation, to
coincide with the frequency of the dominant pressure
pulses (150 Hz) measured in the reactors. This would
lead to resonance response of the fuel string. However,
because of the non-linearity of the fuel bundles, it
does not appear that the difference between resonance
and off-resonance response is large. Thus, the fuel
string response is likely dominated by the acoustic
pressure wave in the fuel channel.
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Table 1
Comparison of Calculated Fuel String Natural Frequencies to the
Frequencies of Peak Endplate Response Observed in STERN Loop

Sweep Tests

ANALYTICAL

MODE

1

2
3
4
5

6
7
8
9
10

f (HE)

26.5

73.2
112.4
120.6
139.4

165.5
181.4
203.0
219.8
241.6

EXPERIMENTAL

14
31
60
75
105
120
138
146
164
178
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ABSTRACT

Increasing attention both internationally and within Ontario
Hydro is being focused on the need to better understand and
manage the effects of aging on the materials and components in
nuclear generating stations. The overall objective is to ensure
that nuclear generating stations meet their long-term production
targets at an acceptable cost and with acceptably low risks to
the public and the environment. This paper presents a general
model for aging management which provides a logical basis for the
many programs and activities undertaken by a utility to achieve
this objective.

1. INTRODUCTION

The first generation of commercial nuclear power plants is
reaching the halfway point in its design life. In Ontario
Hydro's Demand/Supply Plan, a high priority is assigned to
maintaining the effectiveness of Ontario Hydro's nuclear power
plants over their remaining economic life. We need to better
understand and manage the effects of aging on the materials and
components in these facilities. The overall objective is to
ensure that Ontario Hydro nuclear generating stations meet their
long-term production targets at an acceptable cost and with
acceptably low risks to the public and the environment.

Within utilities, including Ontario Hydro, many activities and
programs have been or are being developed which address various
aspects of component aging. To provide a structure for these
programs and show that they form an integrated approach, a
general model for aging management has been developed. The model
includes a simplified representation of the aging degradation
process and the functions required to manage this process.
Examples of specific activities or programs which perform these
functions are also described.
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2. AGING MANAGEMENT MODEL

2.1 Overview

The systems and components comprising a nuclear power plant are
designed to perform acceptably over a specified nominal life.
The majority of components achieve this goal; however, in some
cases premature failures may occur. Some of these failures may
be caused by aging degradation. Although this is generally a
gradual process, if allowed to progress undetected, it may affect
the reliability and safety of a nuclear power plant in several
ways including:

a. the erosion or reduction of safety margins afforded by
defence in depth;

b. the occurrence of common-mode or simultaneous failures in
redundant safety systems under conditions resulting from
design-basis events;

c. the increase in the failure frequency of process systems
resulting in production losses and increased frequency of
safety system usage; and

d. increased operation and maintenance costs leading to
uneconomic operation.

To address aging degradation and thus maintain the required level
of reliability and safety of nuclear stations over time, a
variety of activities and programs are' executed during the life
of a plant. These are applied to differing degrees based on the
nature and significance of the component. In order to provide a
logical basis for the comparison of aging-related activities and
programs, a model has been developed for the aging degradation
process and the functions performed to manage this process.

2.2 Aging Degradation Process

A component experiences a number of stresses over its life. The
cumulative effect of these stresses is to degrade the functional
performance of the component until, eventually, it may fail (a
component fails when its minimum required functional performance
is no longer met). To ensure that the functional performance of
a system remains at an acceptable level over the nominal design
life of the plant, a number of strategies may be adopted based on
the nature and function of the system and its components. These
strategies may involve the repair or replacement of components as
follows:

a. on demand - for non-critical components. The system
functional performance may be maintained by repairing or
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replacing components as they fail;

b. time-based - for critical components, the system functional
performance may be maintained by conservatively repairing or
replacing components after a specified period of time. The
time interval may be based on calender time since
installation, operating time or operating cycles; or

c. condition-based - for critical components, the status of a
component is monitored and repair or replacement decisions
are taken based on the condition of the component.

The repair or replacement of critical components at some
specified point before the end of their design life is a
relatively simple approach. However, it can be inefficient
leading to more frequent repairs or replacements than necessary
or impractical in the case of components designed for the life of
the plant. This approach can also be ineffective if the rate of
aging degradation is faster than anticipated. Our understanding
of aging degradation and the complex interactions between in-
service stresses is, in some cases, limited. Consequently, the
trend is towards the periodic monitoring of the condition or
functional performance of critical components so that corrective
action may be taken prior to component failure.

2.3 Aging Management Functions

To maintain continued safe and reliable operation, aging
degradation needs to be effectively managed. Internationally,
several programs have been proposed or developed to address aging
(1,2,3) . Based on these programs and an understanding of the
aging degradation process, top-down structured analysis was used
to develop a consistent set of functions that are necessary to
manage the aging degradation process and to define the interfaces
between them (4).

This analytical process begins with a top-level view of the
interactions between an aging management program and the external
environment. This establishes the context and constraints within
which aging is managed. In general, aging is managed in the
context of an existing licensed in-service plant. The
established design basis, safety and reliability analyses,
quality assurance programs and operating and maintenance
procedures assure an acceptable level of safety at the beginning
of plant operation. Thus, the aging management model depicts
those functions necessary to address the effects aging may have
on this level of safety.

The aging management model evolves from this context in a series
of data flow diagrams which include functions and interfaces
between functions or the external environment. The top-level
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data flow diagram is illustrated in Figure 1 and includes the
following basic aging management functions:

a. Assure Component Qualification - ensure safety-related
components are able to perform their intended functions,
even if subjected to harsh environmental conditions
resulting from design-basis events, over the nominal life of
the component;

b. Verify Safety and Risk - verify that the risk to the public
continues to remain within acceptable limits over the life
of the plant (that is it meets Ontario Hydro risk-based
safety goals and plant licensing basis);

c. Manage Reference Configuration - manage the reference
configuration consisting of the design and operating and
maintenance programs over the life of the plant by
identifying the configuration and by controlling changes to
it;

d. Understand Aging - review system design, fabrication,
commissioning, operation and maintenance information to
understand aging mechanisms and interrelationships between
stressors;

e. Detect Aging - for safety-related components, inspect and
monitor component status to detect aging degradation to
ensure that functional capability of the component exceeds
the minimum required over the nominal life of the component;
and

f. Mitigate Aging - where aging mechanisms are detected which
were unanticipated or whose rate is unacceptable, instigate
measures to mitigate the effects of aging, such as changes
in operation, rehabilitation or replacement, to ensure that
overall plant safety is maintained.

Lower-level data flow diagrams may be developed, as required, to
provide additional insight regarding the aging-related activities
and programs which may fulfil the key aging management functions.

2.4 Application of Aging Management Model

The model described above outlines a general approach to assuring
continued nuclear station safety; however, a nuclear station is
composed of a wide range of components and materials of varying
significance and susceptibility to aging. As a result, the
activities or programs which perform the aging management
functions for individual or groups of components may vary
depending on a number of factors including:
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a. the safety significance of the component;

b. the ease of component replacement;

c. the expected nominal life of the component;

d. the cost of the component; and

e. the effect of the component on overall reliability.

Based on these factors, components can be categorized as follows
(5) :

a. Category I Components - those components which are
considered significant for safety or long-term reliability
and which are essentially non-replaceable. The nominal
design life of these components typically govern the overall
life of the station. Examples of components within this
category include the calandria vessel and the containment
structure.

b. Category II Components - those components which are
considered significant for safety or long-term reliability
and which are replaceable. Replacement though is costly
both in terms of capital expenditure and outage time.
Examples of components within this category include pressure
tubes and steam generators.

c. Category III Components - those components which, as a
group, are considered significant'for plant safety or
reliability and are replaceable on a routine basis.
Examples of components within this category include
instrumentation, shutoff rods and valves.

d. Category IV Components - all other remaining components not
included in the above categories.

Categories I and II represent a small number of large, generally
unique components. These components are highly significant in
terms of their impact on plant life, economics, safety and
reliability. For components in these categories, specific aging-
related programs may be developed. The emphasis is primarily
predictive to ensure that unacceptable aging degradation is
detected early and that steps are taken to mitigate the
degradation before it has an adverse effect on plant life, safety
or reliability.

Category III represents a large number of smaller, replaceable
components which are typically provided with a high degree of
redundancy. Single failures of individual components are
generally not significant to safety or to long-term reliability.
The plant may, however, need to be derated or shutdown for short
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periods while the component is repaired. Safety or long-term
reliability is only affected by common failures of several
components or by adverse trends in the rate of individual
component failures. For components in this category, broader-
based activities and programs are used to perform the functions
in the model. The emphasis is on inspection and preventive
maintenance to prevent or detect individual component failures
and on surveillance to assess overall trends. General mitigative
measures may be taken when adverse trends in the performance of
individual or groups of components begins to affect plant safety
or long-term reliability.

This categorization scheme is illustrated in Figure 2.

Aging-related activities and programs are undertaken throughout
the entire life-cycle of a nuclear plant and embrace design,
operations and research functional organizations. The
relationship between aging management function, component
category and typical aging-related programs is summarized in
Table 1.

3. CONCLUSION

This paper has presented an approach for managing the effects of
aging. The approach establishes a logical framework from which
program requirements are defined. The objectives and scope of
design, operating, maintenance and research programs are compared
to these requirements to ensure their adequacy and to identify
areas requiring improvement.
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Table 1:
Aging Model Application

Aging
Management
Function

Assure
Component
Qualification

Verify Safety
and Risk

Manage
Reference
Configuration

Understand
Aging

Detect Aging

Mitigate Aging

Component
Category1

I, II and III
expected to
function in harsh
post-accident
environmental
conditions

I, II and III

All

I,II

All

I.II

II (fatigue
sensitive)

III

All

I, II

All

Typical Programs

Environmental
Qualification

Safety Analysis Updates
Risk Assessments

• General Design &
Operations Activities
<• Configuration
Management

• NPLA

• Operating Experience
• Technical Surveillance

• Periodic Inspection
• NPLA

• Transient/fatigue
monitoring

• Operational
Reliability

• Preventive Maintenance
Programs

• Technical Surveillance

• NPLA

• As required

'. Component categories are as follows:

I. Critical components whose replacement is impractical.
II. Critical components whose replacement is feasible but

expensive.
III. Critical, replaceable components.
IV. Non-critical components
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Aging Management Functions
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Component Categorization
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ABSTRACT

Current rolled joint design and fabrication procedures produce a
step change (burnish mark) in the inside diameter of the pressure
tube inboard of the rolled joint. This can result in abnormal
fuel support at the inlet rolled joint of a Bruce-type (with fuel
latch-type fuel changing process) fuel channel. It has been
recommended that the burnish mark step be reduced between the
rolled and unrolled regions of the pressure tube for :ilet rolled
joints.

The flush rolled joint concept involves the use of a pressure
tube with a thick end, achieved by decreasing the inside
diameter. Dimensions of the thick end are chosen so that when
rolled into the inlet end fitting, the rolled joint bore will be
flush with the unrolled region of the pressure tube.

This paper details the program to develop and qualify the flush
rolled joint design for installation in a commercial power
reactor. Specific attention has been given to the material
properties of the thick-ended pressure tube, the geometry of the
inside surface of the pressure tube at the rolled joint, pressure
tube residual stresses in the roll expanded region, pullout
strength, and helium leak rate across the rolled joint.

The above results are evaluated using the database on CANDU
pressure-tube-to-end-fitting rolled joints as the frame of
reference.

LARGE SCALE FUEL CHANNEL REPLACEMENT
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INTRODUCTION

Current rolled joint design and fabrication procedures produce a
step change in the inside diameter of the pressure tube inboard
of the rolled joint (burnish mark). This can result in abnormal
fuel support at the inlet rolled jcint of the fuel channel. It
has been recommended that the burnish mark step between the
rolled and unrolled regions of the pressure tube for inlet rolled
joints be reduced (Figure 1).

The "flush" rolled joint concept involves the use of a pressure
tube with a thick end, achieved by decreasing the inside
diameter. Dimensions of the thick end are chosen so that when
rolled into the inlet end fitting, the rolled joint bore diameter
of the pressure tube will be flush with the unrolled inboard
region of the pressure tube.

PROOF-OF-PRINCIPLE TESTS

To evaluate the flush rolled joint concept, three rolled joints
were fabricated.

For expediency, standard (4.19 mm (0.165") nominal thickness)
uniform wall pressure tube spool pieces were used. The thick end
of the pressure tube was achieved by machining the spool pieces.
The inside diameter of the pressure tube in the machined region
(representing the unrolled body of the pressure tube) was made
equal to the required rolled joint bore diameter with 13.5%
nominal wall reduction at the thick end.

The three rolled joints were fabricated with the apparent wall
reductions at the nominal value and the two extremes of the
specified range, 13.5% ± 1.5%

Evaluation of the feasibility test results showed that the
transition between the rolled and unrolled regions of the
pressure tube was \s smooth as the rolled region of the pressure
tube (with typical surface undulations at the end fitting lands
and grooves in the rolled region). The rolled joints had low
helium leak rates during the soak-type helium leak tests.

FLUSH ROLLED JOINT QUALIFICATION PROGRAM

Based on the encouraging results of the proof-of-principle tests,
a comprehensive test program was undertaken to qualify the flush
rolled joint design for power reactor installation.
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The qualification program consisted of:

(1) Tests to qualify pressure tubes.
(2) Tests to qualify the inlet flush rolled joint

design (rolled joint bore geometry, residual
stress evaluation and hot pressurized pullout
strength).

(3) Development of production nondestructive
examination (NDE) techniques to inspect the
inlet end (thick end and the transition) of
the pressure tube.

(4) Measurement of the as-manufactured residual
stress distribution at the thick end and the
transition of the pressure tube, using the
neutron diffraction technique.

The Qualification of Thick-Ended Pressure Tube Manufacture

The pressure tube manufacturing qualification program was divided
into two phases:

Phase 1 Demonstrate the feasibility of production and NDE of
the pressure tube to the specified dimensional
requirements.

Phase 2 Manufacture, inspection and testing of pressure tube
spool pieces for the pressure tube and rolled joint
qualification program.

Phase 1 - Demonstration of production feasibility. The geometry
at the inlet end of the pressure tube is different from that of
all the pressure tubes previously manufactured by the qualified
supplier of pressure tubes. The manufacturing plan and
dimensions of the pressure tube had to be changed from that used
for producing conventional pressure tubes. The change in the
geometry of the pressure tube required modifications to the
procedures and the hardware for ultrasonic and eddy current
inspections.

Pha:.J 1 of the pressure tube production program evaluated the
feasibility of the manufacturing process to produce pressure
tubes to specified dimensional requirements. The manufacturing
process was also optimized during Phase 1. Procedures for NDE of
the transition zone in the pressure tube were also developed.
The NDE hardware and procedure modification were implemented.

In order to ensure that the manufacturing and inspection
processes were repeatable, a sufficient quantity of samples (6)
were manufactured.
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Phase 2 - Production of test spool pieces for the qualification
program. The objective of Phase 2 was to manufacture pressure
tube spool pieces for the following:

(1) Qualification of thick-ended pressure tubes for use in
power reactors.

(2) Qualification of the flush rolled joint design for use
in power reactors.

The pressure tube spool pieces were made to be representative of
reactor-grade pressure tubes. They were inspected and tested by
the supplier to the technical specifications and drawings used
for the manufacture of pressure tubes for reactor installation.

Pressure Tube Propertie-

The pressure tube spool pieces, including the thick end and the
transition zone, were fabricated using the standard cold-drawing
process.

Residual stress measurement - as-manufactured pressure tube. The
residual stress distribution in as-manufactured pressure tubes
was measured using the neutron diffraction technique. The highest
magnitude of the residual stresses (130 MPa compressive) was
found to be in the hoop direction occurring near the centre of
the thick-thin transition.

Mechanical properties. In accordance with the governing
specifications, the hardness of the pressure tube spool pieces
was measured by the supplier, using the hardness rings from the
4.95 mm (0.195") thick end and the 4.19 mm (0.165") thick end of
all the spool pieces covered by Phase 2.

The pressure tube manufacturer performed longitudinal tensile
tests at 3 00°C on all the spool pieces covered by Phase 2, in
accordance with the specifications. The tests were performed on
the offcuts taken from both ends of each pressure tube spool
piece. The ultimate tensile strength, 0.2% offset yield strength
and percent elongation were reported. The results did not exhibit
any anomalous behaviour.

In addition, axial tensile tests at room temperature were
performed at AECL CANDU on samples taken from the tensile offcuts
from the thick and thin ends of four pressure tube spool pieces.
The results showed that the thick and thin ends of the pressure
tube behaved as expected.

The transverse tensile tests, needed for fracture toughness
assessment, were performed at room temperature by AECL. The
specimens were taken from the tensile test offcuts from the thick
and thin ends from four pressure tube spool pieces.
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The results were similar to those obtained for the conventional
uniform-wall pressure tubes.

Chemical composition. The supplier of Zr-Nb pressure tube ingots
performed chemical analyses on all the ingots used to manufacture
the billets used for the pressure tube spoo? pieces in the
development program. The results, along with ingot and billet
NDE results, were reported in the ingot test reports. The
results met the technical specifications.

Chemical check analyses per the technical specification were done
on an offcut from one pressure tube from each ingot.

Corrosion tests - specification tests. The corrosion tests, in
accordance with the technical specifications, were performed by
the supplier on the samples taken from the thick and thin end of
each pressure tube spool covered in Phase 2. The results at the
thick end and the body of the pressure tubes met the
specifications.

Long-term corrosion properties. In addition to the corrosion
tests performed by the supplier, long-term autoclave corrosion
tests were performed on samples taken from the offcuts from the
thick and thin ends of four pressure tubes. The results were
similar to those of standard pressure tubes.

Delayed hydride cracking (DHC) properties. DHC tests were
performed on sections taken from the thick and thin ends of four
pressure tube spool pieces. The KIH, and DHC velocity were
measured for each sample. The results indicated that the DHC
behaviour of the thick-ended pressure tubes was similar to that
of standard pressure tubes.

Fracture toughness tests at 250°C were performed on samples taken
from the thick and thin ends of four pressure tube spool piece
sections. The thick end of the pressure tube had slightly higher
fracture toughness, as expected, since the thick end had been
subjected to a lower cold-work than the body of the pressure
tube. Fracture toughness values were similar to those found in
current pressure tubes.

Hydride reorientation tests were done on samples from the thick
and thin ends taken from four pressure spool pieces. The hydride
orientation behaviour was as expected for a pressure tube with a
lower cold-work at the thick end.

Microstructure. Texture measurements were done on samples from
the thick and thin ends of four spool pieces. The data did not
show any significant difference between the thick end and the
body of the pressure tube. The results were similar to those of
conventional pressure tubes.
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Rolled joint hydride distribution. One low-clearance rolled
flush joint was hydrided and heated to operating conditions to
allow the hydrogen to diffuse. The joint was sectioned and
examined for hydride distribution. The hydride reorientation
behaviour was similar to that seen in conventional pressure
tubes.

Rolled Joint Development Tests

The rolled joint development tests included:

(1) Axial profiles of the inside surface of the rolled
region, transition ("burnish mark") and unrolled body
of the pressure tube.

(2) Measurement of residual stresses in the pressure tube
(after roll expansion) using the strain gauging and
slitting technique.

(3) Measurement of pullout strength at the design
temperature and internal pressure. The rolled joints
were subjected to the standard temperature soak and
cycle and helium leak test prior to the pullout test.

(4) Fabrication of double-ended rolled joint assemblies for
long-term loop tests.

(5) Fabrication of one double-ended assembly for the rolled
joint hydride distribution test.

Test Matrix

Table l shows the recommended test matrix for residual stress
evaluation.

The matrix includes:

(1) The inlet (flush) Zero Clearance Rolled Joint (ZCRJ),
to be used at the first end of the fuel channel (and
roll-expanded in the component building).

(2) The inlet (flush) Low Clearance Rolled Joint (LCRJ), to
be used at the second end of the fuel channel (and
roll-expanded at the reactor face).

The extreme inboard and outboard axial locations of the
transition between the thick end and the body of the pressure
tube were included as test variables for the LCRJs (which are the
in-reactor rolled joints where the calandria condition will
affect the pressure tube axial location in the roll-expanded
region). Twenty-four single-ended rolled joints were fabricated
and strain gauged.
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Table 1
Residual Stress Evaluation - Test Matrix

Location
Tube Trans

Ro

of Pressure
>ition Before
lling

Required Rolled Joint
Bore Diameter (mm)

Average
Diametral
Fit (mm)

0.25
Clearance
(LCRJ)

0.13
Clearance
(LCRJ)

0.05
Clearance
(ZCRJ)

0.18
Interference

(ZCRJ)

Number of Joints

Extreme Outboard

103.66

2

2

2

2

103.76

2

2

2

2

Extreme Inboard

103.66

2

2

-

—

103.76

2

2

-

—

Four rolled joint assemblies, per Table 2, were fabricated for
pullout strength evaluation. The assemblies had an inlet rolled
joint at one end and a dummy rolled joint (for installation in
the pullout test rig) at the second end.

Required

Average

Pullout
Table 2

Strength Evaluation - Test

L
Rolled Joint Bore Diameter (mm) ||

Diametral
(mm)

Fit 0.25 Clearance

0.18 Interference

Matrix

Number

103.66

1

1

of Joints

103.76

1

1

In addition, two double-ended rolled joint assemblies were
fabricated for long-term loop testing. Each assembly had an
inlet rolled joint at one end and a low clearance dummy rolled
joint at the other end, to facilitate installation in the loop.
One assembly had an inlet (flush) LCRJ and the other had an
inlet (flush) ZCRJ.



Also, one double-ended assembly, with a low clearance
inlet (flush) rolled joint at one end and a low clearance dummy
rolled joint at the other end, was fabricated for the rolled
joint hydride distribution test.

Rolled Joint Components

Pressure tube spool pieces. Spool pieces for the pressure tube
representing the inlet end geometry, transition zone and body
were fabricated to the dimensional requirements of the LCRJ and
ZCRJ, respectively (Figures 2 and 3). The pressure tube spool
pieces were manufactured and inspected according to the governing
technical specifications.

End fitting hubs. The geometry of the end fitting hub is shown
in Figure 4. The end fitting hubs were fabricated by the
qualified supplier of end fittings for CANDU commercial power
reactors. The end fitting hubs were manufactured and inspected
according to the governing technical specifications.

Rolled Joint Evaluation Tests

Axial profile of the rolled joints. The axial profile of the
rolled joint bores, covering rolled and neighbouring unrolled
regions of the pressure tube, was plotted at six circumferential
locations, 60° apart.

Helium leak tests. All rolled joints were subjected to a soak-
type equilibrium helium leak test in the as-rolled condition. In
addition, the rolled joint assemblies to be pull tested were
subjected to an identical helium leak test after the standard
temperature soak and cycle thermal treatment.

Rolled joint defect detection examinations. After the helium
leak test in the as-rolled condition, the rolled joints were
inspected using ultrasonic and eddy current techniques, to ensure
that there were no lap indications on the inside surface.

The defect standards were made using spool pieces taken from a
4.95 mm (0.195") thick pressure tube manufactured for tool
proving and crew training during Pickering NGS A, Unit 1 and 2
LSFCRP. The spools were machined to have abrupt steps of varying
severity in the inside diameter, and were roll expanded into a
hub. The resulting intentional laps were used as defect
standards. After characterizing of these defects using NDE,
axial strips of the pressure tubes were removed from the joints.
The dimensions of the intentional defects were established by
metallographic examination of these axial strips.
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Axial strips from the strain-gauged rolled joints were also
subjected to a metallographic examination, to confirm the results
of NDE.

Pressure tube residual stress evaluation (as-rolled condition).
Twenty four single-ended rolled joints were fabricated. The
residual stresses were measured by the strain gauge and slitting
technique.

The following process flow outline was used:

1. Perform dimensional receiving inspection and hardness
measurements of pressure tube spools and hubs.

2. Profile the hub groove geometry.
3. Profile the pressure tube transition and concentricity

before rolling.
4. Trim the pressure tube to achieve the required location

of the interface between the thick end and the
transition in the pressure tube before rolling.
Prepare the ends.

5. Align and insert the pressure tube.
6. Roll expand and measure the spring back, extrusions,

twist and outside diameter growth at the rolled joint
and at the location of the inboard journal ring.

7. Profile the rolled joint inside surface.
8. Perform a helium leak test (soak-type equilibrium leak

test).
9. Perform NDE of the pressure tube at the transition

between the rolled and unrolled regions.
10. Install strain gauges, slit, measure strains and

calculate residual stresses.
11. Profile hub grooves for groove deformation.
12. Measure pressure tube thicknesses in the rolled region,

to calculate ridge height and actual wall reduction.
Profile the pressure tube outside surface at the roll-
expanded zone for ridge profile and oxide condition.

13. Perform metallographic examination of the axial strips.

Pullout strength evaluation. Rolled joints for the pullout
strength evaluation were fabricated and tested using the
following process flow outline:

1. Perform dimensional receiving inspection and hardness
measurements of pressure tube spools and hubs.

2. Profile the hub groove geometry.
3. Profile the pressure tube transition and concentricity

before rolling.
4. Trim the pressure tube to achieve the required location

of the interface between the thick end and the
transition in the pressure tube before rolling.
Prepare the ends.

5. Align and insert the pressure tube.
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6. Roll expand and measure the spring back, extrusions,
twist and hub growth. Roll expand the dummy end.

7. Profile the rolled joint inside surface.
8. Perform a helium leak test (soak-type equilibrium leak

test).
9. Perform NDE of the rolled joint.
10. Perform a temperature soak and cycle. (The assemblies

were cycled 5 times between 300°C and 100°C. The
joints were held at 300°C for a minimum of 100 hours.)

11. Perform a helium leak test (soak-type equilibrium helium
leak test).

12. Perform a hot pressurized pullout test (temperature: 300°C;
internal pressure: 11 MPa (1600 psi) gauge).

Test Results

Rolled joint profiles. The inside surfaces of all flush rolled
joints were profiled. A typical axial profile is shown in
Figure 5. The figure also shows an axial profile from a
conventional rolled joint for comparison.

As shown in Figure 5, the inside surface variations in the flush
rolled joint are negligible compared to those in the standard
CANDU 6 rolled joints.

Helium leak test results. The equilibrium helium leak rates
across the flush rolled joints, in the as-rolled condition and
after the temperature soak and cycle thermal treatment, were
extremely low (i.e., in the 10"9 atmospheric cm3 per second Helium
range).

Pullout strength. The rolled joints were subjected to a hot
pressurized pullout test at 300°C, with an internal (nitrogen)
pressure of 11 MPa (1600 psi) gauge.

Figure 6 compares the results of hot pressrrized pullout tests of
flush rolled joints with those from various rolled joint
development programs. The pullout strength of the flush rolled
joint conforms to the trend observed in standard CANDU 6 rolled
joints.

Pressure tube residual stresses in the rolled joints. The
maximum tensile residual hoop stress at the inside surface of the
pressure tube of the flush rolled joints is compared with those
of the conventional under-extended rolled joints in Figure 7.
The maximum tensile residual hoop stress at the inside surface of
flush rolled joints is in the same range as that measured in
conventional under-extended rolled joints.

NDE of the pressure tube in the rolled joint. All rolled joints
were subjected to an eddy current examination.
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Five rolled joints, chosen at random, were examined using
ultrasonic techniques.

The NDE did not reveal any relevant unacceptable indications.

Selected rolled joints were subjected to a dye penetrant
examination. No relevant indications were identified.

An axial strip from each strain-gauged rolled joint was subjected
to a metallographic examination. No flaws were found in any of
the sections.

CONCLUSIONS

The results of the development program show that the pressure
tube and the flush rolled joint meet the requirements for
installation in the fuel channels in a commercial power reactor.
The design is being recommended for implementation during the
large-scale fuel channel replacement program at Bruce NGS A.
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IN-PROCESS CONTROL OF WELDING
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INTRODUCTION

With fewer new CANDU reactors under construction and aging of the
first units built in the sixties and seventies, more emphasis is
placed on efficient reactor maintenance and life extension
programs. Whether routine maintenance or repair/replacement of
major reactor components is needed, critical welds are often
required where access to parts is extremely restricted (e.g.
feeder repairs, fuel channel replacement). Cost factors are
significant in these operations because the components are
expensive and the work is usually very time consuming. This
demands the highest quality and reliability of the welding
process in order to minimize exposure of personnel and avoid
costly rework.

Driven by these economic incentives and safety aspects, efforts
must continue in further improvements in welding applications to
achieve the lowest possible weld defect rate to reduce costs and
operator exposures. One of the welding systems under development
at AECL-CANDU incorporates current advances in welding technology
such as microprocessor control, video arc monitoring and data
acquisition to achieve improvements in welding performance and
quality during remote welding operations.

WELDING PROCESS BACKGROUND

The Gas Tungsten Arc Welding (GTAW) process, more widely known as
TIG welding, is often chosen for critical reactor maintenance
applications because it is a versatile and stable process which
is easily automated. The process, illustrated in Figure 1, uses
a constant current type power supply to establish an arc between
a non-consumable electrode and the workpiece; the arc region is
shielded from atmosphere with a continuous flow of inert gas
(argon, helium, or mixtures) which prevents contamination of the
weld pool and also helps to maintain arc stability. The main
process parameters which influence the weldability and the weld
quality during GTAW include:
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welding current amplitude and mode
arc voltage amplitude
shielding gas composition

- gas flow rate
arc travel speed

- wire filler additions
rate of wire feed

In addition to the process parameters, other variables also have
a significant bearing on the welding process, such as material
composition, joint geometry, welding current mode (AC, DC or
pulsed), the electrode condition, and the cleanliness of the
material. Generally a procedure is established through trial
techniques which takes into account all these variables as well
as possible constraints related to material thickness, heat input
restrictions, distortion, joint orientation etc.

Although simple in concept, the welding process is complex
considering the number of variables that must be controlled in
order to produce acceptable results. In orbital welding
applications, such as the bellows welding during fuel channel
replacement, process control is even more difficult since weld
pool sag due to gravitational effects, results in non-steady
state conditions as the weld progresses around the circumference.
Under tight spatial constraints, typical in most reactor repair
operations, and with variation in factors that are difficult to
control (such as fit-up, distortion, environment), maintaining
the welding process stability can be a challenging task.

PROCESS CONTROL APPROACHES

Traditional methods of quality control use the model illustrated
in Figure 2. In this approach, defects are detected after the
process has been completed. Statistical quality control
principles, illustrated in Figure 3, incorporate process
monitoring to assess real time performance so that changes in the
process can be detected and parameter adjustments made, or other
corrective action taken, to prevent producing defective output.

Welding can be considered as a small scale xfactory' process
having inputs and outputs as shown in Figure 4. Two types of
process input and process output can be identified; inputs can
be controlled and uncontrolled; outputs occur as intermediate and
final conditions. Controlled inputs with the GTA welding
operation include: current, wire feed rate, gas flow, and arc
travel speed. Occasionally arc voltage may also be a controlled
variable if the equipment has an automatic voltage control (AVC)
capability. If these parameters are not controlled properly and
go beyond a tolerance range during welding, the following types
of defects could occur:
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current high: blowholes, pool instability
current low: incomplete penetration, fusion defects
wire high: short circuit to electrode, poor profile
wire low: insufficient weld volume, poor profile
gas high: porosity due t:> turbulence
gas low: weld porosity, electrode contamination

- travel high: incomplete penetration
travel low: excess weld volume, pool instability

Proper parameter settings, however, are usually confirmed prior
to welding, so excursions from the set conditions are due to the
influence of uncontrolled inputs which interfere with the normal
operation. Uncontrolled inputs could be variation in joint
location or joint geometry, line voltage fluctuations, air flow
disturbances and physical constraints which cause gas flow or
wire feed restrictions. Weld defects resulting from these
disturbances would be mainly fusion or penetration defects and
porosity.

In practice, welding procedures are not 100% repeatable due to
factors such as human error, equipment faults, equipment
deterioration, and primarily uncontrolled variables which
influence the process. Weld process monitoring, therefore is an
effective tool to minimize the influence of unpredictable and
uncontrolled disturbances.

Generally sensors are available to monitor any of the variables
mentioned- Even joint variation can be sensed in real time using
laser tracking/scanning devices, but space constraints in the
work envelope determines the number and type of sensors that are
practical in a welding application.

Intermediate outputs from the welding process such as arc length
(if AVC is not used), arc stability, pool size, pool stability,
and wire melting rate also provide some indication of the overall
process equilibrium. Arc length, which is proportional to
voltage, can be monitored with good accuracy. Other intermediate
outputs are not easily monitored using sensors and the most
practical ways of obtaining feedback on these conditions is to
view them directly as an operator would do in a manual or
automated process where space constraints are not a factor. This
is achieved with miniature video cameras that are mounted on the
weld head body allowing a view of the process dynamics in the
weld pool and the arc vicinity. Machine operators then have
visual feedback on the process and can terminate the process at
initial indications of the onset of porosity for example. In
some situations, adjustments to process parameters may also be a
practical corrective action to bring the process under control.

In this way, weld repairs can be eliminated or at least limited
in severity to reduce the overall repair effort. The essential
requirement for successful implementation of arc video
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information is to have trained welding staff who can recognize
indications which can lead to weld defects so that corrective
action can be taken at the incipient stage before gross defects
occur.

WELDING PROCESS DATA ACQUISITION

Data which has relevance to quality control, documentation,
calibration, procedure modification as well as process control
can also be acquired during the welding process. The traditional
approach to data acquisition applied to welding operations,
depicted in Figure 5, does not allow in-process control. Its
main use is as a quality check after the fact similar to a visual
post-weld inspection.

As a result of improvements in microprocessor technology, modern
data acquisition systems allow effective real-time control where
data is analyzed as it is collected, checked against parameter
tolerance limits, and control signals output to alter the process
or warn the operator for action. This approach is illustrated in
Figure 6 and can be implemented using commercial microprocessor
based data acquisition devices designed for welding applications
or customized in a computer based or industrial PLC control
systems. The systems can be programmed to monitor if the
parameters are within allowable tolerances. Fault conditions can
be established during welding procedure development and the
system programmed to correct some parameters or initiate
controlled shut down of the welding process (or indicate a fault)
when a particular parameter is out of tolerance.

Table 1 illustrates a print-out of parameter data that can be
collected from a pulsed current welding operation; the parameters
recorded were elapsed time, gas flow, current and voltage (peak,
background and average values) and pulse frequency. In this
example, a temporary decrease in gas flow was induced at 18
seconds elapsed time. This type of information could be used for
quality assurance purposes (to produce statistical process
control data) or in trouble-shooting for defect causes if welding
problems occur.

ASPECTS OF WELDING PROCEDURE OPTIMIZATION

While automation can be applied to welding processes to improve
production, quality and repeatability, it is important not to
ignore the fundamental aspects of the process which are essential
to the overall success of automation efforts. In welding, the
process stability is influenced by the welding parameters and the
conditions under which they are applied. Fixed position
circumferential welding, for example, is one of the most
difficult applications to control because: a) gravity influences
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the weld pool differently as the weld progresses around the
circumference, and b) preheat increases in the base metal as the
weld progresses.

Traditional practice with older equipment uses a single-level
weld schedule to complete the joint. Improved technology in
microprocessor controlled power supplies, however, allows multi-
level sequences within a schedule. This is beneficial in
counteracting the changing conditions (preheat, gravity,
distortion) as the weld progresses.

Pulsed current welding, typical for orbital welding applications,
such as welding the bellows during fuel channel replacement,
introduces other variables related to the waveform of the current
pulses. In pulsed welding, the weld penetration is achieved
during the peak amplitude while the lower background amplitude
allows partial solidification of the pool. This enhances process
stability by preventing the weld pool from getting too large to
control, however the process tolerance to disturbances can be
affected by the structure of the pulse waveform. Parameter
optimization therefore is an important part of the procedure
development effort.

ECONOMIC BENEFITS

During CANDU reactor maintenance programs, the economic penalty
for power replacement amounts to hundreds of thousands of dollars
per day, and even small weld repairs can have a significant
impact on costs; in addition, penalties exist in higher personnel
exposure and replacement cost of expensive components.
Consequently, reducing the frequency or extent of weld repairs
even a small amount can quickly pay back the investment made for
improvements to the welding process.

SUMMARY

Typically, welding during CANDU reactor maintenance efforts
involves remote welds under conditions where access and
visibility are poor. In these circumstances, defective welds are
exceptionally difficult to correct. Improvements to the current
welding methods in reactor maintenance are possible by direct arc
monitoring using small video cameras and increased use of data
acquisition to feedback information or process stability. A
conceptual representation of these enhancements during a fuel
channel replacement operation is shown in Figure 7 where an
operator in a clean, remote area can support the weld monitoring
function while the local operator in the radiation environment
supports the mechanical operating requirements of the equipment.
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Process improvements such as 'these, are the basis of a welding
system under development at AECL-CANDU which, together with
appropriate welding procedures, will reduce weld repairs and
increase productivity during reactor maintenance welding
operations.
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Figure 7
Conceptual View of Remote Weld Monitoring during LSFCR of CANDU Reactor



Table 1
Welding Process Data Acquisition

**** ADMCtm) Weld Data - Weld Schedule 1 ****

ADI'l(trn) Station Number: 1OO
Date: 05/31/09 Time: 13:35:13
Operation: CANDU Maintenance Unit 9—Bellows Weld
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9.6
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ABSTRACT

This paper describes the design and development of a new Bruce A
fuel channel, designed for the Large Scale Fuel Channel
Replacement (LSFCR) Program. Fuel channels to this design will be
installed in Unit 1 in 1995/96, replacing the original ones
installed in the early seventies. The design is suitable for use
on Units 2 and 3 as well.

The original fuel channels were not capable of achieving
their design life because the effects of radiation on zirconium
alloys were imperfectly understood at the time they were
designed. The reason for the redesign is to produce a fuel
channel that will survive the remaining life of the station, and
to eliminate as many of the channel related design problems as
practical. In addition, a design that is easy and quick to
install is wanted, to reduce radiation exposure to personnel and
the duration of the outage.

To achieve these goals, a dedicated design team comprising
both fuel channel designers and installation tooling designers
was assembled. The fuel channel described in this paper is one of
the products of this team.
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1. INTRODUCTION

The new Bruce A fuel channels are typical of CANDU reactor fuel
channels. Stainless steel end fittings (E/F) are attached to both
ends of zirconium alloy pressure tubes (P/T) that pass
horizontally through the reactor core. Fuel is installed in the
pressure tubes, and heavy water coolant is passed through the
fuel channels to remove heat from the fuel. The fuel channels
form part of the Primary Heat Transport System (PHTS).
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FIGURE 1
THE NEW BRUCE A FUEL CHANNEL

A liner tube is installed in each end fitting, to guide the
coolant flow past the shield plug. The liner tube installed in
outlet end fittings has a fuel latch attached to its inboard end.
The latch holds the fuel in place in the reactor core, resisting
the hydraulic force of the coolant flow.

Coolant flows through adjacent fuel channels in opposite
directions and consequently end fittings are alternately inlets
and outlets. An inlet end fitting has a liner-spacer assembly and
an inlet shield plug installed, and an outlet end fitting has a
liner-latch assembly and an outlet shield plug. A channel closure
is located in the outboard end of each end fitting. The closures
and the shield plugs are removed and reinstalled by the fuelling
machine during fuel changing operations.
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All fuel channels are attached rigidly to the calandria
vessel at their west ends with a positioning assembly. At the
east end, bellows assemblies allow axial motion of the east end
fittings due to thermal expansion of pressure tubes and end
fittings, and to radiation induced creep and growth of the
pressure tubes. Midway through the reactor life, the positioning
assemblies will be unlocked, the fuel channels shifted towards
the west to return the east end fittings to their start-of-life
positions, and the positioning assemblies relocked.

Feeder pipes are bolted to both inlet and outlet end
fittings. A "Grayloc" type seal ring provides a seal between the
end fitting body and the feeder hub, which is welded to the
feeder pipe. The feeders run across the reactor face between the
end fittings, and then to the PHTS headers mounted close to the
ceiling of the reactor vault. Coolant flows from an inlet header,
through an inlet feeder, into and through the inlet end fitting,
through the pressure tube and through the fuel, through the
outlet end fitting and outlet feeder to the outlet header.

Four annulus spacers are installed on each pressure tube, to
prevent the pressure tube from touching the calandria tube.
Thirteen fuel bundles are installed in the fuel channel. Half of
each of the two end bundles extend out of the core.

Although this fuel channel is similar to the ones being
removed, there are significant differences that are meant to
allow the new channel to meet its design requirements. These
changes are described in the sections below.

2. PRESSURE TUBE

The pressure tube, except for its slightly thicker end, is a
standard zirconium-niobium pressure tube, identical to those used
on other CANDU reactors. The initial hydrogen concentration in
the finished pressure tube is reduced to as low a level as
practical, with the target being 5 ppm maximum.

The pressure tubes are manufactured with one end thicker
than the remainder of the tube. The thick end is about 150 mm
long, and about 90 mm of this is trimmed off before it is used,
leaving the thick portion only in the rolled joint area. The
greater wall thickness (about 0.6 mm) is reflected in a smaller
inside diameter (before rolling). The outside diameter along the
tube is constant.

The thick ended tube makes possible a "flush rolled joint"
with the inlet end fitting (See Section 4, below), that reduces
the probability of fuel bearing pads fretting on the pressure
tube due to abnormal fuel support.

The outside diameter of the pressure tubes, at both ends,
will be accurately machined to suit either a zero clearance or a
low clearance rolled joint. This is a change from previous
practice, where the rolled joint bores in the end fittings were
machined to suit measured P/T diameters. On this fuel channel, a
single bore diameter will be machined in all end fittings, and
the different clearances required provided by the pressure tubes.



This creates a need for two types of pressure tube - one type
with a zero clearance rolled joint diameter at the thick walled
end, and a low clearance rolled joint diameter at the thin walled
end; the other type the reverse.

3. END FITTINGS

End fitting bodies are machined from single piece forgings of
type 403 stainless steel, like other AECL designed end fittings.

The outboard end of the end fitting is shaped to accomodate
the fuelling machine, which has to latch onto the end fitting,
seal to it, remove and reinstall channel closures and shield
plugs, and to change fuel.

Inside the end fitting body at the outboard end are the lugs
and sealing surface for the channel closure (Section 12). A liner
tube assembly (Section 11) is installed into the E/F body,
extending from the closure region to the rolled joint.

The feeders are bolted to the side of the E/F body, 16
inches from the outboard end. The E/F feeder sideport is a flat
face having four tapped holes for the feeder coupling capscrews,
and a flow hole that accepts a MGrayloc" type seal ring.

At the inboard end of the E/F is the rolled joint hub. The
hub is a thickened part of the E/F body into which the pressure
tube is roll expanded (See section 4).

A carbon steel bellows attachment ring is attached to the
outer surface of the E/F body by a heat shrink joint. On the
east, the bellows assembly is welded to this ring. On the west,
the weld is to the new positioning bellows assembly.

Journal rings (bearings) and shielding sleeves (See sections
7 and 9) are attached to the outside of the E/F body.

Significant changes from the original Bruce A end fittings are:

a) The end fitting was modified to accomodate the new (west end)
positioning bellows assembly, but without making it unsuitable
for use at the east end where the original bellows is left in
place. See sections 5 and 6 below. A small shoulder is provided
on the inboard side of the bellows attachment ring (BAR), to
increase the resistance of the shrink fit joint to an outwards
axial force on the end fitting.

b) The bellows attachment rings have (blind) axial holes through
them to allow connection of auxiliary annulus gas system tubing
lines. The blind hole has to be drilled about 6 mm deeper to
connect to the groove and allow a gas passage.

c) The geometry and dimensioning in the rolled joint region was
copied from the Bruce B end fitting design, to provide the
necessary accuracy to locate the rolled joint burnish mark
between the first groove and the start of taper.

d) Three keyways are provided for liner tube attachment at
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different rotational positions. This allows a reduction in the
number of different end fitting bodies from seven to three.

e) The east and west end fitting bodies are identical- Inlet and
outlet end fitting bodies are identical. Three different body
designs are still necessary to allow seven feeder port
orientations while always holding the closure locking lugs in the
same position. Only one rolled joint bore diameter is used.

f) The position of the inboard journal has been moved as close
to the calandria side tubesheet as possible, in order to maximize
the bearing travel. The position of the feeder port and the E
face have been left in the original "start-of-life position, in
order to minimize effects on feeders and the fuel handling
system. This results in an end fitting body about 40 mm longer
than the original ones.

g) Two or three index holes are provided near the outboard end
of the end fitting to locate an inclinometer during channel
installation, to allow convenient and accurate setting of end
fitting rotational position.

h) Some internal E/F diameters have been modified, and an area
of chrome plating added, to prevent galling between liner and end
fitting body during liner removal and installation.

4. P/T-E/F ROLLED JOINTS

Rolled joints attach the stainless steel end fittings to the
zirconium alloy pressure tube. These jpints are made by expanding
the pressure tube plastically in the hub of the end fitting using
a rolled joint expander tool.

The rolled joint on the original fuel channel was designed
before knowledge of delayed hydride cracking (DHC) of pressure
tubes existed. These joints are "large clearance" joints, with
roller extension beyond the parallel region of the end fitting
rolled joint bore, and they are characterized by high residual
stresses in what became known as "the DHC zone". At Bruce A, to
reduce these residual stresses, the pressure tube in the DHC zone
(just inboard of the rolled joint) was stress relieved after
rolling.

The rolled joints in the replacement channel follow current
practice, to keep the residual stresses in the DHC zone of the
pressure tube as low as practical. The subassembly joint (west)
is a zero clearance rolled joint, made by heating the end fitting
before inserting the pressure tube into it. The reactor joint
(east) is a low clearance rolled joint, with dimensions
controlled to keep residual stresses below the limits specified
in CSA N285.2-M89. The end fitting dimensions in the rolled joint
region is based on the Bruce B design, in order to provide
sufficient space between the first rolled joint groove and the
end of the parallel bore for roller positioning, so the end of
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the rolled region never extends past the end of the parallel bore
of the end fitting.

This fuel channel introduces the "flush rolled joint" at the
inlet end of the fuel channel, made using a thick ended pressure
tube (See Section 2). The additional pressure tube wall thickness
is equal to the combined amount of the -adial clearance (between
P/T and E/F) and the wall reduction thai: occurs during rolling.
The purpose of this is to produce a rolled joint region that has
the same inside diameter as the rest of the pressure tube. This
eliminates abnormal fuel support, which occurs when axial
elongation of the pressure tube causes the end of the inlet fuel
bundle to move (relative to the inlet end fitting) off its
support on the liner-spacer, into the rolled joint cavity, where
the end bearing pad is unsupported. In this situation, flow
induced vibration of the fuel bundle can fret the pressure tube.

Development of the flush rolled joint was done at AECL's
Chalk River Laboratory, and is the subject of another paper at
this conference.

Another change, involving both the end fitting bodies and
the liner tubes, makes it possible (for the first time on a Bruce
type fuel channel) to make a rolled joint with the liner tube in
place. This «̂ .; done to allow liner tube installation away from
the reactor face, to reduce radiation exposure to personnel.

5. POSITIONING BELLOWS ASSEMBLY

At the time the original Bruce A fuel channel was designed, the
prediction of the axial elongation of the pressure tube due to
radiation induced creep and grovrth was 18 mm. The fuel channel
was designed to accomodate this at the east end, and the west end
fitting bellows attachment ring (BAR) was welded to a rigid
sleeve. The east end fitting bearings accomodate about 38 mm
motion, and this was used up after only 10 years operation. It
was then necessary to cut the welds, shift the channels towards
the west (to return the east end fittings to their start-of-life
positions), and then reweId the end fitting BARs to the sleeves.
This was a time consuming and expensive operation.

The replacement fuel channel has a new design bellows
assembly at its west end to allow axial repositioning of the fuel
channel without the need to cut welds. A positioning assembly
provides the axial restraint to hold the channel in place. It
will be possible to unlock the positioning assembly to shift the
position of the fuel channel, to keep the east end fitting
bearings within their engagement allowance. A standard
positioning assembly using a stud screwed into the calandria
endshield tubesheet was not practical because there is no
suitable tapped hole in the tubesheet. The positioning assembly
being used is welded to the cut-off stub of the stop attachment
collar. During channel removal, the stopcollar will be cut off
about 44 mm outboard of the face of the fuelling side tubesheet.
This will leave the annulus gas system tubing untouched.
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FUELLING SIDE
TUBESHEET

BELLOWS ATTACHMENT RING

POSITIONING / BELLOWS ASSEMBLY

SHIELDING SLEEVE

STOP ATTACHMENT COLLAR

FIGURE 2
POSITIONING / BELLOWS ASSEMBLY

The new positioning/bellows assembly is a spring finger detent
positioning assembly integrated with the bellows. The assembly
will be welded to the end fitting bellows attachment ring before
channel installation.

If the fuel channel is subsequently replaced, the
positioning bellows assembly will be left in place when the end
fitting is removed.

a) The bellows is a three ply Inconel 600 bellows, similar to
the conventional channel annulus bellows. It has diameters and a
convolution height to fit in the space between the end fitting
body and the detent sleeve. This makes it smaller than the
conventional bellows. Instead of being welded to ferrules at its
ends, it is welded to parts of the positioning assembly.

b) The positioning assembly is a spring finger detent with a
movable locking sleeve. The detent sleeve is welded to the cut
off stub of the old stop attachment collar, and to the inboard
end of the bellows. The spring fingers are part of a ring that is
welded to the bellows attachment ring on the end fitting. The
fingers engage in a series of grooves in the detent. When the
locking sleeve is in its "locked" position (as it will be except
when a channel shift operation is happening), it prevents the
fingers from disengaging themselves from the groove in the
detent, and no end fitting movement will occur.

After half the design life (13 years), the locking sleeve
will be moved so it doesn't restrict flexing of the fingers, the
fuel channel will be shifted so that the east end fitting is
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returned to its "start-of-life" position. The locking ring will
then be returned to its locked position to hold the west end
fitting secure. Testing has shown that about 2 kN is required to
shift the spring fingers along the detent when the locking sleeve
is in its unlocked position, and 180 kN when locked.

The positioning assembly also supports the west end fitting,
by filling the space between the end fitt:.ng body and the
stopcollar ferrule.

c) The detent sleeve is made of carbon steel (nickel plated to
prevent corrosion), to allow a "similar metal" weld to the cut
off portion of the stopcollar. The portion of the detent sleeve
expending into the annulus between the end fitting and the
lattice tube is made of stainless steel. The spring fingers are
made of stainless steel, except for a carbon steel weld ring at
the outboard end, where it is welded to the E/F bellows
attachment ring. The "fingernails" on the ends of the fingers are
chrome plated to prevent galling.

d) During installation, the positioning/bellows assemblies will
be preinstalled on the (west) end fittings, and welded to the
bellows attachment rings. The field weld will join the detent
sleeve to the cut off stopcollar. Subsequent channel replacement
will be done by cutting the BAR-P/BA weld (almost identical to
the BAR-bellows weld on the east) during removal, and rewelding
the replacement component in the same location.

6. EAST BELLOWS

As noted above, the original channel design had a bellows at the
east end only. Since these bellows have not deteriorated in
service, they will not be replaced in the LSFCR outage, except
as a contingency operation if they are damaged.

The east bellows has 15 convolutions of 3 ply (each 0.33 mm
thick) Inconel 600. A ferrule, made of type 304L stainless steel,
is roll expanded into the endshield lattice tube. On the outboard
end, a carbon steel flange sleeve is welded to the end fitting
bellows attachment ring during fuel channel installation.

7. E/F BEARINGS

The E/F bearings support the end fittings in the calandria
endshield lattice tube. Each bearing set consists of a bearing
sleeve (in the lattice tube) and a journal ring (on the end
fitting). The bearing sleeves (two on the east end and only one
on the west) will not be replaced in the LSFCR outage. They will,
however, be brush cleaned to remove any loose corrosion. New
design journal rings will be installed with the new end fittings.

The inboard journal ring on the end fitting body overhangs
the end of the end fitting body, in a manner similar to those on
the Pickering retube channels, to increase the bearing travel. As
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on Pickering, it is retained by a ring of stainless steel balls
that fit in two matching semicircular grooves in the end fitting
and journal.

The outboard journal ring on the east end fitting is held in
position by the shielding sleeve, which in turn is retained by a
snap ring. Two ridges on the outer surface of the journal will
contact the bearing sleeve, one ridge at a time. Both journal
rings will be made from type D2 tool steel, the standard material
for CANDU reactor end fitting journal rings.

At the west end, end fitting support is provided by an
inboard extension of the positioning assembly. This will fill the
annular space between the end fitting body and the stop
attachment collar ferrule. Since the only movement this component
will see will be during the mid-life channel repositioning, it
does not have to be a hard, wear resistant material, and type 304
stainless steel was selected. Axial grooves on the outside of
this extension provide flow passages for gas flow to the Annulus
Gas System tubing.

8. ANNULUS SPACERS

SPACER SNUG ON
PRESSURE TUBE

CALANORIA TUBE

Four annulus spacers separate
the pressure tube from the
calandria tube, preventing
direct contact between the
two. A garter spring design is
used because these roll when
the pressure tube moves
relative to the calandria
tube, and there is no sliding
motion that might scratch the
pressure or calandria tubes.

The annulus spacers
(commonly called "garter
springs"), are a new design.
The original Bruce A spacers
were made of zirconium alloys,
and are loose on the pressure
tube. This looseness enabled
them to move out of position
before the weight of the fuel
caused the pressure tube to sag enough to pinch them in place.

The new spacers currently being developed are made of
Inconel X-750, are tight to the pressure tube and have a welded
Zircaloy girdle wire. The Inconel coil is also joined to itself
with a weld.

Spacers of the current (Darlington, Pickering LSFCR) design
are tight to the pressure tube, but have an overlapping girdle
wire which does not provide a dependable electrical connection
with itself, making eddy current detection unreliable. The welded
girdle wire of the new design retains its detectability by eddy
current methods permanently. The welded coil design was adopted

FIGURE 3
ANNULUS SPACER
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to improve the installability of the garter spring using a new
installation tool.

Four spacers are installed, centered in the reactor core,
about 1 m apart.

9. SHIELDING SLEEVES

The shielding sleeves fill the gas filled annular space between
the end fittings and the endshield lattice tube and absorb
radiation streaming through the gap.

The shielding sleeve on the east end fitting is used to
retain the outboard journal ring, and is itself held in position
by a snap ring. On the west, the shielding sleeve is attached to
the end of the positioning assembly, and will stay in the lattice
tube if the end fitting is subsequently removed. The west
shielding sleeve covers the snap ring groove in the end fitting .
body (provided to retain the east shielding sleeve) so that a
snap ring is not inadvertantly put in it. Both shielding sleeves
are made of stainless steel.

10. FEEDER COUPLING

The feeder coupling hub and flange are not being replaced - the
hub is welded to the feeder pipe and the flange is trapped on the
feeder pipe by the hub.

New seal rings will have a larger diameter and thicker
flange. The increase in flange diameter reduces the opening
moment on the capscrews, while the flange thickness is increased
to allow modifications (creating "specials") to accomodate
refurbished hubs.

The capscrews have also been redesigned, based closely on
the design used at Pickering for the P3/P4 retube. The new
capscrew is made of Inconel and has a hexagonal head with an
integral washer. It has a flat smooth surface on both ends, so
that its length (and therefore its axial strain and stress) can
be measured with ultrasonic techniques. No locking is used. The
stronger material will allow higher torque at assembly, and a
reduced probability of leakage later in life.

11. LINER TUBES

The liner tubes have been redesigned by G.E. Canada to allow
installation in different rotational positions, in order to
reduce the number of different end fitting bodies. This has been
done by adding extra keyways in the end fitting body. This is
similar to the method used for replacement end fittings provided
for Bruce A. Restraint in the axial direction will be provided by
a lock wire. The latch is a one piece design, similar to the
Bruce B latch, rather than the original Bruce A two piece design.
Recent replacement end fittings supplied to Bruce A have also
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featured liner tubes with one piece latches.
The inboard end of the latch was enlarged and lengthened to

allow the rolled joint to be made with the liner-latch assembly
installed. This modification does not affect the support of the
end fuel bundle nor the passage of fuel through the region.

The redesign also makes liner tubes easier to remove and
install after operation. Clearances between liner tube and end
fitting body were increased in some areas (to prevent jamming),
and tightened in others (to prevent crud ingress). Additional
chrome plating was added to prevent galling. Tools to remove and
reinstall liners were designed, because past problems in removing
liner tubes were likely due as much to inadequate tooling as to
the detail design of the components.

As before, the outlet liner has a fuel latch that supports
the fuel string against the hydraulic force of the coolant flow,
and the inlet liner has a spacer ring. Both liner tubes have lugs
to which the shield plugs can be latched. These details are
unchanged from the original design.

12. CHANNEL CLOSURE

The channel closures seal the
ends of the end fittings,
forming parts of the Primary
Heat Transport System pressure
boundary. They are removed and
reinstalled by the fuelling
machines during fuel changing
operations. During the LSFCR
operation, the Channel
Closures will be removed,
refurbished, stored and
reinstalled. A test program
yet to be completed will
establish the nature of the
refurbishing - one possibility
is the replacement of all seal
disks.

FIGURE 4

CHANNEL CLOSURE

13. SHIELD PLUGS

Shield plugs fill the space inside the end fitting liner tubes to
absorb radiation originating in the reactor core. They are
removed and reinstalled by the fuelling machines during fuel
changing operations.

The outlet shield plugs will be replaced with new ones of
the same design as the originals, to avoid the difficulty of
reinstalling the radioactive components.

A new inlet shield plug was designed by G.E. Canada and
tested at AECL SPEL. This design incorporates a flow straightener
at its inboard end to reduce the turbulence of the coolant flow
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as it approaches the fuel. Testing shows the vibration of the
inlet fuel bundle has been reduced to about 50%. This is expected
to reduce the probability of fuel fretting the pressure tube.

•SLOT FOR LOCKING
INTO LINER TUBE

FIGURE 5

INLET SHIELD PLUG WITH
FLOW STRAIGI-iTENER

SLOT TOR LOCKING
INTO FUELLING

MACHINE

The flow passages through the shield plug have also been
redesigned to improve the flow from the liner tube flow holes to
the flow straightener, again with the intention of reducing
turbulence. The three way symmetry of the shield plug webs aligns
with the six rows of liner tube holes.

14. SUMMARY OF CHANGES FROM THE ORIGINAL DESIGN

- pressure tubes with one thick end, and with reduced hydrogen
content

- outside diameter of pressure tubes machined to suit clearance
requirements of rolled joints

- zero clearance and low clearance rolled joints used, with
expander rollers positioned accurately

- flush rolled joint used on inlet end fitting
- rolled joints will be made on reactor through liner tubes

- 3 end fitting body types that can be installed in two or three
rotational positions, on east and west reactor faces, and at
inlet or outlet (in the original design, fourteen different
types were necessary)

- only one rolled joint bore diameter used
- index hole added to E/F body for inclinometer
- stainless steel used for E/F shielding sleeves
- E/F liner tubes will be more easily replacable
- inboard journal rings will overhang the end of the end fitting

for increased axial travel
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replacement of the stop attachment collar with a
positioning/bellows assembly
use of spring finger detent type of positioning assembly
support of west end fitting by positioning/bellows assembly.

four garter springs rather than two
garter springs tight to P/T, with welded Inconel coil and
welded Zircaloy girdle wire (note: still under development)

E/F bellows attachment ring with (blind) auxiliary AGS
connection, identical on both E/Fs

Inconel feeder coupling capscrews with (external) hex head
feeder coupling seal ring with larger, thicker flange

inlet shield plug with improved flow passages and a flow
straightener.

15. CONCLUSIONS

Close cooperation between the tooling designers and the fuel
channel designers made possible our success in designing a fuel
channel that will be easier and quicker to install. As well, this
new channel is expected to provide the station with twenty-five
years of trouble-free operation, due to the elimination of many
large and small problems in the original design.
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ABSTRACT

Installing replacement fuel channels in CANDU reactors as part of
a large :cale fuel channel replacement program ("retubing")
involves the use of a large number and variety of highly
specialized tools. During the retubing of the Pickering
reactors, the tooling proved to be a key factor in outage time,
dose consumption and the final quality of the installed channels.

As the Pickering A units were successively retubed, the tools
underwent continuous development and refinement. Today, many of
these tools form the basis of a new generation of tools currently
being developed for retubing the Bruce A reactors.

1. GENERAL

The actual work performed at the reactor face to retube a CANDU
reactor is divided into two main phases, namely, the complete
removal of all fuel channels in the vessel and the installation
of new channels. This paper is concerned only with tooling used
during the installation phase.

Installation of the new channels is carried out by personnel
working in large elevating shield cabinets, one of which is
located at each end of the reactor (see Figure 1). Each cabinet
is equipped with a retube tool carrier (RTC) used for craning
tools and components. Two work tables are provided in each
cabinet xor tool support and alignment.

2. FUEL CHANNEL INSTALLATION SEQUENCE

The basic sequence for installing replacement fuel channels is to
complete the installation on one row before moving onto the next.
As each channel is removed, a temporary shield plug and an
extension sleeve are inserted into the lattice tube of the empty
site. The extension sleeve allows tools to be transported
between the shield cabinet and the lattice site and provides
support for the loose feeders.
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The main installation steps for each fuel channel of each row are
as follows:

1. Clean the lattice tube and remove any debris from the
calandria tube;

2. Visually inspect the lattice site (including the calandria
tube);

3. Install the replacement pressure tube as a subassembly (Each
subassembly includes the replacement west end fitting and
the garter springs);

4. Position the garter springs at the correct locations on the
pressure tube and confirm the location of the springs;

5. Weld the west end fitting to the existing stop collar;

6. Install the replacement east end fitting;

7. Roll the east joint; and

8. Weld the east end fitting to the existing bellows.

3. CLEANING AND REFURBISHING

The main cleaning operation involves brushing and vacuuming the
bore of each lattice tube. This is accomplished using a combined
vacuum and brushing tool which is cantilevered from a carriage
mounted on a work table, as shown in Figure 2. The carriage is
used to insert and extract the tool from the lattice tube at each
lattice site.

The tool incorporates a rotating brush head with suction ports
which vacuum debris and dust as the lattice site is brushed. The
brush head, designed specifically for the cleaning tool, is
comprised of a set of nylon bristles tipped with 1/2 inch
diameter carbide balls. As the brush is rotated, the abrasive
carbide tips remove surface debris from the lattice tube and the
bearing surfaces while leaving a honed finish equal to or better
than the original surface finish.

Refurbishment of the lattice site is limited to a manual
deburring of the leading edge of the stop collar and bellows.
The burrs are a result of removal operations and could prevent
full insertion of a new end fitting. The tools used are simple
hand tools equipped with hard tipped cutters that scrape the
burrs away during manual rotation of the tools. Burr removal is
confirmed by the use of plug gauge tools which are inserted into
each bellows and stop collar.
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4. INSPECTION AND MEASURING

Three visual inspections are carried out during retubing- These
are: forward viewing down the length of each lattice tube and
calandria tube; right angle viewing of the calandria tube insert
and inboard bearing sleeve; and right angle viewing in the region
of the new pressure tube rolled joint.

Visual inspection is carried out using closed circuit television
(CCTV) cameras mounted in special housings. Unlike the Pickering
video inspection tools, which were entirely custom built, each
Bruce tool is of a completely new design which incorporates a
pre-packaged nuclear camera system that can be controlled from
outside the shield cabinet. The camera systems used in these
tools are built by the supplier specifically for the rigorous
environment of nuclear maintenance. The cameras are housed in .
rugged casings and are supplied with integral lights, lenses,
right angle prisms, cables, etc. The control units are not
dedicated to specific cameras. This allows several cameras to be
controlled by one control unit while eliminating the necessity of
readjusting the equipment when alternating from one camera to
another. The control unit, along with a CCTV monitor, is mounted
on a rail in the shield cabinet.

4.1 Forward Viewing Inspection

Once the cleaning of the lattice tube has been completed, visual
inspections of the lattice tube and calandria tube bores are
carried out using the forward viewing tool. The forward viewing
tool has been designed to travel down the lattice tube as far as
the calandria tube insert, allowing personnel to view down the
length of a lattice tube and calandria tube in search of loose
debris.

The forward viewing tool is initially supported in a housing
which is attached to a rail inside the shield cabinet, as shown
in Figure 3. The design of the housing attachment allows the
tool to be moved horizontally along the rail to any fuel channel
site.

The forward viewing tool operation involves aligning the housing
with an open site and connecting it to a lattice tube extension
sleeve already installed in the major bore of the lattice tube.
A trolley containing the camera is driven out of the housing and
down the lattice site. The camera, equipped with remote focus
and zoom control, can detect objects as small as 1/8 inch
diameter from a distance of 20 feet.

Among the design requirements for installation tooling is the
necessity that each tool be capable of coping with a calandria
tube sag of up to 2 inches. The forward viewing tool satisfies
this requirement by incorporating a powered tilt mechanism which
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allows the camera to view the sagged bottom of a calandria tube.

4.2 Right Angle Viewing

With the exception of a right angle viewing head, the right angle
viewing tools use the same video components as the forward
viewing tool. Areas that cannot be viewed with the forward
viewing tool, those in the vicinity of the calandria tube insert
and the inboard lattice tube bearing, are inspected using the
first of two right angle viewing tools. During this inspection,
the tool is required to first detect and then retrieve loose
debris. A vacuum nozzle on the inboard end of the tool is used
to capture any visible debris, and is capable of retrieving
particles as large as a 1 inch length of broken garter spring. A
schematic of the arrangement is shown in Figure 4.

The second right angle viewing tool is used to inspect the
condition of the east pressure tube rolled joint of the newly
installed fuel channel. The purpose of the inspection is to
search for possible damage in the rolled joint region and to
confirm that the joint has been formed in the correct axial
location. This tool uses the same major components as the tool
used for right angled viewing of the lattice tube bore.

Each right angle viewing tool is mounted on a work table trough
and is advanced into a lattice site using the powered axial drive
of the trough. When used for viewing the rolled joint, the outer
sleeve of the tool used for viewing the lattice tube bore is
removed and replaced with a smaller diameter sleeve which allows
the tool to fit inside the end fitting.

5. FUEL CHANNEL INSTALLATION TOOLING

Fuel channel installation tooling, which comprises the majority
of the tooling, is used to insert, support, align and clamp
replacement fuel channel components (pressure tubes, garter
springs and end fittings) during installation of the components
at each lattice site. Also included in fuel channel installation
tooling is the detection equipment necessary for confirming the
locations of the garter springs.

5.1 Subasseitibly Installation

A prefabricated subassembly is prepared which includes the
replacement pressure tube and the west end fitting. The
subassembly is inserted from the west end of the reactor using a
special fixture attached to the RTC. The fixture, which is
essentially a structural steel beam, is bolted to the RTC with
the subassembly underslung from the beam by means of a carriage
and roller support system.
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5.2 Garter Spring Installation

To protect the pressure tube during installation, a nylon tube is
placed over the full length of the pressure tube. Attached to
the pressure tube protective sleeve, at the end fitting end, is a
magazine device containing the four new garter springs. As the
sleeve is pulled off of the pressure tube from the east end,
after the subassembly has been inserted into the fuel channel,
each garter spring is automatically ejected from the magazine at
the appropriate axial location along the pressure tube.

The tooling that pulls the sleeve off of the pressure tube also
includes the detection equipment used to confirm and record the
position of each garter spring. As each spring is deposited on
the pressure tube, the detection system confirms the correct
location of the spring before the next spring is ejected from the
magazine. Schematic arrangements of this tooling are shown in
Figures 5 and 6.

5. 3 End Fitting Installation

Once the subassembly and garter springs have been installed, the
replacement end fitting can be installed at the east end of the
reactor. An installation mandrel, which extends the full length
of the replacement end fitting, is inserted into the bore of the
end fitting. Once the end fitting is mounted on the mandrel, the
end fitting and the mandrel are transported to the reactor face
using the RTC. At the reactor face, the end fitting mandrel
assembly is attached to a carriage mounted on the work table.
When attached to the carriage, the installation mandrel provides
a cantilevered support for the end fitting. The carriage
provides axial motion to advance the end fitting into the lattice
site.

Close to the rolled joint region of the end fitting, a set of
electronic measuring probes is mounted in the mandrel. These
probes are used immediately prior to the pressure tube entering
the end fitting bore to measure any angular misalignment between
the end fitting bore and the leading end of the pressure tube. A
schematic arrangement is shown in Figure 7. It is particularly
important that the angular misalignment between the two
components be minimised. Misalignment of these components can
make insertion of the pressure tube into the end fitting bore
difficult and can lead to higher residual stresses in the
finished rolled joint. In the event that the misalignment is
outside the permissible tolerance, a small straightening tool is
inserted into the pressure tube from the opposite (west) end of
the reactor. The straightening tool is actuated until an
acceptable alignment is achieved, at which point the pressure
tube can be fully inserted into the end fitting bore. The
straightening tool remains actuated in the pressure tube until
the rolled joint has been made.
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6. ROLLED JOINT TOOLING

Rolling of the east pressure tube joints for the Bruce retube
involves several significant changes to both the geometry of the
joint and the tooling required to roll the joint. The reasons
for the changes are two fold. The first of these is the desire
to reduce the time required to install fuel channels. The second
is to increase the support provided to the inlet fuel bundle by
the pressure tube. Each of these is briefly discussed below.

Rather that installing a liner assembly in an end fitting at the
reactor face after rolling of the pressure tube, by installing a
liner assembly in each east end fitting off of the reactor face
prior to pressure tube rolling, both the time and dose required
to install a fuel channel can be reduced. However, until now,
installation of the liner assemblies in end fittings prior to
rolling of the pressure tube has not been carried out at Bruce.
This is due to the fact that, for the geometry of the rolled
region of Bruce fuel channels, during the initial phase of
rolling, the rollers will roll the liner assembly prior to
rolling the pressure tube. To prevent rolling of the installed
liner assembly, the geometry of the rolled joint and liner
assembly has been modified. By shifting the axial position of
the joint inboard by approximately one half inch, and lengthening
the end of the liner assembly by the same amount, the inboard end
of the liner assembly can be stepped to allow the rollers to pass
without interference, as shown if Figure 8. The step does not
affect the support provided to a fuel bundle by the liner.

In a conventional rolled joint, the waj.1 thickness in a region at
the end of a pressure tube is reduced by rolling. This results
in the rolled region of the pressure tube being of a larger bore
than the remainder of the tube. Historically, the enlarged bore
of the rolled region of the inlet end of each pressure tube, has
provided poor support for the outermost fuel bundle at the inlet
end of the fuel channel. For the Bruce retube, on the inlet end
only, the joint will be rolled in such a way as to eliminate the
enlarged bore. Thus, after rolling, the rolled region of the
pressure tube will be of the same diameter, that is, flush with
the unrolled portion of the tube, as shown in Figure 9. The
result of this is that, with the enlarged bore eliminated, the
flush rolled joint improves the support provided by the inlet
joint to the inlet fuel bundle.

Tooling used to make the flush rolled joint is similar to that
used for the conventional joints. However, the flush rolled
joint is slightly longer than the conventional joint and
consequently the rollers in the rolling tool are longer. Also,
the setting of the rolling tool diameter and the axial position
of the joint are different from conventional joints. Since the
flush rolled joint is made only on every other fuel channel
(inlet ends only), alternating with conventional joints, the
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rolling tools will be colour coded to ensure that the correct
tooling is inserted into each channel.

7. CONCLUSION

Installing replacement fuel channels in CANDU reactors as part of
a large scale fuel channel replacement program requires many
specialized tools. While the tools developed during the retubing
of Pickering form a basis for the tools to be used during the
retubing of Bruce, the tools continue to evolve as part of the
effort to improve the quality of the replacement fuel channels
and reduce the time required to perform the retube. The number
of tools newly developed for use at Bruce represents a
significant contribution to that effort.

Funding for tooling development has been provided by Ontario
Hydro as part of the Bruce A large scale fuel channel replacement
program.
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ABSTRACT

Experimental data on dividing steam-water two-phase annular
flow in T-junctions having downwardly inclined branches
was obtained. The experiments were performed under high inlet
mass flux conditions which were not examined before. The data
covered the inlet mass flux and inlet quality ranges: 600 < G, <
900 kg/m2.s and 0.02 < X, < 0.08. The branch orientation was
found to be a significant parameter affecting phase
separation under the present test conditions. This is caused by
the non-uniform angular distributions of the liquid film
thickness associated with the horizontal inlet annular flow. The
pressure changes of two-phase flow in the junction were
closely correlated with the phase separation phenomenon. The
effect of branch orientation on junction pressure changes was
only important in the range of flow split ratio before total
phase separation took place. The data on pressure rise in the
run and pressure drop in the junction were correlated using
simple models based on momentum and mechanical energy balance.

INTRODUCTION

The ability to predict the phase separation and pressure
changes when two-phase flow is divided in a T-junction is of
considerable importance in many applications in the power and
process industries. However, our understanding and the data
base on the subject remain rather incomplete.

Reported experimental and analytical studies have shown
that phase separation and pressure distribution in T-junctions
are complex functions of inlet flow regime, inlet quality, branch
flow split ratio, conduit geometry etc.. Important
experimental investigations on the subject are due to Collier
(1976), Hong (1978), Henry (1981), Azzopardi and Whalley (1982),
Saba and Lahey (1984), Seeger, Reimann and Muller (1986),
Ballyk, Shoukri and Chan (1988), Rubel, Soliman and Sims
(1988), McCreery and Banerjee (1990), Davis and
Fungtamasan (1990). Comprehensive reviews of the topic are
available by Azzopardi (1986), Lahey (1986) and recently by



Muller and Reimann (1991). Most of the existing experimental
data on the subject were obtained from low pressure
air-water flow divided in a horizontal branch. The effect of
the branch orientation on phase separation was studied by only a
few researchers in limited flow regimes. In referring to the
experimental results, the subscripts 1, 2 and 3 will be used to
describe the flow in the inlet, run and branch of the
junction respectively.

The work presented herein is an extension of that reported
by Ballyk et al (1986). The objective of this paper is to
present recent data obtained on two-phase annular flow in
T-junctions having horizontal inlet and downwardly inclined
branches. The experiments were performed under operating
conditions which were not examined before. Accordingly, it can
enhances the current understanding of the phenomenon and
contribute the existing data base on the subject. The inlet mass
flux and inlet quality in the present investigation cover the
ranges 600 < G, < 900 kg/m .s and 0.02 < X1 < 0.08. The branch
split ratio varies in the range 0.1 < G3/G., < 1.0 and branch
downward angle was varied from 0°< 9 < 90° .

EXPERIMENTAL CONSIDERATIONS

The present investigation was performed on the steam-water
two-phase flow loop of McMaster University illustrated
schematically in figure 1. Preheated water and steam, from
building supply, were mixed in the two-phase mixer. The mixture
reached thermodynamic equilibrium through approximately 3 m of
piping before entering the test section. The test sections used
were T-junctions wherein the flow was split and passed from each
downstream leg to condensers. The condensates were then metered
and delivered back to an open storage tank. The entire loop is
insulated to minimize heat losses with the exception of a 10 cm
transparent section at the test section inlet for flow regime
visualization. Three tests sections were used in the experiments
each consisting of a horizontal tube with one branch tube at
90°. The main tube for all test sections was made from 25.65 mm
I.D. stainless steel tubing. The tests were carried out in
horizontal inlet and downwardly inclined branches with 45° and
90° angles.

The thermodynamic equilibrium quality in the three legs of the
T were evaluated from energy balances (at the two-phase mixer
and condensers). The validity of the calculations were confirmed
by checking mass and energy balances throughout the loop.

Within the test sections, the pressure distribution was measured
by way of pressure taps in all three legs of the T. Five
pressure taps were located in each of inlet and branch sections
over approximately 600 mm. Due to slower flow development, the
run contained up to fifteen pressure taps over approximately 2.4
m to ensure that a fully developed pressure profile was



obtained. The void- fraction in each leg at a location
corresponding to fully developed pressure profile was measured.

PHASE REDISTRIBUTION RESULTS

In annular flow, substantial part of liquid is flowing as a thin
liquid film along the tube wall. It is, therefore, expected
that the liquid film in the main tube segment that is
intercepted by the branch cross sectional area will be the
first component to be extracted into the branch. At low
branch flow, most of the branching flow is removed from the
liquid film. Accordingly, under such condition, the branch
quality is expected to be below that of the inlet flow.
Increasing the branch flow, which corresponding to decreasing
the branch downstream pressure, causes more vapour to be
extracted through the branch raising the branch quality. It
should be noted that increasing the branch flow is
associated with a pressure rise through the junction run due
to flow expansion. This adverse pressure rise yields an
additional force which tends to drive the flow through the
branch. Since the vapour phase in the inlet tube has lower
axial momentum than the liquid phase, it tends to respond more
readily to the decreasing pressure through the branch and the
increasing pressure through the run. Accordingly, increasing the
branch flow tends to result in increase in the branch flow
quality. At a certain branch flow split ratio almost all of the
inlet vapour will be extracted through the branch. This
critical branch flow split ratio depends upon fluid dynamic
parameters, e.g. inlet quality and mass flux, and the conduit
geometrical parameters, e.g. the orientation of the branch,
the diameter ratio of the branch to inlet etc.. When completed
phase separation happens the T-junction functions like a phase
separator.

Effect of branch orientation

Under horizontal annular inlet flow condition, the orientation
of the branch has a significant influence on the redistribution
of the two phases in the T-junction due to the non-uniform
distribution of the liquid film caused by gravity effect.
Unlike vertical annular inlet flow condition in which the effect
of gravity on the angular distribution of liquid film can be
neglected, in horizontal annular flow the liquid film is expected
to drain toward the bottom of the pipe under the influence of
gravitational forces resulting in a thicker film at the
bottom. However, the liquid film is symmetrically distributed
about a vertical plane passing through the axis of the tube.

Typical results showing the effect of branch orientation on
phase redistribution is shown in figures 2a to 2d. The branch
quality and mass flux are normalized with respect to inlet



conditions, i.e. X3/X1 vs G3/G,. Equal phase distribution is
represented by the horizontal line XJ/X1 = 1, while complete
vapour extraction is represented by the curve X3/X1 =

 Gi/Gx- The
results for three branch orientation i.e. horizontal, 45*
downward and 90° downward under various inlet flow condition
are presented. In the range of the present experimental
study, the results show significant effect of branch
orientation on phase separation. It is clear that the horizontal
branch causes the most severe phase separation condition. For
the same inlet condition, the results show that rotating the
branch downward from the horizontal orientation results in
lower branch quality through the entire range of flow split
ratio. The maximum normalized branch quality is also reduced.
Moreover, the flow split ratio at ' which equal phase
distribution and complete vapour extraction occur is moved to
higher value with increasing the downward rotation of the branch.

The observed trends are caused by the asymmetrical distribution
of the liquid film in the annular inlet flow having very thin
film at the top with increasing thickness toward the bottom. By
downward rotation of the branch, more liquid becomes readily
available for extraction resulting in higher liquid content in
the branch flow at any given flow split ratio.

Effect of inlet flux and quality

The results showed clearly that, independent of branch
orientation, the inlet mass flux has very little effect
on the phase separation phenomenon. This can be shown by
comparing the data in figures 2c and 2d obtained for the same
inlet quality, X, = 2%, and for mass flux of 600 and 900
kg/m2.s respectively. This trend is consistent with earlier data
published on the literature.

It is also interesting to note that the effect of inlet quality
on phase redistribution is dependent on branch orientation. This
effect can be inferred from the results shown in figures 2a,
2b and 2c which were obtained at a constant mass flux, G, =
600 kg/mz.s, for various inlet qualities. For a horizontal
branch, an increase in inlet quality results in reduction of the
peak phase separation ratio and increase in the flow split ratio
at which complete phase separation is encountered. This
caused by the increase in the thickness of the liquid film
available for extraction as the liquid film will tend to be
more uniform with increasing vapour velocity, i.e. increasing
inlet quality. However, as the liquid film thickness at the
bottom decreases with increasing quality, less liquid becomes
available for extraction. Accordingly, the effect of inlet
quality is reversed for the 90° downward branch, i.e. the peak
branch quality ratio increase with increasing inlet quality.



JUNCTION PRESSURE CHANGES

Pressure changes in a T-junction can be modeled by both
momentum and mechanical energy balance. When a flow is divided
in a T-junction the deceleration of the fluid causes a
reversible pressure rise in the run and branch conduit due to
Bernoulli effect. However, previous studies have shown that
the irreversible pressure drop is much lower than
Bernoulli type reversible pressure recovery in the run, as a
result there is a net pressure rise in the run conduit and the
axial pressure recovery is usually modeled based on momentum
balance. Studies also indicated that the irreversible
pressure drop is much higher than reversible pressure rise
in the branch, accordingly there is a net pressure drop in
the branch conduit which is always modeled based on
mechanical energy balance. The following assumptions were
made to simplify the analysis through out this report.

i. The inlet flow is divided discontinuously into two
streams just before the T junction.

ii The static pressure is assumed uniform across any flow
channel and the velocities are parallel to the conduits
wall. Consequently the momentum flux coefficient and kinetic
energy flux coefficient equal unit.

Single-phase flow

Applying the momentum equation and mechanical energy equations to
model the run pressure rise and the branch pressure drop
respectively, it can be shown that for single-phase flow [ see
Collier (1976) ]

where AP2_, and AP^j are the run pressure rise and branch pressure
drop respectively. K12 is known as the run momentum correction
factor, which accounts for the indeterminant axial momentum
carried out of the control volume by the branching flow, K13 is
the mechanical energy loss coefficient due to the dissipation in
the T-junction. The experimental measurement of ( AP2_., )} and (
AP, . ). are obtained by extrapolating the fully developed



pressure profile in the conduits to the junction centre line.
Single phase run momentum correction factor K12 and branch
energy loss coefficient K13 obtained in the present work and
calculated from eqn. (1) and (2) are plotted against branch flow
split ratio shown in figure 3a and 3b. The present data shows
that for high enough inlet mass flux K12 and K13 are unique
functions of branch flow split ratio Gj/G,. Consequently the
empirical correlation of K12 and K13 obtained by Ballyk Shoukri
and Chan(1988) are used in present investigation:

AT,, = 0.704-0.320(—i)-0.028(—f (3)
Gi . ©a

K,, = 1.081-0.914(-i)*1.050(—-f (4)
G, Gl

Two-phase flow

Simplification of the momentum and mechanical energy ,
equations for two-phase flow in a T-junction can be achieved by
assuming homogeneous or separated flow. Besides the assumptions
applied to single-phase flow, the following additional
assumptions are applied for two-phase flow in the junction.

i. thermal equilibrium exists between the phases.

ii. the pressure changes in the 'junction are small
relative to the absolute pressure of the system.

iii. uniform void fraction across the piping conduits.

Axial Pressure Recovery. A comprehensive survey of the open
literature has shown that the axial pressure recovery can be
modelled by applying axial momentum balance on a control volume
centred at the junction as was shown by Pierre and
Glastonbury (1972), Fouda and Rhodes (1974), Collier (1976) and
Ballyk, Shoukri and Chan (1988). Assuming separated flow, the
axial momentum balance yields:

G2 G1

! 2
G G

,).. = P2-Pl - AT12,(-!—2-

where K12s is the two-phase separated momentum correction factor
and pm is the momentum density.
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Several separated two-phase momentum correction factors
have been suggested by different researchers for a T-junction
with horizontal branch. Fouda and Rhodes (1974) recommended
that K12s = 0.533. Madden and St Pierre (1969) and Ballyk,
Shoukri and Chan (1988) showed that K12s = 1.0 for T-junctions
having a horizontal branch under annular inlet flow conditions.

The two-phase separated momentum correction factor K12s calculated
from the present data is plotted against the branch flow split
ratio in figures 4a and 4b for the T-junctions with the
branch downwardly inclined by 90° and 45° respectively.
Physically K12s is the correction factor which account for the
momentum flux taken off by branch flow. For a horizontal
branch, Ballyk et al (1988) showed that K12 equals to unity,
which indicates that the axial momentum flux carried by the
branch is insignificant. In the case of downwardly oriented
branches more water is extracted into the branch due to
gravitational forces. A part of the axial momentum flux will
be taken off the control volume. Consequently the axial
momentum correction factor should be smaller than that t of
horizontal branch junction. Present investigation shows that K12S
= 0.42 for 90° downward branch and K12S = 0.78 for 45° downward
branch respectively.

Branch pressure drop. Mechanical energy equation was used to
model branch pressure drop in T-junctions by most of the previous
researchers. In mechanical energy equation based models when
two-phase flow is divided in T-junction the branch pressure
change consists of two parts i.e. reversible pressure change
due to Bernoulli effect and irreversible pressure loss due to
mechanical energy dissipation,

There are several mechanical energy equation based models
available which can be used to predict branch pressure drop. Saba
and Lahey (1982) expressed (AP^j)^ with separated flow model:

-.2 ~2

Pti P.J

where p and p is energy and momentum densities defined as:



p. - t-^r-^V" (9)
«V, (l-a)2p

2,

P. = [—^TT^r1 do)

In homogeneous flow model eqn.(8) becomes:

f44
2 Pu Pw

Reimann and Seeger (1986) recommend another homogeneous model as:

Ballyk, Shoukri and Chan (1988) suggested a separated flow model
based correlation:

where the two-phase multiplier^#tp is determined empirically and
the equivalent inlet density p,* is defined as:

f.

The present experimental data of 90° and 45° downward branch,
reduced by Saba and Lahey separated model of eqn. (8) are shown
in figure 5. When the branch flow split ratio is higher more
than 40% eqn.(8) can predict the measured values. It appears that
equation (8) is able to predict the branch pressure drop well
only in the range of complete vapour extraction. The predictions
of the homogeneous model using eqn.(11) is presented in figure



6. Again, the homogeneous model appears to predict the observed
data at high flow split ratios. As discussed previously total
phase separation happens when branch flow split ratio is in the
range of 0.4 to 0.8 for the 90° and 45° downward branch
T-junction. Figure 5 and 6 illustrate that both the separated and
homogeneous flow models presented by Saba and Lahey can be used
to predict branch pressure drop as long as total phase
separation is achieved.

The predictions using Reimann and Seeger's homogeneous flow
model of eqn.(12) is presented in figure 7. This model also can
correctly predict branch pressure drop only in the range of flow
split where total phase separation takes place. However Reimann
and Seeger's model is in better agrement with the present data
than Saba and Lahey's model. It should be mentioned that the
irreversible part of these models can be expressed as the
irreversible energy loss of liquid phase times a
two-phase flow multiplier:

G2

where the two-phase multiplier *tp is:

ft _ Pi
v* Pmj Saba & Lahey separated model

Pu Saba & Lahey homogeneous model

A fi£*£
PL

Reimann & Seeger homogeneous model

It is interesting to note that in the homogeneous model of
Reimann & Seeger, the two-phase multiplier is equivalent to the
product of Saba & Lahey's two-phase multiplier and a correction
factor ph3 /ph1 which involves the effect of branch phase
separation. After this correction £he accuracy of predicted
results is greatly improved. The above shows that the key issue
to model branch pressure drop is to find a more realistic
two-phase flow multiplier which can successfully predict the
effect of branch phase separation.

Intuitively it makes sense that the two-phase multiplier *tp



should be a function of inlet flow regime, inlet quality X.,,
inlet pressure P.,, branch flow split ratio G3/G1 and the
geometry configuration of the T junction. All these parameters
have strong influence on phase separation in the junction.
Consequently two-phase flow multiplier is closely correlated
with junction phase separation. A semi-empirical natured model
has suggested by Ballyk, Shoukri and Chan (1988) as shown in
eqn.(13) in which the effect of inlet quality was incorporated.

Equation (13) was used to obtain the two-phase multiplier *t
using present data. The results are shown in figure 8. The d°ata
presented in this figure was empirically correlated by the
following expression:

/"* f* /"* f*

4>a = 0.603+3.193(—)+14.210(—)
2+10.354(-^)3-20.730(—)4 (16)

ci Gi Gi Gi

A comparison of the branch pressure drop calculated by this
correlation and experimental measurement is presented in figure
9. Good agreement is shown.

CONCLUSION

Detailed experimental data on dividing steam-water annular
flow in T-junctions having horizontal inlet and downwardly
inclined branches were obtained. The branch orientation was found
to be a significant parameter affecting phase separation under
a horizontal annular inlet flow condition when the quality was
less than 10%. This effect of branch orientation on phase
separation is caused mainly by the non-uniform thickness
distribution of the liquid film in the inlet tube; typical of
horizontal annular flow. The results showed that, in general,
downward rotation of the branch results in less vapour extraction
as the liquid film available for extraction is thicker. The inlet
mass flux was found to have no effect on the phase separation
phenomenon. However, the inlet quality has a pronounced effect.
Changing the inlet quality effects the liquid film thickness
distribution and accordingly affects the phase separation
phenomenon.

The data on pressure changes through the junction were correlated
using simple models based on momentum and mechanical energy
balance. The run pressure recovery data was correlated using
momentum balance. The momentum correction factor was found to
depend on branch orientation. The branch pressure drop was
correlated using mechanical energy based model and a two-phase
multiplier which was found to be independent of branch
orientation.
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AN EMPIRICAL TWO-FLUID MODEL FOR CRITICAL FLOWS
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ABSTRACT

The object of this paper is to propose an empirical critical flow
model, based on the two-fluid results, to account for phase slip,
thermal non-equilibrium and piping geometric effects. The main
emphasis is on the derivation of the model which includes the
major relevant physical phenomena, and it can be used to make
predictions suitable for comparison with experimental data. The
critical flow rate is formulated in a simple form:
non-homogeneous and non-equilibrium factors time the homogeneous
equilibrium critical flow rate.



INTRODUCTION

Prediction of the break discharge flow rate is important in the
safety analyses of nuclear reactors. Over the past two decades,
there have been many theoretical and experimental studies of the
critical flow. In general, there are two theoretical approaches:
empirical (for example, References 1-3) and mechanistic
(References 4-6) models. In the first approach, one or more
empirical parameters are introduced and fitted to experimental
data. As a result, simplified correlations or tables can be
reproduced and applied to the reactor thermalhydraulic codes.
This approach has been widely applied in engineering
applications. The most used critical flow models in nuclear
industry are the Moody (Reference 2) and the Henry and Fauskey
(Reference 3) models. In the second approach, the
non-homogeneous and non-equilibrium effects are introduced
through the two-fluid or simplified two-fluid equations. The
unsteady or steady state equations are then integrated along the
pipe direction until the choking condition is satisfied.

The problems related to critical flows have been reviewed by many
authors (for example, References 7-10). It has generally been
found that the critical flow rate predicted by the homogenous
equilibrium (EVET) model are considerably lower than those
obtained experimentally. The inclusion of phase slip has
received considerable attention. The equilibrium models which
incorporate high velocity ratio (Reference 11) show good
agreement with experimental data. However, the velocity ratios
predicted by these models are much greater than those observed
experimentally. Experiments for discharges from short pipes or
nozzles indicated substantial liquid superheat. Since then, the
phenomenon of thermal non-equilibrium has received considerable
attention (References 3, 5, 6, 12).

In the critical flow formulation, the following theoretical
aspects must be considered:

(1) Formulation of the critical flow as a function of local or
exit conditions. This is the essential part of the critical
flow theory. In the classical critical flow theory, the
assumption of a maximum flow rate with respect to the throat
pressure is applied. In the two-fluid theory, a stationary
rarefaction wave is utilized.

(2) Relations between the throat and the upstream or stagnation
conditions. This is the important part for modelling
applications. Different assumptions which lead to different
physical meanings have been made in the existing empirical
models. For example, an isentropic assumption was used in
the Moody model (Reference 2) and a constant quality was
assumed in the Henry and Fauske model (Reference 3 ) .

The object of this paper is to propose an empirical critical flow
model, based on the two-fluid results, to account for phase slip
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(UV), thermal non-equilibrium (UT) and pipe geometry effects.
The main emphasis is on the derivation of the model which
includes the major relevant physical phenomena, and it can be
used to make predictions suitable for comparison with
experimental data.

The leak before break concept is being discussed in the Canadian
nuclear industry. It is important to clarify the leak flow rate
since it relates to the methods of leak detection and to confirm
the leak location. The discharge flow rate from very narrow and
short slits may require further consideration in the analytical
model, especially the thermal non-equilibrium effect.

THEORETICAL CONSIDERATIONS

A rupture of a pipe will generate a rarefaction wave which
travels downstream at sonic velocity relative to the flow. When
the flow velocity at break becomes equal and opposite to the
sonic velocity, the rarefaction wave becomes stationary and the
flow chokes or becomes critical. The critical flow rate is then
determinated by the upstream local conditions, but not by the
downstream conditions. The critical flow rate is computed from

"cri t ical = Cd AG = C6 APB . CD

where A is the break area, Cd is the discharge coefficient which
depends on the break type and break orientation, W is the flow
rate, G is the mass flux, p is the exit fluid density and a is
the sound speed at the exit plane which depends on the model
assumed. It will be shown that Equation (1) can be derived from
the classical critical flow theory, but it is only an approximate
result from the two-fluid theory.

Before the results based on the two-fluid model are presented,
the classical critical flow theory is reviewed in order to
highlight differences to the two-fluid model developed in this
report.

Classical Theory

In the classical critical flow theory, the mixture momentum
equation at a steady state along the flow direction becomes:

_L [C2(_fi_ • _fL)] • ££ = 0 (2)
ds a^ afpf ds

where the subscripts g,f denote vapour and liquid, respectively,
s is the flow direction, p is the pressure, G is mass flux (G =
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W/A), ak is the void fraction of phase k, py is the phase density

and xk is the flow quality which is defined by

(3)

where vk is the phase velocity.
density are defined by

The mass flux and the mixture

(4)

At critical flows, it is assumed that the mass flow rate exhibits
a maximum with respect to the pressure at the exit plane:

dp

As a result, the mixture momentum equation yields

where the sound speed at the throat is defined by

p
dp

(5)

(6)

(7)

and the volumetric density is given by

x2 x 2

(8)
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Define the velocity or slip ratio k by

k = h (9)
v.

and using the general relation between void fraction and flow
quality,

h do)

the volumetric density vm becomes

Therefore, the sound speed of the classical critical flow theory

is a function of xk, pk and k at the throat. The pressure

dependence of the slip ratio k is usually neglected in the
classical critical flow models. However, it is an important term
in the two-fluid theory.

The relations between the flow quality x^ and the static (or

thermodynamic) quality xk are given by

x = x + 8
(12)

where

x x,(k - 1)
e = s f

xg k + x£ ( 1 3 )

Instead of the flow quality, the thermodynamic quality xk is used
in the two-fluid model.

In an earlier isentropic thermal equilibrium theory, Fauske
(Reference 11) used a slip ratio proportional to the square root
of the phase density ratio, which minimizes the momentum flux at
the exit. Moody (Reference 2) assumed a slip ratio proportional
to the cubic root of the phase density ratio, which was shown to
maximize the isentropic flow rate with respect to k.
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Several slip correlations have been proposed for the subcritical
flow. For example, the Bankoff slip correlation (Reference 13)
has considered the pressure effect, and the Bryce slip
correlation (Reference 14) has included the pressure and mass
flow effects. None of those correlations are applicable to the
critical flow condition.

A number of theories have explicitly allowed for the possibility
of thermal non-equilibrium between the two phases due to finite
vapour generation. Henry and Fauske (Reference 3) have developed
a simple non-equilibrium model for the critical flow rate. They
have described the non-equilibrium behaviour in terms of an
empirical parameter which relates the actual change in quality
with pressure to the rate of change occurring under homogeneous
isentropic equilibrium conditions.

Two-Fluid Theory

In the two-fluid model, the non-homogeneous and non-equilibrium
effects are introduced through the governing equations. In a
critical flow, the possible flow regimes encountered are bubbly,
churn turbulent and highly dispersed mist flows. In the phase
momentum equation for those flow regimes, the virtual mass force
is given by

t B £ 8 ds * ds

where Cvm is the virtual mass coefficient resulting from the
streamline deflection around the interface.

From the phase momentum equations, the velocity ratio during a
fast transient is given by

k - ?i + C" '^ (15)

which defines the relationship between the velocity ratio and the
virtual mass coefficient. For a steady state flow, the velocity
ratio becomes

(16)

For a well separated (smooth stratified or annular) flow with
zero virtual mass coefficient, the phase velocity ratio in a
steady state is reduced to that of the Fauske slip
(Reference 11). For a perfect mixed (homogeneous) flow with an
infinite virtual mass coefficient, the phase velocity ratio is
one.
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In the thermal non-equilibrium model, the vapour generation rate
consists of three components: flashing pressure transient,
interface heat transfer and wall heat transfer terms. The
interface and wall heat transfer terms contain no time derivative
and, therefore, it has no effect on the characteristic analysis
of the governing equations. The flashing mass transfer rate due
to the pressure transient is given by

k = g,f (17)

where hks is the specific enthalpy of saturated phase k and

dp +v k ds
(18)

where (3 is the boiling parameter indicating the degree of mass
transfer between two phases due to fast depressurization process
(/3 = 0 for a frozen model and 1 for the thermal equilibrium
model).
From the characteristic analysis of the two-fluid equations
(Reference 15), the flow chokes when the mixture velocity v is
equal to the sound speed a, or

v = a (19)

(20)

where the mixture velocity at the throat is given approximately
by

v - iat pg v£ + 2 P g yg v f - 2 P f Yf vg

+ Y8 Yf (<*8 p )g vg + a f p£ vt)/{a)g a f )

+ (P f - P8) [% Yg vg - Q f Yf v£ - Y 8 Yf (Vf - vg) ] }

/ [ ( 1 + Yg
 + Yf) ( a f P8 + a g p f pg Y g + P f Yf) ]

and yk is defined by

Y* " Cvm Q 8 Pf / (
Qk Pfc)

For a highly dispersed flow with a large C^, the mixture
velocity becomes

(21)

(22)

Consequently, the critical flow rate can be calculated
approximately from Equation (6). The sound speed at the throat
can be written approximately by
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1 - fl (23)

where the aLtVET is the non-homogeneous thermal equilibrium sound
speed and a^j is the non-homogeneous thermal-frozen sound speed.

Thermal Equilibrium

In the thermal equilibrium model, the following equations of
state are applied:

(24)

where the subscript s denotes saturation value and uk is the
internal energy of phase k.

The thermal equilibrium sound speed obtained from the
characteristic equation can be written in the form: ,

i
2

P*

(25)

where F is a factor containing the non-homogeneous effect which
is given by
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F =
Q Q,
8 * £

1 +
C.m P

(26)

and the phase equilibrium sound speed ak(ET) is defined by

dp

1
p

4
UB=

1

" Ufs

dp

(27)

The equilibrium sound speed falls continuously as the void
fraction is reduced from one to zero. The homogeneous
equilibrium sound speed is obtained from Equation (25) with
F = 1, which corresponds to the case with an infinite virtual
mass coefficient.

Thermal Frozen

The frozen model assumes no interficial heat transfer between two
phases. The thermal frozen sound speed can be written
approximately by

aUVUT
Pf 4 (VT)

(28)

where F is given by Equation (26). The sound speed for phase k
is given by

1- I.

dp

(29)

where the following equation of state is applied:
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P k=P k(p. u.) (30)

The sound speed of a frozen model falls from that of vapour at a
void fraction of one until a particular void fraction is reached.
Then it reaches the liquid sound speed as the void fraction is
decreased to zero. The homogeneous frozen model is obtained from
Equation (28) with F = 1. For the cases with low qualities, a
frozen model has been applied by Henry and Fauske (Reference 16).

Critical Frozen

It is known that the liquid sound speed is much larger than the
critical liquid velocity obtained from the Bernoulli equation for
a subcooled critical flow. For a subcooled flow at throat, the
critical flow rate is usually calculated from:

G- [2Pf (p-pjj"
2

where pM is the downstream pressure.

In the critical frozen model, the liquid phase at the front of
expansion wave undergo a minimum mass transfer which limits the
expansion wave velocity. The following formula is applied for
the density derivative with respect to pressure for the liquid
phase in Equation (29):

f£f = 1 Hi (32)
dp 2 p

This formula is derived from Equation (31) when p,,, = 0. The
critical frozen sound speed has the same physical trend as the
equilibrium sound speed for low and intermediate pressures. Both
fall from the speed of sound in the vapour phase at a void
fraction of one until the void fraction is decreased to zero.
However, they have different physical meanings in their
formulations.

In this study, the critical frozen model is used instead of the
thermal frozen model in the calculation of the system sound speed
of a critical flow.

In summary, the critical flow rate based on the two-fluid model
can be expressed by
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=
 F GEVST

critical , — — .~ "' — > o *a \

1 -

from Equation (23), where C is the ratio of the homogeneous
critical frozen sound speed to the homogeneous equilibrium sound
speed:

and the non-homogeneous factor F is a function of void fraction
and virtual mass coefficient. The parameters that affect the
sound speed are the virtual mass coefficient Cvm and the boiling
parameter (3.

SIMPLIFIED TWO-FLUID EQUATIONS

In the previous section, the critical flow rate as a function of
local throat conditions (p, x, ug, uf) or (p, x, hg, hf) has been
formulated. The important physical values that affect the sound
speed at throat are pressure and quality. The local throat
conditions as functions of upstream entrance or stagnation
conditions can be obtained from the simplified steady state
two-fluid equations.

Steady State Equations

From the phase momentum equation, the change of the phase
velocity is given by

p; d ( — * dp +fw = o <35>

where

Pg Pf
Y S P S

Pg Pf

(1
+

(1

+ Yg +

( i + Y , :

+ Yg +

Yf)

> Pf

ye)

and fw is the pressure drop due to wall friction which is
calculated from
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- .9L Ik
" 2 p n

(36)

where p is the upstream mixture density, D is the diameter, f is
the Darcy friction factor which is four times the Fanning
friction factor, and L is the discharge length.

From the phase energy equations, the change of phase specific
enthalpy is given approximately by

1-fi

dp
dp (37)

From the mass conservation of vapour phase, the change of the
flow quality is given by

dxg = I G (38)

where the vapour generation rate is given by

Am = - -
8 h - h.

dhgs

"dp"
dp (39)

From Equations (37) - (38), the change of the flow enthalpy of
the mixture satisfies

= j'is (40)

where

Numerical Procedure

R = xg h * xf hf

The numerical procedures to obtain the critical flow rate and the
critical pressure ratio are as follows:

(1) Assume a pressure drop dp.
(2) Assume a flow rate and find the throat pressure.
(3) Estimate the pressure drop due to the wall friction.
(4) Calculate the phase velocities.
(5) Calculate the phase specific enthalpies and the flow

quality.
(6) Find the phase internal energies and the static quality.
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(7) With known (p, x, us, u f), call the equations of state to
find other physical properties.

(8) Calculate the sound speed, a.
(9) Calculate the mixture velocity, v.
(10) Calculate the flow rate and go to step (2) until the

variations of the sound speed and the flow rate are small
enough.

(11) If the mixture velocity v is smaller than the sound speed a,
guess a new pressure drop and go to step (1) until the
condition v = a is satisfied. If the throat pressure is
less than the downstream pressure, the flow is subcritical.

(12) Calculate the critical flow rate and the critical pressure
ratio (p(throat) / po) .

DISCUSSIONS OF MODEL

Non-Homogeneous Parameter

In the critical flow, the possible flow regimes are either
bubbly, churn turbulent or highly dispersed flows. Different
forms of the virtual mass coefficients for subcritical flows have
been suggested in the literature. The virtual mass coefficient
is 0.5 for isolated spheres in a potential flow field. However,
it has been shown (Reference 17) that the virtual mass
coefficient becomes larger than 0.5 when closely spaced spheres
interact through their potential flow fields. Experimental
evidence is cited to increase values of the virtual mass
coefficient up to about 1.5 in bubbly flow. Most correlations
show that the virtual mass coefficient increases as the void
fraction increases. However, prints (Reference 17) has shown
that the virtual mass coefficient rapixily decreases with void
fraction from experiment. Also it has been shown from critical
flow experiments (Reference 18) that the system pressure has
strong influence on the velocity ratio.

In this work, the following simple form is suggested:

where the parameter n is expected to be a function of pressure.
The following value of n is assumed:

n = 0.5 p (43)

where p is the pressure measured in MPa.

Figure 1 shows the comparison of the thermal equilibrium, thermal
frozen and critical frozen sound speeds of a homogeneous model at
p = 1 MPa for heavy water. The corresponding non-homogeneous
factor is shown in Figure 2 to illustrate the effect of slip
ratio on the sound speed. It shows that the slip effect
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increases as the void fraction increases. It is noted that the
slip effect vanishes when the void fraction is either zero or
one. This contradicts with the result found by Baum and Horn
(Reference 19). They showed that the slip effect still exits
even when the void fraction is zero. On the other hand, Moody
(Reference 20) has shown the effect of slip ratio in his critical
flow model. His critical flow rates with a slip value of unity
are generally higher than those computed using his maximum stable
slip ratio. This also contradicts with the result shown in
Figure 2 that the homogeneous flow (k = 1) leads to critical
discharge rates below those predicted by the slip model. This
discrepancy may result from the difference between the classical
and two-fluid critical flow theories.

The validity of the slip model is r?st demonstrated by
comparisons with experimental data on the slip ratios. The
prediction and test results of Klingebiel (Reference 18) under a
critical flow condition with different pressures is shown in
Figure 3.

Non-Equilibrium Parameter

Barclay et al (Reference 22) have measured the sound speed for
rarefaction waves in a boiling water-steam mixture at p = 0.1
MPa. The measured sound speed is much lower than that predicted
by a thermal frozen model and higher than the thermal equilibrium
value. Figure 4 shows the comparison of theoretical and
experimental sound speeds. It shows that the critical frozen
model agrees very well with the experimental data.

Based on experimental data, Henry and Fauske (Reference 3) have
suggested the non-equilibrium parameter as a function of
equilibrium quality for the low quality case. It should be noted
that their correlations were fitted to the experimental data
based on a homogeneous model.

The important parameters that affect the thermal condition at the
throat are the flow quality and the absolute length L of the tube
(or the passing time of fluid through the nozzle or tube). From
the bubble growth theory of a bubble in a uniformly superheated
liquid, Pinto and Davis (Reference 23) have shown that the bubble
radius is a function of the square root of time. This square
root of time law has been verified experimentally. In the
present model, the boiling parameter is assumed proportional to
the square root of the discharge length L. Therefore, the
boiling parameter /? for saturated and two-phase discharges is
written as

B = — (44A)
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where Leq is the length required to establish a thermal
equilibrium condition from the location of saturation line. From
the experimental data, it is estimated that Leq is about 300 mm.

For a subcooled discharge, the boiling parameter can be written
as

P = \/(L - L ) / L (43B)
r V v sat' ' eq

where Lsat is the length from the upstream subcooled location to
the point of saturated pressure.

If the upstream conditions are not available, the boiling
parameter can be writtan in terms of the equilibrium quality at
the throat. Similar to the form suggested by Henry and Fauske
(Reference 3), the following simple form is suggested:

P = ̂ xeq (44)

where xeq is the equilibrium quality at the throat.

Figure 5 shows the ratio of homogeneous frozen and homogeneous
equilibrium sound speeds, or C defined by Equation (34) , as a
function of pressure for heavy water at low void fraction. The
variation of the sound speed ratio with the void fraction for
heavy water is shown in Figure 6.

COMPARISONS WITH EXPERIMENTAL DATA

High Quality Critical Flow

At high quality flows, it is expected that the non-homogeneous
effect is more important than the non-equilibrium effect on the
critical flow. Figure 7 compares calculated critical flow rates
with some available data given in Reference 1. It shows that the
flow rates predicted by the homogeneous equilibrium model are
considerably less than those obtained experimentally. The
existence of slip between two phases is the main reason given to
explain these discrepancies at high quality flow.

Low Quality Critical Flow

At low quality flows, it is expected that the non-equilibrium
effect plays a much significant role than the non-homogeneous
effect in the critical flow formulation. Figure 8 compares
calculated critical flow rates with the experimental data of
Henry and Fauske (Reference 24) at low qualities at p = 50 psia.
The model generally exhibits fair agreement with the experimental
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data except at the very low qualities. Figure 9 illustrates the
non-homogenous and non-equilibrium effects on the critical flow,
where the experimental data were obtained from Reference 1.

Ratio of Length to Diameter

The effects of L/D on the critical flow are increasing the
pressure drop due to wall friction and increasing the degree of
thermal equilibrium or boiling parameters. Both effects tend to
reduce the prediction of critical flow rate. When the value L/D
is greater than 50, the pressure drop due to wall friction
becomes important. It has been shown (Reference 25) from
experiment that the critical mass flux to be approximately
proportional to (L/D)"0'7 when the L/D value is greater than 100.
The non-equilibrium effects are empirically determined by the
boiling parameter which characterize (1) the vapour generation
rate and subsequent the non-equilibrium throat quality, and
(2) the sound speed at throat.

Figure 10 shows the comparisons of critical discharge of
saturated water through orifices, nozzles and pipes with
experimental data taken from Reference 7 for different L/D
values. Inspection of Figure 11 shows good agreement between
predictions and measured saturated water critical flow rates. It
indicates that the value Leq = 300 mm chosen in Equation (43) is
reasonable.

CONCLUSIONS

An empirical model based on the two-fluid theory has been
developed to predict critical flow rates. The model approximates
the non-homogeneous non-equilibrium processes by two empirical
parameters which are determined experimentally. The critical
flow rate is formulated in a simple form: non-homogeneous and
non-equilibrium factors time the homogeneous equilibrium critical
flow rate. The model exhibits good agreement with the
experimental data for low and high quality flows.
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1. INTRODUCTION

Flow boiling is an important phenomena both to nuclear power
plant safety analysts, and to the plant operators. Boiling is
usually divided into two stages; i.e. subcooled boiling (also
called local boiling) and saturated boiling (also called bulk
boiling). Subcooled boiling occurs whenever a sufficiently
superheated wall is in contact with a subcooled liquid that has
a bulk temperature below the saturation value, while saturated
boiling occurs when the temperature is equal to saturation
value.

Subcooled boiling heat transfer is one of the steady state
heat transfer mechanisms in the CANDU 600 reactor. There is
substantial subcooled boiling for most of the channels.

A great deal of work have been done on the subcooled boiling
over the last three decades. Among these studies, two
distinctly different approaches have been taken to qualify the
prediction of void fraction and other interesting parameters.
In the first approach, a phenomenological description of the
boiling heat transfer process is postulated and, thus, the
subcooled flow quality is calculated from a mechanistic model
[1,2,3,4]. The other approach is to postulate a convenient
mathematical fit for the flow quality or liquid enthalpy
profile between the void departure point, xd, and the point at
which thermodynamic equilibrium is achieved, x , [5,6,7,8,9].
By using the flow quality thus obtained, void fraction is then
calculated from various void-flow quality correlations. Some
results from previous research are used in the design and
safety analysis of the CANDU type reactors [10,11].

It should be pointed out, however, that in the above
mentioned methods the vapour bubble transport process, such as
the bubble nucleation, growth, coalescence and collapse, etc.
are not fully taken into account. It is these bubbles that play
a key role in the fluid voiding. Models not recognizing the
bubble dynamics will, to a certain extent, have their



applicability severely hindered.

In the present work, the void fraction is obtained from its
physical definition. Averaged equations governing the motion of
a one-dimensional two-phase flow [12] are used in the analysis.
The equal velocity but unequal temperature (EVUT) approximation
is applied to solve the momentum and energy equations in steady
state to obtain the velocity and temperature distributions,
respectively. The bubble nucleation, growth and collapse rate
in the bubble number transport equation is then used together
with the temperature and velocity distributions to calculate
the void fraction at each cross section of the flow channel.
The void fraction is finally expressed by an integration as a
function of physical properties of the fluid and the system
temperature and pressure.

2. GOVERNING EQUATIONS

The 1-D two fluid model is used in the present work. They
are written in Cartesian coordinates as:

•§1 ( « P A ) + ( « P C £ > = «

(2)

mik(hk+-lfk) - *kpkUkg^

where t is the time and x is the flow direction, k (=v or 1)
denotes the vapour and liquid phase, and ak, the volume
fraction of phase k, pk, the density of phase k, Uk, the average
velocity of phase k, nu, the mass transferred from the
interface to phase k, Pk, the pressure of phase k, r,k the shear
stress between the interface and phase k and r ., between the
wall and phase k, Z, the elevation, h., the enthalpy of phase
k, qjk the heat transferred from the interface to phase k and

from the wall to phase k.

Eqs. (1) to (3) are constrained by the following
conditions:



The above equations result in:

av = a, a2 = ( 1 -a ) , miv = -mu = mif t i v = ~xu =

Qiv = -

where a is the so called void fraction.

It is assumed that both phases have the same velocity U,
that the flow channel is horizontally placed and that the
kinetic energy is negligible compared with the thermal energy.
Summing up the Eqs. (1) to (3) with respect to both phases, the
governing equations for mixture, under steady state conditions,
are obtained as:

-^(opv + (l-a)pJ)i7= 0 (I1)

dx

U = ̂  (Av - hf)

In the present work, the cross section averaged void
fraction is calculated from its physical definition as:

o - bubble volume * bubble number density

To calculate the void fraction, the bubbles' radius and the
bubble number density (bubbles/m3) are needed. The calculation
of bubble radius will be left to the next section for
consistency. The governing equation for the bubble number
density in steady state is written as:

^ ( 4 )

where Nb is the bubble number density (averaged over a cross-
sectional area of the channel), Ub, the velocity of the
bubbles, cp^, the bulk liquid bubble nucleation rate, <pm, the
heated wall cavity nucleation rate, <p6}%, the generation rate
due to bubble disintegration and <Pcond, the sink rate due to
bubble coalescence and collapse.

It is noted that under the subcooled conditions, bubble



nucleation rate in the bulk liquid is zero because the bulk
liquid is subcooled. The disintegration of bubbles in subcooled
boiling is not as important as the other terms. The terms,
and <Pdis, are therefore neglected in the following analysis.

The expression for 0Hn-#cond is given by [13] as:

Tsat^x> Tl(°> Rc {x)D2
d{x)

where Tt and Tsat denote the liquid temperature and the
saturation temperature corresponding to the local liquid
pressure. £h and A are the heated perimeter and the cross-
sectional area of the boiling channel. F(p*), Rc*, Dd and f are
functions given below:

F(p') = 2.157xlCr7p'~3-2U+0.0049p')4-13

Dd = ( ) p

<5a)

* = 21 (i^fr)/(aipiy Mt) -D/IV2) =Rc/(Dd/2)
^1 Pi K i J

f i . i 8 ( )
Pi

where 6 and a are the contact angle and surface tension of the
liquid, respectively, g is the gravity, hfg, the latent heat,
ATsat, wall superheat (=Tw-TS8t), R, gas constant and Tv, the
vapour temperature.

Attention should be paid to the velocity of the bubbles, Ub,
in Eq. (4) . It is well known that the subcooled boiling
process can be further subdivided into two regions, namely wall
voidage and detached voidage. In wall voidage region, the
bubbles travel in a narrow bubble layer close to the wall [14],
while in the detached voidage region, the bubbles ejected from
the bubble layer travel along with the bulk liquid. U. for
these two regions is therefore different. In the present study,
for the wall voidage region, Ub is equal to the average
velocity of the thermal boundary layer, and for the detached
region, it equals the average velocity of the bulk liquid.

3. SOLUTION FOR THE VOID FRACTION

Eqs. (I1) to (3*) constitute a boundary value problem which
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can be solved under specified boundary conditions.

Integrating Eq. (I1) yields:

o = G "
Pv ~ Pi u

where G denotes the mass flow rate, which is a constant in
steady state.

Integrating Eq. (2'), results in:

U{x) = C7(0) -i(P2(x) -Pz(0)) - ±(
X a(x) d(Pv~ Pj) dx

G GJo OX

In Eq. (7), the term d(Pv-Pt)/dx is small when compared with
the other terms and is thus neglected. The frictional pressure
drop term, •

(* (tw(x) + xvl(x))dx
Jo

is evaluated by using the pressure drop multiplier, #l0
2, as:

r c w w + xrfUJ)dx- r ^^oGG __ fgo~ &
Jo "" wl Jo 2DaPj 2D9 Jo pj

2D0

where fl0 is the friction factor for liquid single phase flow
at the same mass flux G, D is the hydraulic diameter of the
channel, [0lo

2] is obtained fay:

pj Jo

The average velocity is then obtained as:

U(x) ' U{0) -l(i



In the energy equation, Eq. (31), the terms in the right
hand side represent the heat transferred to the coolant through
different mechanisms. In steady state they equal the total heat
generated by the fuel, which only varies along flow direction.
Denoting this heat by qtot and integrating Eq. (3')# it results

+ (l-a(x))p1(x)h1(x))U(x)

£7(0) + | qtot{x)dx = H{0) *\ qtot(x)dx
Jo Jo

where H(O)=pt (0)h( (O)U(O)=Ghl (0) .

The liquid temperature distribution is then obtained by

H(0) + (* qtot(x)dx - a(x)pv(x)hv{x)U(x)

CpilU{x) ( l - a ( x ) ) p

, ( 9 ' )

U(x)Pv(x)-G

where C { is the liquid specific heat at constant pressure. In
deriving Eq. (9*), Eq. (6) has been used.

It is realized that the vapour phase enthalpy appears in the
solution of the liquid temperature distribution. To find out
the enthalpy, the temperature of the vapour phase is needed.
For convective boiling, the effective liquid superheat to which
the bubbles nucleate and grow at the wall are exposed to a
fluctuation between (Tw-Tsat) and 0. To have a steady vapour
temperature which reflects the fluctuation, Chen's correlation
[8] is used:

s =

ReTP = Gil-eTP = Gil ^ - r —
Tp opv+(l-o)pj

where Mi is the dynamic viscosity of the liquid.

The vapour enthalpy is then calculated by:



hv(x) = cPtV(Tsat * 5 ° - " (2V-raat)}

where C v is the vapour specific heat at constant pressure.

Integrating the bubble number density equation, Eq. (4),
results in:

Nb(x) Ub(x) = Nb(0) Ub(0) + j X (•Mi(JC> -* c o n d (x) ) dx
° (4 ' )

(+mB(x)-*eead(x))dx

The void fraction can be given by:

a(t) = ̂ nRl(t)Nb(x) (12)

if the bubbles have a uniform size R^t). However, in reality,
bubbles in a cross section of the channel have different sizes
due to different growth duration. To consider the non-
uniformity of the bubble sizes, a Lagrangian approach is
adopted. Eq. (4') is rewritten as:

Ujxl

where

stands for the contribution to the bubble number density at
point x from the nucleation sites at location £,-. The void
fraction contributed by the bubbles at location £.- to point x
is then obtained as:

where t((J is the time required for a bubble to flow from
location ({ to x. It is given by:



(13)

The void fraction at location x is then obtained by summing
up the contributions from all upstream locations, namely:

(12 •)

(12
Substituting the expression of 0Hn~0condr Eq» (5), into Eq.

' ) , the void fraction at location x is finally obtained by:

a(x) cfc<*) Jo 4*J <̂t«>> r^uj-r^o) ( ^ ^ ) ( — ) d *

(12")

The void fraction is formally obtained by Eq. (12M),
however, the bubble radius still remains to be solved. A lot of
work has been done to solve for the bubble growth rate, both
experimentally and theoretically [15]. It has been discovered
that bubbles undergo two growing stages; namely Isothermal and
Isobaric growth. In the isothermal stage, the bubble grows due
to the excess vapour pressure and the bubble growth rate is
proportional to t. This process only takes a few milliseconds.
After this, the bubble growth is governed by the rate at which
heat can be supplied from the superheated liquid to the bubble
interface to facilitate the vapour formation associated with
growth. The bubble radius varies as t1/2. When bubble radius
reaches its departure size, p^/2, it detachs from the heated
wall and enters the bulk liquid region, where it will undergo
implosion if its surrounding liquid is subcooled. In the
present study the first stage of the bubble growth is
neglected. It is assumed that the bubble grows under Isobaric
condition until its departure size is reached. After the bubble
detachs from the heated wall, it undergoes implosion. The
bubble radius for the isobaric expansion is then calculated by
using the closed form solution of Jones and Zuber [16] when the
bubble size is smaller than that of the departure bubble,

+

Rb < Rc (14a)

where Ks is sphericity correlation factor, a,, thermal



diffusivity of the liquid, n and D(nt) represent time constant
for vapour pressure variation and the Dawson integration, Ja.
and Ja are the Jokob number based on the initial superheat ana
flashing, which are given by:

Jap =

pv(o)h£9(o)
P1Cp,1[Tsat(Pv(O))-Tsat(Pv{t))]

Pv(0) and 1^(0) in the Jokob number are calculated from:

P (0) = P , + VfsrTsat

nfglxlsat

Pv{t) = RpvTv

Analogous to the mode of bubble growth, the bubble radius
during the implosion is given by Rayleigh as [15]:

Rb(t) = Rkwni-J-)
1 (-^il)exp( — ) t= [0,t3*] (14b)

°o tj t3'

where t.* denotes the time for a bubble to grow to its maximum
size and t,*, for the bubble to collapse, t,* and tj* are related
by tjVt^Bo/e,,*, 60=ATSBt and 90*=Tsat-Tr t, can be calculated
from:

8n . J

e0

4. COMPARISONS AND DISCUSSIONS

Eqs. (5), (7«), (12") and (14a-b) constitute the solution
for the void fraction distribution along a boiling channel. A
computer program was developed to solve these equations. The
computation is only carried out for the void fraction in the
detached voidage region since the void fraction in the wall
voidage region is very small compared with that in the detached
voidage region.

A boiling channel is simplified as shown in the Figure 1.
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Figure 1. Simplified Boiling Channel

The whole channel is discritized into many cross sections. The
liquid and vapour properties are assumed to be constants across
each cross section, but vary from one cross section to another.
For each cross section, the properties of the liquid and vapour
are found from the D?0 table [17]. The mass flux, G, is 7015.5
kg/(m2s) , the value is so chosen to reflect the single channel
flow at full power steady state. The pressure gradient is
assumed to be a constant along the channel. The total heat
flux, qt0Jf and the wall temperature, TNaU, are taken from the
NUCIRC simulation data of the Point Lepreau Generating Station
[ 18 ]. The void fraction is calculated for each cross section as
follows:

1) Initialize void fraction distribution,
2) Calculate [0to

2] from Eq. (8),
3) Calculate the average velocity U(x) by Eq. (71),
4) Calculate the average liquid temperature T.(x) from

Eqs. (10), (11) and (91)/
5) Calculate the net bubble density generation term by

Eq. (5),
6) Calculate the bubble radius from Eqs. (13), (14a) or

(14b),
7) Calculate the viod fraction a(x) by Eq. (12M),
8) Compare the present void fraction with the previous one,

check the stability of the solution, and go to step 2)
until the solution becomes stable.

In the boiling studies, there are some correlations derived
specifically for the subcooled boiling void fraction. Among
them, the subcooled boiling correlation of Kroeger and Zuber
together with the correlation of Saha and Zuber, which
calculates the point where void becomes significant, is
recommended by [ 10 ], and an extrapolation of modified Arnand
correlation is used in the CANDU reactor safety analysis
related program [11]. Due to lack of sufficient information,
the predictions from the present work will be mainly compared
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with the results from the
modified Armand correlation
[11J and the NUCIRC
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The flow quality from the
present work and NUCIRC
simulation is compared in the
Figure 2. Based on the data of
wall and coolant temperature
from NUCIRC simulation [18],
the subcooled boiling begins
about 3.3m from the channel
inlet and ends about the 5.2m
point (the total channel
length is 6m). The present
work predicts a small amount
of quality in this region.

Figure 3 shows a comparison
of computed aver&g mixture
density between the present
work and NUCIRC simulation. It
can be seen, the density from
the present work is less than
that of NUCIRC simulation due
to the fluid voidage in the
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subcooled boiling region.

Figure 4 compares the predictions of void versus flow
quality from the present work and modified Armand correlation
[11]. For the present prediction, the void fraction is
calculated from the set of equations mentioned in the previous
section while the flow quality is calculated by using the
equation suggested by Levy [19] as:

where % and xe are the flow and thermaldynamic equilibrium
quality with X(xd)=O,

 xd * s t n e P°i n t where the detached voidage
region begins. The present prediction is in a good agreement
with that of modified Armand correlation.

5. CONCLUSIONS

A new model for subcooled boiling based on bubble dynamics
is proposed. The void fraction is finally obtained from its
physical definition. This is considered to be more realistic.
The model equations are solved in steady state and the
predictions are compared with some plant simulation data and
existing correlations. To justify the model, however, more
detailed testing is needed.

In principle, the model can be applied to the steady state
saturation boiling quite readily if the bulk nucleation is
considered. It can also be used to predict the flashing flow
caused by rapidly depressurizing an initially subcooled liquid
when the governing equations are considered to be non-steady.
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ABSTRACT

A leak rate code, LEAK-RATE Version 1.0, has been developed to
predict two-phase critical mass fluxes, exit pressures and
pressure profiles for cracks, which forms an integral part of
leak-before-break (LBB) analysis of pressurized reactor
components such as pipes and headers. The code can also be used
to calculate steam generator tube leakages. LEAK-RATE Version
1.0 code uses the homogeneous frozen model (HFM) for determining
critical mass flux, with effects of friction accounted for within
the crack. The code predictions have been compared with an
extensive experimental database, and also benchmarked against
other similar international codes. The code predicted the leak
rates and exit pressures to within ±25% of experimental data,
which represents a reasonably good agreement for leak rate
predictions. The predicted pressure profiles within the crack
agreed well with experimental data and yielded the same trend as
the experimental observations.

1.0 INTRODUCTION

Nuclear plants are designed to safely shutdown in the event of a
sudden pipe rupture. To satisfy pipe break criteria, the plants
require pipe whip restraints and jet impingement shields. These
structures are expensive and impede access for in-service
inspection and maintenance as well as increase radiation exposure
of personnel. The leak-before-break (LBB) analysis is being used
to demonstrate that a through-wall pipe crack produces a
detectable leakage well in advance of an unstable crack growth
that could result in sudden catastrophic pipe rupture. The
ability to detect a leakage long before a crack becomes unstable
provides an alternative approach to satisfying pipe break
criteria, thus preventing the need for complex and costly design
measures to protect against pipe rupture dynamic effects, such as
pipe whip and jet impingement. As part of LBB analysis, leak
rates through cracks are determined to provide a correlation with
the crack sizes for determining the margin to attain the critical
crack size.

Under typical nuclear reactor operating conditions, the leakage
flow through cracks can flash into vapour. The compressible two-



phase crack flow may exhibit critical flow or choking. Thus, a
two-phase critical flow model is needed to treat leakages through
cracks. An earlier version of the code, LEAK-RATE Version 0.0
[1] was developed to correlate measured leak rates to crack
sizes, while experimental investigation was being conducted at
Ontario Hydro Research Division (OHRD) [2].

This paper presents LEAK-RATE Version 1.0 [3] code, which
modifies and extends the range of applicability of Version 0.0,
for predicting leak rates through various pipes and tube-wall
cracks. LEAK-RATE Version 1.0 accounts for changes in mass flux
due to variations in the crack cross-sectional area, and sharp
entrance pressure drops. It uses the Bernoulli equation for
calculating single-phase discharges and includes various crack
geometries. Several models have been proposed for calculating
critical two-phase flow discharges from pipe cracks. The
suitability of these models depends on the fluid conditions and
the geometry under consideration. The homogeneous frozen model
(HFM), developed for fluid and geometrical conditions similar to
those expected for leakages through a crack in heat transport
piping, is widely reported in the literature. This model has
been chosen for the present study due to its simplicity, and its
tendency to yield good predictions of the critical mass flux [4].
In addition, the model requires very few parameters to be'
correlated, making it more mechanistically viable. The main
disadvantage of the homogeneous frozen model is its dependence on
fluid conditions at the choking plane, which are usually unknown.
Henry and Fauske [5] have derived a form of the HFM model that
depends only on the stagflation conditions. For long cracks,
however, frictional pressure drops in the crack which may become
significant, were not considered in their model. In the present
analysis, the effects of friction has been included, hence the
HFM equation given by Whalley [4] will be applied at the crack
throat, after solving the mass and momentum equations, assuming
homogeneous equilibrium flow, for the pressure drop along the
crack and the thermalhydraulic conditions at the throat. The
critical flow and the pressure drop equations, together, form a
set of non-linear equations, which can be numerically solved for
the critical mass flux and exit-plane pressure.

A Homogeneous Non-Equilibrium Model (HNEM) is also being
developed in parallel with the HFM. The HNEM is a lumped
parameter model based on a non-equilibrium critical flow model
[6], to be used separately as a scoping tool to provide initial
guesses for the HFM model. The HFM model, which uses a nodalized
flow path, yields the crack-path pressure profiles, exit-plane
pressures and the crack discharge mass-flow rate.

The leak rate code described in this work was developed to
provide leak rate estimates for given crack sizes. An extensive
database, including data from an on-going experimental program at
OHRD [2], on experimental leak rates, was established and used to



validate LEAK-RATE Version 1.0 [3]. The code predictions were
further compared against those of internationally available codes
such as SQUIRT (BATTELLE/IPIRG) [7] and PICEP (EPRI) [8].

2.0 CRITICAL FLOW MODELS

It has been well established that choking or critical flow of a
single-phase fluid occurs when the following condition is
attained:

(1,

where Gc is the critical mass flux, v is the specific volume, p
is the pressure and s represents the entropy. Equation (1) has
been derived from a momentum balance with an assumption of
frictionless flow, and for conditions corresponding to an
infinitely large pressure gradient. This rrictionless flow
assumption has been stated to be valid as the flow becomes choked
or nearly choked [4].

2.1 Homogeneous Frozen Model (HFM)

The homogeneous frozen model to be applied at the crack throat
can be derived from Equation (1) based on the following
assumptions:

(i) The flow is homogeneous and .average phase velocities
are equal (i.e., no slip).

(ii) Choking occurs at the crack exit.

(iii)The quality is frozen at the choking plane.

(iv) The vapour expands isentropically as an ideal gas.

(v) The flow is adiabatic.

(vi) The liquid phase is incompressible.

Therefore, for a single component two-phase flow (e.g., steam-
water flow), the HFM can be derived from Equation (1), based on
the above assumptions, by expressing the two-phase specific
volume as,

v = xv9 + (1-x) v2 (2)



where x represents the quality, vg and vx represent the specific
volumes of the vapour and liquid phases, respectively.
Substituting Equation (2) into (1) yields:

= 0

By invoking the fourth assumption stated above, we obtain,

(4)
dp )g yp

where, y=1.33, represents the ratio of specific heats. The two-
phase critical mass flux based on the HFM then becomes,

(5)

The subscript t has been inserted to indicate that the critical
mass flux is evaluated based on the fluid conditions at the
choking plane (or throat).

Assuming adiabatic flow, the thermodynamic quality, xt can be
expressed as:

where ho, hft and hfgt represent the stagnation, liquid and latent
enthalpies, respectively. The liquid and latent enthalpies, as
well as the vapour specific volume can be determined using the
property subroutines (i.e., equation of state). In this study,
the property subroutines have been taken from the SOPHT code [9].

The validity of the one-dimensional flow assumption for constant
area rectangular channels is supported by the crack-path pressure
measurements of OHRD [2]. Divergent/convergent channels,
however, tend to exhibit two-dimensional effects. The flow-path
geometry representative of a through-wall crack in a pipe is
shown in Figure 1.



In the present analysis, fricuional pressure drop is assumed to
be dominant, especially for long cracks. Additional pressure
drops due to changes in the fluid density, entrance effects,
obstructions and other appendages may also be significant. These
effects are accounted for in the total pressure drop expression
given as:

Equation (7) represents a sum of the entrance, frictional and
obstruction pressure drops, respectively- Accelerational
pressure drop resulting from density changes, when flashing to a
two-phase mixture occurs, is accounted for by continuously
updating both the fluid density and the pressure drop from the
property subroutine, at each node in the numerical scheme. In
this procedure, both the inlet and outlet pressures of the node
are evaluated and an average density based on these pressures
determined.

The constant C represents the orifice contraction coefficient.
The value of C may vary with the geometry of the crack and the
flow rate. For a rectangular orifice with a sharp entrance the
orifice coefficient, C is 0.61, at conditions applicable to those
under consideration in which the approach velocity to the crack
entrance is nearly zero, and the stagnation chamber dimensions
are much larger than the crack opening. Although, a rounding off
of the entrance may lead to higher values of C, the default value
of 0.61 has been used throughout for consistency. In practice,
the crack entrance is expected to be quite sharp. kt represents
the pressure drop coefficient due to various obstructions and
appendages along the crack, L represents the pipe-wall thickness,
and D is the hydraulic diameter. For turbulent flows in cracks
with rou-h walls, an explicit form of the Colebrook and White
frictior. factor correlation developed by Swamee and Jain [10] has
been applied, namely,

f= i
(8)

ID

where e is the average roughness height, and Re represents the
Reynolds number. This friction factor correlation has been
chosen because it requires no iteration in f, and also accounts
for Reynolds number dependence. The two-phase viscosity is
expressed as:



{1'x) (9)

where ]l± and \ig are the liquid and vapour dynamic viscosities,
respectively. The viscosities, and densities are evaluated at
the average node pressure, with the enthalpy remaining constant
at the stagnation value. The density is given as, p = 1/V, where
v is given by Equation (2). The fluid properties at the crack
throat are evaluated based on the stagnation enthalpy and the
throat pressure, determined by solving Equations (6) to (9).
Equation (5) is then applied at the crack throat (or choking
plane) to estimate the critical mass flux.

2.2 Homogeneous Non-Ecruilibrium Model (HNEM)

The critical flow model described here is a one-dimensional
homogeneous non-equilibrium model, modified from the original
model by Henry [6] to include effects of wall friction, flow area
chancres, and flow path bends and obstructions [11] .

The homogeneous non-equilibrium critical flow model can be
derived from Equation (1) based on the same set of assumptions
stated in Section 2.1, except that the flow is not frozen in this
case. Also negligible vapor formation is assumed in a region
defined by 0 < L/D < 12.

Following the derivation of the HFM critical mass flux (Section
2.1), the HNEM critical mass flux becomes,

In Equation (10), the term N(dxE/dp) replaces dx/dp according to
Henry [6], and vI=vio, since the liquid phase is incompressible.
vlo is the stagnation liquid specific volume, xE is the
equilibrium quality and N is the Henry non equilibrium parameter.
The subscript, t signifies that the quantity in bracket is
evaluated at the crack throat conditions.

The non-equilibrium parameter, N is given by,

(20xE, xE < 0.05

1, xE £ 0.05
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The exit plane quality is expressed by Henry [6] as;

where B = 0.0523, L is the crack depth and D is the crack opening
displacement. The above expression represents the rate at which
vapour generation approaches its equilibrium value from
metastability. Note that when N = 0, Equation 10 represents the
homogeneous frozen model (HFM - see Equation 3) and when N = 1,
it yields the homogeneous equilibrium model (HEM).

In this case, the throat pressure is obtained from the crack path
pressure drop according to:

pt=po-Ap (12)

where po is the stagnation pressure and pt is the exit plane
pressure. AP consists of several components as expressed below,

AP = APe + APf + APaa + APap + APk

APe = entrance pressure drop
APf = frictional pressure drop
APaa = accelerational pressure drop due to area change
APap = accelerational pressure drop due to phase change
APk = pressure drop due to crack path bends/protrusions

3.0 NUMERICAL SOLUTION

A double-iterative-method in both the pressure and mass flux is
applied to Equation (7) to determine both the pressure and flow
conditions at the throat. An initial guess of the mass flux is
made, and the two-phase critical mass flux given by Equation (5)
is used as the closure condition. Continuous testing for the
initial guess which would yield a rapid convergence is being
•conducted.

Since flashing may not readily occur for highly subcooled cases,
numerical problems may be encountered with the closure condition
(i.e., critical flow expression) given by Equation (5) for low
guesses of the initial mass flux, since the crack pressure drop
will be greatly underpredicted giving a zero quality. Equation
(5) was therefore re-written as:



<?c =
(13)

to be used as the closure condition if the throat quality remains
zero while still iterating for the critical mass flux. If,
however, convergence has been obtained in the mass flux, while
the throat quality remains zero, it implies that flashing did not
occur in the crack, and the two-phase critical flow solution is
simply replaced with a discharge flow rate determined from the
expression,

G =

\

2P (14)

where p o and po represent the pressure and density of the '
stagnation conditions, respectively, and pamb represents the
ambient pressure.

3.1 Numerical Procedure

For a given crack geometry and fluid stagnation conditions:

1) Estimate mass flux, G.

2) Iterate on node pressure and thermodynamic properties to get
consistent converged values.

3) Using final throat conditions from iteration loop 1, evaluate
mass flux Gc from Equation (5) . If Gc*G{l±o) then adjust G and
repeat, a represents the tolerance.

For cases where xt=0 due to a low guess of the mass flux, the
critical mass flux is calculated from Equation (13). Upon
attaining convergence in the mass flux, the critical two-phase
flow rate would have been obtained if the throat quality is
greater than zero. Otherwise, the single-phase discharge flow
rate is calculated using Equation (14).

Relative convergence criteria have been used in the LEAK-RATE
code for both the node outlet pressure and mass flux. For the
pressure, we have:



(15)

where i represents the i-th iteration and <j is the tolerance.
Similarly, for the mass flux we have:

(16)

A tolerance of 1% was used for both the exit pressures of the
nodes and the discharge mass flux, since this was found to yield
convergent solutions.

4.0 RESULTS AND DISCUSSION

4.1 Summary of Test Cases

The predictions of LEAK-RATE Version 1.0 have been compared
against limited experimental data for both artificial and real
pipe cracks available in the open literature. Comparisons have
also been made against experimental data for artificial
rectangular cracks obtained at Ontario Hydro Research Division
(OHRD) [2]. Comparisons are made mainly for mass flow rates,
but, where data are available, the thrpat pressures and pressure
profiles have also been compared. The various data used for the
current validation are summarized in Table 1.

4.1.1 Code-to-Code Comparison: Code-to-code comparisons were also
made using results from PICEP, an Electric Power Research
Institute (EPRI) code [8], applied to OHRD experimental data for
artificial cracks, and from SQUIRT, an International Piping
Integrity Research Group (IPIRG) code [7], applied to both EPRI
Phases I and II experimental data for artificial and real cracks
[12], respectively. The comparison of LEAK-RATE code results
with those of SQUIRT and PICEP codes has also been conducted
using Amos and Schrock data for artificial cracks [13] . All
three codes yielded the same range of prediction accuracy with
experimental data.

In a separate study, these experimental data were also used to
compare with the predictions of the homogeneous non-equilibrium
model (HNEM) described in Section 2.2, and the agreement obtained
were quite similar to those of LEAK-RATE Version 1.0. A
subsequent study is planned to incorporate the HNEM critical mass
flux expression given in Equation (10) as an alternate closure
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condition in the LEAK-RATE Version 1.0 code. The stagnation
properties and geometrical parameters for each set of experiment
used for comparison are fully stated in Table 1.

4.2 OHRD Data T21

A comparison of LEAK-RATE Version 1.0 predictions with the leak
rate data of Fixture SS-A1 is shown in Figure 2. The results
show that LEAK-RATE Version 1.0 predicts the experimental data to
within ±25%. A comparison of the result obtained with the PICEP
code for the same set of data is given by OHRD [2] as shown in
Figure 3, and the results yielded a similar agreement to the
LEAK-RATE Version 1.0 predictions.

The nodalization procedure used in the solution scheme of LEAK-
RATE Version 1.0 enables the determination of pressure profile
and subsequently flashing in the crack. A typical pressure
profile has been compared with OHRD experimental data for Fixture
SS-A1 in Figure 4, and reasonably good agreement exists between
the predictions and the experimental result (solid circular
symbols). LEAK-RATE Version 1.0 also accounts for sharp entrance
pressure drops. As could be seen from Figure 4, the sharp
entrance geometry tends to yield a rather high pressure drop
close to the crack entrance.

Further comparisons have been made between the code predictions
and the experimental data for Fixtures SS-A2 and SS-A3. Figures
5 to 7 show the results for Fixture SS-A3 having the same
geometry as Fixture SS-A1 but with a higher COD. In this case,
the LEAK-RATE Version 1.0 predictions .are within ±25% of the
experimental data (Figure 5), and a reasonably good agreement was
obtained for the pressure profiles given in Figure 7. Again,
LEAK-RATE Version 1.0 yielded similar agreement with the PICEP
code predictions of the same experimental data in Figure 6.

Figures 8 to 10 show the results obtained for the straight
rectangular crack sample (Fixture SS-A2). The results show that
the code predicts the experimental leak rates to within +50%
and -25% (Figure 8), representing a fairly good agreement. A
typical experimental pressure profile obtained for this sample
was also compared with the code predictions in Figure 10 where
reasonably good agreement was also obtained. The PICEP code
predictions of the same set of leak rate data have been presented
in Figure 9, which shows similar agreement to LEAK-RATE Version
1.0 predictions.

4.3 EPRI Data fl21

LEAK-RATE Version 1.0 predictions have also been compared to the
experimental data of EPRI Phase I for artificial cracks. The
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results obtained have been presented in Figures 11 to 14. Figure
11 shows the LEAK-RATE Version 1.0 code predictions of the
experimental data to be within +50% and -25% of the experimental
data. Apparently, plugging problems from particulates in the
unfiltered water supply probably originating from carbon steel
surfaces of the vessel used, were encountered during the
experiment. A comparison of the SQUIRT code predictions of the
same set of experimental data yields agreement within +40% and -
60% (see Figure 12) .

The measured exit pressures of the EPRI Phase I test have also
been compared with predictions of LEAK-RATE Version 1.0 in Figure
13, and agrees with experimental data to within ±25%. A
comparison of the code prediction of the pressure profile with
the measured pressures along the crack, for stagnation pressure
of 3260 kPa, and temperature of 227.8°C, presented in Figure 14,
yields good agreement.

The code was also compared to EPRI Phase II experimental real
crack data in Figures 15 and 16. Figure 15 shows the comparison
of LEAK-RATE Version 1.0 code predictions with the measured leak
rates with the results predicted to within ±25%. In a code-to-
code comparison with the SQUIRT code predictions of the same
experimental data, approximately the same range of agreement was
obtained, since the SQUIRT code predictions were within ±30%
(Figure 16) .

4.4 Amos and Schrock Data T131

LEAK-RATE Version 1.0 code predictions, of Amos and Schrock
experimental data for smooth rectangular cracks are presented in
Figures 17 and 18, and shows agreement to within ±25%. Figure 19
shows a comparison of the SQUIRT code predictions with the
experimental data for cracks with CODs ranging from 0.127 mm to
0.381 mm, which also includes the set of data used to validate
LEAK-RATE Version 1.0. The SQUIRT code is seen to predict the
data to within 0 to -70%, representing a poorer agreement than
the LEAK-RATE predictions. The predictions of LEAK-RATE Version
1.0 for exit pressures of the sample with a COD of 0.381 mm is
seen to be better than ±25% (Figure 20).

4.5 Sources of Discrepancies

The discrepancies between the code predictions and experimental
-iata may be due to the following factors;

(a) Real crack shapes are usually not well defined. Various
geometrical shapes such as rectangular, elliptical, parabolic or
diamond could be assumed for the cracks. The crack opening area
may differ by as much as a factor of two depending on whether a
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rectangular or a diamond shape is assumed for the calculations.

(b) Few experimenters reporting leak rates through cracks fail to
provide the characteristics of the inlet geometry. Amos and
Schrock [13] have observed that leak rates through rounded
entrances tend to be higher than those of sharp entrances. The
inlet geometry characteristics are also primary factors in the
pressure profile determination.

(c) The crack surface roughness, bends and protrusions are
primary factors in leak rate determination. Their dimensions may
be comparable to the crack opening displacement thereby
increasing the effective crack-flow path. The result of this is
an additional pressure drop.

(d) The friction factor correlations presently used were
originally developed for circular geometries. These are assumed
to be applicable to cracks if the pipe diameter is replaced with
the hydraulic diameter of the crack. While the velocity profiles
and frictional resistances are well understood for pipes, tight
cracks which have widely different cross-sectional shape from
that of a circle, may yield secondary flows and invalidate the
hydraulic diameter concept.

4

(e) Particulate plugging of the crack path could reduce the leak
rates measured and lead to discrepancies in the code comparisons,
affecting the leak-before-break analysis.

(f) Two-phase flow patterns, presently not well understood for
cracks, may also be important in modelling cracks, since some of
the parameters used in the calculation of pressure drop are flow
pattern dependent.

5.0 CONCLUSION

The LEAK-RATE Version 1.0 code has been developed based on the
homogeneous frozen model (HFM) to predict leakages through cracks
at elevated temperature and pressure conditions for various crack
openings. The code predictions have been compared to the leak
rate measurements performed at the Ontario Hydro Research
Division (OHRD) and other leak rate data found in the open
literature. The following conclusions have been reached from the
results of the present investigation:

1. The code predicted the experimental leak rate and exit
pressure data to within ±25%, which represents a reasonably good
agreement for leak rate predictions.

2. The OHRD experimental pressure profiles were well predicted by
the code for the case where the entrance geometry was assumed to
be sharp.
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3. Since both rounded and sharp entrance geometries yield
significantly different pressure profiles depending on the
discharge coefficient used, crack entrance geometries need to be
accurately specified to enable the prediction of pressure
profiles in the cracks.

4. The code also predicts flashing locations, which are
determined from the pressure profiles within the cracks.

5. The code predictions of the experimental leak rate results
yielded similar agreement with the predictions of the PICEP and
SQUIRT codes.
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NOMENCLATURE

A Crack cross-sectional area
a Crack length or extension
B Constant in Equation (11)
C Coefficient in Equation (7)
D Crack hydraulic diameter
f Friction factor
G Mass flux
Gc Critical mass flux
h£t Liquid enthalpy
hfgt Latent enthalpy
ho Stagnation enthalpy
kx Coefficient in Equation (7)
L Crack depth or pipe thickness
N Henry non-equilibrium parameter
p Pressure
Pant, Ambient pressure
po Stagnation pressure
pt Crack throat pressure
Ap Pressure drop
Re Reynolds number
To Stagnation temperature
vg Gas specific volume
v^ Liquid specific volume
vjo Liquid specific volume at stagnation condition
x Quality
xE Equilibrium quality
xt Throat quality

Greek Symbols

I
e
6

I
a
t

Isenthropic exponent
Crack centre opening displacement
Average roughness height
Crack orientation
Viscosity
Density
Summation sign
Convergence criterion
Shear stress

Superscript

i ith node
i-1 (i-l)th node

Subscript

aa accelerational/area
amb Ambient
ap accelerational/phase

(m2)
On)

On)
(-)

(kg/m2s)
(kg/m2s)
(kJ/kg)
(kJ/kg)
(kJ/kg)

(-)
On)
(-)

(N/m2)
(N/m2)
(N/m2)
(N/m2)
(N/m2)

<C)
(mVkg)
(mVkg)
(mVkg)

(m)
On)
(°)

(kg/m.s)
(k/m3)

(N/m2)
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c
e
f
ft
fgt
g
gt
i
k
1
o
s
t
w

Critical
entrance
friction
Liquid at throat
Latent
Gas
Gas at throat
i-th node
bends/protrusions
Liquid
Stagnation
Enthropy
Throat
Wall
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Table 1: Thermalhydraulics and Geometrical Input Data for Experimental Fixtures

Reference

OHRD [2]
Fixture SS-A1

OHRD [2]
Fixture SS-A2

OHRD (2]
Fixture SS-A3

EPRI [12]
Phase I Data

EPRI 112]
Phase II Data

Amos & Schrock
Data 113]

Stagnation
Condition

po=0.8 - 12 MPa
TO=29 - 299°C

po=1.2 - 10 MPa
TO=165 - 296°C

po=1.0 - 12 MPa
T,=166 - 272°C

po=3.3 - 11.5 MPa
TO=178 - 268°C

po=4.0 - 9.07 MPa
To-220 - 282°C

po=4.1 - 15.8 MPa
TO-195 - 346°C

Crack
Shape

Flared
75.2°

Rectan-
gular

Flared
75.2°

Rectan-
gular

Rectan-
gular

Rectan-
gular

Crack
Length

(mm)

38.1

38.1

38.1

57.15

17.3

63.5

Crack Outer
Width (mm)

98.6

48.8

98.6

63.5

9.53

20.0

COD (mm)

0.102

0.109

0.508

0.2 -
1.12

0.108

0.381,
0.254

Roughness
Height

(M-m)

0.203

0.203

0.203

0.3 - 10.2

0.178

0.0
(smooth)

Comments

Varying X-section.
Exp. Error: 5-10%.

Const. X-section.
Exp. Error: 5-10%.

Varying X-Section.
Exp. Error: 5-10%.

Art i f ic ia l Cracks.
Errors not reported

Real cracks. Exp.
Errors not given

Smooth surfaces.
Exp. Error: 15-20%
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Figure 1
Schematic Diagram of a Through-Wall Pipe Crack
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ABSTRACT

An experimental study has been performed on the critical heat flux
(CHF) for stable low flow of water in vertical round tubes under
low pressure. Experiments have been performed with a test section
of diameter 0.01m (heated length =0.9 and 0.6m) under atmospheric
pressure. Test results are discussed in the aspects of parametric
effects of the following parameters: mass flux, flow direction,
inlet subcooling, inlet throttling, heated length-to-diameter ratio
and natural circulation. The test data are compared with those of
the authors' previous experiments with different test sections and
existing correlations.

1.0 INTRODUCTION

The critical heat flux (CHF) condition constitutes an upper
boundary of the efficient boiling heat transfer regime, and
economic operation of heat transfer equipments can be achieved by
designing them to operate near but not* exceeding it. The CHF has
been extensively investigated over the past three decades mainly
with development of water-cooled nuclear reactors. Now many
aspects of the phenomenon are well understood and several reliable
correlations are available for most conditions. A number of
excellent survey of the CHF are available in books [1-3] and
papers[4-6].

However there are two major problems; one is insufficient
understanding of the physical phenomena which results in too many
empirical correlations, the other is the unbalance of study, i.e.,
concentration of works on the high pressure and high flow
conditions related to commercial water cooled nuclear reactors.
The former is expected to be solved through more experimental
investigation and development of generalized correlations(Katto,
1985) or theoretical prediction methodologies. Considerable
efforts should be also given to mitigate the latter problem.

The importance of CHF at low pressure and low velocity (LPLV)
conditions is increasing in relation to the commercial nuclear
reactors in accident conditions, the passive safety reactors,
small-scale district heating reactors, etc. This leads to
considerable studies for this specific area during the past



decade[7-l5]. Korea Advanced Institute of Science and Technology
(KAIST) is performing the LPLV CHF study in both experimental and
theoretical aspects. Experiments with two round tube test sections
(D = 6 mm and 8.8 mm) and some analytical work are already
reported[16]. This work continues the previous work to improve
overall understanding of the CHF phenomenon.

2.0 BACKGROUND

The CHF characteristics would be quite different at low pressure
compared with high pressure conditions due to different water
properties. Especially vapor-to-liquid specific volume ratio at
0.1 MPa is about 1600, which is 260 times that at 15 MPa. This is
the primary reason that flow becomes less stable at low pressure.
The large specific volume ratio also results in large bubbles and
therefore different boiling characteristics in channels of
relatively small diameter. Significant changes in surface tension
and viscosity would also affect the behavior of the liquid-vapor
interface. In addition to these pressure effects, low velocity
makes the buoyancy effect significant. So the LPLV CHF is a
complex phenomenon and systematic interpretation is difficult.

This characteristic of the LPLV CHF was recognized early and
experimental work and correlation development have been performed
since late 1950s. However it is only recently that this phenomenon
is extensively studied. Correlation by Griffith et al. (modified
Zuber correlation)[17] is the most famous one frequently used in
nuclear reactor safety codes.

Considerable works have been reported for the present subject
during the past decade. The most important and comprehensive works
are those by Mishima et al.[7-lO]. They performed a series of
experiments for three different channel geometries: an internally
heated annulus, two rectangular channels, and a round tube.
Additional CHF experiments for LPLV conditions have been performed
by other workers including Rogers et al.[ll] for water flow in
annuli, Sudo et al.[12, 13] for rectangular channels, El-Genk et
al.[14] for annuli, Weber et al.[l5] for a short round tube, and
recently Chang et al.[16]. Important findings can be summarized as
follows:

(a) The CHF at zero net flow occurs due to counter-current flow
limitation (CCFL) (flooding or flow reversal), which is represented
by the following correlation from the Wall is' flooding correlation
(Wallis, 1969) :

m A . Chf0/pffg*pD
eF A [i+(p/p)i/«]*

It generally gives much lower CHF value than the pool-boiling CHF.
The flooding could be the cause of CHF even in the non-zero flow
condition as long as countercurrent flow is established in the
boiling channel. Chang et al.(1991) derived the following implicit



form of flooding-limited CHF for non-zero flow condition.

a - (A/Ah)C*h{g(p9gApD)^
*cF 1+ [Pg/pt) i/* [1- (A/Ab) (hfgG/qcF) 11/2

However the constant C varies significantly according to the test
section geometry including dimension.

(b) The CHF at LPLV conditions is lower than that predicted by
conventional low-velocity CHF correlations. The CHF as a function
of mass flux shows different behavior between the round tube and
the other channel geometries with unheated wall. The CHF is
generally higher in round tubes.

(c) At intermediate mass velocities the CHF is significantly
affected by flow instabilities under low pressure. Downward flow is
more susceptible to the instability and therefore has lower CHF
value than upward flow. Downflow CHF is affected by the inlet
subcooling, inlet throttling, and upstream compressibility more
than the upflow CHF.

(d) Flooding, churn-to-annular flow transition, dryout of liquid
film surrounding the vapor plug in slug flow, and dryout of liquid
film from annular flow are considered as the possib'le CHF
mechanisms under LPLV conditions.

Frequently the CHF at LPLV conditions is analyzed using the
following dimensionless parameters:

G* = G/yip^Sp (3)

gT = q/(hfs^kpggAp) (4)

D* = D/k

where

k - Vo/grAp (•>

3.0 EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Experimental LOOP

The experimental loop, which is almost the same as that used in the
previous experiments [ 16], is schematically shown in Fig. l. Please
refer to Chang et al.[16] for more detailed information on the loop
and test procedure.



3.2 Test Section

The test section was made up of 10 mm-i.d. and 2 nun-thick Type-304
stainless steel tube with variable heated length of 0.9 m and 0.6
m as shown in Fig. 2. A copper electrode is welded to each end of
the test section to deliver the electric power from a 32V, 2000A DC
power supplier. To observe tube wall temperature variation, 14
Chromel-Alumel (Type K) thermocouples are spot-welded onto the
outside of the stainless steel tube. The test section tube and
copper electrode is electrically insulated from the other parts of
the loop by teflon bushings.

3.3 Instrumentation and Data Processing

The test section wall temperatures were detected by Type-K
thermocouples, and processed, stored and displayed by a data
acquisition system consisting of a HP3852A Data Acquisition/Control
Unit, a HP Series 300 Workstation and a Keithley System 740
scanning thermometer. The water (or steam) temperature at the
inlet and outlet of the test section was detected by Type-T
thermocouples and displayed with an Omega Model 2176A digital
indicator.

Test section pressure was measured by a bourdon-type pressure gauge
and confirmed by estimation based on hydrostatic head below the
overhead tank water level. The pressure at test section outlet was
estimated to be 110 kPa. The flow rate into the test section was
measured by a rotameter assembly covering a range from 0.01 to 2.5
liter/min.

The critical heat flux condition was defined as the condition where
maximum wall temperature exceeded 300.°C with a trend of rapid
increase(Fig. 3). Practically use of different set point did not
give significant difference in resulted CHF values. The heat flux
was calculated from the power input to the test section and known
heated area assuming uniform heat flux. The test section power was
determined from the current and resistance considering the effect
of temperature variation.

The uncertainties of the final CHF data were estimated by
incorporating the contribution of each independent variable
affecting the parameter. The estimated uncertainties are as
follows:

- test section outlet pressure: + 1 kPa
- inlet subcooling: ± 5 kJ/kg
- mass flux: ± 5 %
- heat flux: + 4 %

4.0 RESULTS AND DISCUSSION

Total of 232 CHF data were obtained with varying flow direction,
inlet conditions (mass flux, subcooling and throttling) including
natural circulation conditions. Downward flow test without inlet



throttling was limited to the very low flow region because stable
flow could not be established at higher flow.

4.1 Overall Behavior of CHF

The overall behavior of CHF as a function of mass flux is shown in
Fig. 4 for the stable flow condition where flow excursion is
avoided and flow oscillation is not large. Here the positive and
negative mass flux denote upflow and downflow, respectively. Zero
mass velocity means complete bottom blockage or zero net flow at
test section inlet. Figure 5 shows the variation of thermodynamic
quality at tube exit, based on the inlet flow condition and heat
input, under CHF condition.

Overall behavior was very similar to that previously observed by
the authors[16] and can be summarized as follows:

(a) The CHF monotously increased with mass flux from a minimum
value at zero inlet mass flux.

(b) The critical quality generally decreased and merged to a line
as mass flux is increased. There was a transition point in the
trend of critical quality near G = 10 kg/m2s, which corresponds to
the transition of CHF mechanism from flooding to liquid film
dryout. '

(c) The stable CHF was almost the same for given mass flux
regardless of flow direction, inlet subcooling and inlet
•-.hrottling.

(d) The CHF was a decreasing function of L,,/D for given 0.

(e) The location of CHF occurrence moved from the bottom to the top
(exit) of the test section, as the upward flow rate was increased
from zero. The CHF always occurred at the tube exit for flow rate
greater than a threshold value.

4.2 Parametric Effects on the CHF Data

Now let us briefly examine the parametric effects found in our
experimental data. Note that discussion is limited to the stable
flow condition.

Effect of mass flux. The CHF monotonously increased as mass flux
is increased from zero regardless of the flow direction, inlet
subcooling, and inlet throttling for stable flow condition. The
trend was almost linear in the lower flow region except near-zero
flow, but the rate of increase decreased in the higher flow region.
The behavior of CHF at very low flow is discussed later.

Effect of flow direction. When large inlet throttling was
provided, the downflow CHF was generally lower than the upflow CHF
with a difference less than 10% (see Fig. 6}. In case of no inlet



throttling, downward flow was much more susceptible to the
instabilities and premature CHF due to flow excursion could occur.

Effect of inlet subcoolina. The effect of inlet subcooling was
negiligible in our experimental range(Fig. 7). It has been
suggested as a useful measure in defining the low flow region under
low pressure(Chang et al., 1991).

Effect of inlet throttling. Throttling just before the inlet of a
boiling channel under low pressure increases the stability of flow,
and therefore generally increases the CHF. Its effect on the CHF
was negligible in the very low flow region, i.e., the
flooding-limited CHF region. It was relatively small in upward
flow but significant for downflow condition so that even a stable
flow condition could not be established without inlet throttling.
Effect of heated length-to-diameter ratio. In case of the same
inlet condition, the CHF in the shorter tube was 40 - 50% higher
than that in the longer tube. This observation indicates that CHF
is propotional to L,/l(a = 0.8 to 1.0) for the same diameter tube.

Natural circulation effect. The CHF appeared to be considerably
small in natural circulation condition compared with forced
circulation. This does not agree to the findings by Mishima and
Ishii[7] for an annulus.

t

4.3 Further Discussions

The behavior of CHF at very low upward flow is illustrated by Figs.
9 and 10. The trend of CHF and critical quality indicate that
there is a threshold mass flux at which the CHF mechanism changes.
This threshold corresponds to the maximum mass flux for flooding
CHF previously derived by the authors (Chang et al., 1991) as shown
in Fig. 10. This is clearly confirmed by the location of CHF
occurrence. However it should be noted here that the value of C
(0.77 and 0.65 for the longer and shorter tubes, respectively) in
Eqs. (1) and (2) was found to be considerably lower than that
observed by Mishima and Nishihara[8] (C - 1.66) and Chang et
al.[16](C = 1.27 for TS-l and 0.98 for TS-2).

The present CHF data are compared with the previous results by
authors (TS-l: D = 6mm, I* = 0.72m, t = lmm; TS-2: D = 8.8mm, 1̂  *
0.72m, t = 0.6mm) in Fig. 11. This shows that the CHF is a
decreasing function of length-to-diameter ratio. Figure 12 shows
the CHF as a function of the local thermodynainic quality to check
the potential of local condition type correlation for the LPLV
region. Excluding the data for very low CHF (which is related to
flooding-limited CHF), the CHF data for each heated length lies on
a single curve approaching the point (X,. =1.0, CHF * 0). The CHF
is considerred to be affected by length-to-diameter ratio as well
as diameter. The CHF in TS-2 seems to be somewhat particular
compared with others, probably due to very small tube thickness.
As a conclusion, a quality-based correlation seems to be feasible
if the effect of heat length is incorporated and the



flooding-limited CHF for near zero flow condition is properly
treated.

Figure 13 compares the present experimental data with predictions
by several existing correlations. Chang et al. correlation
predicts well the data of the longer test section but not well for
the shorter test section. This implies the need for improvement of
the correlation, especially for the effect of length-to-diameter
ratio. Most other correlations considerably overpredicts the CHF.

5.0 CONCLUSION

Important findings of this work are summarized as follows:

(a) Most findings by previous workers (especially by Mishima et al-
and Chang et al.) on the LPLV CHF were confirmed in the present
experiments.

(b) The CHF appeared to be lower in natural circulation condition
compared with forced circulation condition, contrary to the finding
of Mishima and Ishii (1982) for an annulus. This effect should be
further studied.

(c) The constant C in Wallis flooding correlation was found to be
much lower in the present test section. The effect of tube
diameter on C should be clarified through more experiments.

(d) The quality-based CHF correlation for the LPLV CHF seems to be
promising if the effect of length-to-diameter ratio and
contribution of flooding are properly incorporated.

NOMENCLATURE

A flow area of a channel m2

A,, heated surface area m2

C constant in Wallis correlation for flooding -
D diameter m
D* dimensionless diameter
G mass Flux kg/m2s
G* dimensionless mass flux
g gravitational acceleration m/s2

hff latent heat of vaporization kJ/kg
Lt, channel heated length m
P pressure kPa
qc critical heat flux kW/m2

qcF flooding-limited CHF kW/m2

q" dimensionless heat flux;
Xc critical quality

Greek Symbols
1 Taylor wave length m
r density kg/a3

Dr density difference between liquid and vapor kg/m3



phases
s surface tension N/m

Subscripts
f saturated liquid
g saturated vapor
fg difference between saturated liquid and vapor phases
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ABSTRACT

This paper presents an analysis of the conditions leading to the
onset of channel flow reversal in a series of natural circulation
tests conducted in the RD-14M facility. This series of tests was
carried out to investigate two-phase natural circulation under
conditions of decreasing primary inventory, but with no break in
the heat transport system.

In these tests, the channel flows were found to be unidirectional
in the early part of each experiment. Then, depending on the
specific test conditions, the flow in some channels reversed,
while the flow in the remaining channels continued in the same
direction.

A conceptually simple flow-reversal criterion is applied to these
tests: the prevailing header-to-header pressure differential
(APHH) must be sufficiently negative to overcome the forward
driving force resulting from the density gradient between the
inlet and outlet feeders. A comparison between the predictions
using the above criterion and the experimental data is made in
the following areas:
(1) the magnitude of the APHH at the onset of channel flow

reversal, and
(2) which of the channels is the first to reverse.

For those tests which exhibited relatively steady APHH, the AP?H
was observed to become increasingly negative as the loop liquid
inventory was reduced. The mechanism responsible for the
increasingly negative APHH is described. Using the above flow-
reversal criterion, the header-to-header pressure differential
required for the onset of channel flow reversal, APr«w, is
computed using experimental values as a function of time. Onset
of channel flow reversal is observed to occur when the absolute
magnitude of the experimentally measured APHH exceeds that of
APrev. Furthermore, the criterion predicts the top channels to be
the first to reverse in these tests, which is in agreement with
the experimental results for the tests which exhibited steady
flow.

For those tests which exhibited oscillatory APHH/ the amplitude
of the oscillations was observed to increase as the loop liquid
inventory was reduced. A qualitative explanation for the-
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oscillatory behaviour of the loop is given. Using the above
flow-reversal criterion, the header-to-header pressure
differential required for the onset of channel flow reversal,
APrev, is computed as a function of time. When the experimentally
measured APHH approaches APrev, temporary flow slowdowns are
observed. When the absolute magnitude of the experimentally
measured APHH significantly exceeds that of APrev, onset of
sustained channel flow reversal is observed. Applying the above
criterion to these tests, it is shown that the top channels are
not necessarily the first to reverse. However, the above flow-
reversal criterion is unable to predict which of the channels is
the first to reverse in these tests. Development of a dynamic
flow-reversal criterion, accounting for the transient and
feedback processes occurring in these tests, is in progress.

A model of the below-header components in the RD-14M loop is
under development. The model has been used to predict the
fluctuation in APHH required for channel flow reversal as a
function of the average APHH. The model also predicts that
smaller fluctuations in APHH are sufficient for reversal of the
channel flow when the net channel power is decreased. It is
planned to integrate the present "below-header" model with an
"above-header" model to predict the primary inventory at the
onset of channel flow reversal. When an integrated model is
developed, the effect of heat losses on the primary inventory at
the onset of channel flow reversal will be determined.

The experiments described in this paper were performed by
Whiteshell Laboratories of AECL Research, and funding for these
experiments was provided by the CANDU Owners Group. The analysis
described in this paper was performed by Ontario Hydro.

INTRODUCTION

RD-14M (Figure 1) is a multiple-channel pressurized-water test
facility with its components arranged in a figure-of-eight heat
transport circuit. For a detailed description of the
experimental facility, the interested reader is referred to
reference 1.

The T88-series of experiments was carried out to investigate two-
phase natural circulation flow in the RD-14M facility. Each
experiment was started with the loop in single-phase
thermosiphoning conditions. By controlled intermittent draining
of the liquid inventory from the loop, two-phase natural
circulation was established. It should be noted that there was
no "real" break in the heat transport system in these tests. The
intention was to minimize the effect of draining on the results.
The system parameters were then allowed to stabilize before the
next draining. Intermittent draining of the loop inventory
continued until a process protection trip (usually high sheath
temperature of ~600°C) occurred, thus terminating the experiment.



In the figures in this paper, small arrows are used to denote the
beginning and end of each drain, while large arrows are used to
denote the occurrence of channel flow reversals. Furthermore, a
9-point (18-second) averaging scheme has been used to smooth out
some of the fluctuations in the following figures. Some of the
fluctuations that occurred in the measurements of these
thermosiphoning tests may be attributed to instruments recording
at levels that were considerably less than 25 percent of full
scale.

In these tests, the channel flows were found to be unidirectional
in the early part of each experiment. Then, depending on the
specific test conditions, the flow in some channels reversed,
while the flow in the remaining channels continued in the same
direction. The results of this series of RD-14M tests have been
reported and analyzed by various authors [2-7].

The onset of channel flow reversal denotes the establishment of
an alternative pathway for the coolant in the heat transport
system whereby fluid in the same core pass could be recirculated
through the headers without going through the steam generators -
the "intended" heat sink. (In these RD-14M tests, there were
significant below-header heat losses, which represents a major
unintended heat sink.) In every case, the onset of channel flow
reversal coincided with a reduction of flow through the steam
generators. In some cases, it coincided with a complete '
cessation of flow through the steam generators. As a result, the
fluid temperatures in the inlet and outlet headers (Figure 2)
approached a common value, and the density gradient for driving
the flow between the inlet and outlet feeders began to diminish.
Eventually (usually with further draining), a limiting
temperature excursion in excess of 600°C occurred, terminating
the experiment.

In the high power (160 kW/pass) tests, the limiting temperature
excursions were observed to occur at primary inventories that
were slightly less than those required for the onset of channel
flow reversal. In medium (100 kW/pass) and low (60 kW/pass)
power tests, the limiting temperature excursion was observed to
occur at primary inventories that were significantly less than
those for the onset of channel flow reversal. A summary of these
results can be found in reference 5.

It is known that heat losses from the RD-14M thermosiphoning
tests were significant, hence interpretation and extrapolation of
these test results to other situations must account for heat loss
effects. Figure 3 shows the estimated heat losses from the loop
as a function of primary coolant temperature [8].

The present work focuses on the conditions leading to the onset
of sustained channel flow reversal in these partial inventory
thermosiphoning tests. The present work concentrates on the
analysis of high power thermosiphoning tests since the influence
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of heat losses on the overall results was relatively smaller
other things being equal. A brief summary of the test conditions
and results in these high power tests is shown in Table 1.

SYSTEM RESPONSE TO INTERMITTENT DRAINING

Before proceeding to discuss the conditions leading to the onset
of channel flow reversal in these (160 kW T88) tests, it is
desirable to examine the behaviour of the header-to-header
pressure differentials in these tests. In some cases, the
header-to-header pressure differentials were relatively steady.
In other cases, they were highly oscillatory. These oscillations
can be caused by (a) the draining operation, (b) the system
conditions following the drain, and (c) a combination of the
above two factors (i.e., it may take a draining operation of a
certain rate and a certain- set of system conditions to produce
these oscillations). It is not possible at this time to
determine which of the above factors is dominant in these tests.

The stability of two-phase flows in a figure-of-eight
configuration has been investigated by many authors [9-12].
Various methods are available for determining the conditions
under which oscillations in a figure-of-eight loop occur and the
nature of the oscillations. Alternatively, advanced two-fluid
thermalhydraulics codes, such as TUF and CATHENA, should also be
able to predict the steady and oscillatory characteristics of the
loop for various conditions.

Using the spring-mass analogy in reference 10, a simplified
description of the mechanism is as follows. Basically, the two-
phase region is compressible and acts like a spring. The single-
phase liquid region acts like an incompressible mass, giving
substantial inertia to the system. During the draining
operation, header 7 becomes the lowest pressure point in the RD-
14M loop and the void introduced as a result of draining is
concentrated in the piping in the vicinity of header 7. This
causes the fluid in the upstream pass (channels 5 to 9) to
accelerate and the fluid in the downstream pass (channels 10 to
14) to decelerate. After the draining operation has stopped, the
inertia of the system causes increased flow into the voided
region to continue. Hence, the two-phase region downstream of
header 7 is compressed temporarily. An overpressure results,
giving a "rebound effect". The upstream fluid then decelerates
and the downstream liquid accelerates. Depending on the system
conditions, oscillations may damp out and a steady response is
obtained, or the oscillations may grow in amplitude until non-
linear damping effects become dominant and a limit cycle is
reached. Reference 12 provides a method for estimating the
oscillation amplitude of the limit cycle in a figure-of-eight
loop by examining the void collapse condition.

The nature and existence of oscillations depend on many factors.
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The main ones are the loop void fraction, the location of the
void, the initial (primary and secondary) test conditions, the
net input power (i.e., after accounting for heat losses, if any),
and details of the perturbation (such as the location and rate of
draining, length of the interval between draining operation) that
induces the oscillations.

Test T8805 is an example of a test with quasi-steady header-to-
header pressure differentials following intermittent draining
(shown in Figure 4 ) . Immediately following a drain, the void
fraction was highest in the piping in the vicinity of header 7
(the draining header). After the system was given sufficient
time to stabilize, this void was "distributed" evenly between the
two core passes, and the thermalhydraulic behaviour of the two
core passes until the onset of channel flow reversal was
essentially the same. The measured header-to-header pressure
drop was relatively steady, and the magnitude of fluctuations, if
any, was small when compared with the average values.

Test T8809 is an example of a test with highly oscillatory
header-to-header pressure differentials following intermittent
draining (shown in Figure 5 ) . It is inferred that the effect of
successive removal of the loop liquid inventory from header 7 was
to induce larger and larger oscillations in the header-to-header
pressure differential in a core pass, while the average header-
to-header pressure differential remained close to zero, the
header-to-header pressure differential did not stabilize about
some steady values but fluctuated in time. Furthermore, the
header-to-header pressure differentials in the two core passes
were out-of-phase.

The following sections examine the conditions leading to the
onset of channel flow reversal under the two types of boundary
conditions, i.e., quasi-steady and oscillatory header-to-header
pressure differentials. Two topics are of particular interest:
(a) the magnitude of the negative header-to-header pressure

differential required for the onset of channel flow
reversal, and

(b) which of the channels is the first to reverse.

CHANNEL FLOW REVERSAL UNDER QUASI-STEADY HEADER-TO-HEADER
PRESSURE DIFFERENTIALS

The four tests (T8805, T8808, T8818 and T8819) in this group have
the same nominal primary and secondary conditions. Some relevant
results from the experiments are as follows:
(a) The onset of channel flow reversal occurred at a primary

inventory of about 85 to 89 percent.
(b) The highest elevation channels (5 and 10) were the first to

reverse.
It should be noted that for the coolant conditions in these
tests, more than 50 percent of the input power (i.e., voltage
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times current) is calculated to be lost outside the steam
generators {refer to Figure 3 [8]). This magnitude of heat loss
is characteristic of the RD-14M facility.

Under steady natural circulation conditions in the loop, the
outlet header pressure must exceed the inlet header pressure,
otherwise there is insufficient pressure head to drive flow over
the steam generators. As the liquid inventory in the loop is
continually reduced, the header-to-header pressure differentials
become more and more negative, as shown in Figure 4 for test
T8805. The basic mechanism appears to be well-understood and is
as follows [3,6,7,13]. Draining produced two important effects:
(a) draining led to a reduction in the liquid inventory.

Initially, this led to a decrease in the fluid density in
the hot leg side of the loop, thereby increasing the density
gradient between the hot and cold leg sides. At the same
time, the pressure drop in sections of the loop was
increased due to the presence of increased voids. During
the first few draining operations, the increased density
gradient was able to overcome the increase in two-phase
pressure drop, and the loop flow increased.

(b) draining resulted in the depressurization of the primary
heat transport loop close to the pressure of the secondary
side in these tests. This led to a gradual reduction of the
temperature gradient for heat transfer from the primary to
secondary sides.

It is postulated that with further draining, the combination of
increased void together with the decreased efficiency of the
secondary side to condense the incoming steam caused the length
of two-phase region to extend beyond the top of the steam
generator U-tubes, and the density gradient between the hot and
cold leg sides began to diminish. Further draining from this
point onwards further degraded the density gradient for forward
flow, while the two-phase pressure drop continued to increase.
The header-to-header pressure differential became increasingly
negative and the loop flow continued to decrease (see Figure 4 ) .
A quantitative model [13] of the above-header components has been
set up to simulate the increasingly negative header-to-header
pressure differentials as the liquid inventory is reduced. By
modelling the above mechanism, agreement between model
predictions and experimental results were obtained.

When the header-to-header pressure differentials are relatively
steady, the following flow-reversal criterion based on quasi-
steady conditions is used: the prevailing header-to-header
pressure differential (PIH - P0H) must be sufficiently negative to
overcome the forward driving force resulting from the density
gradient between the inlet and outlet feeders. Mathematically,
the requirement can be expressed as:

~ PiH<t) > J I Pir(Z't) - por(2,t) ] g dz Eq. 1

where PIH(t), P0H(t) are the inlet and cutlet header



-7-

pressures, respectively/ at time t,
pir(z,t), pOF(z,t) are the fluid densities in the inlet
and outlet feeders, respectively, at elevation z and
time t,
g is the acceleration due to gravity, and
the integral on the right hand side is evaluated over
the vertical distance from the channel to the headers.

The above criterion simply states that for the flow in a channel
to reverse, the net force on the fluid in the channel must be in
the reverse direction. As the fluid velocities in the feeders
and channels around the onset of channel flow reversal were
observed to be relatively small, frictidnal effects have been
neglected in the above criterion. This criterion is consistent
with earlier analyses [6,14].

Using the quasi-steady flow-reversal criterion, we define a
header-to-header pressure differential required for channel flow
reversal, APrev, as follows:

APrev(t) = - J [ pIF(z,t) - pOF<z,t) ] g dz Eq. 2

With this definition, the quasi-steady flow-reversal criterion
can be restated as follows: When APHH > APrev, forward flow is
predicted. When APHH < APrev, reverse flow is predicted. Under
two-phase natural circulation conditions (assuming homogeneous
two-phase flow) and before the onset of channel flow reversal in
these tests, the following approximations can be made:

PIT " Pf

Por = <OOF> Pg + ( 1 ~ <Oor> > Pf

Thus, APr.v can be approximated as

APr.v<t) * - <aoF(t)> ( pf - p, ) g h Eq. 3

where <aOF(t)> is the average void fraction of the fluid in the
outlet feeder at time t, and h is the elevation difference
between the channel and the headers. In general, «XoF(t)> is a
function of the outlet feeder geometry (including elevation and
cross-sectional area changes), the channel power, previous
operating history of the channel, i.e., APHH(t) at earlier times,
and system conditions, e.g. p£, pg and htq.

The instantaneous void fraction of the fluid in the channel exit
was estimated from linear interpolation of the gamma densitometer
readings between the empty and full pipe readings. To obtain the
average void fraction of the fluid in the outlet feeder, the
fluid void fraction at the channel exit is averaged in the
appropriate manner accounting for elevation and cross-sectional
area changes in the outlet feeder. Table 2 shows the lengths of
the outlet feeders for the ten channels and the estimated
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averaging periods required assuming a typical volumetric flow
rate of 0.1 L/s. When the void fraction is a relatively steady
function of time, the average outlet feeder void fraction is not
sensitive to the length of the averaging periods used, and thus
the details of the outlet feeder geometry.

Figure 6 shows a comparison of the header-to-header pressure
differential required for flow reversal to occur, APrev, and the
experimentally measured pressure differential between headers 6
and 7, APHH, for channel 5 in test T8805.

From Figure 6, it is observed that at the beginning of the test
there is a brief period during which APHH < APrev. This anomalous
result is attributed to the fact that during this period, the
loop is in single-phase thermosiphoning and use of Eq. 3 is
invalid.

During the period from the start of the first drain to the end of
the sixth drain (primary inventory from 100 to 88 percent), it is
observed that APHH > APrev. For the time period from the end of
the sixth drain to the beginning of the seventh drains, APHH
becomes comparable to APrev, or APHH < APrev. Experimentally, onset
of channel flow reversal was observed to occur during the seventh
drain (primary inventory of 83 percent). Considering the
instrument uncertainties and the approximations used to obtain
the results, the agreement between the experimental data and the
quasi-steady flow-reversal criterion is quite good. Applying the
quasi-steady flow-reversal criterion to the 4 quasi-steady tests
in this group, and using the actual header-to-header pressure
differentials, the inventory fractions at the onset of channel
flow reversal determined with the above criterion are estimated
to be within 3 percentage points of the experimentally measured
inventory fractions (see Table 3). Alternatively, the values of
APrev at the onset of channel flow reversal determined using the
above criterion are within 18 percent of those of the
experimentally measured APHH for the 4 quasi-steady tests.

As noted earlier, the header-to-header pressure differential
required for channel flow is dependent on the past operating
history of the channel. For example, the magnitude of the APrav
for a particular channel depends on the rate at which a change in
the header-to-header pressure differential is brought about. If
the change in header-to-header pressure differential is brought
about at a very slow rate, allowing sufficient time for the fluid
density in the outlet feeders to adjust to the new flow rates
through the channel, then the channel flow would slow down very
gradually, and the quality of the fluid leaving the channel would
increase slowly as a result. Ultimately, the outlet feeder would
be almost completely voided, while the channel flow would drop to
a very small value. In this case, the header-to-header pressure
differential required to reverse the flow direction would be
approximately (pf - p,)gh. In these relatively steady
experiments, it is found that the header-to-header pressure



differentials at the onset of channel flow reversal are smaller
than the above value because the fluid void fraction in the
outlet feeder is typically much less than unity. Figure 7 shows
the cutlet feeder average void fraction in channel 5 for test
T8805. It is observed that just prior to the onset of channel
flow reversal, the average void fraction in the outlet feeder was
between 30 to 60 percent. It is concluded that the rate of
change of the header-to-header pressure differentials with time
in these experiments is rapid compared to the transit times
through the channels and the outlet feeders. Consequently, the
fluid densities in the outlet feeders appears to be "frozen" at
their old values just prior to the onset of channel flow
reversal.

It is noted that the onset of channel flow reversal in many tests
(3 out of 4) occurred during a draining operation. This is not
surprising since it is during a draining operation that the
header-to-header pressure differentials were changing rapidly in
time.

According to the above criterion, the highest elevation and
lowest power channels should be the first to reverse (refer to
Eq. 3 ) . In these RD-14M tests, the flow resistances and the
input powers to the ten channels were scaled in such a way that
the qualities of the fluid leaving the channels were roughly the
same. Figure 8 shows the outlet feeder average void fraction for
channels 5 to 9 in test T8805 as a function of time. The
elevation term (see Table 4) in Eq. 3 is expected to dominate,
and the top channels are predicted to be the first to reverse as
shown in Figure 9 for test T8805. This is in agreement with the
experimental results for the relatively steady tests.

CHANNEL FLOW REVERSAL UNDER OSCILLATORY HEADER-TO-HEADER PRESSURE
DIFFERENTIALS

When the header-to-header pressure differentials were
oscillatory, the main experimental observations are as follows:
(a) Onset of channel flow reversal for the 1 MPa tests (T8809

and T8810) occurred at a relatively high primary inventory
of 92.6 percent, while onset of channel flow reversal for
the 0.1 MPa test (T8804) occurred at a primary inventory of
83.2 percent.

(b) Even though T8810 was a repeat test of T8809, the first
channels to reverse were different for tests T8809 and
T8810. Previous analysis did not reveal any consistent
pattern regarding which of the channels would be the first
to reverse for these tests.

It is estimated that heat losses from components other than the
steam generators account for more than 35 percent of the input
power (i.e., voltage times current) in T8809 and T8810, and more
than 18 percent of the input power in T8804 (refer to Figure 3
[8]) .
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Figure 5 shows that in test T8809 large out-of-phase oscillations
in the header-to-header pressure differentials were produced
during and after each draining, while Figure 10 shows that in
test T8804 smaller header-to-header differential pressure
oscillations were produced. Not surprisingly, onset of channel
flow reversal occurred at a higher inventory in test T8809 than
in test T8804.

When the header-to-header pressure differentials are oscillatory,
the quasi-steady flow-reversal criterion is no longer sufficient
for predicting the onset of channel flow reversal. A dynamic
stability analysis that models the transient and feedback
processes occurring inside the feeders and channels is required.
The development of a dynamic flow-reversal criterion is in
progress. As a temporary measure, we have applied the quasi-
steady flow-reversal criterion to tests with oscillating header-
to-header pressure differentials. Some insights can be gained
from these tests by using this simple criterion. The inadequacy
of the quasi-steady flow-reversal criterion for tests with
oscillating header-to-header pressure differentials is also
demonstrated.

Figure 11 shows a comparison of the header-to-header pressure
differential, APrev/ required for channel flow reversal from Eq. 3
for channel 8 in test T8809 and the experimentally measured
pressure differential, APHH, between headers 6 and 7. Using the
methodology developed in the previous section, the outlet feeder
void fraction was estimated by averaging the instantaneous fluid
void fraction leaving the channel for the time durations shown in
Table 2. It is observed in Figure 11 that there are many
instances when the values of APHH approach those of APr.w. These
observations are confirmed by the corresponding slowdowns in the
inlet turbine flow meter readings shown in Figure 12. Around
3000 seconds, APHH < APrev. Flow reversal in channel 8 was
observed to occur shortly afterwards.

The net pressure head on the fluid in a given channel is the sum
of the header-to-header pressure differential and the density
gradient between the inlet and outlet feeders for that particular
channel, as shown in Equation 4 below.

APnet(t) - APHH(t) + J [ pIF(z,t) - pOF(z,t) ] g dz Eq. 4

For forward flow, APnej(t) > 0. For reverse flow, APnet(t) < 0.
In these tests, the first term in Equation 4, i.e., the header-
to-header pressure differentials, exhibited large amplitude
oscillations about zero, while the second term in Equation 4, the
density gradient term, also exhibited large amplitude
oscillations. Depending on the timing and magnitude of the
oscillations for the different channels, the flow in a particular
channel may or may not reverse. However, it is clear that under
highly oscillatory header conditions, the top channels are not
necessarily the first ones to reverse. Some elements of the
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above explanation were discussed in references 4 and 7.

In particular, in test T8809, the timing and magnitude of the
oscillations in the header-to-header pressure differentials and
the density gradient between the inlet and outlet feeders were
such that channel 8, not channel 5, was the first to reverse.
Figure 13 shows the inlet turbine flow meter readings for
channels 5 and 8 in test T8809. It is observed that the
magnitude of the channel flow oscillations in channel 8 was much
larger than that in channel 5. (It should be noted that channel
8 has the smallest combined flow resistance amongst channels in
the same core pass, as shown in Table 5). Corresponding to these
large channel flow oscillations, single-phase liquid was detected
at the outlet of channel 8 much more frequently than from channel
5, as shown in Figures 14 and 15. Consequently, the average
outlet feeder void fraction, <aor>f *or channel 8 was often
smaller than that for channel 5 (see Figure 16). Consequently,
the header-to-header pressure differential required for channel
flow reversal, APrev, for channel 8 was often smaller than that
required for channel 5 for certain time intervals.

Figure 17 shows the estimated header-to-header pressure
differential, APrev, required for channel flow reversal for
channels 5 to 9 based on Eq. 3 in test T8809. It is observed
that using the present quasi-steady channel flow reversal,
criterion, it is not possible to determine which of the channels
would be the first to reverse. This is to be expected.
Development of a dynamic model accounting for transient and
feedback effects is in progress.

MODELLING AND RESULTS

In the previous sections, the condition for the onset of channel
flow reversal is expressed in terms of the header-to-header
pressure differential. In practice, the header-to-header
pressure differential in any RD-14M test is not known a priori.
To bridge this gap, a model of the thermalhydraulic behaviour of
the below-header components in the RD-14M loop has been
developed. The intention is to couple this "below-header" model
with the "above-header" model developed by Fung [13] to predict
the primary inventory at the onset of channel flow reversal for
these tests. This work is in progress. In this section, the
current status of this task is presented.

Information on the flow resistances and dimensions of the loop
was obtained from references 1 and 15. For simplicity,
homogeneous two-phase flow was assumed. It is further assumed
that changes to the header-to-header pressure differential are
brought about instantaneously (i.e., step-function increase or
decrease in the externally imposed header-to-header pressure
differential).
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Figure 18 shows the predicted fluctuation in header-to-header
pressure differential required for channel flow reversal in test
section 5 as a function of the average header-to-header pressure
differential at a net channel power (i.e. input channel power
minus estimated heat losses) of 10, 20, and 30 3cW, respectively
and a pressure of 5 MPa. In these tests, fluctuations or
oscillations in APHH can arise from several sources, such as:
(a) from the draining operation, (b) from the system conditions
following a drain, and (c) from changes occurring in the
secondary side (e.g. intermittent operation of the jet
condenser).

In those tests with relatively steady header-to-header pressure
differentials, the APHH was observed to become more negative as
the liquid inventory was reduced. Figure 18 shows that as the
average header-to-header pressure differential, APHH, becomes
more negative, the fluctuation in APHH required for channel flow
reversal is predicted to be smaller. Eventually, a small
fluctuation, say ± 2 kPa, would be sufficient to trigger a
channel flow reversal. This result is consistent with the
experimental observations.

In those tests with oscillatory header-to-header pressure
differentials, e.g. test T8809, APHH was observed to oscillate
about zero. Figure 18 shows that when the average header-rto-
header pressure differential is around zero, much larger
fluctuations, on the order of ,+15 kPa, are predicted to be
required to trigger the onset of channel flow reversal. This
result is consistent with the experimental observations as well.

The present model can also be used to assess quantitatively the
effect of heat losses on the channel flow reversal behaviour.
Figure 19 shows the predicted fluctuation in header-to-header
pressure differential required for reversing the direction of
flow in channel 5 as a function of the net channel power at an
average header-to-header pressure of -10 kPa and a pressure of
5 MPa. It is observed that as the net channel power is
decreased, the magnitude of the fluctuation in APHH required for
channel flow reversal is also reduced.

In the future, it is planned to integrate the present "below
header" model with an "above-header" model of the RD-14M loop to
predict the primary inventory at the onset of channel flow
reversal. Once an integrated model is in place, the effect of
heat losses on the primary inventory at the onset of channel flow
reversal can be predicted.

SUMMARY

The status of a detailed analysis of the T88 scries of partial
inventory thermosiphoning RD-14M tests has been presented. The
approach used is to develop a relatively simple model that
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"captures" as many of the important phenomena as possible.
Because of the very high heat losses in these RD-14M tests, the
present work concentrated on the high power (160 kW/pass) tests.
In particular, the conditions leading to the onset of channel
flow reversal are examined.

These tests are grouped together according to whether the
behaviour of the header-to-header pressure differentials were
either relatively steady or oscillatory.

A conceptually simple flow-reversal criterion based on quasi-
steady conditions is used in these tests: the prevailing header-
to-header pressure differential must be sufficiently negative to
overcome the forward driving force resulting from the density
gradient between the inlet and outlet feeders.

In those tests with relatively steady header-to-header pressure
differentials, the header-to-header pressure differentials were
observed to become increasingly negative as the loop liquid
inventory was reduced. The mechanisms responsible for the
increasingly negative header-to-header pressure differential were
described. Using the quasi-steady flow-reversal criterion, the
header-to-header pressure differential required for the onset of
channel flow reversal, APr#w, was computed as a function of time.
Onset of channel flow reversal occurs when APHH < APr,w. Applying
the above criterion to these tests, the top channels are expected
to be the first to reverse. This result is in agreement with the
experimental results.

For those tests with oscillatory header-to-header pressure
differentials, the amplitude of these oscillations was observed
to increase as the loop liquid inventory was reduced. A
qualitative explanation for the oscillatory behaviour of the loop
was given. Using the quasi-steady flow-reversal criterion, the
header-to-header pressure differential required for the onset of
channel flow reversal, APrav, was again computed as a function of
time. When the experimentally measured header-to-header pressure
differential approached APr.w, temporary flow slowdowns were
observed. When APKH < APr.v, the onset of sustained channel flow
reversal was observed. By applying the quasi-steady flow-
reversal criterion to these tests, it is shown the top channels
are not necessarily the first to reverse. However, the present
methodology is unable to predict which of the channels is the
first to reverse in these tests. A dynamic flow-reversal
criterion, accounting for transient and feedback processes, is
being developed.

A model of the below-header components in the RD-14M loop is
under development. The model has been used to predict the
fluctuation in header-to-header pressure differential, &Pm,
required for channel flow reversal as a function of the average
APHH. Model predictions are consistent with experimental
results. The model also predicts that smaller fluctuations in



-14-

APHH are required for channel flow reversal as the net channel
power is decreased. It is planned to integrate the present
"below-header" model with the "above-header" model by Fung [13]
to predict the primary inventory at the onset of channel flow
reversal.
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TABLE 1
Brief Summary of Test Results at 160 kW/Pass & Surge Tank Isolated

from Heat Transport Loop

Test #

T8805

T8808

T8818

T8819

T88091

T8810

T8804

Pressure (MPa)

Primary

7.0

7.0

7.0

7.0

5.0

5.0

5.0

Secondary

4.5

4.5

4.5

4.5

1.0

1.0

0.1

Onset of Flow Reversal

Inventory,
%

86.1
during last
drain

85.3
during last
drain

89.3
during last
drain

88.0
after 7th
drain

92.6
after 4th
drain

92.6
after 4th
drain

83.2
during 7th
drain

Channel
No.

10,5

10,5

10,5

10,5

12,8

5,14

6,8,11,
12

Power Trip

Inventory,
%

83.0

81.5

87.4
due to high
boiler FW
inlet
temperature

79.6

90.7

87.0

65.8

Chann
el
No.

9

9

11

8

11

8 |

Notes:
1 repeat of T8805 with slower drain rates
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TABLE 2
Lengths and Estimated Averaging Periods for RD-14M Channels

Channel No.

5,10

6,11

7,12

8,13

9,14

Length of Outlet Feeder (m)

9.2

12.2

19.1

17.1

20.3

Averaging Period (s)

88

118

231

213

196

TABLE 3
Comparison of Experimentally Measured Inventory Fractions

at Onset of Channel Flow Reversal with Those Determined Using the
Quasi-Steady Flow-Reversal Criterion

Test No.

T8805

T8808

T8818

T8818

Experimental Value

87.6 %

86.1 %

90.7 %

90.7 %

Quasi-Steady Flow-Reversal
Criterion Value

86.1 %

85.3 %

89.3 %

88.0 %

Difference

1.5 %

0.8 %

1.4 %

2.7 %

TABLE 4
Elevation Difference Between the Headers and the Channels

Channel No.

5,10

6,11

7,12

8,13

9,14

Elevation Difference (m)

4.20

6.75

7.05

7.60

10.23
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Table 5
RD-14M Frictional Resistance Coefficients for Below Header Components [15]

Test Section No.

5

6

7

8

9

10

11

12

13

14

klr

3.19

3.57

0.76

0.85

3.34

3.31

2.93

0.69

0.86

3.28

*=„

4.12

4.50

4.45

4.05

4.14

3.82

3.79

3.63

4.13

4.30

0.34

0.49

0.48

0.35

0.65

0.33

0.40

0.44

0.35

0.70

7.65

8.56

5.69

5.25

8.13

7.46

7.12

4.76

5.34

8.28

Note: In Reference 15, the frictional resistance coefficient, k, of a
component is defined as follows -

APtrie « k Q*

where APCcic is the frictional pressure drop (in units of m of
water)

Q is the volumetric flow rate (in units of L/s)

T h u s , AP,,,, - ( k i r + kch + kor ) Q2

R e a r r a n g i n g ,

Q - ( A P H H ) 0 5 / ( k i r + k.,, + ko, ) o s
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ABSTRACT

This paper presents some of the results of a detailed
analysis of some of the two-phase thermosyphoning tests conducted
in the RD-14M multiple channel figure-of-eight loop test facility.
The tests were conducted to obtain a better understanding of two-
phase thermosyphoning behaviour in a multiple-channel facility. The
tests generally showed similar thermohydraulics phenomena as the
loop inventory was reduced.

There is a basic difference between two-phase
thermosyphoning behaviour in the tests conducted in the multiple-
channel RD-14M and in the previous RD-14 single-channel per pass
loop test facilities. In each of the RD-14M tests, the flow in some
of the channels in each pass reversed direction and this new
direction was sustained for a long time. This reversal generally
was not observed in the tests conducted in the single-channel test
facilities. This reversal played an important role in the
subsequent RD-14M loop thermohydraulics behaviour. Specifically,
the channel flow reversal reduced and in some tests stopped the
thermosyphoning flow and caused the loop pressure to rise. The flow
reversal and subsequent loop inventory drainings eventually caused
the flow in some channels to decrease and stratify resulting in
channel heatup. The report presents a physical interpretation for
each of the major phenomena observed in the tests. A simple
criterion for the onset of channel flow reversal similar to that
proposed previously is given.

CATHENA was used to simulate a number of the RD-14M
tests with the objective of obtaining a better understanding of
the phenomena observed in the tests. CATHENA generally predicted
all of the observed phenomena. The details of the predicted results
depended on the choice of the steady state conditions and heat loss
distribution around the loop. The paper also studies the results of



the CATHENA simulations of the tests to support the interpretation
of the test results.
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INTRODUCTION

This paper presents the results of a detailed analysis of
some of the two-phase thermosypboning experiments conducted in the
RD-14M multiple-channel test facility. The analysis used both the
raw experimental data and the results of CATHENA simulations of the
experiments. Major physical phenomena observed in the experiments
are identified and explained in terms of physical parameters of the
system.

Previous analyses of two-phase thermosyphoning in the
single-channel per pass RD-14 test facility (Reference 1)' showed
that reducing the loop inventory initially increased the
thermosyphoning flow. (In this paper, thermosyphoning is defined as
the flow of single-phase water or cocurrent steam and water over
the top of the boiler D-tubes). These analyses also showed that
when the two-phase mixture from the boiler hot leg reached the top
of the U-tubes and extended into the cold leg, the thermosyphoning
flow began to decrease. Eventually, at some reduced loop inventory,
the thermosyphoning flow decreased sufficiently to cause the
channel flow to stratify and the channel to heat up.

The RD-14M multiple-channel test facility was
constructed to study the effect of multiple channels on two-phase
thermosyphoning behaviour. A series of two-phase thermosyphoning
tests were conducted in RD-14M and a preliminary analysis of the
tests was performed (Reference 2). This paper presents a mor a
detailed analysis of some of these tests.

RD-14M FACILITY

RD-14M (Figure 1) is a five-channel per pass loop test
facility with its major components arranged in a figure-of-eight
configuration similar to that in a CANDU heat transport system
(HTS). The channels are located at various elevations. The feeder
pipes connect the channels to horizontal headers. The feeders and
end fittings are trace heated to compensate for heat losses.
Nevertheless, significant heat losses have been identified in the
loop. The RD-14M facility is extensively instrumented.



RD-14M STEADY TWO-PHASE THERMOSYPHONING TESTS

The steady two-phase thermosyphoning RD-14M tests were
conducted at various powers, secondary side pressures and loop
inventories. In these test6, single-phase thermosyphoning was
established at the desired conditions in the pass power and primary
and secondary side pressures. Subsequently, the primary fluid was
drained intermittently from one of the outlet headers to obtain
two-phase thermosyphoning conditions at a desired loop inventory
level. The intermittent draining of the loop inventory was
continued until a process trip, usually high heater element
temperature of 600 degrees Celsius) occurred thereby terminating
the test. In addition to the effects of power, secondary side
pressure, and loop inventory, the tests also studied test
repeatability and the effects of boiler feedwater temperature,
trace heating, draining rate, and duration between consecutive
draining operations.

TEST ANALYSIS RESULTS

A preliminary analysis and interpretation of all,of the
test results were performed previously (Reference 2) . This paper
provides some of the results of a more detailed analysis of the
high power tests with the outlet header interconnect pipe and surge
tank valved out.

Generally, the phenomena in the various tests were
similar. Specifically, at some reduced loop inventory in each of
the tests, the direction of the flow- in some of the channels
reversed from inlet-to-outlet to outlet-to-inlet and this new
direction was maintained for a significant length of time. In this
paper, this phenomenon is referred to as channel flow reversal. In
the process of this flow reversal, the outlet feeder became water-
filled and the inlet feeder became two-phase-filled. This flow
reversal is distinguished from a temporary flow reversal that may
occur during a large amplitude flow oscillation. Channel flow
reversal eventually caused the tests to be terminated on high
heater element temperature. As in Reference 2, it is proposed, with
experimental justification, that, in the tests, a channel flow
reversed when the inlet-to-outlet header pressure difference became
sufficiently negative to overcome the net hydrostatic head in the
inlet and outlet feeders of the channel. With oscillations in the
flow and pressure difference the channel flow reversal may occur at
lower negative values of the header pressure difference.

For a given power, the phenomena in the high and low
pressure tests were somewhat similar but some of them occurred for
different reasons. These phenomena are described in detail below
for the two high power (160 kW) tests #T8808 and T8809 conducted at
high (4.5 MPa) and low (1.0 HPa) secondary side pressure



respectively. For each of the tests, the flow behaviour is decribed
in only one of the two passes of RD-14M since it was similar in the
other pass.

High Pressure Tests

With each draining of the loop inventory, the primary
side pressure (Figure 2) decreased further towards the secondary
side pressure. This pressure reduction caused the hot water in the
outlet piping to flash and consequently the void in these pipes
continued to increase. At some reduced loop inventory, the primary
pressure began to increase. This pressure rise was caused by
thermosyphoning breakdown and consequent insufficient heat removal
by the boilers.

The behaviour of the phase distribution in the hot and
cold legs of the boiler tubes had significant effect on the
thermosyphoning and channel flow behaviour. This behaviour is
deduced from the measured pressure difference between the inlet and
outlet of each of the boilers (Figure 3). This pressure difference
became more negative and reached a minimum as the loop inventory
was drained. Further loop inventory draining caused this pressure
difference to increase to a relatively high positive value. This
behaviour in the pressure difference is explained as follows. After
a few initial drainings, the boiler pressure difference decreased
because the void in the boiler hot leg increased reducing the
hydrostatic head in the hot leg. The friction pressure drop
increased as the two-phase region in the hot leg increased.
Initially, the friction pressure drop was small compared to the
difference in the hydrostatic heads in the hot and cold legs.
Therefore, the pressure difference across the boiler tubes
decreased. When the void entered the cold leg, the net hydrostatic
head began to decrease but the friction pressure drop continued to
increase and became dominant causing the pressure difference across
the boiler to become positive.

It is inferred (and confirmed by CATHENA simulations as
described below) that when the void entered the cold leg, the
boiler pressure difference also became oscillatory and the
oscillations in the two passes were in-phase with each other.
These oscillations are caused by an interaction between variations
in the flow and the resulting friction pressure drop and in the net
hydrostatic head. The change in the heat transfer to the secondary
side has a small effect on this oscillation.

The behaviour in the header pressure difference between
the inlet and outlet headers (Figure 4) was nearly similar in
magnitude and opposite in sign to that in the boiler pressure
difference as expected. In particular, when the boiler pressure
difference became significantly positive, the header pressure



difference became significantly negative.

The thermosyphoning flow (Figure 5) increased after each
of the initial drainings and reached a maximum when the boiler
pressure difference reached a minimum. Subsequently, the flow
decreased and developed oscillations at the same time that the
boiler pressure difference increased and became oscillatory. This
flow behaviour is explained similarly to that in the boiler
pressure difference. Later on, the thermosyphoning flow decreased
again and eventually stopped, i.e., thermosyphoning broke down at
about 80% loop inventory when the primary-to-secondary temperature
difference was about 3 degrees Celsius. This decrease in the flow
occurred partly because the net hydrostatic head in the inlet and
outlet piping decreased after further draining increased the loop
void in the boiler hot and cold legs. The resulting increase in the
friction pressure drop also reduced the thermosyphoning flow. The
flow decreased also because the flow reversed in some of the
channels and these channel flows no longer contributed to the
thermosyphoning flow. It is inferred that, following
thermosyphoning breakdown, reflux condensation in the boiler hot
legs removed some of the channel heat. '

The flow behaviour in each of the channels prior to
reversal was similar to that in the thermosyphoning flow and for
similar reasons. The oscillations in the channel flows,
thermosyphoning flow, and header and boiler pressure differences
had various phases relative to each other. At some reduced loop
inventory, the flows in the top channels, i.e., HS5 and HS10,
reversed at about the same time.

The flow reversal in HS5 is explained similarly to that
in Reference 2 and is as follows. Figures 6 and 7 show respectively
the HS5 inlet flow and header-to-header pressure difference at
about the time of the channel flow reversal. The flow was
oscillatory with increasing amplitude. The oscillation amplitude
was large relative to the mean flow. The header pressure difference
was negative and oscillatory and the oscillations before channel
flow reversal were nearly in-phase with those in HS5 flow. As the
amplitude of the flow oscillations grew, the flow began to
periodically stagnate and sometimes reverse momentarily (Figure 6).
This momentary flow reversal sometimes caused void to momentarily
appear in the inlet feeder (Figure 8). At the time of channel flow
stagnation indicated by the arrow #1 in Figures 6, 7, and 9, the
header pressure difference was significantly negative and for
sufficiently long time to cause the flow to stagnate in some axial
plane along the channel. From this axial plane, high quality fluid
flowed towards the inlet and outlet feeders. This stagnation and
bi-directional flow are inferred from the negative value of the
channel flow (Figure 6) and the positive value of the pressure
difference across the channel (Figure 9). Consequently, the void in



the inlet (Figure 8) and outlet feeders (Figure 10) increased.
Shortly afterwards, the header pressure difference began to
decrease to -20 kPa at the time shown by the arrow #2 in Figure 7.
This value of the header pressure difference was sufficiently
negative to reverse the channel flow. At this time, indicated by
the arrow #2 in Figure 10, the void in the outlet feeder collapsed.

From the above discussions, a simple criterion for a
sustained channel flow reversal is as follows. A channel flow
reverses when the inlet-to-outlet header pressure difference is
sufficiently negative to overcome the difference between the
hydrostatic heads in the inlet and outlet feeders. Thus, at the
onset of channel flow reversal,

Ap = - g.h. (d - Co)

where h = the elevation difference between the headers and the
channel, g = gravitational acceleration, fii = inlet feeder fluid
density, and QO = outlet feeder fluid density. To relate the above
criterion to the loop themohydrau lies conditions, Ap, Qif and Qo
must be evaluated in terms of these conditions. The values of Ci
and Co depend on the amount and distribution of void in the
feeders. This void, in turn, depends on the channel flow history
and oscillation characteristics. An upper and a lower bound values
for Ap are readily given. One of these values is obtained for Ap =
water density and Ap = steam density. This value is appropriate for
the case of test T8808 described above where the flow stagnates
before reversing since then the outlet feeder void is quite high.
For the top channel and for test T8808, this upper bound value of
Ap is about -30 kPa compared to the value of -20 kPa in the test
(Figure 7). The lower bound value of Ap is obtained for Ap =
subcooled water density and Ap = saturated water density. This
lower bound value is between 2 and 5 kPa. This value is appropriate
for the case where the oscillation amplitude is sufficiently large
to collapse the void in the outlet feeder prior to channel flow
reversal as described below.

With further draining in the test T8808, the header
pressure difference (Figure 7) became more negative (about -23 kPa)
and the flow reversed in a mid-elevation channel for reasons
similar to those in the top channels.

From measured fluid temperature and void above the inlet
headers, the followings are inferred. The hot fluid entering the
inlet headers from the channels with reversed flows eventually
heated the inlet header fluid to the saturation temperature just
after the thermosyphoning broke down. Subsequently steam rose up
from the inlet headers and accumulated in the pump casing due to
limited condensation there. This steam accumulation and limited
heat removal by the reflux condensation caused the loop to



pressurize. This pressurization forced back the water in the U-
shaped piping between the pump inlet and the boiler outlet until it
reached the inclined boiler outlet pipe. This steam then bubbled up
through the pipe and condensed in the boiler cold leg.

Following thermosyphoning breakdown, void (Figure 11)
appeared in the inlet feeders of some of the channels with forward
flows and the flows in these channels decreased and stratified
causing the upper fuel element simulators to heat up (Figure 12).
These phenomena are explained as follows. Reduced thermosyphoning
and channel flows caused the steam and water phases in the inlet
header to separate with the steam in the upper parts and water in
the lower parts of the inlet header. Subsequent thermosyphoning
breakdown caused water level in the inlet header to fall exposing
the feeder nozzles at the header to steam. These feeder nozzles,
therefore, began to receive steam. This steam replaced the water in
the inlet feeders as the water drained into the channels. This
phenomenon is referred to as feeder draining. Feeder draining
reduced the hydrostatic head of the water in the inlet feeders and,
therefore, the flow. Therefore, the channel flow eventually
stratified and the upper heater element temperature began to
increase (Figure 12).

Low Pressure Tests

The phenomena in the low pressure test T8809 were
generally similar to those in the high pressure tests. However,
the primary circuit parameters were highly oscillatory. The
behaviour of the loop pressure as the loop inventory was drained
was similar to that in the high pressure tests. The boiler and
header pressure differences were oscillatory about nearly zero
time-averaged (i.e., mean) values unlike that in the high pressure
test T8808.

The thermosyphoning flow was oscillatory and the
oscillation amplitude increased with each draining of the loop
inventory. The flow oscillations in the two passes were out-of-
phase with one another. The pass-to-pass out-of-phase oscillations
in a figure-of-eight such as RD-14M under two-phase conditions have
been studied experimentally and analytically elswhere (References
3 and 4). The mean value of the flow increased after each draining
of the loop inventory. The continued increase in the flow after
each draining indicated that the extent of the void in the hot legs
increased and no significant void entered the cold legs. It is
relevant to note that, in the test T8809, the minimum difference in
the fluid temperature between the primary and secondary sides was
about 13 degrees Celsius. Following each channel flow reversal, the
thermosyphoning flow abruptly decreased. In T8809, thermosyphoning
did not break down and no void appeared above the inlet headers.
Following each reduction in the thermosyphoning flow, the loop



pressure increased. In another low pressure test, thennosyphoning
broke down and the subsequent above-header behaviour was similar to
that in T8808.

In T8809, the flow in each channel was oscillatory about
a positive time-averaged value. This value increased as the loop
inventory was reduced. The oscillations in the different channels
had generally different characteristics. These oscillations have
been observed (Reference 5) and are governed by a feedback between
the flow and the outlet void and, therefore, the difference in the
hydrostatic heads in the inlet and outlet feeders modified by the
oscillations in the header-to-header pressure difference.

Between 92% and 90% loop inventory, the flows in HS8 and
HS12 reversed. The mechanism for the flow reversal in the channels,
where the oscillations in the flow and header-to-header pressure
difference were nearly in-phase prior to the reversal, is similar
to that in T8808. In the other channels in T8809, the void in the
outlet feeders collapsed during a high flow period of the large
amplitude oscillations in the channel flows. With the outlet feeder
water-filled, the flow in the channel reversed when, subsequently,
the header-to-header pressure difference rapidly became negative.

In T8809, the reversed flows in HS8 and HS12 began to
decrease from the start of a subsequent draining and the resulting
loop depresssurization. Subsequently, the fuel element simulators
in HS8 began to heat up. Eventually, the test was terminated on
high fuel element simulator temperature in HS8 at about 90% loop
inventory. From other observations in the tests, it is inferred
that the reduction in the flows in HS8 and HS12 was caused by void
generation in the outlet feeders of HS8 and HS12. This void was
generated by flashing of the water in the outlet feeders of these
channels as the loop pressure decreased due to the draining.

In another low pressure test, both feeder draining,
due to the inlet header phase separation, and water flashing in the
outlet feeder, due to the loop depressurization, caused the fuel
element simulators to heat up. This test was terminated on the
resulting high heater element temperature in the channels with
forward and reverse flows.

CATHENA TEST SIMULATION RESULTS

CATHENA was used to simulate some of the tests and in
particular tests T8808 and T8809. The code generally predicted the
phenomena observed in the tests. The details of the simulation of
a particular test depended on the choice of the initial steady
state conditions in the range of uncertainties of the measured
parameters, modelling of heat loss magnitude and distribution,
choice of component models (such as separator or no separator model



in the headers), number of nodes, etc.

For the high pressure test T8808, the simulation

predicted, among other things, :

i. The significant increase and decrease in the pressure
difference across each of the boilers and inlet and outlet
headers (Figure 13) respectively when significant void entered
the cold legs (Figures 14 and 15).

ii. The decrease in the thermosyphoning flow (Figure 16) when
significant void entered the boiler cold legs and subsequent
in-phase flow oscillations.

iii. The decrease in the thermosyphoning flow (Figure 16) following
each channel flow reversal and eventual thermosyphoning
breakdown.

iv. The flow reversal in the top channel (Figure 17) earlier than
that in the test. It predicted flow reversal in one of the
middle channels but not the one in the test.

v. Feeder draining and resulting flow stratification in the
bottom channel (Figure 18) following thermosyphoning
breakdown.

CATHENA predicted channel flow reversal for reasons
similar to those inferred from the test data. The discrepancy
between the particular channel where the flow reversal is predicted
and observed can be explained by noting that CATHENA predicted
different oscillation characteristics in the flows and pressure
differences than that in the test.

For the low pressure test T8809, CATHENA predicted the
observed behaviour in the thermosyphoning and channel flows prior
to any of the observed channel flow reversals. The code did not
predict any of the observed channel flow reversals. This prediction
can again be explained from the observation that CATHENA did not
predict oscillation characteristics identical to that in the test.
It is possible that with different initial steady state conditions
and or at a lower loop inventory level and different modelling
assumptions, CATHENA would predict channel flow reversal. In fact,
in the simulation of the test T9002 which is a repeat of T8809 but
with the outlet header interconnect pipe valved in, CATHENA
predicted flow reversal in the top channel. This channel was not
the same as that in which the flow reversed in the test.
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It may be concluded that, under highly oscillatory loop
conditions, it is unlikely that a code or model can predict all the
complexities of the oscillation characteristics and, therefore, all
possible channel flow reversals.

SUMMARY

This paper presents some of the results of a detailed
analysis of some of the two-phase thermosyphoning tests conducted
in the RD-14M multiple-channel test facility. The sustained channel
flow reversal observed in each of the tests reduced the
thermosyphoning flow and eventually led to channel heatup. The
channel flow reversal reduced the thermosyphoning flow. At high
pressure, the thermosyphoning broke down after the void entered the
boiler cold legs. This breakdown caused the water in the inlet
feeders to drain into the channels thereby reducing and stratifying
the channel flows. This stratification caused the upper fuel
element simulators to heat up. Similar phenomena also occurred in
one of the low pressure tests. In other low pressure tests, the
flows reduced and stratified in the channel where the flow had
previously reversed because the water in the outlet feeders of
these channels flashed due to a loop draining and the resulting
loop depressurization. This stratification caused these channels to
heat up.

It is proposed, with experimental evidence, as in
Reference 2, that a channel flow reversed when the inlet-to-outlet
header pressure difference became sufficiently negative to overcome
the net hydrostatic head in the inlet and outlet feeders of the
channel. Oscillations in the channel flow and pressure difference
tended to reduce the net hydrostatic head thereby facilitating the
flow reversal. A simple criterion for this flow reversal similar to
that in Reference 2 is presented.

CATHENA was used to simulate some of the tests. For the
high pressure tests, CATHENA predicted the observed phenomena and
for reasons similar to those inferred from the test data. For some
of the low pressure tests, CATHENA did not predict and, for other
low pressure tests, CATHENA did predict the observed channel flow
reversals because CATHENA generally did not predict oscillation
characteristics identical to those in the tests. The details of the
simulations depended on the choice of the initial steady state
conditions, heat losses distribution, and modelling assumptions.
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ABSTRACT

Several thermalhydraulic experimental test programs are being
performed under the direction of the CANDU Owners Group,
including experiments performed in a full-elevation, multiple-
channel representation of a CANDU primary heat transport system
(RD-14M). A very large amount of experimental data and
information is generated by this program. This paper describes
the use of a relational database, in the PC-DOS environment,
using the FoxPro database management system, to store and
facilitate access to information related to the RD-14M test
facility. Several databases have been set up to collectively
describe the experimental facility configuration, the loop
instrumentation history, the configuration for individual tests,
the test conditions, and the referencing cf documentation
produced from the experimental program. The database is employed
in conjunction with data display software to assist in the
analysis of the experimental data.

1.0 INTRODUCTION

The aim of the CANDU* Safety Thermalhyraulics Research Program
is to contribute to the continued improvement of our fundamental
and technical understanding of CANDU heat transport system
component and integrated thermalhydraulic behaviour under
postulated accident and upset conditions [1]. Integrated
experiments have been conducted in single channel per pass
pressurized-water loops to improve our understanding of the
phenomena governing the behaviour of the primary heat transport
system (PHTS) under postulated accident and upset conditions [2].
The RD-14M facility [3] was built to examine the integrated
effects of a multichannel-per-pass geometry on these phenomena.
Other experimental programs exist to investigate the behaviour of

* CANDU (CANada Deuterium Uranium) is a registered trademark of
AECL.



components representative of those found in a CANDU reactor
[4,5]. Information generated from these programs is being used
to improve and validate thermalhydraulic computer codes developed
to analyse the behaviour of CANDU systems [6,7].

The experimental data and information that has been generated for
the CANDU Owner's Group (COG) from these test facilities is
currently stored in diverse locations, such as magnetic tapes,
data reports containing many plots, drawings, papers, and
experimental logbooks. Users of this data and information have
found it cumbersome to access and utilize, making analysis of the
tests tedious and time consuming.

This paper describes the use of a relational database to store
and facilitate access to all pertinent information (including
some key experimental data) related to the RD-14M experimental
program. Both general and specific information about the
facility and tests are stored in the relational database,
including test-specific information (initial conditions, test
setup, etc.), instrument lists, instrument histories, loop
configuration histories, memoranda, and publications. This
database provides users with a convenient, common access to a
comprehensive package of information describing RD-14M, and the
experiments performed in RD-14M.

2.0 RELATIONAL DATABASES

A database is a collection of information that is stored,
manipulated, and retrieved by a database management system
(DBMS). There are three main types of database models:
relational, network, and hierarchy [8,9]. The relational type of
database was chosen for this work and is discussed in this paper.

The main advantages of the relational database model are its
simplicity and data independence. The user is presented with a
simple data model and does not need to know the details of
storage structure and access strategy.

A relational database can be represented as a two-dimensional
table, with the columns being the fields (categories of
information) and the rows being the records of the database. Two
or more databases can be related to one another by one or more
common fields. For example, two databases could be searched and
records could be retrieved from each in which a particular field
had identical entries in both databases.

2 .1 Selection of DBMS

The relational database described here is being developed and
implemented with the commercial FoxPro PC-DOS DBMS (Fox Holdings,
Inc.). FoxPro was chosen for its versatility, user-friendliness,
and speed.



While many database operations can be performed using the FoxPro
menu system, FoxPro's power can only be fully utilized through
its programming language of commands and functions. Programs can
be developed as standalone routines or can be incorporated in a
customized menu to allow easy access to pre-programmed procedures
and commands.

Several FoxPro database features have been found to be useful:
easy implementation of changes to the database structure, i.e.,
add/del^te/modify fields of a database; the capability to update
database records in a number of ways, i.e., add/delete/modify
records in a database; and the capability to display database
records in a number of ways, e.g., default or custom displays.
FoxPro also has a "memo" field type, that can store any amount of
information (limited only by computer disk space), making it very
useful to store text files within a database.

There are several non-database features within FoxPro that are
also worth mentioning: the option to use the mouse and/or the
keyboard; the capability to execute DOS commands interactively; a
very useful file manager; and a windows management system "that
allows windows to be moved, sized, popped (brought to the front
of the display), hidden (removed from the display but still
active in memory), or closed (removed from memory) easily.

These features make FoxPro easy to use and powerful for both the
developers and the end-users.

3.0 IMPLEMENTATION OF RELATIONAL DATABASE FOR RD-14M

3.1 RD-14M Facility

RD-14M is a multichannel-per-pass pressurized-water test facility
with many of the essential geometric and physical characteristics
of a typical CANDU PHTS (see Figure 1). The major components
(heated sections, headers, steam generators, pumps, etc.) rre
arranged in a symmetrical "figure-of-eight" geometry and maintain
a 1:1 vertical scaling with a typical CANDU reactor. The
facility has ten horizontal heated sections (five per pass), each
containing seven electrically heated fuel element simulators
(FES). The facility is instrumented extensively to record
various parameters such as temperature, pressure, volumetric
flow, and void fraction.

An extensive experimental program is ongoing to investigate
thermalhydraulic behaviour expected to occur in a CANDU reactor
under normal and abnormal conditions. Experiments conducted in
RD-14M will improve our understanding of the behaviour of
multichannel systems, and will be used to validate
thermalhydraulic computer codes which are used to aid
thermalhydraulics analyses.
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3.2 RD-14M Databases

A relational database has been developed to manage information
from the RD-14M experimental facility. The database consists of
several "separate but related" databases that collectively
describe the configuration of the experimental facility, the
history of the loop instrumentation, the configuration for each
individual test, the test conditions, and the referencing of
documentation produced from the experimental program.
Experimental data are not stored in the database, except for some
key observations, such as maximum FES temperature. Experimental
data can be accessed by other means such as data display
software.

Figure 2 shows a block diagram of the RD-14M database.

Individual Test Documentation

Test number

Test type

Date of test

Memoranda

Test type

Keywords

Publications

Keywords

Master Instrument File

Device code

Location name

— i * Instrument Lists (by test number)

Device code

Channel number

| Instrument History

Device code

Date

Loop Configuration History

Date of change

Part changed

Configuration

FIGURE 2: RELATIONSHIP OF RD-14M DATABASES
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The various databases (e.g., Individual Test Documentation,
Master Instrument File) and some of their fields (e.g., Test
number, Device code) are shown, with connecting arrows to
indicate fields that could be used to relate one or more
databases. These databases are outlined in more detail in this
section.

3.2.1 Individual Test Documentation

This database is used to store information related to each
individual test. There is one record for each test, so that each
entry in the test number field is unique. The type of
information stored in this database is:

• Test setup (e.g., break size and location, "memo" fields
for procedure and sequence of events),

• Initial conditions (e.g., pressures, powers),

• Key experimental data (e.g., maximum temperature and
experiment termination data).

Figure 3 shows an example of part of the record for test T8808.
Each piece of information is representative of a field in the
database.

3.2.2 Master Instrument File

This database is used to store information on all the instruments
that are and have been available in the RD-14M facility. Fields
include a unique indentifier for each instrument (device code), a
name which is descriptive of the location of the instrument in
the facility (location name), the location description, and the
unit of measurement.

3.2.3 Instrument Lists fby test number)

There is one "test number instrument list" database for each test
to store the information on each instrument that was recorded
during that test. Fields include the device code, the channel
number on which the instrument was recorded, calibration range of
the instrument, and the type of device (e.g., thermocouple,
Resistance Temperature Detector (RTD) temperature probes).
Instrument lists can change from test to test, and channel
numbers, device types, and calibrations can also change with
respect to the device code from test to test. For this reason,
this information cannot be included in the "master instrument
file" database.
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Test number: T8808 Date (mm/dd/yy): 09/22/88

Test setup:

Test type:
Repeat of test number:
Drain location:
Break location:
Mode of ECI:
Primary pump status:
Surge tank status:
Interconnect status/type:
Trace heating status:

Decay power level:

NATCIRC
T8805
HDR7
NONE
NONE !
OFF 1
OFFLINE I
NONE i
ON Inlet power: 10.0 kW ]

Outlet power: 11.0 kW j
160 kW/pass j

Initial conditions:

Primary pressure: 7037

HS5 power: 29.0 kW
HS6 power: 28.7 kW
HS7 power: 39.2 kW
HS8 power: 33.7 kW
HS9 power: 28.9 kW

Header 5 temperature:
Header 6 temperature:
Feedwater temperature:

Boiler 1 drum level:

Pump 1 discharge flow:

.9 kPa

277.1 °
251.3 °
74.3 °

54.7 %

1.0 L/

C
C
C

s

Secondary pressure: 4493.4

HSIO power: 28.2 kW
HSll power: 28.4 kW
HS12 power: 37.0 kW
HS13 power: 36.9 kW
HS14 power: 28.6 kW

Header 7 temperature: 277.
Header 8 temperature: 248.

Boiler 2 drum level: 57.

Pump 2 discharge flow: 1.0

kPa

1 °C
9 °C

7 %

L/s

Conditions at termination of test (trip data):

Trip temperature set point: 600 °C
Heated section that caused trip: 9 at
Inventory at trip: 81.0 %

5220 s

FIGURE 3: SAMPLE FROM "INDIVIDUAL TEST DOCUMENTATION" DATABASE
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These instrument lists are all subsets of the list in the master
instrument file as fewer than half of the available instruments
are typically recorded for any given test at this time.

3.2.4 Instrument History

This database is used to store historical information about the
instrumentation chronologically. This includes information on
installations, removals, replacements, calibrations, and failed
or faulty instrumentation.

Once this database is completed, the calibration field in the
"test number instrument list" databases can be deleted because
this information will be redundant. This illustrates the
flexibility of the FoxPro program.

3.2.5 Loop Configuration History

This database is used to store changes to the loop hardware
chronologically so that the full loop configuration or part of
the loop configuration can easily be obtained at any given date.
For example, a database entry would be made if a boiler tube was
plugged because of leakage, as this would change the
configuration of the boilers. No instrumentation history is
stored in this database.

3.2.6 Memoranda and Publications

Memoranda and publication databases are used to store information
about documentation related to RD-14M. A field for keywords is
included in each database to facilitate searching for a
particular topic.

3.2.7 Relationship of Databases

Many of the databases outlined above can be related to one
another by a common field or pointer. Typical common fields for
these databases are the instrument device code, test type, and
date. The test number field in the "individual test
documentation" database can also be used to point to the
appropriate "test number instrument list" database file.

Examples of how to access database information for a specific
test number are provided below:

• To obtain the list of recorded instruments, the
"individual test documentation" database can point to the
appropriate "test number instrument list" database using
the test number.
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• To obtain information stored in the "master instrument
file" database for the instruments used in the test, the
"test number instrument list" database can be related to
the "master instrument file" database using the device
code.

• To obtain the history of the instruments used in the test,
relate the "individual test documentation" database, using
the date of the test, and the "test number instrument
list" database, using the device code, to the "instrument
history" database.

• To obtain the loop configuration on the date of the test,
the "individual test documentation" database can be
related to the "loop configuration history" database using
the date of the test.

• To obtain a list of all memoranda related to the type of
test performed, the "individual test documentation"
database can be related to the "memoranda" database using
the test type.

The above relations represent only a sample of the possible
relations that can be used. Routines have been developed into a
menu system that allow these types of relations to be recalled
automatically.

3.2.8 RD-14M Database Menu System

A menu system has been developed using the FoxPro menu builder to
access information stored in the RD-14M database. The concept is
to provide the end-user with a convenient way of obtaining
information from the databases without having a detailed
knowledge of FoxPro. Some key searches and other functions have
been built in to the menu system routines.

Examples of the menu selections are:

• Select a test number from a list sorted by test type, or
type in the test number (this selects a record in the
"individual test documentation" database). Several menu
items become available, including:
• view one of the following: test setup, initial
conditions, trip data, procedure, sequence of events

• retrieve the instrument history, as of the date of the
test, for the instruments used in the test

• retrieve the loop configuration as of the date of the
test

• list the failed/faulty instruments for the test.

• Search the "instrument history" database for the most
recent set of calibrations prior to a given date.
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• Search the "individual test documentation," "memoranda,"
or "publications" databases for records that meet a set of
criteria. Custom screens have been developed for each to
facilitate choosing appropriate fields to be searched.

All menu selections can be output to the screen, and most choices
can be printed or output to a file.

This menu system includes the most common (but not all) routines
that the users may require. Other routines will be included, as
required, in future updates to this system.

3.2.9 Current Status

The RD-14M relational database structure is complete, and
information is being entered into the database. It is noted that
this structure may be changed in the future, if required. The
first series of tests covers the natural circulation experiments.
Database information being entered at this point is specific to
particular tests, and does not include general facility
information such as instrument history, loop configuration
history, memoranda, or publications.

3 . 3 Data Display

Experimental data have not been included in the databases (except
for some key observations), because a data display package, IsoVu
(Isograph Engineering & Computing pic), is being used to help
with the analysis of RD-14M experimental results [10].

Displays are created in the IsoVu "display builder," and some of
the objects are given tags. These tags are used to search for
data in a data file when using the data display module ("passive
viewer"). IsoVu can display data in a number of ways, such as
"animated" graphics and plots. "Animated" graphics includes
colour modification of objects, dynamic vectors (change magnitude
and/or direction - e.g., for flows), dynamic levels (e.g., for
tank levels), and numeric data display. Multiple windows can be
open to display more than one graphics file and/or the plot
window simultaneously.

IsoVu will be used in conjunction with FoxPro in the PC-DOS
environment as part of an overall program to assist in the
analysis and organization of the experimental data and
information.
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4.0 FUTURE WORK

The RD-14M relational database will be expanded to include
information from all experiments. The "instrument history,"
"loop configuration history," "memoranda," and "publications"
databases will also be completed, and the menuing system will be
updated to meet user needs.

The relational database concept will also be applied to other
thermalhydraulics test facilities. These facilities include
RD-14, RD-12, LASH (LArge-Scale Header), and CWIT (Cold-Water
Injection Tests).

5. 0 SUMMARY

A relational database has been developed that helps organize
information from the RD-14M experimental facility, and provides
easy access to information that would otherwise be stored in
diverse locations. This project is part of an overall program to
develop tools to assist in the analysis and organization of the
experimental data and information.

^al "separate but related" databases are used to store the
pert.nent information from RD-14M. Databases are included for
test specific information such as test setup, initial conditions,
key experimental data and analysis results, and instrument lists.
Other databases store general facility information such as a
master instrument list, instrument and loop configuration
histories, and documentation (memoranda and publications).
Common fields that can be used to relate one or more of these
databases include the test number, test type, date, and
instrument device code.

The database has been implemented using the FoxPro DBMS, a
powerful and easy to use package for the PC-DOS environment. A
menu system was developed within FoxPro to allow end-users to
access pre-programmed routines and commands to manipulate and
retrieve information from the RD-14M databases.

Information from several RD-14M natural circulation tests has
been entered into the database and will be expanded to include
information for all tests that have been performed. The database
concept will be applied to other test facilities.
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SUMMARY

An excessive dose received by healthy tissue during radiation
cancer treatment may produce unwanted biological damage. Since a
minimum prescribed dose to tumour tissue is to be delivered, one
is concerned with the dose levels at various locations. The
inhomogeneities of the human body cause the radiation beam to be
attenuated unevenly, while the irregular shape of the body causes
different path-lengths for different portions of the beam.
Therefore, some compensation for these sources of uneven
radiation effectiveness is needed. "Compensating filters", by
selective pre-attenuation of parts of the beams, offer the
potential of gaining higher control over the dose distribution.
Thus for example, a filter with the wedge-like cross section
applied over an inclined body surface, can compensate for that
surface not being perpendicular to the beam axis. The wedge
filter used in this situation is called the "missing-tissue"
compensator, for it compensates for the shape of the human body
not being box-like.

As it is unlikely that two patients have identical distribution
of tissues and an identically located tumour, a given filter
shape can not satisfy requirements in higher precision
radiotherapy. More comprehensive design of filters is necessary
for production of individualized "variable-thickness"
compensators. Information on the body inhomogeneities (bone
attenuates faster than lung) is available in a form of the CT-
data stored in the computer that supports the scanner.
Calculated filter thicknesses can be fed into a numerically
controlled milling machine for automated manufacture of filters
(usually lead plates below 20x20 cm).

Naturally, at least one radiation beam has to be applied for the
irradiation to take place. For applications with the target zone
(tumour) located deeper inside the body, a single beam
arrangement is usually not suitable - the healthy tissues through
which the beam has to pass on its way to the target zone would
receive a higher dose than the tissue in the target zone.
Therefore, multibeam radiation treatments have to be employed to
allow concentration of a number of beams to the target area
(allowing each individual beam to be of lower intensity and hence
to cause fewer side effects to healthy tissues traversed by the



individual beams). This, however, introduces additional problem
of adjusting the intensities of the applied beams relative to
each other.

A number of attempts have been made to design radiotherapy
compensators (1). A method to achieve the optimal design of
radiation compensating filters in multibeam situations has been
reported (1,2). That method optimized body dose distribution such
that it spatially matched the prescription in the target zone,
was minimized everywhere else, and did not exceed designated
limits at selected vulnerable regions (regions where the dose
limit is prescribed). It was a quadratic mathematical
optimization method based on the minimization of the variance of
doses received by tumour points relative to the prescription.
Hence, a desired tumour dose (or its desired distribution in
general) had to be prescribed. The "quadratic" method has been
implemented into the commercial radiotherapy system ("Theraplan
300L", Theratronix International Ltd.).

This paper presents a method of solving a similar problem in
those cases when the wanted tumour dose (distribution) is not
known in advance. Therefore, instead of targeting a specific
prescription over the tumour, which the quadratic approach did,
the method presented in this paper is aiming at a general
maximization of the tumour dose - subject to the same two
additional criteria that i) provide that the dose at vulnerable
regions is within designated limits, and ii) minimize the
exposure of the healthy tissue. This method utilizes linear
mathematical programming. The patient is represented via three
sets of points fixed in space : healthy, vulnerable and tumour
points. "Vulnerable" points are points which have a specified
dose limit, and are either healthy or tumour points. Some or all
tumour points may have a minimum or maximum (or both) required
tumour dose prescribed, and some or all healthy points may have
upper limit on tolerable dose prescribed. Clearly, imposed
constraints on maximum allowed dose to designated points and
minimum required dose to tumour points may constitute an over-
constrained system with no solution, meaning that the proposed
arrangement is physically impossible and corresponding
compensators can not be designed. Alteration to imposed
constraints on radiation dose or addition of a larger number of
radiation fields may be necessary (the method will eliminate
redundant fields or portions thereof). Upper limits to tumour
dose may also be imposed if desired (for example in order to
achieve tumour dose uniformity).

The linear method presented here is not meant to be a
replacement, but a supplement to the said quadratic approach (2)
since the application domains of the two complement each other.
The two methods share a common basic concept and an analogous
mathematical development.
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THE CONCEPT

Incident radiation beams (further referred to as "basic" beams)
are divided into a number of "elementary" beams. Appropriate
mathematical optimization procedure is then performed utilizing
these elementary beams. The results of such an optimization
process are the desired intensities of these elementary beams.
The calculated intensities indicate how much should each
elementary beam be pre-attenuated relative to an adopted
"reference-intensity" beam, thus specifying the needed filter
thickness at the location of each elementary beam.

The implied mathematical optimization is formulated such that the
filters (compensators) modify the applied radiation beams
according to the following three criteria :

1) dose to designated vulnerable regions is within the
prescribed limits,

2) target dose is maximised, and

3) overall dose to the healthy region under consideration is
minimised.

Shapes, sizes and weights of the beams do not have to be
prescribed in advance, as they are determined by the technique.
Incident radiation beams may have any penumbra1
characteristics and spacial inhomogeneities. Compensation for
missing tissues and body heterogeneities is also possible.

Radiation quality must, however, be prescribed. Directions of
radiation beams must be either prescribed or determined by
another software module currently being developed (which will be
reported separately).

The calculated filter thicknesses can be fed into a numerically
controlled milling machine for automated fabrication, such as
that of reference (3). Input into this calculation procedure is
data from a selected dose calculation module for the unfiltered
beams.

Figure 1 is a schematic representation of a simple treatment plan
with basic beams divided into a set of elementary beams. The
division is only fictitious, for the sake of mathematical
manipulations. It is performed at equi-distant increments along
both dimensions in the planes of all filters considered (although
any division is acceptable and its frequency should correspond to
the desired accuracy). Target zone, vulnerable regions, and
healthy tissues of concern, are represented by a pre-selection of
points of corresponding class.
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•Basic Beams' Devided Into
a Number ot 'Elementary I

Designated
Vulnerable Points

argot Zone

Radiation Beams Devided Into 'Elementary Beams"

Figure 1

MATHEMATICAL FORMULATION

Attenuation of the filter at its ith elementary beam location can
be characterized by the ratio :

f f.w
Wi7F ' islt2>---n

where fL<
h) and fL

iB) are the ith elementary beam intensities
after and before the corresponding filter, f' is the adopted
reference intensity, w, is the "weight" of ith elementary beam
after the filter relative to the adopted reference intensity, and
n is the total number of elementary beams.

Bounds on Variables wi

To keep the ratios fi<
A)/fi

(B> within their physically feasible
bounds of unity and a value greater than zero (<1), the following
bounds are introduced :

bliiwii.bOi, i - 1,2,3, ...n

where b L ( O < b L « l ) isa fixed quantity independent of i, and
is a strictly positive lower bound (to preclude negative ratios
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with no physical meaning, or large thicknesses for complete
absorption of incident elementary beams), and bu± = f i*

BVf/
n upper bounds having the values of unity in the case of ideal
(uniform) beams (buiL > bL for any i=l,2,...n).

Application of a Dose Calculation Module

Applying one of a number of available dose calculation
methods (4-6), one can calculate the dose deposited to points of
interest (vulnerable, tumour, and other healthy points), by each
of the elementary beams temporarily assumed to be of the
reference intensity. The division into elementary beams means a
greatly increased number of beams to deal with. Practically,
however, this does not require increased dose calculation efforts
compared to "classical" procedures with basic beams. This is due
to the fact that some form of integration over the volume is
always needed, which implies a division analogous to the
"elementary-beam" division - followed by the summation of the
calculated dose contributions from these elementary beams (see
reference 5 or 6, or the differential scatter-air ratios method
in reference 4). This means, matrices V, T, and U,

V = [Vij] , i=l,2,...mv , j=l,2,...n

T = [ti;j] , i=l,2,...mt , j=l,2,...n

D = [ui;j] , i=l,2,...mu , j=l,2,...n

can be calculated, where v^ is the dose deposited to ith

vulnerable point by j t h elementary beam of the reference
intensity, tAj is the dose deposited to i

th tumour point by j t h

elementary beam of the reference intensity, and u ^ is the dose
deposited to ith point of

the healthy tissue by the j t h elementary beam of reference
intensity, EL, is the total number of considered vulnerable
points, m,. is the total number of considered tumour points, m,,
is the total number of considered healthy tissue points, and n is
the total number of elementary beams.

The total dose deposited to a point under consideration by beans
of intensities Wj relative to the reference intensity bean,
j=l,2,..n, is

• dose to ith vulnerable point



• dose to ith tumour point

n

• dose to ith healthy point

n

- 6 -

The above equations are well known (4-8). They show that the
dose deposited to a point of interest, is a linear function of
the beam intensity (2). For all i's, using matrix notation, the
previous three equations can be rewritten in the form :

VD = VW,

TW,

UD =D = DW,

where the bold variables D and W denote vectors of the
corresponding components.

Constraints

Let vector C be the vector containing upper limits on dose set to
vulnerable points. That these limits are not to be exceeded, can
mathematically be formulated as VD < C, or, VW < C. Let vector B
be the vector containing lower limits on dose to tumour points.
That these requirements must be satisfied, can be expressed as:
fcD > B, or, TW > B.

Maximization of the Target Dose

In order to maximize the dose to tumour volume, the sum of doses
received by x^ tumour points must be maximized. That is

%2
2 - ZT fcD maximize.

The vector Z is a unit vector (dimension n^) if all tumour points
are of the same significance. The ith component of it may be
assigned a positive value higher (or lower) than one if the
increase in dose to this point is appreciated more (or less) than
the same for other tumour points. %22 * s actually a sum (which
may be weighted if desirable) of doses delivered to each tumour
point (2). Equivalently, it can be expressed as :

X2 ZTTW, maximize
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Dose Minimization to Points of the Healthy Tissue

The minimization of the overall total dose to the n^ healthy
tissue points (which may include vulnerable points as well), can
be expressed as :

Xj2 = YT UD minimize.

Analogous to the Z vector, Y is a unit vector (dimension n^) if
all healthy points are of the same significance. The ith

component of it may be assigned a positive value higher (or
lower) than one if the decrease in dose to this point is
appreciated more (or less) than the same for other healthy
points. Xi2 is a s u m (which may be weighted if desirable) of
doses delivered to each healthy point (2). It can be expressed as

Xj2 = YTUW, minimize.

Instead of calculating the extreme of both functions, Xi2 a n d X22

separately, one can minimize their linear combination :

X = qXi2 - X22 > minimize,

where q is a constant positive scalar. With the choice of this
scalar, one is able to adjust the relative importance (and
priority) of the often contradictory requirements that Xi2 and
X2 represent. (The choice of q is analyzed below).

Expanding, one obtains :

X = 6TW, minimize,

where

6 = qUTY - TTZ

is a gradient vector.

Estimation of the parameter q

The selection of elementary beam intensities which lowers the
value function x suggests a decrease in the component Xi2 and an
increase in the component %2 • However, a change of the
elementary beam intensities that increases component x2

2 (tumour
dose) will often result in an increase of another component, Xi2*
The choice of the parameter q indicates whether or not such a
change in beam intensities is regarded as an overall improvement
of the situation since a multiplier q in % scales changes in
components Xi2 a n d X22 relative to one another. In other words.
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with the choice of the scalar q in any particular situation, one
is able to express one's preference for further tumour dose
maximization over a possible reduction of doses everywhere else
(or vice versa) . This preference is obviously a subjective one,
and is influenced by the particular situation. The parameter q,
therefore, expresses one's personal judgement of what the "best"
solution is. Hence, it cannot have a uniquely assigned value
(one can always argue how much reduction in tumour dose is
justifiable trade off for further reduction of doses within the
healthy tissue). Even though the best value for the scalar q
cannot be determined rigorously, some guidance in selecting it is
needed.

The choice of q=0 is equivalent to the exclusion of the
requirement for minimization of the dose to healthy tissue. A
negative q would maximize doses to healthy tissue (subject to
other criteria of higher priority such as limits to vulnerable
points). Hence, q must have a nonnegative value (q>0).

Too large q would place an undue emphasis on the reduction of
doses to healthy tissue, with the accompanied consequence of low
doses delivered to tumour. The upper limit for q will be
evaluated by ensuring that a higher emphasis is placed on the
tumour dose maximization criterium (%2 ) than on the minimization
of doses to healthy tissue (Xj.2) - one should not pursue with the
irradiation otherwise. In terms of the gradient vectors of %22

and X\2t G2 a n d Gi» this can be expressed by :

G2 = TTZ > qUTY = G1.

These n inequalities will all be satisfied if the most
restrictive one is satisfied :

(ZTT)//(YTU) }, i=l,2,...n,

where the "double slash" symbol denotes division of the
corresponding components, and "mini{.}" the smallest of all
component of the enclosed row vector.

Since the variables Z, T, Y and U are all known in advance, g can
be chosen in the range Osqsqmax before performing the following
mathematical optimization procedure.

OPTIMIZATION

The problem is reduced to calculation of the V vector which
minimizes the "value function" %i

X = GTW minimize,

subject to a set of linear constraints,
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vw < c

TW > B

and subject to the following bounds on variable W:

foj) & w & \ba) , i = 1,2,3, .. ..n

This problem can be recognized as the "linear programming"
problem, and is well documented in the literature (9). A
computer program has been developed for the numerical
calculations of W. It makes use of the International
Mathematical and Statistical Libraries (IMSI) computer library
(10).

FILTER THICKNESSES

Vector W is the result of the described optimization process. Its
components can be grouped into p vectors 3W of dimension nj,
(Enj=n) j=l,2,...p, to, correspond to the p basic beams. For each
of these, a component ^wk,j., l<k(j)<n.;, can be determined, so
that VJ/ J

= maxi{3wi},

In order to minimize filter thicknesses, vectors ^W are formed by
dividing all 3W by ^

Each vector 3W is actually vector Ŵ scaled down by its largest
component. Hence, each vector 3Whas at least one component equal
to unity, corresponding to a zero-thickness compensator. All
basic beams should be assigned an individual weight ^wk.j., and
therefore, this algorithm gives also the beam weights.

Vector ^T with components equal to the thicknesses of the j t h

filter can be calculated from:

Mj jT = ln{P} - ln{f» iw>, j-l,2,...p,

where Mj is the narrow beam linear attenuation coefficient (at
the energy of the incident beam) for the material the j t h

compensator is to be built from, "ln{.}" is a vector with
components equal to the natural logarithm of the argument
vector's components, and F is vector of incident elementary beam
intensities.
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Components of the resulting vectors ^r, j=l,2,...p, are the
required thicknesses of the corresponding p filters. A computer
file with these data can be fed directly into a numerically
controlled milling machine, such as that of Ref. 3, for automated
fabrication of the filters.

POST PROCESSING

With the above calculated filters assumed in place, one can
predict the doses to all considered points (independent of
whether or not the scaling of W had been performed):

VD = VW,
fcD = TW,
UD = UW,

where VD, fcD and UD are vectors containing doses to vulnerable,
target and healthy zones.

It should be emphasized that the input data for the presented
mathematical procedure are the calculated doses for the
unfiltered beams, whereas the output data contains doses that
will result from application of the calculated beams and filters.
There is no need to repeat the dose calculations.

In designing variable thickness compensating filters and
determining the shape, size and weight of the photon beams, top
priority is given to meeting the strict dose limits assigned to
vulnerable regions. As a next important criterion, the target
dose is maximized. Minimization of doses everywhere else,
including the vulnerable regions, is considered next in
importance. A computer program has been written to implement the
described mathematical procedure.

CONCLUSION

Multibeam situation variable thickness compensating filters are
optimised such that the target dose is maximized while the dose
limits set to vulnerable regions are not exceeded, and the
overall exposure is minimized. Not only the size, shape and
relative intensity of the photon beams are determined, but
detailed dose distribution for the optimized arrangement is also
provided. The developed computer algorithm is efficient and
flexible, as it allows easy evaluation of different planning
arrangements. Work is continuing to implement the method into an
existing radiotherapy system that already has the "quadrat
ic" method (1,2) incorporated into it.
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ABSTRACT

Neutron kermas and energy spectra at various positions in
and on an anthropomorphic phantom irradiated with a Californium-252
source were experimentally determined using superheated drop or
bubble detectors. The results obtained permit determination of the
optimal wearing position of one (or more) dosimeters to relate
their readings to free-field kerma.

Overall conclusions of the performance of the BD-100R
dosimeter and BDS spectrometer sets were also derived, with the BD-
10OR proving superior in terms of accuracy and reproducibility.

Introduction

In 1987, the Canadian Navy was directed to proceed with
a proposal for the eventual acquisition of nuclear-powered
submarines. The dosimetry involved on-board submarines is unique in
that the contribution to the total dose from neutrons is much
larger than for land-based reactors - owing to the biological
shielding being limited by space and weight considerations. New
radiological results from low dose experiments suggest a greater
biological risk from neutron radiation than previously thought
(JL).In this context, it was decided to examine experimentally the
neutron dose distribution throughout the human body.

To accomplish this, an anthropomorphic phantom was outfitted
with bubble dosimeters and spectrometers and irradiated at a
distance of 170 cm from a Californium-252 source. The results shed
light on dosimeter performance, optimum dosimeter wearing positions
and neutron transport through the body.



The Anthropomorphic Phantom

The anthropomorphic phantom used here was a Humanoid RT-
200 (2) embracing a human skeleton encased in tissue equivalent
plastics - one for the lungs and the other for the bulk of the
body. The Defence Research Establishment Ottawa (DREO) has
performed neutron activation and chemical analyses on these
plastics, and the results of these compared to the International
Commission on Radiation Units and Measurements reference man
composition (.3,4.) as shown in Table I. Note that for the body
plastic, the all-important (for neutron scattering) hydrogen
content is relatively high at 9.6%. Therefore the anthropomorphic
phantom may be considered appropriate for neutron dosimetry and
spectroscopy experiments.

Table I. RT-200 Phantom Composition (Weight Percent) (Ref. 2)

ELEMENT
VALUES

Hydrogen
Carbon
Nitrogen
Oxygen
Sodium
Aluminum
Chlorine
Manganese
Bromine

Density
(g-cm'3)

SOFT TISSUE

9.6
65.4
4.5

20
0.000864
0.000010
0.000135

«0

1.026

ICRP VALUES

10.0
18.0
3.0

65.0

LUNG TISSUE

7.1
60.6
6.1

26
0.000017
0.000015
0.001076

-
0.000011

0.390

ICRE:

9.9
10.0

2. 8
74.0



The Bubble Detectors

The bubble detector, as originally developed by Ing (5) ,
(6.) , consists of superheated droplets of a detector liquid
dispersed in an elastic polymer gel. Neutron interactions in the
vicinity of these droplets deposit enough energy locally to allow
bubble nucleation, and the droplets expand until they reach a fixed
diameter determined by a number of factors including pressure
exerted by the gel. Simply by counting visually the number of
bubbles and dividing by a calibration factor, dose equivalent or
fluence information is obtained.

The detector employed here were the BD-100R (1) for
dosimetry and the BDS spectrometer set (8.) for spectrometry.
Figures (1) and (2) give the measured energy responses for these
detectors, as determined at the DREO Van de Graaf particle
accelerator.

The BD-100R has been used extensively by DREO (2), (3),
(8) and represents mature technology. Its efficacy as a dosimeter
for the fission neutron free field is shown by the following
results (Fig. 3) obtained from the measurement of the Mid-Line-
Free-in-Air Kerma (MLFIAK) with the Californium-252 source.

The MLFIAK irradiation runs were performed frequently tc
determine the Free-in-Air Kerma and to establish a baseline to
verify consistency of the results as the measurements proceeded
with time. Twelve detectors were irradiated at each MLFIAK run and
the detector responses were averaged and reported as kerma rates.
The response for the 12 BD-100R detectors for the 10 different
MLFIAK irradiation runs were summed up and averaged, giving a kerma
rate of 0.58 mrad/hr.

The MLFIAK thus measured is the sum of the theoretical
kerma rate and a scatter contribution which was determined
experimentally with the use of a scatter bar. This theoretical
kerma rate, simply the Watt spectrum for the neutron source, could
be compared with the difference of the MLFIAK measured with and
without the scatter bar. The comparison agreed well within error
bars.

The BDS Spectrometry set, as can be seen from Figure (2) ,
has approximate energy thresholds at 10 keV, 100 keV, 600 keV, 1.5
MeV, 2.5 MeV and 10 MeV. To obtain crude spectral information from
the set, a simple spectral stripping algorithm was used here.
Using the usual convention that the lowest number assigned to an
energy group designates the fastest neutrons, then the observed
number of bubbles in any spectrometer detector (Rj) corresponding
to the number of neutrons having energies greater than its
threshold energy (E,) can be obtained from the following lower
triangular matrix equation:
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MID LINE FREE IN AIR KERMA RESPONSE FOR BD-100R at 170 cm
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where: R( is the response of the detectors v/ith energy
threshold "i", in number of bubbles;

N. is the neutron fluence, the desired unknown,
corresponding to threshold "i";

<a. > is the average response of the i-th detector to
neutrons in the j-th energy group, i.e. between
threshold energies Ê  and Ej.,.

Therefore, for each energy group, we have:

NJ
(2)

The lower triangular matrix approximation assumes that there
is no detector response to neutrons below the threshold energy and
relies on a relatively flat response above the threshold to make
the <a. .> approximation valid. Note that the nomenclature is that
of a microscopic cross section, since the definition of the <cx- •>
is similar to that of a cross section. J

The stripping approach begins with the evaluation of N1, the
number of neutrons in the highest energy group, as simply

(3)

Then one proceeds down in energy to

(4)



and, in general,

jt-i

<°Jt.*>

The values of the N.'s are obtained this way. The method has
the advantage of being simple to use, without sophisticated
computer analysis required. It does however suffer from error
propagation, which can lead to high uncertainties at the lower
energies, depending on the statistical accuracy of the data from
the higher energy groups.

PROCEDURE

This research was carried out at the Defence Research
Establishment Ottawa (DREO), in Ottawa, Canada. The anthropomorphic
phantom was suspended in a harness, as shown in Figure (4) , and
maintained in a rigorously controlled position with regard to the
Cf-252 neutron source. The source was kept in a large shielded
container in a separate building, and was brought in position for
irradiation by using a rotary crank wire which pushed and pulled it
in a stainless steel flexible conduit channelled in a rigid PVC
pipe. Positioning of the source was carefully monitored to ensure
consistency of the results. The source holder was fixed at 95.5 cm
off the floor, exactly at the same level as the detectors installed
at the gut location on the phantom. The middle of the phantom was
at 170 cm from the source. The detector positions on and in the
phantom were the chest, the back gut, the middle gut, the front
gut, the right wrist, and the left wrist. The phantom was oriented
facing, right hand side to, and back to the source for dosimetry,
and facing the source only for spectrometry.

RESULTS

(i) Free Field Results

a) Dosimetry:

With the calibrated Cf-252 neutron source described before,
the kerma rate measured at 170 cm varied from 0.65 to 0.53 mrad/hr
(12). Free-field kerma measurements with the BD-100R bubble
detectors involved experiments both with and without a shadow bar.
The dosimetry results are in excellent agreement with theory.



Figure 4 : Anthropomorphic Phantom Suspension
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b) Spectrometry:

The free-field spectrometry results appear in Fig (5) compared
to the theoretical Watt spectrum for Cf-252. The results of two
separate runs are reported here, both showing reasonable agreement
above 1 MeV, with evidence of some room scatter at lower energies,
as expected. The total kerma rate, as determined by the
spectrometer set, was generally agreeing with the DB-100R results.
(12).

Figure (6) compares the upper and lower bounds of the two
free-field runs. It is to be noted that for two of the detectors,
these bounds do not overlap, indicating that the detectors are not
totally consistent.

ii) Phantom Results

a) Dosimetry

The results of the BD-100R experiments are expressed as
transmission factors, defined as the ratio of the measured kerma at
the detector location divided by the average of the Mid-Line Free-
in-Air Kerma (MLFIAK) (0.58 mrad/hr). The transmission factor is
dimensionless, and, obviously, the Free-in-Air kerma transmission
factor is equal to unity.

The results in terms of transmission factors are presented in
Figures (7) and (8) , versus the orientation of the phantom with
respect to the source, for all positions of the detectors. As
expected, the dosimeters in similar positions (right wrist and left
wrist facing and back to the source) show the same results. The
expected trends are observed.

b) Spectrometry

The measured spectra for the front gut, middle gut and back
gut locations are shown in Fig. (9) . Again, the expected trends are
observed here, i.e. fewest neutrons at the back gut location and
general spectral softening. However, some negative fluences do
occur in the spectra, indicated by diagonal lines on the graphs.
The measured kermas as determined from the energy spectra are
compared with the BD-100R results in Table (II).

Table II. BDS and BD-100R Detectors Kerma Rates Comparison.

Location-*-*

1 Detector

BDS

BD-100R

Difference

Kerma Rate (mrad/hr) ±10%

Free
in Air

0.65

0.58

12%

Front
Gut

0.79

0.82

4%

Middle
Gut

0.19

0.22

16%

Back
Gut

0.06

0.05

20%

Wrists

0.45

0.49

9%

Chest

0.74

0.71

4%
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The results are in good agreement, permitting the conclusion
that the BDS spectrometer set may be used to give crude spectral
results using the stripping method employed here.

DISCUSSION

The BD-100R results display a large variation in measured
kerma rates with dosimeter location, as shown in Table (III) .

Table III: Variation of the Transmission Factor with
with the Position of the Detectors on the Phantom

LOCATION

VARIATION*

FRONT
GUT

10.1

MIDDLE
GUT

4.2

BACK
GUT

16.6

LEFT
WRIST

11.7

RIGHT
WRIST

11.7

CHEST

7.7

* Variation is defined here as the ratio of the maximum
transmission factor to the minimum transmission factor for all
orientations.

Allison (A2) has suggested that two or more dosimeters be
employed, and that an average be taken to establish the free-field
value, which is critical to NATO. This has been done here and
reported in Table (IV) for the Front and Back Gut, Chest and Back
Gut, and Left and Right Wrist paired locations. From this Table, a
paired Front Gut and Back Gut would be the best choice, always
registering within 20% of the free-field, and always low.

Table IV: Averaging of the Transmission Factor for Two Detector
Locations with Respect to the Phantom Orientation.

DETECTOR
LOCATIONS

(FG + BG)/2

(CH + BGJ/2

(LW + RW)/2

0.

0.

1.

FACING

76

66

15

± 0.

± 0.

± 0.

lb

13

23

LEFT HAND

0

1

0.

.97 +

.05 ±

77 ±

0

0

0

SIDE

.19

.21

.15

0.

0.

1.

BACK

82

83

15

+ 0.

+ 0.

± 0.

16

17

23

The BDS set, while showing promise, still has shortcomings in
detector consistency and spectral unfolding technique. In
particular the spectral unfolding method accumulates the error as
the fluences for the lower neutron groups are calculated from the
results obtained for the faster groups. This is summarized in
Equation (2), and, as more and more terms are added to the
summation, the errors progagate greatly. Consequently, the neutron



fluences obtained for the slow neutron groups carry relative error
often larger than 100%. resulting in some cases in negative
fluences determined by this process, and making the information
from these BDS detectors of limited value.

The total kerma rate obtained with the BDS set compared well
with the kerma rate measured with the BD-100R detectors. In spite
of this, the confidence in the spectral results from the BDS
detectors is too low to provide sound information. The most
important source cf error is the spectrum unfolding technique which
is such that the results for the low energy neutron groups have an
unacceptably high error due to error accumulation. This can be
remedied in two ways. The calibration of the detectors by the
manufacturer should be carried out more rigorously to provide the
cjjj coefficients with a much improved accuracy. Second, the error
on the response of the detectors (Rj) should be kept as small as
possible by increasing statistics. For spectrometry reasons, bubble
counts of the order of 100-150 bubbles provide a 8-10% statistical
error which is too large for accurate spectrum unfolding process.
Bubble counts of the order of a thousand or more are necessary for
a 3% statistical error or better.

Research and development in this area are carried out strongly
and solutions to these problems are being proposed. The temperature
dependence is being investigated and studies are on-going on
materials that would make the bubble dosimeters temperature
independent. The problem of low bubbles counts is also being
addressed and a proposed technique based on acoustic waves could
permit much larger counts for increased accuracy.

Conclusions and Recommendations

Neutron transport in air and energy deposition on and in an
anthropomorphic phantom, from irradiation with a Californium-252
neutron source, were investigated using superheated drop bubble
detectors as dosimeters and spectrometers.

The results showed that the BO-100R reusable bubble detectors
were reliable and accurate, and that they could be indeed
recommended as personal dosimeters provided the temperature effects
are accounted for. The contribution of the scattered neutrons could
be measured accurately and was not negligible. The average Free-in-
Air Kerma was measured within 3% of the theoretical value.

The measured kerma in the phantom was found to be dependent on
the crientation of the phantom and location of the dosimeters on
the body. Neutron attenuation in the body was measured as a factor
of 10. Considering that the neutron risk assessment appears
underrated, a ten-fold variation in the measured kerma is not
acceptable.



This experiment allows the recommendation that a minimum of
two dosimeters should be worn close to several vital and
radiosensitive parts of the body, the preferred locations
determined as the front gut and the back gut. Additional detectors,
such at the wrist locations, may be useful depending on the nature
of the work involved.

This work was a first attempt at using the bubble spectrometer
set for dosimetry purposes on an anthropomorphic phantom. Limited
sound data were obtained, with the total kerma measured being
within 11% fo the value obtained with the BD-100R detectors.
Furthermore, an error evaluation showed how error accumulated
through the spectrum unfolding process to an unacceptable value.
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ABSTRACT

A system has been developed and installed at Point Lepreau
that permits the simultaneous monitoring of live and
historical plant data from a number of sources including the
Station Control Computers (DCC's), the Safety System,
Chemistry System, and D2O Vapour Recovery System
Monitoring Computers. This system gives System Engineers
and Analysts the ability to monitor present and past real
time operations from th?.ir desks.

The system consists of a Banyan Vines Local Area Network
(LAN) / File Server system, a Gateway Computer System,
several Generic Monitoring System Computers, and a
dedicated tape archive system. Depending on the system,
100 ms, two or six second resolution of all data points that
are monitored by their associated systems will be stored in
a LAN file server for instantaneous and historical data
retrieval at MS DOS or OS/2 based work stations that exist
throughout the plant.

INTRODUCTION

A live and historical plant data collection and distribution system has
been developed and installed at the Point Lepreau Generating Station
that permits the simultaneous monitoring of live and historical plant
data from a number of sources including the Station Control Computers
(DCC's); and, the Safety System, Chemistry System, and D2O Vapour
Recovery System Monitoring Computers.

Depending on the system, 100 ms, 2 s, or 6 s resolution of all monitored
data points are stored in a Local Area Network (LAN) file server for
instantaneous and historical data retrieval at MS DOS or OS/2 based
work stations that exist throughout the plant. This powerful new tool
is a primary input device for Systems Health Monitoring. It gives
System Engineers and Analysts the ability to monitor present and past
real time operations data from their desks.

The system consists of a Banyan Vines LAN / File Server system,
several Gateway Computer Systems, several Generic Monitoring System
Computers, and a dedicated tape archive system.

The following hardware systems are used:
- The Gateway Computers associated with DCCX, DCCY, and

DCCS.

- The Generic Monitoring System Computers.
- An Ethernet active hub that has both fibre-optic and thin wire

coax capabilities.
- File Servers, each with over a gigabyte of hard disk storage

capacity.
- Ethernet connections to the numerous work stations already

existing throughout the station including those in the
administration buildings.

- A helical scan tape storage and retrieval system with 50
gigabytes of on-line data storage capacity.

Background

Shortly after Point Lepreau was declared in service in 1983, station
management requested that the Station Control Computer Group make
provision to permit the monitoring of Station Control Computer data
from the various plant processes from the Administration Building. It
turned out that such a request was quite a formidable task since it was
virtually impossible to add a regular Main Control Room keyboard/CRT
pair to the Station Control Computers. It was possible, however, to
install a system that dumped live plant data from the Station Control
Computers to a remote computer that in turn would transfer this data
to remote terminals in the station.

It was originally envisaged that this information would be transferred
into the station's VAX computer system where it would be made
available to other users. Due to other station priorities, time delays
were introduced in the implementation of the system. As time passed,
and as computer technology improved it became apparent that the
amount of data that was required to be stored was sufficient to merit a
dedicated LAN based file server system.

Originally, it was envisaged that only selected data requests would be
provided by the system. Again, as technology progressed, it became
possible to save virtually all of the data that is processed by the Station
Control Computers. Further to this, with the addition of the Generic
Monitoring System (GMS) computers, it became possible to also save
the data that was collected from areas of the plant that were not
monitored by the Station Control Computers.

A large base of installed PCs already existed throughout the station. It
was decided to utilize these systems, rather than special, and
consequently more expensive, dedicated work stations to access the data
available in the file server. Common MS-DOS or OS/2 file formats a: -
used throughout the system, permitting the use of inexpensive powerful
software packages such as spreadsheet programs.
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Figure 1. Gateway Computer System

The Station's Banyan Vines Lxral Area Network

The Gateway Computer system, shown in Figure 1, interfaces each of
the Station Control Computers to the Station Ethernet network.

The Gateway Computers GWX, GWY, GWW, GWZ and GWS are
interfaced directly with Station Control Computers DCCX, DCCY,
DCCW, DCCZ and DCCS respectfully via Parallel Data Link Controller
cards (PDLC's). A backup serial interface is also provided. DCCX and
DCCY are the Station Control Computers, DCCW and DCCZ are
maintenance and development computers, and DCCS is the full scope
simulator DCC.

The File Servers designated as SVTDCC, SvrXY, SvrZ, and SvrS are
connected to the Gateway Computers using a Banyan Vines LAN. All
of the File Server computers communicate with each other via the plant
Ethernet backbone.

The Gateway Computers and File Servers are 16 MHz 80386
Transduction Rack-Mount Industrial Grade IBM AT-compatible
computers. All machines have 8 megabytes of RAM, and each File
Server has a 1.2 gigabyte, and a 130 megabyte hard drive. The Gateway
Computers run under OS/2 and are programmed in Modula-2.

Network Topology

Point Lepreau's Ethernet backbone system is used to connect the
Station VAX computers, and their various peripherals together. It
extends from the Main Control Room in the plant to the Administration
buildings. The Banyan Vines File Servers, SvrDCC, SvrXY, SvrZ, and
SvrS are connected to the backbone. Each server runs a local segment.

In many cases the data packets on these local segments are not
transmitted to the backbone. This helps to minimize backbone loading.

SvrDCC and its users are located in the Administration Building. Its
two hard drives contain the DCC, Gateway, and other master software
files, and SvrDCC's files. There are several PC's connected to this
server which are used for software development and maintenance,
hardware maintenance, and documentation purposes. SvrDCC has a 20
page per minute HP LaserJet 2000 printer connected to it.

SvrXY is located in the DCCX/DCCY Room (adjacent to the Main
Control Room) in the station. This machine is connected by fibre-optic
cables to GWX and GWY. SvrXY is a production machine, used for
on-line data collection from the Station Control Computers, and the
various monitoring systems such as the Safety System Monitoring
System, and Chemistry System Monitoring System. SvrXY is also used
as bridge to SvrDCC for software maintenance purposes.

SvrZ is located in the DCCZ Room (adjacent to the Main Control
Room). It has the same functionality as SvrXY, but is used for
maintenance and development purposes.

SvrS is located in the DCCS room in the STOIC (Simulator, Training,
and On-site Information Center) building. This machine is connected
to GWS, and is setup similar to SvrXY.

Network

All network nodes are standard Ethernet which communicate at 10
megabits per second through the LAN. Thin wire Ethernet cards are
used throughout the system with the following exceptions:

- Communications with DCCX, DCCY, and SSMS are over fibre-
optic cables - this is for electrical isolation.

- Communications with SvrS are over lOBaseT (twisted pair).



DCC SvrXY

Figure 2. Gateway Data Flow Block Diagram

Parallel Data Link Controller CPDLC1

The Parallel Data Link Controller is a bidirectional buffered card
developed for Point Lepreau by AECL. It contains one in-bound and
one out-bound buffer, each 64 kilobytes (0100000 word). A PDLC card
is installed in each Gateway Computer to interface to its DCC via a
BIOC (Buffered I/O Controller) connected to a BIC (Buffered Interface
Card) for DMA transfers. Data transfer is done in the DMA mode at
a rate of approximately 128 kilobytes/s.

Data Archiver and Tape Stacker

The on-line data collection systems and GMS systems collect data at a
rate of approximately 200 megabytes per day. This data is maintained
in SVTXY for 4 days, and is then archived in 5 gigabyte magnetic tapes.
This system provides a continuous electronic record of high resolution
live plant data which will be available for the rest of the life of the
station.

Archiving of the data is done by an Exabyte helical scan tape system.
A tape stacker system will be installed on-site soon, which will have the
facility to retrieve data from up to ten such tapes. Software will provide
facilities for automated retrieval of data from any tape that is installed
in the stacker. This will provide approximately eight month's worth of
on-line plant data. Computer operators will load older tapes than the
ones that exist in the tape stacker upon request.

THE GENERIC MONITORING SYSTEM

The Generic Monitoring System (GMS) computer systems are rack-
mount 80x86 based machines, which are program,ned in Pascal to
operate in a similar manner to the Station Control Computers. The
GMS computers are interfaced with an IEEE 488 bus to Motorola 680x0
based Hewlett Packard 3852A Data Acquisition / Control Units. Field

data can be trended, bargraphed, numerically, or pictorially displayed.
The field data is also logged to SvrXY for further monitoring and
analysis at work stations that are situated throughout the station.

GMS systems are in place to monitor the Safety Systems (SSMS), the
Chemistry System (CMS), and the D2O Vapour Recovery System
(DVRS). As well, two general purpose GMS systems named Plant Data
Logger A (PDL(A)) and Plant Data Logger C (PDL(C)) are used to
collect and process data from a variety of tests, such as Reactor Building
and Airlock pressure tests.

Currently under development are systems to monitor: Electrical Billing
and Metering; Water Treatment Plant; and, Standby Diesel Generator
parameters.

Extensive discussion of the Generic Monitoring System is beyond the
scope of this paper.

STATION CONTROL COMPUTER DATA COLLECTION

Station Control Computer live and historical data collection and
distribution has been implemented using the station's Gateway
Computer system and the SVTXY File Server. Various software systems
have been developed or modified to output data from the DCC's to the
Gateway Computers.

The programs in the DCC's that process the data of interest have been
modified to collect the data and then output it to the Gateway
Computers by scheduling a program named GWO (Gateway Output).
The data is received in the Gateway Computers by software that
processes, and stores the data in SVTXY. This data can then be
extracted and displayed using work station programs such as SEDE
(System Engineers Data Extractor) and SEMS (System Engineer's
Monitoring System).



The three data collection programs currently implemented are:

FHDD - Fast Historical Data Dump
IODD - Input Output Data Dump
DCDD - Dictionary and Coefficients Data Dump

Another system planned for development is Printer Page Data Dump
(PPDD).

ARCHITECTURE

The layered architecture of the data collection and distribution system
is shown in Figure 2. The three software layers: Producer/Consumer;
Dispatcher, and Device Driver arr symmetric across the DCC and
Gateway Computers. The physical layer, the Parallel Data Link
Controller (PDLC), is common to both computers.

Producer/Consumer Layer

The DCC Producer/Consumer layer consists of periodic, composer, and
demand programs which build BMU and core buffers of data to be
dumped to the Gateway. For example AAS (Analog Alarm Summary)
and TPM (Channel Temperature Monitor) generate the IOVTB (Input
Output Variable Table) BMU buffer which is part of the data in the
Input/Output Data Dump (1ODD).

The Gateway Producer/Consumer layer consists of the programs which
build the data files in file server SvrXY via the Banyan Network
Operating System (NOS). For example IODD builds 10 minute data
files containing the instantaneous status of all the DCC input and output
points with a resolution of 6 seconds. SEDE and other work station
programs have been developed to allow the System Engineers to analyze
the data in SvrXY.

Dispatcher Layer

All communication between the DCC producers and the Gateway
consumers is through the dispatcher layer, using an interrupt driven
message passing protocol. A packet header is used to define the
packet's contents, and destination in the Gateway Computer. The DCC
dispatcher is implemented by GWO (Gateway Output), while in the
Gateway it is implemented by GWDISP. OS/2's multitasking, virtual
memory, and priority level features have been utilized to maximize
th - lughpul in the Gateway Computer.

GWO processes data transfer requests from each of the DCC producer
programs in order of priority. Each request can specify up to four BMU
or core buffers to transfer. Currently 4 of the 16 priority levels are in
use.
To keep it from excessively loading the DCC, GWO has been
programmed to transfer a maximum of 020000 words (16 kilobytes) per
composer pass - each 020000 word transfer takes less than 80 ms. If
more than 020000 words are requested to be transferred, GWO
reschedules itself to complete the request on a subsequent DCC pass
through the background executive loop. GWO will place up to 4 packets
or a maximum of 040000 words (32 kilobytes) in the PDLC write buffer
prior to sending a data ready message to GWDISP. This is done
through calls to the DCC Executive PDLC Driver.

GWDISP reads the data in the PDLC buffer, and dispatches it to the
appropriate consumer layer program. It reads the PDLC buffer through
calls to the OS/2 PDLC driver. It then validates the data and sends an
acknowledge/no acknowledge message back to GWO. GWDISP uses
data selectors and named pipes to send the validated data to the
appropriate consumer layer program. Named pipes are an OS/2 inter-

process communication mechanism. Since each named pipe can hold up
to SO selectors, and GWDISP has a higher priority then the consumer
layer programs, GWDISP can backlog data. For example 5 minutes of
IODD data can exist in the Gateway prior to it being consumed by
IODD.

Driver Layer

The DCC device driver layer consists of the DCC Executive driver,
called PDLC which provides GWO with functions to write data to the
PDLC write buffer, and send messages to the Gateway Computer.
Likewise, the OS/2 driver, also called PDLC, provides GWDISP with
functions to read the PDLC write buffer, and send messages to the
DCC.

Physical Layer

The physical layer consists of the Parallel Data Link Controller (PDLC),
installed in the Gateway Computer.

ON-LINE DATA DUMP SYSTEMS

Input Output Data Dump - IODD

AAS and TPM have been modified to write all of the AI's and DTAB's
(data tables, ie. computed variables) which they process to a BMU
buffer called IOVTB. In addition, AAS writes all the DI's, CI's (contact
scanner inputs), DO's, AO's, and the executive's program execution time
and performance monitor tables to IOVTB.

AAS schedules GWO to transfer the IOVTB buffer, the extended
DTAB's, and the Governing Conditions table to the Gateway Computer
every 6 s. The extended DTAB's are generated by programs such as
CSTAT (Calculation Status Monitor), OTA (Heat Transport
Auxiliaries), and FLX (Flux Mapping). The Governing Conditions are
generated by ECM (Emergency Conditions Monitor).

On the Gateway Computer the Input Output Data Dump is collected by
IODD. It builds instantaneous and 10 minute data files in SvrXY. Both
sets of data have 6 s resolution.

AASs period was changed from 5 s to 6 s to permit its update frequency
to correspond with one of the standard GMS update frequencies.
Coincidentally there was no net change in DCC loading due to adding
the new logic. This is because GWO's execution time is almost exactly
compensated for by slowing AAS down.

Fast Historical Data Dump - FHDD

FHDS, a DCCX only switched periodic program, was modified to
sample up to 37 points (AI's, DI's, or Core locations) every 100 ms. It
saves its data in a rotating core buffer. FTL (Fast Trend Log), another
switched periodic program, copies the core buffer to FTLBF, a BMU
buffer. From there it is sent via GWO to the Gateway Computer every
8 s. FHDD is the Gateway consumer program which builds the FHDD
data files in SvrXY. The system has (he capacity to continuously record
this data, however, when in use, it does consume quite a bit of server
disk space.

F I l , and the fast trend display program, FTRND, ire not permitted to
run simultaneously.

Among other applications, FHDD has replaced the need to take a DCC
off-line for data collection during the annual SOR rod drop test.
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CONCLUSION

The layered architecture of the on-line DCC data dump system, OS/2's
multitasking, and virtual memory features; and the modular
programming techniques used in its implementation allow the live and
historical data collection and distribution system to be easily expanded.

This powerful new tool provides a continuous electronic record of high
resolution live plant data which will be available for the rest of the life
of the station.

The plant data collected by this system is a primary input device for
Systems Health Monitoring. It gives System Engineers and Analysts the
ability to monitor both live and historical plant data from a number of
sources including the DCC's, and GMS systems from their desks. The
data synchronization provided by SCLK allows the users to line up plant
data collected by different systems.

This continuous on-line data collection system provides station staff with
plant data that was previously not available. Any plant transient is a
defacto plant test since 6 s data surrounding any plant transient is
collected, and is immediately accessible for analysis.

In addition to providing historical plant data, this system is also used to
collect data during reactor run-up, and various station tests.

Based upon the fust two months of use, it has proven itself to be a
valuable tool for various members of the station's Technical Unit staff.
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1.0 INTRODUCTION

In November 1990, difficulty was experienced in refuelling channel N12
of DNGS Unit 2. The carrier tube containing replacement fuel (from
another channel) could only be inserted into the outlet end fitting
with difficulty but fuelling could not be performed. The carrier tube
was removed from the end fitting but in turn difficulties with the
fuelling machine operation indicated fuel debris was trapped in the
fuelling machine. When the carrier tube was fully removed from the
fuelling machine at a later dat and the fuel from the carrier tube
examined in the fuel bay, pieces of fuel elements were found among the
intact replacement fuel. This finding led to the formation of an
investigation team to determine the cause; of the problem. The team
which subsequently recommended an examin .tion by television of the
downstream end plates on outlet bundles of a number of channels. This
inspection revealed other channels in columns 12 and 13 (either side
of the midline of the reactor) in which the outlet bundle had cracked
end plates. A typical diagram of cracking sketched from the video of
the inspection is shown in Figure 1.

Following the detection of cracking a metallurgical committee was set
up to support the activities of the N12 team. The nominal objectives
of the committee were to determine:

the mode of failure of the end plates
when failure had occurred
the type of stressing or metallurgical conditions that caused
failure
the heat transport conditions under which the cracks were formed

This overview describes the examination and test effort into damage
cause. It involved the efforts of inspection teams at Darlington site,
support fuel engineering at Ontario Hydro NOCSD, examination teams of
AECL Chalk River and Whiteshell and test efforts at OHRD, and AECL-
CANDU.

It should be noted that initially the investigation had been concerned
with end plate cracking. However as more information on fuel bundle
condition was obtained it was apparent that other types of fuel damage
existed as follows:

end plate deformation (doming, dishing or distortion)
end plate fretting wear
spacer pad wear
bearing pad wear (which could indicate pressure tube wear).
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Of these end plate doming and dishing had been observed in fuel exposed
in Bruce reactors; spacer pad wear and bearing pad wear had been seen
but not of the same magnitude; and end plate fretting wear was just
detectable on Bruce bundles following further close examination.

2. THE FUEL BUNDLE AND THE FUEL STRING ENVIRONMENT

A typical Darlington fuel bundle is shown in Figure 2. This bundle
design flat shoulders on the end caps to accommodate the outlet end
holding latch and a staggered bearing pad arrangement on alternate
outer elements. The element end caps are welded to the end plate in
a slightly non-symmetrical pattern which differs from manufacturer to
manufacturer.

The weld between the end plate and end cap is really a high temperature
differsion bond induced by resistance heating under pressure. The weld
region is slightly stronger than the parent metal. It consists of a
core of recrystallized grains that have been heated into and cooled
rapidly from the beta grain region and transformed to alpha. From the
core region the prior beta grain size gradually decreases to a zone of
recrystallized alpha grains which effectively outline the weld zone
(Figure 3).

The Darlington Channel is similar to Bruce B and contains 13 bundles
(Figure 4) . These bundles are supported by a 4-piece latch which bears
on the shoulders of the end caps of the outlet end bundle. Depending
on the orientation of the bundle two or four elements will not be
supported directly by the latch. The outboard bearing pad of the inlet
end bundle is supported on a spacer ring between the pressure tube and
the liner tube.

The axial load on the fuel imparted by the flow is carried by the
latch. The inner element loads are transmitted through the end plates
to the outer elements which will carry a load which increases from
inlet to outlet end. With high temperature operation, creep deflection
of the end plates can lead to contact between the central regions of
the adjacent end plates and this will increase the load on the central
region of the downstream end plates (load "shedding").

It is obvious that the latch loading of the outer elements and the
dished geometry of the bundles allows the inner elements to move
axially with respect to the outer from axially varying forces
restrained by the end plates.

3. PRELIMINARY INVESTIGATIONS

Due to fuelling machine problems, the observed damaged fuel could not
be examined for some time and the videos of outlet end plates were the
only inspection information available. An initial series of programs
were started that investigated the potential for failure from one or
more of the following causes or mechanisms:
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cracking due to initial (manual) fuel loading procedures
- cracking due to zirconium hydride phenomena (delayed hydride

cracking)
manufacturing problems
accelerated corrosion in the crevice of the end cap to end plate
weld

- embrittlement due to hydrogen or nitrogen or other elements
fatigue due to end plate cyclic deflection from load cycles
induced by start-up and shut-down flow cycles

3.1 Manual Fuel Loading Practice

First charge fuel bundles are inserted through the inlet end and slide
along the pressure tube on a stainless steel shim until they contact
the latch or the preceding bundle. It was surmised that the #1 fuel
bundle may at times have hit the latch with sufficient force that the
inertia of the inner elements may not have been absorbed by elastic
deformation of the end plates and cracking resulted. Attempts to
produce such cracking in test channels at site and in channels at
Sheridan Park Engineering Laboratories did not reproduce the cracking.
Specimen tests on end plate to end cap welds showed that at impact
energies greater than could be experienced on impacting the latch,
cracking that could be produced was in the form of shallow ductile
tears without the characteristics of the end plate cracking.

3.2 Delayed Hydride Cracking

Delayed hydride cracking (dhc) is a phenomena seen in Zr-2.5% Nb
pressure tubes but only rarely in the more ductile Zircaloys used for
fuel components. In Zircaloy, d.h.c. can be produced in the laboratory
but not as easily as with the higher strength Zr-2.5% Nb alloy. The
conditions to cause it are a hydrogen concentration in the metal in
excess of the terminal solid solubility; a stress intensity in excess
of a threshold value, and an incubation time. Although the fuel had
been fabricated about three years before use, an evaluation of i-.he
potential for d.h.c. concluded that the conditions were unlikely to
have caused cracking and any cracking at room temperature, due to the
low velocity of d.h.c. at room temperature, would progress extremely
slowly. On heating, the available hydrogen would go into solution and
cracking would stop for this reason.

No d.h.c. testing program was initiated because of this conclusion.
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3. 3 Embrittlenient

The video indicated low ductility cracking had developed in the end
plates close to weld positions. The possibility of hydrogen, nitrogen
and oxygen causing such embrittlement was investigated by chemical
analyses and microstructural examination of fuel fabricated over the
same time period as the failed fuel. No out-of-specification analyses
were observed and metallographic examination failed to show any
evidence of hydride or other element segregation. Oxidation in the
weld notch was not great enough to cause embrittlement. Subsequently
specimens of end cap to end plate welds were hydrided to confirm that
the pattern of hydride precipitation was not such as to produce a zone
of weakness either side of the weld in the end plate which may have
been produced by residual stresses from welding.

3.4 Manufacturing

The fabrication process at the manufacturer of the majority of the
failed fuel, G.E. Canada, was reviewed in detail without finding any
aspects of the weld procedure that could lead to cracking. The
assembly procedure met the requirements of the drawing, specification
and approved procedures. However, it was subsequently established that
within the drawing tolerances, the amount of dishing of the end plate
was greater in one manufacturer than the others, and these differences
affect the crept dimensions of end plate in service and likely the
vibration characteristics of the fuel string.

3.5 Fatigue

A fatigue program was started to evaluate the effect of a significant
number of start-up and shut-down cycles incurred during commissioning
of Unit 2. The pattern of cracking seen in K12 suggested that the
location of the latch could have an influence on the stressing pattern
on the outlet end plate.

The initial program was performed at OHRD and evaluated the fatigue
properties of the welds. It was initially to show that the number of
shut-down/start-up cycles needed to cause failure bi low cycle fatigue
was much greater than those experienced. Loop tests simulating the
startup/shutdown cycles produced the same result. This program then
went on to develop the design criteria for fatigue failure of the end
cap to end plate welds.

4. FRACTURE CHARACTERIZATION

Examinations of outlet end bundles at CRL, starting with pieces of the
end plate of the N12 channel and continuing with failed bundles from
the Q12 and K12 channels, showed that failure had occurred by fatigue.
The fracture surfaces were generally characterized by a region of
relatively featureless crack propagation (called a "black eye" from the
SEM photographic image) followed by a region which contained
"beachmarks" where the texture of the surface differed but the main
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crack propagation features were continuous through to adjacent bands
(Figure 4). Over this region of surface, fatigue striations 0.5 -
2.0 microns were present. On some surfaces, particularly those of Q12,
up to three crack arrest marks were seen indicating the driving force
decreased below the fatigue threshold for a period at that stage of
cracking.

The cracks mostly originated in the crevice formed between the end cap
and the end plate by the welding. Crack initiation occurred slightly
away from the trip of the crevice at the edge of the altered metal
structure and progressed through the heat affected and weld region to
the parent metal and through the plate.

The crack surfaces were relatively undamaged by post fracture rubbing
and were covered with a thin oxide (< 2 microns).

Four main types of cracks were detected (Figure 6):

those starting from the fissure of the weld close to the
intersection of the radial arm and the intermediate ring. These
generally produced an "anvil" type crack predominantly through the
radial arm. Fracture surface oxide thicknesses were greater on
these cracks than on others.

those from a similar position but where the crack mostly
progressed through the circumferential ring giving a "clamshell"
appearance to the fracture surface.

those originating from welds on the circumferential rings which
tended to propagate in a radial direction.

- those which did not originate from a weld but from the outside
surface and occurred on the radial arms or between pencils on the
circumferential rings.

Overall the crack pattern analysis led to the following conclusions:

practically all the cracks are consistent with stress patterns
developed by axial oscillation of the inner pencils with respect
to the outer pencils.

failure occurred first in the region of end plate adjacent to the
intersection of the radial and circumferential rings.

the channels could be divided into two types - heavily damaged
channels such as K12 and K13, and lightly damaged channels such as
Q12 and N12. In the heavily damaged channels cracks occurred in
nearly all areas of the end plate. With bundles from Q12 and N12
failure was predominantly near the intersection of the radial arm
and the intermediate circumferential ring on the downstream end
plate and on the inner ring of the upstream and plate.
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- generally failure occurred as a continuous event.

the absence of deformation even in the region of the final
ligament indicated a high cyclic stress was not present. The flat
fracture surfaces and absence of secondary cracking indicated
cyclic stresses were just sufficient to cause cracking.

5. SUPPORTING TESTING PROGRAMS

5.1 Fatigue Design Data

As described in another session paper(1), the test program at OHRD was
successful in establishing:

the fatigue strength of the end cap to end plate welds subjected
axial loadings. This showed that a fatigue notch reduction factor
of 4 was produced by the geometry of the weld, from that produced
in unnotched Zircaloy.

the similarity in features of the fatigue failures indicated that
the cyclic stress amplitude was just above the fatigue threshold
amplitude. This would imply cyclic life between 4 x 10 and 10
cycles.

- because of the notch, cracking started early in the cyclic life
when the fatigue threshold amplitude was exceeded. At least 90%
of the cyclic life was expended in growing a crack to the width of
the circumferential ring.

beachmarks were most easily produced by tests at 310°C in which
the cyclic amplitude was slightly changed about a level just above
the threshold value.

the higher the cyclic amplitude the rougher the fracture surface
and the greater the amount of associated deformation.
Alternatively the closer the cyclic amplitude to the threshold
level the flatter the surface.

fatigue striations became finer than the resolution of the SEM
when fatigue life exceeded 4 x 105 cycles.

it was not possible to detect the effect of frequency on crack
propagation characteristics above 1 Hz.

the fatigue properties were similar at RT and 310*C and from
manufacturer to manufacturer.

5.2 Other Fatigue Tests

Fatigue tests were carried out en complete fuel bundles on which cyclic
axial loads were applied to a bundle loaded against a simulated
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latch. These tests did not reproduce the cracking in the same
location as field failures but the features of crack propagation were
similar. They showed that the fatigue life was predictable from
specimen tests. It also confirmed the crack growth-cyclic life
predictions.

Fuel element transverse vibration was also investigated as a cause of
failure by a series of fuel element deflection tests.c2) At lower
amplitudes of vibration the fracture appearance was similar to that
produced by simulated end plate bending. The fatigue transverse
threshold and amplitude was just above the maximum possible amplitude
of transverse vibration available to the fuel elements.

5.3 Dating of Fractures

The availability of infra-red spectral reflectance techniques allowed
the oxide thicknesses to be measured at thicknesses too small to obtain
accurate thicknesses metallographically (< 1.5 microns). By
standardizing each fracture face oxide thickness measurement against
the thickness on the adjacent region of the end plate, the time since
cracking was estimated for the out-of-flux end plates of bundles #1 and
#13. Although considerable difficulty was experienced in obtaining
reliable data, the ultimate conclusion was that failure occurred after
the reactor had reached full power and individual cracks on end plates
occurred at intervals after the first crack.

5.4 Fretting Wear

In a number of Darlington channels fretting wear occurred between
spacers, between end plates of adjacent bundles and between the bearing
pads and the pressure tube. This fretting was undoubtedly the source
of zirconium in the circuit as detected by gamma flux monitors.

Although no test programs were carried out that were initiated as a
result of the Darlington problem, the data produced in CRL test
programs studying bearing pad to pressure tube wear was made use of to
interpret the Darlington fuel and pressure tube damage.

Zirconium fretting wear has the following characteristics when tested
in low oxygen water:

(a) large variation in fretting rate under seemingly identical
conditions. For example bearing pad to pressure tube wear ratios
can vary from 1 to 3 to as high as 3 to 1.

(b) A variable effect of oxide. An initial layer of oxide reduces
fretting wear at lower temperatures. The effect was small at
higher temperatures (* 300°C).
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(c) A strong dependence of fretting rate on vibration amplitude with
amplitudes in excess of 200 microns causing wear rates an order of
magnitude higher than amplitudes below 200 microns.

(d) An increase in fretting damage with temperature to about 225"C to
285'C but above 285"C decrease with temperature. About 310°C the
rate is about the same as at room temperature.

(e) An effect of water chemistry and the chemicals used to control pH
and oxygen content on fretting rate. Using hydrogen as a control
chemical produced more fretting wear than LIOH at room
temperature.

Fretting wear is dependent on a number of parameters such as wear
surface area, A; sliding distances, S; contact force, Fn; wear
coefficient, KFH; and frequency of motion, F.

The time tw to wear to a depth Dw is

f- = 0. D
v r>v- p f a w

The time is inversely proportional to contact force, frequency and
sliding distance. Thus higher frequencies, longer sliding distances
and higher contact forces reduce the time to produce damage. For the
same sliding distance frequencies of 150 Hz for example, reduce wear
times by a factor of 10 compared to 15 Hz.

The above relationships and use of estimated values for the unknown
parameters such as wear coefficient provides an estimate of time for
observed bearing pad damage to take weeks rather than hours.

For end plate wear the duration of fretting was also estimated to be
about 1 month for the worst damage seen.

These estimated suggested that the fretting wear phenomena was likely
on-going.

Scanning electron microsopy of fretted surfaces showed wear patterns
in the form of elliptical marks (dimples) or scratches. The longest
dimension indicated the predominant direction of relative motion.

Examination of spacer pads showed that the direction of relative motion
depended on spacer location. Spacers separating rings of elements
fretted from relative axial motion. Spacers between elements within
a ring fretted from relative transverse motion.

Bearing pad wear at the inlet end was predominantly due to relative
axial motion to the pressure tube.

920099/transfer/cna/wp51
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End plate wear resulted from small relative radial motions of
contracting end plates.

5.5 Support to Loop Test Work

Examinations of end plates failed in out-reactor loop tests contributed
to the understanding of the fracture process. For instance,
correspondence of some of the features of the fractures confirmed the
failure temperature as occurring during hot conditions. Generally the
loop tests produced failures similar to those seen on the heavily
damaged channels in Darlington Unit 2..

6.0 CONCLUSION

The metallurgical investigations showed that:

(a) Fatigue was the cause of failure.

(b) The cyclic stress amplitude just exceeded the fatigue threshold.

(c) Failure occurred at temperatures at or above 265°C.

(d) Axial cyclic loading of the bundles was the predominant cause of
failure. However transverse vibration of the fuel elements may
have contributed to the failure process.

(e) Failure predominantly occurred after the reactor had reached fuel
power and was not associated with one event, but a series of
events in one channel and in different channels.

(f) The uniform oxidation on the surface of field failures
indicated crack progression times were not greater than a few
days. Correspondence of failures between in-reactor and out-
reactor loop tests indicated 150 Hz oscillations s the prime
mechanism of failure.

(g) Fretting damage was more likely the result of high frequency
vibrations than low frequency.
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Figure 1: Diagram of a Cracked Outlet Bundle End Plate (Channel K12)
Obtained from an In-Situ Television Inspection

Figure 2: Darlington Fuel Bundle
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Figure 3: The Weld Microstructural Characteristics
of an End Plate to End Cap Weld
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Figure 4: Illustration of Fuel String Positioning
in a Darlington Channel
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Figure 5: Typical Fracture Surface Formed in the End Plate

Figure 6: Types of Cracks Observed on the End Plates
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DARLINGTON N12 EVENT INVESTIGATION:
UNIT 1 & 2 FUEL AND FUEL CHANNEL INSPECTIONS

P. T. TRUANT
Fuel Section

FPD/NOCD, Ontario Hydro

G. J. Field
Fuel Channel Department

AECL-CANDU

IN-REACTOR FUEL OBSERVATIONS

On 30 November 1990, a routine recycle fueling operation was
attempted on channel N12 of Darlington Nuclear Generating Station
Unit 2 (DNGS-2). This involved the insertion of a fuel carrier
containing two low burnup bundles from channel Y08 into N12. Only
a partial insertion could be achieved, and the refueling
operation was aborted. Installation of a maintenance cap on the
N12 channel endfitting in late December allowed recovery of the
fueling machine from the reactor.

By January 12, the contents of the affected fueling machine had
been discharged to the irradiated fuel bay, and the underwater
inspection of the fuel and fuel carrier was complete. The
inspection identified fragments of fuel elements embedded in the
leading end of the fuel carrier containing fuel bundles #12 and
#13 from Y08. The Y08 fuel was deformed from the fragments but
otherwise intact. This indicated that the #1 bundle from channel
N12 had either "slipped" through the latch or had "come apart"
in-service. Removal of the shield plug during the refueling
operation then allowed washout of the damaged N12 fuel into the
end-fitting, where it was fragmented during the attempted
insertion of the fuel carrier containing recycle fuel from Y08.

Following the discovery of damaged fuel from D2N12, extensive
fuel and fuel channel inspection and examination programs were
undertaken.To 01 March 1992 we have done:

- in-situ video inspections of: 45 DNGS-2 and 12 DNGS-1
bundle #1 (latch) endplates, and the D2N12/13 inlet
endplate,

- in-bay inspections of more than 323 bundles representing 58
DNGS-2 channels, and 399 bundles from 116 DNGS-1 channels,

- in-bay inspections of 8 BNGS-B bundles from 5 channels,
- in-bay disassembly of 21 bundles,
- hot-cell examinations of 33 complete bundles, 15 elements

from 8 other bundles and 1 fragment,
- CIGAR inspection of 4 DNGS-2 pressure tubes, and
- removal of D2K13 fuel channel.



Figure 1 for DNGS-2 and Figure 2 for DNGS-1 show core maps of:
channels given in-situ video inspections, channels from which
fuel has been inspected in-bay, and channels from which fuel has
been examined in the hot-cells.

FUEL DAMAGE CHARACTERIZATION

The following summarizes the most significant fuel damage
observations and results obtained from the in-bay fuel
inspections and hot-cell examinations, to 01 March 1992.

Endplate Cracking

The first indication of fuel damage from DNGS-2 came from the in-
bay inspection of the fuel fragments removed from channel D.:N12.
In-situ video inspection of position #1 latch endplates quickly
identified bundle D2Q12/01 as having one complete crack, and
D2K12/01 as having many cracks.

The first DNGS fuel shipment for hot-cell examination consisted
of the largest D2N12 fragment and the position #13 bundle from
D2J12 high flow channel. This selection was made because the fuel
was already available in the bay. The second DNGS shipment was
D2Q12/01. It was selected on the basis that a lesser damaged
bundle would give clearer information on primary defect cause;
whereas the more dramatically damaged D2K12 bundle would likely
have significant secondary damage effects.

The D2Q12/01 bundle had one complete crack and two partial cracks
in the downstream endplate, all three cracks occurred at the
intersection of the three main radial webs and the intermediate
circumferential web. During bundle disassembly in the hot cells,
two partial cracks were also found in the upstream endplate on
the inner circumferential web. Figure 3 shows the schematic
location of all these cracks. Scanning electron microscopy (SEM)
of the D2Q12/01 crack fracture surface quickly identified the
failure mode as low amplitude/high cycle fatigue.

The third DNGS shipment was bundles D2Q12/02 and D2Q12/13 to
scope possible fuel damage along the channel. The fourth DNGS
shipment was D2K12/01 and D2K12/02, to confirm initial
examination results on the more extensively damaged D2K12 fuel.

To 01 March 1992, the Darlington fuel damage investigation has
shipped and examined: 19 DNGS-2 bundles, 8 DNGS-1 bundles, 4
BNGS-B bundles, 15 elements from 8 other DNGS-1 bundles, and one
fragment from D2N12.

Most cracks initiate on the inner endplate surface near the
endcap to endplate resistance weld notch, which is a localized



high stress area. In addition, in every channel with cracked
fuel, the position #1 bundle has at least one crack at the radial
and intermediate web intersections of the downstream endplates.
Therefore, these high stress areas are likely the critical
locations to crack first. A detailed discussion of the fuel
examination fractography results is given in (1).

Spacer Pad Wear

The fragment from D2N12 was the first DNGS fuel examined in the
hot-cells at AECL-CRL. The SEM results indicated that the failure
mode was due to fatigue by vibration. At the time, the stereo
microscope examination of D2J12/13 was just being completed. It
was decided to disassemble this bundle to look for any evidence
of vibration effects. Significant spacer wear was observed.

Historically, fuel bundle examinations focused on fuel failure
root causes, or characterization of fuel discharged as part of
the normal operating routine. As a result there was little
available wear information on any initial load fuel, to compare
with the D2J12/13 spacer wear results. To derive comparison data
six BNGS-B Unit 6 first charge bundles were retrieved and
partially disassembled in the bay, and two of the remaining
partial bundles were shipped for detailed hot-cell examination.
These BNGS-B first charge bundles showed approximately the same
amount of spacer wear as D2J12/13.

Hot-cell bundle disassembly and spacer pad wear maps became a
standard part of the DNGS fuel examination program. Bundles:
D2Q12/13, D2K12/13, D2K12/08, D2K12/02, D2K12/01 and D2K13/13;
all showed extreme spacer wear. These bundles all had at least
one pair of spacer pads with enough wear to allow contact between
a spacer pad and the sheath of the adjacent fuel element.

The spacer wear distribution is shown in Figures 3 and 4 for
D2Q12/01 and D2Q12/13. The "black dots" are each spacer pair
where at least one pad had sufficient wear to give full surface
contact with the adjacent pad. In bundle position #1, the wear is
predominantly between the inner and intermediate element rings.
In position #13 the wear is still primarily between rings of
elements (inner to intermediate and intermediate to outer); but
the wear is more widespread throughout the bundle.

In general, between elements on the same ring the spacer pad wear
was rough, and under SEM examination showed evidence of
transverse motion. Between elements on adjacent rings the wear
damage was much smoother and showed evidence of combined axial
and transverse motion. This implies that within these bundles the
rings of elements were moving with respect to each other, whereas
elements on the same ring interacted through transverse motion.
Detailed results are presented in (2).



Bearing Pad Wear

Three channels in DNGS-2 (four bundles) have been observed to
have severe bundle position #13 wear on the upstream outboard
bearing pads:

- D2K12/13 (initial load),
- D2K13/13 (initial load),
- D2K13/13 (second residence, shifted from D2K13/09), and
- D2J13/13 (initial load).

The upstream outboard bearing pads on the initial load bundle #13
in each of these channels have been completely worn away to the
fuel sheath (100% "step"), on sequential outboard bottom bearing
pads. The second residence bundle in D2K13/13 had two outboard
bottom bearing pads with a 50% "step" worn away in approximately
five weeks of operation. These three channels also contained the
most extensively cracked fuel in downstream locations. This wear
occurs as a result of relative motion between the inlet fuel
bundle and the stainless steel spacer sleeve support at the end
of the pressure tube. The worn bearing pad then displays an
easily seen "step" when viewed in profile.

There are a number of distinct wear areas on the severely worn
bearing pads. The direction of motion in each area is different,
ranging from almost axial to almost transverse. In these cases of
severe wear, the bundle motion is complex and varied (2).

As part of the fuel inspection program, observations of full face
bearing pad wear are noted and recorded. In general, full face
wear is more frequent at the channel inlet and decreasing in the
downstream direction. In-bay inspections and hot-cell examination
of selected elements indicate that bearing pads which do not
interact with the inlet spacer sleeve do not have a significant
amount of material worn away.

Endplate Wear

Endplate to endplate wear of discernible depth has been observed
in both DNGS-2 (channels 2K12, 2K13, 2J13, 2Q12 AND 2H11) and
DNGS-l (channel 1H13). In general, the heaviest endplate wear is
found on bundles near the outlet end of the channel, occurring
primarily on the inner circumferential and radial webs. The
channel inlet bundles tend to have a more evenly distributed wear
pattern.



Endplate "Doming"

In the DNGS and BNGS channel the fuel string is held in place by
fuel latch. The latch fingers support most of the outer elements
of the position #1 bundle. The support areas are the downstream
outermost endcap surfaces. The endplates and non-outer elements
are not directly supported. Large drag forces act on all bundle
components in the downstream direction. With time, the position
#1 bundle will tend to change shape to a "domed" (convex)
downstream endplate and a "dished" (concave) upstream endplate.
This phenomenon will affect all other bundles to a lesser extent.

The downstream endplates of DNGS-2 position #1 bundles are domed
by up to 1.6 mm. (This value is similar to that measured on
BNGS-B position #1 fuel). Lesser doming has been measured on
bundles from other DNGS-2 channel positions. No doming has been
observed on DNGS-1 position #1 fuel. It is possible that the
apparent difference in doming characteristics between DNGS-2 and
DNGS-1, may be due to small manufacturing differences between
fuel suppliers.

FUEL METALLURGICAL EXAMINATION

A total of 27 DNGS bundles have been shipped for hot-cell
examination. To investigate the crack fracture surfaces, the
bundles are first given a detailed visual inspection. Then the
visible fracture surfaces are photographed, and peel tests are
performed on the most susceptible welds to look for incipient
cracks. These welds are those close to the intersection of
radial; and circumferential welds.

A total of 68 fractures have been identified. In general the
crack initiation site is associated with the location of element
to endplate welds. The spigot at the end of the element is
attached to the endplate by a resistance weld. As part of the
welding process, a notch is formed between the spigot and
endplate. All but three of these fractures initiated near, but
not at, the tip of the weld notch.

The cracks showed (1) fatigue striations, typically less than one
micron, and little evidence of shear lips. These observations are
consistent with low amplitude high cycle fatigue cracking
occurring at stresses just above the fatigue limit. The surface
roughness of the DNGS fractures were compared to fatigue specimen
fractures and again indicated that the fractures occurred near
the fatigue stress limit. In most cases beachmarks are seen on
the fracture surfaces, indicating some change in the fatigue
conditions with time. In a few instances crack arrest marks were
seen, where cracks have stopped progressing for sometime then
restarted. The complete cracks generally propagated from the
inner to the outer endplate surface. The direction of crack



propagation was usually along a curved path which did not conform
to typicf . microstructural boundaries.

Many fracture surfaces have had oxide thicknesses measured by
Fourier Transform Infra-Red (FTIR) spectroscopy, with checks
using standard metallography. In almost all cases there is a
significant oxide layer of uniform thickness, indicating that the
cracking progressed quickly as compared to the oxide build-up.
There is some uncertainty in the time estimates due to the
non-linear growth characteristics of the oxide layer.

PRESSURE TUBE FRETTING

Following the observation of extreme bearing pad to spacer sleeve
wear in some DNGS-2 bundles in position #13, pressure tube
inspections were performed to identify fret marks using CIGAR
ultrasonic probes. The results are summarized as follows:

- D2K13 was inspected at the last two inlet bundle positions (#12
and #13). Most of the significant indications corresponded to
the location of centre pads of bundle #13.

The ultrasonic indications ranged from no appreciable depth to
0.5 mm deep with circumferential widths of approximately 10 mm.
This wide mark was subsequently determined to be the
superposition of two distinct bearing pad fret marks located
adjacent to each other, and a third set of shallower fret
marks. These three fret marks appear to correspond to the three
bundles which resided in position #13 during DNGS-2 operation.
The examination of one of the replication mouldings showed
"layering" or "ridge" type features. This may indicate that
there were three or four distinct fretting periods experienced
by the bundle and pressure tube.

- D2K12 was given a full length CIGAR inspection. A total of 60
indications were detected, of which seven were dispositionable.
Most of the indications occurred at the channel inlet end
bundle positions #10 to #13, and most of these are associated
with the centre plane bearing pads. The maximum depth was 0.2
mm, corresponding to the location of a centre bearing pad of
bundle #13. At the outlet end, most of the indications are
associated with the bundle upstream and downstream bearing
pads. This may indicate a different mode of bundle motion at
either end of the channel.

- D2Q12 was given a full length CIGAR inspection. There were no
bearing pad fret marks of measurable depth.

- D2C10 was inspected at the last two inlet bundle positions (#12
and #13). There were no dispositionable marks, all observations
were less than 0.1 mm.



SUMMARY OF INSPECTION AND EXAMINATION RESULTS

Some DNGS fuel bundles have experienced excessive vibration
resulting in: endplate cracking, significant spacer pad wear and
endplate to endplate wear along the fuel channel.

Some DNGS fuel bundles have developed low amplitude high cycle
fatigue cracks in and through the endplates at high stress
locations. Cracked endplates have been confirmed in position #1,
#2, #3, #4, #5, #8 and #9 fuel bundles, with the extent of
cracking decreasing in the upstream direction from bundle #1.
Cracked endplates have been detected in eight Unit 2 channels and
two Unit 1 channels.

Oxide thickness measurements indicate that the cracking
progressed quickly as compared to the rate of oxide formation.

Endplate wear occurs preferentially at the upstream and
downstream ends of the channels, with the most severe wear
occurring in the downstream bundle positions.

Some position #13 (flow inlet) fuel bundles experience excessive
vibration and movement resulting in extreme spacer pad wear and
extreme bearing pad to spacer sleeve wear. These fuel channels
show the most extensive endplate cracking at the flow outlet end.

All channels confirmed to have significantly damaged fuel are in
columns 12 and 13, and within rows J and R.

Endplate hydrogen/deuterium embrittlement, manual fuel loading
and manufacturing error have been eliminated as significant
contributors to the observed fuel damage.

BNGS fuel exhibits less spacer wear, no notable endplate to
endplate wear and little bearing pad to spacer sleeve wear, as
compared to DNGS-2 fuel.

The position #1 fuel bundle endplate fatigue cracking pattern
shows that the centre seven elements of the bundle could separate
from the remainder of the bundle. The geometry and fracture faces
of the endplate fragment retrieved from D2N12 are consistent with
this result. (Separation of the centre seven D2N12/01 elements
was later confirmed by bay inspection of the D2N12/01 "bundle" on
16 March 1992)
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FIGURE 3: D2Q12/01 (L23406)
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FIGURE 4: D2Q12/13 (L23251)
REFERENCE END

E/P Intact E/P intact

FLOW
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- ONGS Un!t2, firat charge, position 13 only
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DATING THE FRACTURES IN DARLINGTON ENDFLATES
FROM OXIDE THICKNESS MEASUREMENTS
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ABSTRACT

Corrosion film thicknesses on fuel bundle endplates from DNGS Unit
#2 were measured using infrared interferometry. Measurements were
done on both normal and fracture faces. Regions on fracture faces
were smooth enough to provide well-defined spectra. The kinetic
equation for oxide growth was established from average thicknesses
measured on out-of-flux upstream and downstream endplates. Oxide
growth curves calculated using the kinetic equation facilitated
estimation of fracture times.

OXIDE THICKNESS MEASUREMENTS

1. INTRODUCTION

The endplates on fuel bundles discharged from Darlington Unit 2
have been exposed to the hot pressurized coolant for about a
year. Corrosion film thicknesses on the endplates are expected
to be typically pre-transition, up to about 2 jim thick. Dating
the fractures may be accomplished by comparing corrosion film
thicknesses grown on fracture and normal, unfractured, surfaces.
Infrared interferometry is ideally suited as the technique for
thickness measurements for the following reasons, viz., it is
nondestructive and noncontacting, has a high precision and
accuracy and can be used in the microanalysis mode for
measurements on small areas (1). The technique to obtain oxide
thickness measurements on fatigue-cracked specimens tested in the
laboratory and on DNGS endplates, the procedure adapted for
dating calculations and the associated fracture times obtained,
are presented here.

2. EXPERIMENTAL

A Bio-Rad FTS-40, Fourier Transform InfraRed (FTIR), spectrometer
with a 300 UMA microscope and a narrow band Mercury-Cadmium-



Telluride detector was used. A spot 0.3 nun in diameter is
illuminated on the specimen surface by the incident infrared
beam. A cassegrain lens system used to focus the beam gave a
maximum angle of incidence of 25 degrees. The reflected beam is
passed through an iris type aperture to the detector and spectra
were recorded with the aperture set at 0.1 mm. Measurements were
thus possible at a number of locations on a surface. Generally,
measurements were made at several locations on the fracture
surface and on normal surface at locations close to the fracture
surface.

For a film thickness "t", the wavelength "A." at which an
interference peak of an order "n" occurs is given by the
equation:

?titcos0' + f(A.) = (2n-l)A./2

where •Ĵ " is the refractive index of the corrosion film, " 0 / M the
angle of refraction and nf(X)n is the phase shift correction.
Both the refractive index and phase shift are functions of
wavelength and these are unknown for the corrosion films. An
absolute determination of thickness is thus rendered impossible
and a calibration procedure is used instead.

Corrosion films of known thicknesses were produced by exposing
Zircaloy-4 fuel cladding specimens to lithiated heavy water at
360°C. Specimens were withdrawn at predetermined times and from
the weight gained per unit area, film thicknesses were calculated
assuming the density of zirconia to be 5.72 (2). Thin films,
<0.5 pm thick, were prepared by anodizing at constant applied
voltages in 1 wt% potassium hydroxide. A film forming efficiency
of 2.9 ran per volt was used to estimate thicknesses (3). The
spectral data of these corrosion standards were analyzed and the
basis for estimating thicknesses on other specimens was
established.

3. RESULTS

3.1 Calibration Standards

A set of spectra for some of the corrosion standards is shown in
Figure 1. The numbering of the peaks in each spectrum refers to
the order of interference. The number of peaks and their
positions in a spectrum are uniquely related to the oxide
thickness as defined by the interference equation. Calibration
curves (thicknesses plotted against the wavelengths of the
interference peaks for various orders) for the standards are
shown in Figure 2. A linear relation is seen, the blocked area
in the figure, for pre-transition oxides. Extrapolation of the
linear portions gives negligibly small values of thickness as the
intercept. The slopes of the linear portions correspond to a



value of 2 for the refractive index of the films. In terms of
the interference equation the implications are that in the region
of wavelengths 2 to 5.5 pm, (i) the refractive index of the oxide
is nearly invariant and (ii) thickness correction (related to the
intercepts in Figure 2) from different phase shifts at the two
interfaces is negligible. For pretransition films, 0.5 to 2 jra
thick, the thicknesses can be estimated from:

t = (2n-l)A./7.84

for interference peaks in the region of wavelengths 2 to 5.5 nm.
When more than one order of interference is observed, for example
in the case of films 0.8 to 2 microns thick, the second order
peak is more reliable for thickness estimates because its
position is least affected by absorption effects in the oxide.

In Figure 2, a slight spread is shown in the wavelength at which
interference peaks of an order occur for each standard. These
spreads represent the variations observed amongst eight to ten
measurements on each standard. In terms of thickness, they
correspond to variations over the specimen area of ±5% of the
gravimetrically measured values. Interferometry is a more
precise technique than gravimetry and these variations are real
representing small changes in thickness over different areas of a
specimen. The thickness derived from weight gain measurements is
thus an average of the thicknesses indicated by interferometry.
Variations on the order of +5% in thicknesses measured
interferometrically on a surface do not reflect a kinetic
significance, i.e., the oxide growth corresponds to a single
exposure time.

3.2 Laboratory Tasts

Endcap/endplate weld specimens, fatigue tested at room
temperature to produce incipient cracks, were corroded in
lithiated water at 300°C for various times up to 182 d. The
extent of the cracks varied from 30 to 90% of the plate
thickness. A few specimens were tested under dynamic conditions;
these were fatigued in situ during corrosion. Following a
corrosion exposure an incipient crack was opened and thickness
measurements were made at several locations on the normal and
fracture surfaces. The kinetics of oxide growth was followed by
examining the specimens after various exposure times*

Spectra obtained for the normal surfaces were of excellent
quality, similar to those of the corrosion standards. For the
fracture surfaces, the spectra obtained were of moderate quality



and the interference peaks were quite broad. However, the
average thickness of oxide estimated for the fracture surface was
within ±7% of that estimated for the normal surface for the same
exposure condition.

No evidence for an acceleration or deceleration of corrosion was
found inside the crevices of the incipient cracks. Similarly
thicknesses measured in the weld-affected zone were comparable to
those on the parent material of an incipient crack. The
corrosion kinetics under the test conditions had been quite
similar for the normal and fracture surfaces.

A good agreement was observed between the thicknesses estimated
and those predicted by the kinetic equation reported in the
literature (4). In the case of in situ fatigue corroded
specimens, the difference in thickness between measurements at
crack initiation and crack tip sites was the same as that
predicted by the kinetic equation. The kinetics of oxide growth
at crack initiation site (precracked at room temperature) had
been comparable to that on a fresh metal surface exposed during
the test (crack tip).

4. DATING DNGS ENDPLATE FRACTURES

4.1 Development of the DNGS Growth Equation

First attempts to model the cubic kinetics used the equation
developed by Peters (4):

t = 250 * e"4062/kT * d0-33

where Ht N is the oxide thickness and ndn the exposure time in
days.

Because the oxide measurements made on DNGS out of flux endplates
did not strictly follow Peters' equation, new Arrhenius constants
were determined using averaged oxide thickness measurements from
the upstream and downstream out of flux endplates.

By using the detailed operational history outlet temperatures
were calculated. Because reactor data is reported in tens of
inlet temperature and percent power, the outlet temperature was
calculated as follows:

Tout-T<n+(T<>ut-Tin>x * Power; Tin«265°C, T ^ l O ^ a t 100% power)

From the reactor history and the measured average inlet and
outlet thicknesses of 0.73 and 1.23 urn, Arrehenius constants were
determined. The resulting growth equation is:

t « 1 3 6 5 * e-
5059/ICT * d0-33



4.2 Using the DNG8 Growth Equation to Determine Time of Failure

Figure 3 shows the combination of the detailed reactor history
(ie, outlet temperature) along with the calculated endplate oxide
thickness. The time axis is shown in both calendar days and
accumulated days. Several growth curves are shown which result
from starting the oxide growth (ice., newly exposed fracture
surface) at several different times during the reactor history
cycle. If the fracture occurred prior to August 1990 the
resulting oxide thickness 1.20 /im would be within experimental
spread of 1.23 + 0.05 /xm observed on the normal surface. Thus
all failures occurring before the reactor coming on line in
August are rendered indistinguishable.

For the other three chosen fracture times, shown in Figure 3,
well separated oxide thicknesses are observed; 0.93, 0.79 and
0.27 jim respectively. Figure 4 shows the construction of the
failure estimation curve from oxide thicknesses, calculated for
the various fracture times chosen. To construct the complete
DNGS failure curve, the detailed history was simplified into 23
isothermal periods. The resulting failure curve (solid line
marked outlet curve) can be used to predict failure times from
oxide thickness measured on the fracture face for specimens
having an "average" oxide thickness of 1.23 nm on the normal
face.

To extend the fracture failure estimation curve to include the
variation in average oxide thicknesses observed on the downstream
(outlet) endplate, a range factor, k1, is introduced into the
growth equation.

t = k1 * 1364 * e-5059/KT * d'0.33

The k1 factor for various calculated oxide thicknesses is shown
in Table 1.

TABLE 1
ACCOMMODATING FOR NORMAL FACE OXIDE THICHESS VARIATION

THICKNESS

1.09

1.15

1.23

1.31

1.39

RANGE FACTOR

0.85

0.94

1.00

1.07

1.13

EQUIV. TEMP °C

300

305

310

315

320



Alternatively, the differences in the observed endplate oxide
thicknesses can be described as a variation in the local
temperature. Included in Table 1 are the equivalent
temperatures if the stated thicknesses are a result of only
thermal effects. The range of oxide thicknesses observed in DNGS
(i.e., 1.11 to 1.34) would require a +7°C temperature variation.
Because both range factor and temperature variation result in
multiplicative modification of the kinetic equation, they are
equivalent in describing endplate oxide thickness variation for
dating purposes. The range factor was most convenient and was
used to develop a "family of failure curves".

The dashed lines in Figure 4 show the time to failure curves at
0.03 HJO. intervals; oxide thicknesses calculated at shutdown are
plotted against Days From Shutdown (DFSD). These are used to
obtain estimations of individual fracture times. The D2 K12/14
fracture time is shown as an example. The curve corresponding to
the normal surface oxide thickness of the specimen, 1.17 pm is
followed until the measured fracture oxide thickness, 1.03 pm, is
reached. The corresponding time of fracture, July 31, 1990, is
then obtained from the time axis. The scatter band along the
time axis represents the limits in failure times based on maximum
variability observed in the fracture oxide thickness measurement.
The determined time of fracture uncertainty is dependent on both
the variability in the oxide measurement as well as the slope of
the normal surface curve to either side of the failure time.
Because the spread is typically larger for the fracture face than
for the corresponding normal oxide thickness, the spread
introduced from uncertainty of the normal oxide thickness is
ignored.

4.3 Results

Fractures were characterized into different confidence groups
according to the size and quality of the collected spectra. A
valid spectra was defined as having well defined peaks with
minimal effects of absorption, dispersion, oxide non-uniformity
and stray interference resulting from fatigue fracture features.
The greater the number of valid spectra collected on a specimen
the more confidence was placed in the failure time estimate.

TABLE 2
NUMBER OP VALID SPECTRA

Ranking

Highest

Medium

Lowest

Normal Surface

>3

2-3

1-2

Fracture Surface

>5

3-5

2-3



Specimen data meeting the above requirements are summarized in
Table 3. On some fractures, two separate areas showed two
thicknesses. These are identified A and B in Table 3. The
results are plotted in Figure 5. The time axis has been expanded
to the time period between June and December 1990 where fractures
are observed. Highest, medium and lowest confidence results are
identified appropriately. Exact identification of the points is
possible using the results reported in Table 3.

TABLE 3
EXAMINED ENDPIATB FRACTURES

Specimen

J13-1/26

J13-1/30A

J13-1/30B

R13-1/22A

R13-1/26A

R13-1/26B

R13-1/30

R13-1/22B

K12-1/26

K12-1/14

K12-1/30

K12/1/16

K12-1/12A

K12-1/12B

Q12-1/30

Q12-1/26

Thickness
FF/NF

1.04/1.34

0.87/1.19

0.50/1.19

1.29/1.34

1.23/1.34

1.14/1.34

0.95/1.28

0.57/1.34

1.26/1.33

1.03/1.17

1.02/1.19

0.87/1.11

1.02/1.31

0.92/1.31

1.11/1.25

0.94/1.26

NO. Of
*FF

4

4

2

7

4

4

9

4

2

6

2

5

2

2

2

3

Pts.
NF

4

8

8

10

8

8

3

10

3

2

1

2

2

2

3

1

Fracture
Date

Sept 11

Oct 05

Dec 04

June 20

July 16

Aug 10

Oct 07

Dec 03

July 06

July 31

Aug 08

Sept 07

Sept 10

Oct 17

Aug 01

Oct 06

Uncertainty
4-Days -Days

10

3

2

11

9

6

22

6

16

9

7

2

6

3

8

19

22

4

2

6

6

18

5

2

12

22

7

3

7

9

7

6

* FF - Fracture Face, NF - Normal Face

The lower confidence points suggest failure times close to those
predicted by high confidence points that even the conditions of
lowest confidence are sufficient to make relatively accurate
failure estimates. Failures thus appear to occur in groups,
rather than as individual events, throughout the power producing
period of operation.
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Uncertainty in the failure time prevents making confident
associations with specific historical events. However,
conditions during on-line operations are clearly necessary and
sufficient to cause endplate failure.

5. CONCLUSIONS

Corrosion films on fracture and normal surfaces of endplates,
from fuel bundles removed from Darlington Unit 2, varied in
thickness from 0.5 to 1.5 microns. Infrared interferometry
provided a nondestructive technique to accurately measure the
thicknesses. An accuracy, relative to gravimetry, of ±5% was
obtained by this technique.

Laboratory tests on fatigue-tested specimens showed that the
kinetics of oxide growth on normal and fracture faces was the
same. No evidence was found for a crevice corrosion effect in
the incipient cracks and oxide thicknesses measured on the weld-
affected zones of a crack were comparable to those on the parent
material for the same exposure.

A method has been developed using oxide thicknesses from FTIR
interferometry to accurately date fuel bundle endplate failures
for the DNGS reactor. Endplate failure was not a single event.
Failures occurred throughout the power producing period between
July and December 1990. There are indications that failures
occurred in groups at several periods during power production.
Uncertainty in failure estimates prevent making associations with
specific historical events. Lowest confidence data follow the
same trend as more confident data.
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Figure 1. Interference spectra of corrosion film
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4.03 /ra oxide growth on Zircaloy-4 fuel
cladding.
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MECHANICAL FATIGUE SIMULATION TESTING OF FUEL BUNDLES AND
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ABSTRACT

In November of 1990, normal refuelling operations at the
Darlington Nuclear Generating Station Unit 2 (DNGS2) were prevented
by fuel bundle failure at the outlet end of channel N12. Subsequent
inspections revealed that a number of high-powered channels had end
plate cracks on the outlet fuel bundles predominantly initiating at
the notch formed by the weld between the end plate and the fuel
pencil end caps. To identify the cause of fuel bundle failure , a
multi-disciplined investigation was launched into the problem.

As examinations on the failed fuel bundles in the hot cells at
Chalk River Laboratories later confirmed fatigue as the mechanism
causing end plate failure, an experimental out-reactor program was
conducted to investigate the response of fuel bundles under dynamic
loading conditions. The objective of the program was to identify
whether axial and/or lateral vibration of fuel elements could
contribute to end plate (fatigue) failure and if so which of the
two is the likely mode causing end plate failure observed at DNGS2.

The room temperature axial bundle fatigue tests conducted in
this experimental program produced through wall end plate failures.
The end plate fractures were associated with the welds and the
point of initiation appeared to be at or near the tip of the weld
notch between the end cap spigot and end plate. Fracture surface
examination revealed some similarities to the field failures,
however distinct differences were noted in fracture location on the
end plates and the presence of a "Black Eye" fracture pattern
associated with most DNGS2 failures.

Results from the lateral vibration tests were also similar to
field failures; however significant differences existed in the
amount of fretting and the higher degree of secondary cracking
associated with the tests compared to field failures.

The results from the tests indicated that both axial and
transverse bundle vibrations can cause end plate (fatigue) failure.
However, the tests were unable to duplicate all of the fracture
features unique to the DNGS2 failures. It is conceivable that the
inability to accurately reproduce in-reactor conditions
particularly mode of hydraulic loading, contributed to the marked
differences in fractures.



1. INTRODUCTION

On November 30, 1990, a refuelling operation wa attempted on
channel N12 of the Unit 2 reactor of the Dari_ngton Nuclear
Generating Station. The fuel carrier carrying two fuel bundles,
jammed on insertion into the outlet end fitting and only with
difficulty was it removed a month or so later. Subsequent
examination in the fuel bay showed fragments of fuel element and
end plate amongst the intact bundles that were to have been
inserted into N12.

An in-situ examination on- a number of fuel channels using a
television camera revealed more outlet position bundles with
cracked end-plates. Eventually, eight channels in the columns 12
and 13 were identified as having cracked fuel bundles. The results
of the above survey initiated a metallurgical investigation into
the mechanism of cracking to support the multi-discipline
investigation conducted by the Darlington project to determine the
basic cause.

Examination of the failed end plates at AECL-CRL later showed that
fatigue was the cause of failure and fatigue initiation primarily
occurred in the notch between the end plate and the end cap of the
fuel pencil. Low amplitude high cycle fatigue was identified as
the likely mechanism of end plate failure and out-reactor
experimental test programmes at OHRD, AECL-CRL, and AECL-CANDU were
devised to separate the effects of axial and lateral deflections on
the failures at DNGS-2.

In the test programs, representative end plate to end cap welds
were cyclically loaded in directions parallel and transverse to the
fuel pencil axis and in an autoclave in order to determine the
fatigue resistance of the weld while cyclic axial tests were
conducted on complete bundles at R.T.

This paper presents the results of tests examining the effects of
transverse pencil vibration and the performance of bundles under
axial cyclic loads applied mechanically.

2. MODE OF OPERATION OF DARLINGTON FUEL BUNDLES

Each fuel channel in a Darlington reactor contains thirteen fuel
bundles. At the outlet end, the #1 bundle is held in place by a
4 segment latch which supports most of the elements in the outer
ring of the bundle. This outlet bundle carries the hydraulic load
imposed on the thirteen bundle string by flows of up to 28 kg/s of
heavy water.

The flexibility of the end plate allows the centre elements to move
in the axial direction with respect to the outer elements. The end
plate deflects elastically from hydraulic loads and permanent
deflection occurs by creep. Towards the outlet end this creep
deflection is enhanced by transfer of some of the hydraulic load on



the fuel string through the contacting end plates.

The described operating condition has not led to any problems in
the Bruce reactors, but in early operation of the Darlington Unit
2 reactor which has generally higher in-channel flows, end plate
failures occurred.

3. OBJECTIVE OF THE EXPERIMENTAL PROGRAMME

The prograirane of fatigue testing to determine the properties of end
plate to end cap joints under conditions simulating end plate
deflection was carried out by Ontario Hydro Research Division and
is reported in a separate paper.1 However, another mode of
vibration i.e. transverse element deflection is possible and the
parameters of amplitude of deflection against cyclic life were
explored in this investigation to see if such motions could be the
cause of failure.

At AECL-CANDU, two lateral fatigue test programmes were undertaken.
On one, fuel elements with end plates attached were cut from
production fuel bundles so that element deflection would stress the
end plate to end cap weld closest to the region of the end plate
where the radial ribs and intermediate circumferential web
intersect. This position was a prime location for failures in
field failures. On the second, three half length elements were
welded to a strip to simulate the joints on the outer and
intermediate rings of the end plate.

Tests, in which cyclic axial loads were applied to actual fuel
bundles supported against a simulated latch, were undertaken to see
if the cyclic life predicted from the small specimen program would
be sustained by a bundle loaded as described, and if cracking
occurred in the positions and patterns seen in the field failures.
On one test the crack progression was monitored to confirm
predictions that crack initiation occurred early in life for
stressing above the fatigue threshold.

4. EXPERIMENTAL DETAILS

Details for each of the three types of fatigue experiments are
described below.

4.1 Axial Bundle Fatigue Tests

The general arrangement of the test set-up for the axial bundle
fatigue tests is shown in Figure 1.



FIGURE 1:
Schematic of set-up for axial bundle fatigue tests

Unirradiated fuel bundles were cycled to failure (detectable end -
plate cracks) under load control in an Instron load frame. The top
end of the bundle (simulated downstream end of bundle 1) was held
tight against a latch with the same latch to pencil 18 orientation
that was seen on the failed outlet bundle in channel Q12 of DNGS-2.
The upstream end plate was supported by urethane pads which were
used to distribute the load across the end-plate in an attempt to
simulate hydraulic loading.

Three tests were performed:

4.1.1 Test 1.
In Test 1, the bundle was supported by a 3.2 mm thick pad of 75
Shore A hardness on a 50 mm thick pad of 25 Shore A hardness. The
bundle was cycled between 3 kN and 5.5 kN at 1 Hz. The loads were
higher than those expected in reactor.

4.1.2. Test 2.
Test 2 was a repeat of Test 1 except that ultrasonic (U.T.)
inspection was used to periodically detect and monitor crack
growth. The ultra-sonic examination inspection was performed by
OHRD.

4.1.3. Test 3.
Test 3 was a simulation of the normal flow conditions in a
Darlington channel. Work on the ETR-7 rig at AECL-SPEL established
the relative deflections of the inner and intermediate rings on the
downstream end plate of bundle 1 under 30 kg/s flows and the



deflection on the central element (pencil 37) at flows between 28
kg/s and 32 kg/s. By using four, 25 mm thick pads of 80 Shore A
hardness, these deflections could be simulated on the load frame.
The bundle was cycled between loads of 2.6 kN and 3.8 kN at 10 Hz.

4.2 Transverse Vibration Tests (Type A) on Single and Three Pencil
Samples

The general arrangement of the .test set-up p.s shown in Figure 2.
The deflection amplitude at the fuel element' mid-length was set by
adjusting the amount of eccentricity on the drive shaft experienced
by a rod connected to the shaft by a swivel joint and to the fuel
pencil through a clamp at the other end. For the three element
samples, the clamp was positioned around the central element and
only this element was cycled. The vibration frequency was
controlled by the motor speed. To ensure a realistic specimen
geometry, the test specimens used were fuel elements cut from
production fuel bundles with sections of end plates attached. Two
clamping plates were bolted to the support frame as shown in Figure
2. These plates were designed to support, rigidly, the end plate
portion of the sample. A typical clamping arrangement for a three
element sample is shown in Figure 3. Figure 4 shows the clamp used
at element mid-length for lateral displacement.
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FIGURE 2:
Set-up for TYPE A
fatigue tests

FIGURE 3:
lateral Support arrangement for TYPE A

samples

Tests were conducted at (element mid-span) displacements of between
± 0.5 mm and ± 3 mm. In some of the tests a static deflection on
selected "webs" of the end plate portion of the sample was applied.
The purpose of this was to simulate the deflection of the end plate



caused by the hydraulic drag forces at bundle position # 1.

In the series of experiments, elements were vibrated either in the
circumferential direction or in the radial direction with reference
to the fuel bundle end plate.
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FIGURE 4:
Clamping arrangement for TYPE A
lateral fatigue specimens

FIGURE 5:
Set-up for TYPE
fatigue tests

lateral

4.3. Transverse Vibration Tests (type B) on Three Element Samples

The specimens for this test were specifically produced for this
test and were meant to simulate (using straight rather than curved
end plate material) the pencils on the outer ring. Each specimen
consisted of hollow pencils welded to a strip punched from
Zircaloy-4 sheet in the same material condition as production end
plates with the strip axis perpendicular to the rolling direction
of the sheet stock. The fuel pencils were spot-welded to the strip
material at GE Canada, according to the standard practice for
bundle assembly.

The testing jig (shown in Figure 5) was driven by an Instron servo-
hydraulic testing machine. Tests were conducted at amplitudes of
± 1 to ± 3 mm and at frequencies of 4 to 10 Hz.

Constant amplitude tests were run to establish the fatigue
behaviour for the given specimen geometry. Varying load/amplitude
tests were performed to see whether fracture features such as the
"black eye" initiation regions and beachmarks, observed in DNGS2
field failures, could be reproduced through transverse fuel element
vibration.



5. RESULTS

The results from the different experiments are presented under the
following subsections.

5.1 Axial Bundle Fatigue Tests

5.1.1 Cyclic Life
A summary of test conditions and results is listed in Table 1. In
Test 1, through wall cracks were produced on both end plates
between 73,000 and 130,000 total cycles. Through wall cracks were
produced in the second test after 61,000 cycles. Resonance in the
hydraulic lines of the load cell likely decreased the time to
failure of the second test. The ultrasonic examinations,(UT)
which were conducted at least every 10,000 cycles initially
detected cracks in the period between 30,000 and 40,000 cycles.

Two cracks were detected by U.T. in Test 3 after 5xlO6 cycles. No
through wall cracks were detected after lOxlO6 cycles and the test
was stopped. A U.T. inspection at this time did not reveal any
further cracking.

TABLE 1:
Results from the Axial Bundle Test Program

Test
No.

1

2

3

Load
Amplitude

(kN)

4.25 ±1.25

4.25 ±1.25

3.20 ±.60

Deflection
Amplitude

(mm)

1.0 ±.29

1.0 ±.29

.55 ±.06

Observations

Failure through the end
plate between 80,000 and
130,000 cycles.

Failure after 63,000
cycles through end plate

Partial through end
plate cracks after 5
million cycles

5.1.2 Crack Development
The first two tests produced a significant proportion of cracks on
the outer ring of the downstream end plate which is inconsistent
with in-reactor failures. This skew in crack distribution is
likely a result of the load distribution produced by the pad
configuration used in these first two tests. The middle ring of
the end plate (both ends) is the preferred crack location in
reactor and this was also seen in the three axial bundle tests
despite the relatively high number of cracks on the outer ring in
the first two tests (see Figure 6 for Test 2).

A crack growth curve (Figure 7) was developed from the periodic



U.T. scans. The propagation rates for all cracks were quite
similar and indicative of the rapid progression phase of fatigue.

5.1.3 Fractoqraphy
The cracks produced in these tests were smooth with little surface
roughness, very similar to those produced in reactor. The measured
fatigue striation spacings were similar to those measured on cracks
taken from reactor.

The two most prominent features on in-reactor cracks, beachmarks
and "black eyes", were not reproduced in the axial bundle tests.
The constant amplitude room temperature axial loading would not be
expected to produce these effects.

The fine features (as viewed at >1000 X magnification under the
Scanning Electron Microscope) observed on cracks produced in the
first two tests were less brittle in appearance than those produced
on in-reactor cracks, consistent with higher stresses being used in
the simulation tests. The incipient cracks produced in TEST 3
could not be opened up for examination.
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FIGURE 6: FIGURE 7:
Distribution of cracks in the Approximate crack growth rates
end plate during TEST 2. measured in TEST 2



5.2 Transverse vibration tests (type A) on one and three element
samples

5.2.1 Single Element Tests
Table 2 lists the results from the test program. The first three
single element specimens tested at ± 3 mm failed through the weld
between the end-plate and the end cap. The number of cycles to
failure ranged from 22,000 up to 230,000. Specimens were deflected
in axes either parallel to the radial web or to the circumferential
ring, based on the limited data, there was no obvious difference in
fatigue life.

An additional single element test (test 4) conducted at a lower
deflection amplitude (±lmm) resulted in failure through the end
plate initiating in the weld notch between the end cap and end
plate. For this test an axial deflection was imposed on one web of
the end plate sample. This was done to simulate the elastic
deflection induced by hydraulic drag on the outlet bundle end
plate. No cracks were reported at the weld on the other end of the
specimen where no end plate pre-strain was applied.

5.2.2 Three Element Tests
Further tests were conducted on three element samples (tests 5,6,7
and 8) which resulted in failures through the end plate. Test #5,.
cyclically deflected in the radial direction at a deflection
amplitude of ±lmm, resulted in end plate failure after 5 million
cycles. For this test both ends of the sample were pre-strained and
cracks were found on both end plates. Test #6, cyclically deflected
in the radial direction at a deflection amplitude of ±2mm failed
after 1 million cycles. For this test both ends of the sample were
also pre-strained and similar crack observations as in test 5 were
noted. However, the smaller of the two cracks travelled
predominantly through the weld rather than through wall.

In tests #7 and #8 the amplitude of deflection was ±1.5mm and ±.5mm
respectively. Both tests produced failures through the end plate.
Again in Test #7 the smaller of the two cracks, a partial crerjk
progressed through the weld rather than through wall. Test *'7

resulted in failure after 2.5 million cycles while test #8 resulted
in failure after 23 million cycles.

Although the surfaces were macroscopically smooth, they appeared
rougher than the cracks produced in the axial bundle tests and in
reactor. Features such as striations were present but generally
difficult to detect.

The number of cycles to failure for single and 3-element (type A)
lateral tests are shown in figure 8.



TABLE 2:
Results from Type A lateral deflection tests

Test
No.

1

2

3

4

5

6

7

8

Sample
Type

Single el.

Single el.

Single el.

Single el.

Three el.

Three el.

Three el.

Three el.

Test Dir.
(w.r.t end
plate)

Tangential

Tangential

Radial

Radial

Radial

Radial

Radial

Radial

Amplitude
(mm)

±3

±3

±3

±1

±1

±2

±1.5

+ .5

Deflection
(end plate
dome)
(mm)

0

0

0

.64

.64

.64

.64

.64

Observations

Fail, through
the weld after
230,000 cycles

Fail, through
the weld after
64,000 cycles

Fail, through
the weld after
22,000 cycles

Fail, through
the end plate
after 10
million cycles

Fail, through
the end plate
after 5
million cycles

Fail. through
the end plate
after 1
million cycles

Fail, through
the end plate
after 2.5
million cycles

Fail, through
the end plate
after 23
million cycles

5.3 Transverse vibration tests (type B) on three element samples

5.3.1 Constant Amplitude Tests.
A single crack originated from the weld fissure of fuel pencil #1
and penetrated through the strip. The number of cycles to failure
for each test amplitude is given in Table 3 below. The fracture
faces had a macroscopically smooth appearance. Surface ridges,
perpendicular to the direction of crack propagation, were observed
indicating multiple crack initiation points from the weld fissure.
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TABLE 3:
Results from the Type B lateral test program

Teat ID

1

;

3

4

5

6

Mode of E/P
Stressing

Constant
amplitude

Constant
amplitude

Constant
amplitude

Variable
deflection
amplitude

Variable loading
frequency

variable
frequency and
amplitude

Frequency (Hz)

10

6

4

4

4
1

6
4
10
4

Amplitude limm)

1

2

3

3
1

3

2
3
1
1

No. of cycles
ac each
amp/f req

-

-

5.000
10,000

2,000
2.0C0

10.000
5.000
100.000
5.000

No. of cycles
to failure

1.33 x 106

>35O.OOO

12.719

63.719

46.626

749.000

Surface
roughness <tun?

2.07

2.06

1.47

1.57

1.66

Oxide Film
prevented
analysis

(1.) roughness is defined as the average amplitude of the hills and valleys of a
surface profile from the computed mean.

Metallographic examination of the weld cross-section showed that
cracking had originated in the transformed beta region of the end-
plate and propagated along the weld profile through the fine-grain
prior beta grains. Towards the centre of the weld the crack
changed direction and broke through the base metal.

Scanning Electron Microscope (SEM) examination of the fractures
showed striation-like features in the weld metal near the
initiation region and in the base metal. Average striation spacing
was approximately 0.4-0.5 urn. Large secondary cracks, perpendicular
to crack propagation direction, were observed. A large number of
finer secondary cracks were also present.

5.3.2 Variable Amplitude/Frequency Tests.
The macroscopic appearance of the fracture surfaces as well as
crack profile and surface roughness were similar to those observed
in constant amplitude tests. Distinct beachmarks, as observed in
some end plate field failures were not observed in Tests #4 and #5.
Some faint bands could be observed, but it is not clear that these
bands were due to changes in loading history. In test #6 (variable
amplitude and frequency), two cracks had originated at the weld
fissures of the outer pencils.

The crack at pencil #1 position (see Figure 5) had broken through
the end plate. SEM examination of the fracture surface showed
distinct arrest marks perpendicular to the crack propagation
direction and a "black eye" at the initiation region. Evidence of
fretting damage, fine particulate matter, and possibly oxidation
were observed at the initiation region, resulting in the "black
eye" appearance. It was not possible to obtain a correspondence
between loading history and the number of arrest marks. No
distinct changes could be observed in the fracture surface features
in between various bands.
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distinct changes could be observed in the fracture surface features
in between various bands.

The crack at pencil #3 (see Figure 5) position was a partial
penetration crack. Examination of the fracture surface under the
SEM showed faint bands, perpendicular to the crack growth
direction but with no apparent correlation to the load change
history.
5.4 Transverse Vibration Tests-Comparison of Results
As shown in Figure 8, the effective S-N (displacement amplitude-
fatigue life) curve for the two lateral tests are similar, despite
having different R (CTmax/CmiJ ratios (there is an imposed static
stress on the end plate in the Type A tests as a result of the
simulated hydraulic drag.) A stress analysis for the conditions
used in the TYPE B tests suggested that the these specimens were
somewhat more resistant to failure than similar specimens cycled
axially at OHRD1 and that the test results fit well on to the
established S-N curve2 for Zircaloy material. However it should be
noted that conversions from deflection to stress are difficult for
both test geometries.
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FIGURE 8:
The number of cycles to failure as a function of the
half amplitude in the lateral deflection tests.
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6. DISCUSSION OF RESULTS

A summary table of metallurgical observations from the out-reactor
simulation tests and field failures at Darlington is shown in Table
4.

TABLE 4:
A comparison of the features observed on

cracks in and out of reactor

FEATURES

Cycles to
Failure

Crack
Initiation
site

Endplate
and/or weld
failure

Primary Crack
location

Fatigue
striations

Fracture
surface
roughness

•Black eye*
at Initiation
Region1

Beach marks

Fracture
Surface
Damage

Field
failures
(Darlington)

-1,000,000

Primarily
at end-cap to
end-plate
weld notch

all failures
through end
plate

Int. ring/
web junction

.03 to 1
micron

Smooth

Present

Present

Very little

OUT REACTOR TESTS

Axial Fatigue
Tests
(Bundle)

60,000 to
130,000

Only at end-
cap to end-
plate weld
notch

all failures
through end
plate

Outer ring/
web junction

Similar

Smooth

Not Present

Not present

Very little

Lateral
Vibration
(type A)

25,000 to
23 million

Only at end-
cap to end-
plate weld
notch

Amplitudes £
1.5 mm:
through weld.
Amplitudes £
1.5: through
wall.

Not
Applicable

not
well defined

Relatively
Smooth

Not Present

Not present

Significant

Lateral
Vibration
(type B)

12,000 to
1.33 million

Only at end-
cap to end-
plate weld
notch

All failures
through the
end plate

Not
Applicable

Similar

Smooth

Present

Present

Significant

(1) It is not Cully understood why the Black Eye was present in the variable amplitude lateral
vibration or in the field failures. The varying amplitude used in the test probably induced more
rubbing between the two halves of the developing crack in the initial stages of propagation.

The axial cyclic loading of bundles did not produce the pattern of
cracking seen from field failures, but the crack surfaces showed a
general similarity to those seen in reactor apart from the
oxidation of the surfaces.

In small specimen tests at OHRD1, crack initiation occurs early in
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the fatigue life and the rate of crack propagation is very slow
until the crack size is at a detectable level. The axial bundle
test results indicate similar progression occurs in bundle end
plates although the early stages of crack growth in the axial
bundle tests were likely below the UT detection limits.

Crack features and crack propagation modes similar to those induced
by axial stressing were produced in the lateral deflection fatigue
tests only at low amplitudes of deflection; the maximum amplitude
of deflection possible for a pencil in service appears to be at
the derived fatigue limit and transverse deflection above would
not likely cause failure. The unique out reactor formation of the
black eye feature near the point of initiation and the similarity
of features to those in reactor suggest that transverse motion is
a contributor to in-reactor failures. However, axial oscillation
of the fuel pencils is almost certainly the prime cause of field
failures. The number of cycles to failure for the same maximum
load (or equivalent end plate deflection) appears to be greater in
the lateral tests than in the axial tests at OHRD.

7. SUMMARY

It has been demonstrated in out-reactor experiments that both
transverse and axial cyclic loading can produce end plate fatigue
failures similar to those seen m reactor. However, not all
features of in reactor cracks could be reproduced. Axial motion
seems a more likely mode of failure than lateral motion. However,
the results suggest that the failures are a result of a combination
of stressing conditions.
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DEVELOPMENT OF FATIGUE FAILURE CRITERIA
FOR DARLINGTON FUEL BUNDLE ENDPLATES

E.T.C. Ho, G.K. Shek, M.L. Vanderglas & M. Leger
Ontario Hydro Research Division
800 Kipling Ave, Toronto, Ontario

ABSTRACT

The fatigue limits of the endplate-to-endcap welds of the Ontario
Hydro 37 element fuel bundle were established by testing small
specimens. The results indicated an effective stress
concentration factor of four due to the weld geometry. Higher
mean stress reduced the fatigue limit in samples which failed in
one million cycles. For tests carried out at high R-ratio, a
stress amplitude of 45 HPa produced failures between 105 and 106

cycles. The fractographic features of the Darlington fuel bundle
endplate cracks are consistent with the features of the low
stress high cycle fatigue cracks produced in the small specimen
test program.

1.0 INTRODUCTION

Refuelling problems encountered on channel N12 of Darlington
Unit 2 were caused by loss of fuel bundle integrity resulting
from cracks in the endplate. Subsequent examination showed that
cracks were also found in fuel bundles located in some other
channels in columns 12 and 13. Most of the cracks were associated
with the endplate-to-endcap welds. Fatigue was initially proposed
as the likely mechanism of cracking and this was confirmed by
subsequent fractography. Fatigue life data were required for
failure analysis to identify the possible source and magnitude of
the cylic stresses to induce failure. Initial assessment of
fatigue life performed by the fuel bundle manufacturer was based
on literature fatigue data for Zircaloy-2(1) and an assumed
stress concentration factor for the weld geometry. This paper
describes a test program using small specimen to simulate the
failed component to obtain fatigue life data for the endplate-to-
endcap welds. In addition, the small specimens were also used to
study specific fatigue fracture features which are relevant to
the failure investigation. Some of the fatigue cracks from the
small specimen program were characterized by fractography and
metallography for comparison with cracks from the field failures
in order to determine the conditions of cracking.

The small specimen program to obtain fatigue life data was
implemented early on in the failure investigation when the best
information on the cracks was the video inspection of the
downstream endplate of the outlet bundle in channel K12
(Figure 1). During initial discussion regarding modes of loading
which could produce such cracks, it was generally agreed that
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time-varying hydraulic drag forces in the bundle axial direction
appeared to be a good possibility. The small specimen program was
designed to satisfy two main criteria: first, that the specimen
adequately simulate the failed component; and second, that the
stress analysis of the specimen would be straight forward. The
specimen was designed to simulate the loading on pencils on the
outer ring which were not supported by the latch.

2.0 EXPERIMENTAL

The design of the endplate-to-endcap weld specimens for fatigue
evaluation is shown in Figure 2. The width of the endplate strip
and the spacing between endcaps were selected to correspond to
those of the outer ring of a standard Ontario Hydro 37-element
endplate. Endplate strips were either machined or stamped with
the long dimension parallel to the "transverse" or •'longitudinal"
directions of the as-received parent endplate strip material. The
longitudinal direction corresponds to the rolling direction of
the strip. Five endcaps were welded to the endplate strip using
standard production welding procedure. The test matrix
encompassed differences in manufacturers (General Electric Canada
and Zircatec Precision Industries Incorporated), orientations of
the strips, loading frequency (0.1-20 Hz), temperature (room
temperature and 310°C), and R-ratio (ratio of minimum load to
maximum load for the cycle).

The design of the loading fixture is presented in Figure 3. Loads
were applied to produce an axial displacement of the centre
endcap with respect to the other four endcaps which were axially
fixed. Under this loading condition, the two welds adjacent to
the centre weld and the endplate strip at the centre endcap will
be under bending stress. The two endcaps at the end of the
specimen were not stressed. The main function of the 4.8 mm
(3/16") diameter drill rods was to provide axial stiffness and
lateral flexibility to simulate the behaviour of the outer ring
fuel pencils when they are subjected to axial loading. Prior to
carrying out cyclic tests, some tensile tests were performed at
both room temperature and 310°C to obtain load vs ram
displacement data.

The fatigue testing was carried out in a "load-control" mode in a
servohydraulic HTS testing machine. The loading waveform used was
a haversine and the cyclic stress was tension-tension. The 31O°C
tests were performed in a three-zone resistance furnace. In
general, tests were carried out to specimen failure. For some of
low frequency (<1 Hz) tests, the load and ram displacement cycles
were monitored using a chart recorder. The increase of the peak
position of the ram with increasing cycles or test time gives an
indication of the degree of fatigue crack growth in the weld
specimens.
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3.0 RESULTS & DISCUSSION

3.1 Analysis of Fatigue Specimen

Analysis is required to interpret the data obtained from the
small specimen program for application to the reactor situation.
A simple stress analysis of the sample in the loading jig was
carried out using ABAQUS with "B23" cubic beam elements. Figure 4
illustrates schematically the models used for the analysis. The
stresses reflect the net moment near the joint. No attempt was
made to determine the detailed stresses at the weld but rather
the nominal stresses in the endplate at the edge of the weld were
calculated at a distance of 2.29 mm from the weld centre. This
distance was chosen to be consistent with the manufacturer's
stress analysis of the bundle.

Several cases were examined to determine the effects of modulus
change, joint rigidity and jig rod length. Although calculated
deflections were significantly altered in these cases, the
stresses were not greatly affected (Table 1). Based upon this
analysis, a factor of 1.3 MPa/N was used to convert applied loads
to nominal stresses.

Table 1

Normalized Nominal Bending Stress (o/P(MPa/N))
and Central Deflection /u/P)

CASE

1

2

3
4
5

6
7
1

h
(mm)

76.2

76.2

76.2
76.2
76.2

25.4
50.8
76.2

o/P in MPa/N at x (mm)

1.0

1.64

1.64

1.65
1.63
1.63

1.68
1.66
1.64

2.0

1.38

1.38

1.39
1.37
1.37

1.42
1.40
1.38

3.0

1.12

1.12

1.13
1.11
1.11

1.15
1.14
1.12

4.0

0.86

0.86

0.87
0.85
0.85

0.89
0.88
0.86

u/P
(mm/N)

1.13e-3

1.13e-4

5.82e-l
4.94e-4
4,94e-4

1.07e-3
1.10e-3
1.13e-3

NOTES

increase moduli lOx

joints E - O.lGPa
joints E - lOOOOOGPa
MPC joints

effect of rod length
effect of rod length
effect of rod length

3.2 Fatioue Life Data

3.2.1 Tensile Tests. The tensile load vs ram displacement
data presented in Figure 5 have the general shape of a load vs
elongation curve obtainable from a standard uniaxial tensile
test. This shows that the specimen deformed initially in a
elastic manner. With increasing applied load, the deformation of
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the specimen became plastic and concentrated in the endplate in
the immediate vicinity of the welds associated with the three
central endcaps.

3.2.2 Fatigue Life Data. Two cracks are produced in each
test. These are in the welds of the two endcaps adjacent to the
centre endcap. The fatigue data are presented in the form of a
log-log plot of applied stress amplitude vs cycles to failure
(Figure 6). The applied stress amplitude was converted from
applied load amplitude using the factor of 1.3 MPa/N obtained in
Section 3.1. The data leads to the following observations:

(1) The fatigue curve for endplate-to-endcap welds lies
significantly below the values available in the literature for
smooth specimens. The line in Figure 6 represents the curve
summarizing the results of O'Donnell and Langer(l). For the high
cycle region at high R-ratio, the weld can sustain a stress
amplitude which is only one quarter of that for a smooth
specimen. In other words, the effective stress concentration
factor of the weld notch is about four.

(2) There is a significant effect of mean stress on the minimum
stress amplitude which produces failures in one million cycles.
Higher mean loads can reduce the fatigue limit by a factor of
about two in the range of tests conducted (Figure 7). Testing is
continuing to construct a Haigh diagram to determine the effects
of mean stress on fatigue life. For those tests carried out at
high R-ratio, a stress amplitude of 45 MPa can produce failures
between 105 and 106 cycles.

(3) Differences in fatigue life due to manufacturer, plate
orientation and temperature appear to be small.

3.2.3 Crack Initiation & Propagation . Crack propagation
behaviour for some tests was monitored with ram displacement. For
a few selected tests, the cracking was monitored using potential
drop measurement. The ram displacement technique effectively
measures the change in compliance due to both cracks whereas the
potential drop method monitors change in each crack individually.
Figure 8 shows results of one test in which the crack growth was
monitored using both techniques. Both types of measurements show
that changes are occurring during the early part of the test that
signify crack growth. The presence of the weld notch appears to
remove the initiation stage as the life-determining step. The
relatively small scatter in the experimentally determined
lifetime (compared with usual fatigue data for smooth specimens)
shown in Figure 6 is attributed to the presence of the notch.

A crack propagation analysis using fracture mechanics was carried
out in order to determine whether the failure lifetime behaviour
observed in the testing program could be rationalized with
fatigue crack propagation data for Zicaloy reported in the
literature(2). A simplied model was constructed in which crack
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growth was assumed to start from a small semi-circular crack in a
plate of infinite width. Crack growth was assumed to follow the
Paris law:

da/dN

The range of the stress intensity factor is:

A R = A a fv(Tra)

where A j = stress range
a = crack depth
f = a geometry correction factor

Literature data were used to calculate the fatigue crack growth
rates. When the crack grew to the width of the test specimen, the
model width was changed from infinity to the width of the
experimental endplate strip and the crack front was assumed to be
straight thus producing a 2-D model. Subsequent growth was also
assumed to follow the same Paris law.

The comparison between the modelled lifetimes and measurements is
shown in Figure 9. The effects of different assumptions of
initial crack depth are shown in the Figure. The agreement
between the model and the measurements is good considering the
simplifying assumptions used. Figure 10 shows the inverse
comparison, viz. fatigue crack growth rates implied by the
lifetime measurements compared with data from the literature.
Again, there is reasonable agreement.

The analysis also showed that a large fraction of the fatigue
life is expended in the development of the crack to the width of
the plate.

3.2.4 Formation of "Beach Marks". Beach marks were observed
on some of the Darlington endplate cracks. Tests carried out to
determine the necessary conditions for fatigue beach mark
production showed that the key factor was the propagation of the
crack at two or more different low stress amplitudes near the
threshold level. A finite amount of crack propagation under each
condition was found to be necessary in order to produce the
marks. No beach marks could be produced either by varying the
test frequency between 0.01 Hz and 20 Hz or by varying the test
temperature at constant load amplitude. Beach marks were produced
at both room temperature and at 310°C although those produced at
310°C were more visible.
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3.3 Post Test Examination

Since the small specimen test program covered a large range of
loading stresses, a selected group of the small specimen cracks
were characterized to serve as a reference for comparison with
the Darlington endplate cracks. Metallographic sections were
prepared across the centre of the weld along the long direction
of the strip. The fracture surfaces were examined in the stereo-
microscope and scanning electron microscope (SEM).

3.3.1 Microstructure of Weld. Figure 11 shows the profile
and microstructure of a GEC and a Zircatec weld. The
microstructure of the resistance weld reflects the thermal
history (peak temperature and cooling rate). The weld consists
mostly of equiaxed prior beta grains containing an acicular
plate-shaped alpha phase. The weld boundary consists of
recrystallized fine alpha grains adjacent to the slightly
elongated cold rolled base metal alpha grains. A discontinuous
fissure is present at the periphery of the interface between the
endplate and the endcap. Zircatec welds had a larger notch radius
and a smaller weld size than the GE welds.

Microhardness survey (Figure 12) showed that the weld was
significantly harder than the base metal. However the hardest
region was found in the fine grain structure at the periphery of
the weld interface.

3.3.2 Characterizing Fatigue Cracks. Post test examination
showed that fatigue load affected specimen deformation, location
of crack initiation and crack path, surface topography and
fracture appearance. The observations are summarized below with
an emphasis on the difference between high (>10,000 cycles) and
low cycle fatigue failures.

Crack Initiation - Cracks were initiated from the notch at the
periphery of the weld (Figure 13). The location of crack
initiation extended further into the weld fissure and within the
prior beta region when the fatigue stress was high. Multiple
crack initiation produced the many ridges on the fracture
surfaces. Ridge height increased with stress.

Crack Propagation - In high stress low cycle (<thousands of
cycles) failure, the crack path was nearly perpendicular to the
endplate surface and did not follow the weld profile. In low
stress high cycle failures, the cracks tended to follow the weld
profile and form a smaller angle with the endplate-to-endcap
interface plane (Figure 13). This indicates that the crack path
is sensitive to weld microstructure at low fatigue stress. Crack
path was essentially transgranular.
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Fracture Surface Roughness - The roughness of the fracture
surface depended upon the loading conditions. Rougher fracture
surfaces were observed when the upper load limit of the fatigue
cycle exceeded the elastic limit (based on the tensile behavior
shown in Figure 5). There were no observable difference in
surface roughness between the ambient and elevated temperature
tests when the maximum stress was below the yield stress at the
respective test temperatures.

Beach Marks - Fracture surface features resembling fatigue "beach
marks" can be produced by varying the load amplitude within the
low stress regime (Figure 14). The beach marks were visible due
to small differences in the amount of flat fracture features on
the crack surface. Without changing the applied load amplitude,
no beach marks could be produced either by varying the test
frequency or the test temperature.

Fracture Appearance - Fracture surfaces of the high stress low
cycle cracks displayed many ductile features and a large shear
lip. As the number of cycles to failure increased, the fracture
surface became more brittle-looking. Fatigue striations were not
frequently clearly identified. They were more readily observed in
the alpha grain region and were clearly visible in samples which
failed in 44,000 cycles (Figure 15). With very high cycle
failure, regions of crystallographic brittle fracture were
present and no fatigue striations could be observed in the SEM
(Figure 16).

Comparison With Field Failures - The Darlington endplate fatigue
cracks on the outer ring had macroscopically "smooth" fracture
surfaces, beach marks, fine fatigue striations and small shear
lips. The cracks tended to follow the weld profile. These
features are consistent with the low stress high cycle cracks
observed in the small specimen program.

4.0 SUMMARY

This testing program has provided considerable insight into the
behaviour of the endplate-to-endcap weld under bending fatigue
loading conditions. The fatigue data together with the stress
analysis suggest that there is a significant stress concentrating
effect of the notch at the intersection of the endcap and the
endplate. A nominal stress amplitude of 45 MPa combined with a
high mean stress are sufficient to produce failure in less than
one million cycles. These stress amplitudes are calculated on a
basis consistent with the 6EC stress analysis of the fuel bundle.
Larger stress amplitudes are required to produce failure in the
same number of cycles if the mean stress is reduced. Test results
at room temperature and at 310°C are not very different.
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The crack path and fracture surface features are dependent upon
the loading conditions which produce the failure. The Darlington
endplate cracks are consistent with the features of low stress
high cycle fatigue cracks produced in the small specimen test
program.
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Figure 1. Schematic Diagram of Cracks Observed during Video
Examination of Bundle 1 in Channel K12 of Darlington Unit 2.
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Figure 2. Schematic Diagram of the Endcap/endplate Held Test
Specimen.
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Figure 4. Finite Element Bean Model of Fatigue Speciaen.
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Figure 14. Beach Marks were formed on the Fracture Surface by
Propagating the Crack at Different Stress Amplitudes near the
Threhold Level.

Figure 15. Fatigue Striation in the a Grains Region in a Sample
Failed in 44,000 cycles at 20°C.
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Figure 16. Faceted Crystallographic Fracture Appearance in a
Sample Failed in 1.4 million cycles at 20°C. No Fatigue
Striations could be Resolved in the SEM.
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Summary

The fuel damage in some channels of Darlington Unit-2 resulted in the breakage
of end plates, spacer wear on the inner elements , and wear of the end plates
between bundles. The detailed examination of the fuel indicates that the
damage to the end plates was a result of fatigue.

This summary focuses on the experiments which were key in developing the
understanding of the behaviour in the channel. The paper provides the
evidence of the significant damage mechanisms to the fuel in Darlington
Unit 2.

The main conclusions of the loop tests are:

- pressure pulsations can cause the end plate of the latched bundle to
deflect (dome) to the extent that fatigue failures could be expected.
The deflection can occur at the same frequencies as the pressure pulses
and at frequencies up to 300 Hz.

- endurance testing cold demonstrated that fatigue failure of the end
plates could occur at around 150 Hz.

- an additional test at 136 Hz demonstrated all the significant damage
features which are evident in the Darlington Unit 2 fuel channels:

1) fatigue failure of the end plates,

2) excessive spacer pad wear between the intermediate and inner
ring elements

3) end plate to end plate wear

4) excessive wear on the bearing pads of bundle 13 and other
bundles along the channel

All the damage factors appear to be evident in the tests where pressure pulses
are at around 150 Hz, the main pump impeller frequency. It appears unlikely
that all the evidence could be supported by other excitation frequencies.
Lower excitation frequencies can certainly cause a large amount of damage to
the fuel as well. However, pulsation frequencies around the 20 to 100 Hz
cause different modes of vibration which is supported by bearing pad wear maps
along the channel.

There is not perfect agreement with the fuel examinations, nor would perfect
agreement be expected. Concerning the main damage observations:

We conclude that creep of the end plates plays a significant role. The
end plates are stressed to a high level. Hence the time available during
operation, temperature, and neutron flux of up-stream bundles, can transfer
the loads gradually to the downstream end plates. Thus the fracture features
and the exact location of the cracks on the end plates are expected to be
different between the loop tests and in-reactor. Also the exact morphology of
the fatigue surface may be modified by the higher sustained stress on the
fatigue cracks in reactor. The location of the end plate cracks is not
critical. The fact that they occur is.

- End plate to end plate fretting was observed in both the in and out reactor
fuel. The extent of fretting was less probably due to the reduction of time
in the out reactor tests.

The spacer pad wear on bundle 1 appears very similar to that from the
damaged Darlington Unit-2 fuel. The fact that they are so similar suggests
that the main mode of vibration was similar. The examination of the wear
surface shows that the main scratches are axial and about 50 \m in length.



The bearing pad wear is much more in-reactor than in these tests mainly
because the tests were of much shorter duration. The amount of wear in the
tests was a maximum at bundles positions 5 and 10.

In conclusion, the authors believe that the evidence is convincing that
pressure pulsing at 150 Hz caused the fuel damage in Darlington Unit-2. It is
not completely known why similar fuel damage is not found in Unit 1.



CNS-June 1992

1. INTRODUCTION

The experimental program was planned to address vibration and wear
characteristics of fuel in a full scale channel in an attempt to
understand the failure mechanisms. In particular, attempts were made to
induce the type of fuel vibrations which could cause fatigue cracking of
end plates and end plate / end plate fretting with pressure pulsations
and frequencies known to occur in the reactor.

Subsequent tests on Darlington Unit-2 found that there were significant
pressure pulses in the inlet header at 150 Hz. The fuel / loop
investigations were started to rapidly determined whether pressure
pulsations could explain the observed damage. This report elaborates on
the STERN test data which initially demonstrated that end plate
deflections could occur with pressure pulses at 150 Hz.

1.1 STERN LABORATORIES Loop Configuration

A Darlington fuel channel was assembled and installed in an existing
high pressure loop at Stern Laboratories. The feeder geometry was
arranged to simulate the inlet feeder on channel K12 and some features
of the outlet feeder. The loop was equipped with a variable frequency
pulse generator and the channel was fuelled with GEC fuel. The fuel
channel and feeders were fitted with dynamic instrumentation to measure
pressure, acceleration and fuel vibration and strain.

A schematic of the test apparatus is shown in Figure 1. The loop piping
is designed to operate at 13 MPa and 310* C and the main circulating
pump can provide a flow of 60 kg.s"1 at 360 m head when operating at 50*
C. The loop operates on a "feed-and-bleed" principle for pressure and
temperature control. A boiler feed pump and pressurizer are used to
control pressure while excess pump heat is rejected from the pressurizer
to a condenser to maintain constant coolant temperature. Tests carried
out here were operated with the pressurizer full of water (no vapour).
A variable frequency pressure pulse generator was installed upstream of
the inlet feeder, the preheater and the flow measuring spool.

The following parameters were monitored for each test in selected
combinations:

Dynamic Pressure in Feeders and Channel
Acceleration of Feeders and End Fittings
Fuel Bundle Element Radial Velocity
Strain of Downstream End Plate Bundle 1
Axial motion of bundles 1 and 13.

1.1.1 Pressure Pulsation Facility
The variable frequency pressure pulse generator is located upstream of
the flow measuring orifice, as shown in Figure 2. It consists of a
centrifugal pump with modified internals and a variable speed drive DC
motor capable of generating single frequencies from 2 to 260 Hz. A
photograph of the modified internals is shown in Figure 3. A by-pass
valve was installed around the pump to control the amount of flow-
through the pump and hence the pulsation amplitude. The by-pass valve
can also be used to provide flow oscillations at fractional Hz
frequencies. A combination of a very low base oscillation with a
superimposed higher frequency from the pulse generator can be obtained
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by the combination of the two devices.

1.1.2 Feeders
Figure 2, the inlet feeder is designed to duplicate channel K12E at DNGS
hydraulically and in most mechanical respects. The pipe diameters are
the same and by using equivalent lengths of straight pipe as substitutes
for some of the elbows, the total feeder resistance loss (L/D ratio) has
been matched. Some of the elbows have been rotated due to space
limitations. A pipe hanger supports the inlet feeder at the same
position as in the reactor.

The outlet feeder design matches the reactor's 2.5" diameter section in
size and equivalent pipe resistance loss (L/D); the 3" remainder,
however, does not quite correspond to that of the reactor, due to the
physical layout.

1.1.3 Fuel Channel Assembly
The fuel channel assembly completes the high pressure test loop and it
consists of a full scale Darlington fuel channel mounted on a large
steel I-beam. Due to the physical layout of the laboratory, the fuel
channel is located on a structural steel mezzanine above the pumps. The
I-beam was mounted on vibration isolators to minimize vibration
transmission from the floor. Photographs of the channel assembly
mounting arrangement are shown in Figure 4.

Fuel String
New fuel bundles were used for all the tests described here. The
bundles were manually loaded in the fuel channel and set to have a 12"
misalignment between elements on the outer ring of alternate bundles in
the string. The loading process employs a continuous stainless steel
shim, used to minimize pressure tube damage. Selected outer elements of
some bundles are equipped with internal magnets to allow monitoring of
their radial velocity. The initial Bundle #1 had a strain gauge
attached to its downstream end plate.

Bundle Motion with Ultrasonic Transducers
Ultrasonic transducers supplied by Hydro Research were installed in the
faces of the inlet and outlet shield plugs to measure the relative
displacement of the end plate circumferential rings on the upstream end
of bundle 13 and the downstream end of bundle 1. A schematic of the
relative locations of the shield plug ultrasonic probes is shown in
Figure 5. The ultrasonic transducers were connected to Novascope signal
conditioning equipment to provide signal conditioning and displacement
histories.

1.1.4 Data Acquisition
The instrumentation sensors were installed as required on the test loop
and connected with appropriate cabling to the signal conditioning
amplifiers located near the test section. The output from there is then
routed to the data acquisition and analysis work station. This is a
Zonic 7000 Workstation with a 16 channel input section (upgraded to 48
channels in January 1992) and Zeta software for data acquisition and
conversion to the spectral domain. All input channels are sampled
simultaneously and the time history data are stored on the system
"thru-put disc" for processing in different and relative ways after
testing. The digital data can be transferred to magnetic or optical
storage media for long term storage and retrieval for further
processing. A typical power spectral density (psd) output is shown in
Figure 6.
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2. FUEL RESPONSE TO PRESSURE PULSE FREQUENCIES

A knowledge of how fuel responds to pressure pulsations was critical to
developing an understanding of the detailed damage at DNGS. The first
question that needed to be answered, in July 1991, was whether the fuel
end plate resting on the latches could move with deflections that might
fatigue the fuel.

The initial series of tests was completed by mid July 1991. The results
indicated that the fuel on the latch could respond to the pressure
pulsations introduced into the loop. Those first tests were conducted
with a strain gauge attached to the end plate. The results were used to
specify the conditions for the endurance tests. Most of these initial
observations have been superseded by better measurements with ultrasonic
transducer at the inlet and outlet end of the channel.

The first tests were conducted with a strain gauge attached to the end
plate. The fatigue limit of the end plate was estimated to be about 0.1
mm deflection, peak-to-peak., based on tests on fatigue testing results
on a fuel bundle completed at AECL-CANDU1. Transfer functions of the
end plate strain response versus input pressure pulses, at the feeder
reducer, were generated. The results are shown in Figure 7. From these
results the pressure pulse required to cause a fatigue strain level of
0.1 mm can be generated as a function of frequency. Pressure pulses to
cause fatigue failures are estimated, cold to be about 45 kPa at 118 Hz,
and 140 Hz, and 100 kPa at 150 Hz. At 295 C, equivalent to the 265 C
operating temperature in heavy water, the failure threshold is similar.
However, these data only considered the strain relative to the inlet
shield plug ring pressure. We now know that the acoustics of the system
can significantly alter the magnitude of pressure measured depending
upon the position of the pressure wave. Hence the actual transfer
function is likely to be less sensitive to frequency than the figures
indicate.

These results were significant as the first indication that pressure
pulses were able to cause fuel string movements. Subsequent tests,
discussed later, then examined the way the fuel string moved in the
channel. The inlet and outlet bundle movements were measured with
ultrasonic probes supplied by OH-Research.

3. ENDURANCE TESTS AT ABOUT 150 HZ

3.1 Test 1 at 134 - 166 Hz

After the initial fuel response tests were completed, a new estimate of
the dynamic strain and pressure required to cause fuel damage was
available. A test was completed to test the fuel bundle endurance
criteria.
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The first endurance test was carried out at the following nominal
conditions for a period of 59 hours:

Coolant Flow Rate: 32 kg.s"1

Coolant Temperature: 60' C
Channel Outlet Temperature: 9.5 MPa
Bundle Misalignment: 12 *
Pressure Pulse Range: 134 to 167 Hz
Pressure Pulse Amplitude: to cause 100 (istrain

on the end plate

It commenced on 91/07/23 and was completed on 91/08/26. Bundle # 9652 C
was removed from the string for a 14 hour period to accommodate a low
frequency flow test. The channel was opened up after 23, 43 and 59
hours to inspect bundles #1, #2 and #13 and to check and record damage.
A synopsis of the findings follows.

3.1.1 Damage Characteristics
The damage to the fuel bundles consisted of partial- and full depth
cracks, and fretting wear marks on the end plate surfaces of the bundles
in position #1 and #2.

The damage to the fuel bundles can be described as follows:

Bundle # GE 9652 C, (position #1) downstream end plate: see Figure 8

After 23 hours:(12.4 x 106 cycles) full cracks in the intermediate ring
at elements #22 and #26, partial crack at element #26, strain gauge lead
missing. A piece of web between elements #26, #27 and #34 W3S removed
for analysis.
After 43 hours: no new cracks were found.
After 59 hours (27.2 x 106 cycles): full cracks in the cross web at
elements #36 and #37.

Bundle # GE 9652 C, (position #1) upstream end plate: see Figure 9

After 23 hours: full cracks in the intermediate ring at elements #22 and
#30.
After 43 hours: no new cracks were found.
After 59 hours: full crack in the intermediate ring at element #26, full
crack in the inner ring at element #36. End plate fretting marks between
the bundles is shown in the photograph, Figure 10
Photographs of these four cracks of the upstream end plate are shown in
Figures 11 to 14

Bundle # GE 9651 C, (position #2) downstream end plate: see Figure 15

After 23 hours: full crack in the intermediate ring at element #26
After 43 hours: no new cracks were found.
After 59 hours: full cracks in the intermediate ring at elements #22 and
#2 6. Fretting marks on long cross web between elements #30 and #36, #23
and #33, #21 and #22.

Bundle # GE 9651 C, (position #2) upstream end plate: see Figure 16

After 43 hours: no cracks.
After 59 hours: partial crack in the intermediate ring at element #22.
Fretting marks on inner ring and web between elements #31 and #36, #31
and #32, 34 and #37, see photograph, Figure 17



CNS-June 1992

Bundles 1, 2, and 13 were dimensionally examined at AECL-SPEL for
inter-eleir at spacer and bearing pad wear, and end-plate profiles. The
spacer wet is heavy on bundle #1 and consistent with the pattern of
wear seen -n the bundles from Darlington Unit-2. The maximum wear was
.324 mm between two spacer pairs, Figure 18. The wear was concentrated
between the intermediate ring and the inner rings of elements. The
locations of the cracks in the end plate are also consistent with the
observations from Darlington Unit-2. However, the cracks did occur on
the intermediate ring web in the test whereas the cracks in-reactor
occur both in the radial spoke and the rings. The end plates of bundle
1 and 2 contained early signs of end plate fretting and an impression or
"witness" mark of the adjacent bundle serial number.

The shape and location of the end plate cracks was similar to those
found on the damaged fuel in Darlington Unit 2.

During testing, the frequency was varied in order to obtain a strain
gauge response equivalent to 0.25 mm on the end plate. (The amplitude
of the pressure pulse was at a maximum with the bypass valve closed, so
the variation of frequency provided an alternate mechanism of control.)
After the first examination at 14 million cycles, the strain gauge
failed and the test was continued with only a 150 Hz pressure pulse, for
a further 10 million cycles. This failed to propagate the cracks. Thus
we conclude that the pressure pulse amplitude during the 150 Hz period
was below the fatigue limit. After a review of these test data, the
bundle end plate response as measured by the strain gauge was found to
be highest between 134 and 140 Hz. The test was therefore continued at
136 Hz and ran a further 4.9 million cycles with additional cracks
developing in bundles 1 and 2.

3.2 Tests at 137 Hz

The previous endurance tests had shown that with pressure pulses in the
135 to 165 Hz range and levels of 125 kPa in the inlet feeder, the end
plates in bundle position one will crack after 10 x 106cycles. The
objectives of this test were to demonstrate that the end plate cracking
found in the previous endurance test could be repeated under the same
conditions and that the cracking could be propagated further upstream
with increased cycles. The test was carried out under the following
conditions for 47 hours.

Flow rate 32 kg.s'1

Channel outlet pressure 9.5 MPa
Coolant temperature 60* C
Fuel bundle misalignment 12"
Pulse pump frequency 137 Hz
Pressure pulse at feeder reducer 100-125 kPa 0 to pk (time)
Total time 47 hrs ( 23.2 x 10* cycles)

Examinations after 10 hours
25 hours
47 hours

A summary of the zero to peak values of the pressure pulses, and end
fitting and bundle displacements (at 137 Hz) is given in Table 1. End
fitting axial displacements vary between .2 and 4.9 )m on the outlet end
fitting (yoke end). Bundle thirteen vibration levels are low (average
about 6 nm) .
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3.2.1 Damage Characteristics of Fuel
The results of visual bundle examinations during and after the test on
the end plates of bundle 1 are given in Figures 19 and 20. In summary
after 23.2 x 106cycles the following results were found'

Position #1 Fourteen cracks in end plate - 1 loose element
Position #2 Eight cracks in end plate- 4 loose elements (3

at only one end)
Position #3 Two cracks

Evidence of end plate fretting was found as far upstream as bundle five
with the degree decreasing as we move upstream. No cracks or signs of
end plate fretting were found in bundles 6 through 13. Bundle 13 showed
signs of fretting wear on the bottom bearing pads.

3.3 Fatigue on End Plates

Westinghouse assessed the failures as follows. The fracture surface
shown in Figure 21 displays fatigue beach marks and radial marks
emanating from a single origin at the inside surface of the end plate /
element cap interface. The fracture began at the notch associated with
the non-bonded lap area of the weld. Some of the contours suggest
fatigue striations but they were scattered over small areas on the
fracture surface. The fracture showed transgranular features
characteristic of high cycle fatigue.

The test was completed at 60" C and therefore the detailed fracture
surface might be expected to be different from the reactor for two
reasons:

1) the in-reactor loading conditions were different. Section 1.2
describes the loading conditions on the latched bundle. The loads are
affected strongly by load shedding and creep effects. These factors
depend on the operating time at temperature and the loads applied (in
these tests only a short time is available to condition the fuel). The
loads are also altered if the fuel is on-power.
2) the test temperature was different from that in-reactor.

These factors may result in some of the detailed features in the tests
being different from the reactor damaged fuel. The main objective was
to duplicate the general phenomena.

4.0 ACOUSTIC CHARACTERISTICS OF LOOP

4.1 General Acoustic Behaviour and Possible Reflection Points

Introduction

Calculations were completed on the acoustics of the Stern Laboratories
loop as a means of understanding the test results. The mechanical
vibration of the fuel is ignored.

1) The feeder and channel contain a number of reflectors, such as
reducers and other sudden changes in flow area, which appear
significant in setting up acoustic resonance.

2) The pulsing might have been more effective in causing end plate
strain at 150 Hz with a different pipe length between the pulse
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generator and the feeder.

3) The calculations suggest that the positioning of the partial
reflectors in channel K-12 is unfortunate for operation at 265°C.

4) Table 2 suggests why conditions were unstable in the cold
endurance testing at around 137 Hz.

5) At 210 Hz calculations suggest better performance, but possible
problems at operating temperatures with channels that have shorter
or longer feeders than K-12.

6) Generally, the calculations suggest that since there are many
different feeder lengths and reducer positions, resonance in some
feeders or channels is likely if there are high frequency
pulsations.

4.2 Measurement of Standing and Travelling Waves

Measurements to determine whether standing waves exists in the loop
require a lot of detailed instrumentation. Because the acoustic wave
interaction at reflection points is specific to the wave length within
the pipe the measurements have to be taken over the narrow frequency
band where the acoustic reflections exist The possibility of the
combination of standing and travelling waves further tends to obscure
the information.

To obtain a better picture of what was occurring in the inlet feeder,
additional dynamic pressure transducers were added. Recently, the loop
was modified to reduce the length of the pipe between the K-12 feeder
connection and the pulse generator. At the same time, the analysis
technique was improved by filtering the examination frequency (usually
the pulse frequency) and displaying the magnitude as a function of the
distance along the feeder and channel.

Figure 22 shows the magnitude of the pressure distribution in the feeder
and the un-fuelled channel at temperatures from 205 to 295* C. For a
channel with 13 bundles, Figures 23 and -24 show the measured magnitude
times phase angle for each transducer (relative to the pulse generator
outlet transducer) at instants in time at 150 Hz and 85 and 295" C
respectively. Each curve in the plot is, in effect, a snapshot of the
dynamic pressure distribution along the pipework. The different phase
angles are equivalent to steps in time; 60* is equivalent to 1.1 ms at
150 Hz. It appears that at 85* C the feeder contains a dominant
standing wave. However at 295" C, the waves appear mainly travelling in
the feeder and standing in the fuel channel. The results show that the
node points move with temperature. The pulse generator acts as a
pressure node at 295* C but is nearly an anti-node at 60* C.

Figure 25 shows the wave pattern present in the loop at 90 Hz and 60°C.
Her we see a magnification and standing wave in the inlet feeder and a
travelling wave in the channel and part of the outlet feeder.
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5 CONCLUSIONS

This investigation has resulted in a better understanding of the causes
of the damage that can occur in a fuel channel due to pressure pulses.
The tests have shown that the cyclic elastic deformation of the end
plate is sufficient to cause fatigue failure of the end plates in both
hot and cold conditions over a wide range of frequencies including 150
Hz and above. This was confirmed by cold endurance tests, which
resulted in many of the characteristic features observed in the damaged
fuel from Darlington Unit 2. These features were:

- End plates cracked by fatigue, in several bundles starting at
the latch.

- End plate to end plate fretting damage.

- Very large amounts of spacer wear on bundle 1.

- Bearing pad wear along the channel.

The damaged fuel exhibits some minor features not found in the fuel
damaged in the reactor. The main objective of the program was to
duplicate the general phenomena. This was successful. The difference
in the details can be explained by the known differences in conditions
that cannot be duplicated out- reactor.

The fuel movement tests indicate that the fuel can move in many
vibration modes. Some of the vibration characteristics observed in the
loop tests are likely due to the acoustic properties of the loops. Both
standing waves and travelling waves are observed. The measurement of
the pressure pulse amplitude is sensitive to location if a significant
part of the pressure pulse is in the form of a standing wave.
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Table 1

AVERAGE ENDURANCE DYNAMIC CONDITIONS.

SECOND ENDURANCE TEST

TEST #82 to #136
Base Frequency: 136 Hz

Modulation Frequency: 0.0 Hz

LOCATION UNITS AVERAGE: MINIMUM: {MAXIMUM:

125 IN. UPSTR. ORIFICE
INLET FDR. REDUCER
INLET SHLD. PLUG RING
P/T BUNDLE #12
P/T BUNDLE #4
P/T BUNDLE #2
OUTL. LATCH DOWNSTR.
DISPL. Z INL. E/F
DISPL. Z OUTL. E/F
DISPL. EL. 7 MID
DISPL. EL. 14 MID
DISPL. EL. 14 DWN
DISPL. EL. 7 DWN
DISPL. EL. 1 MID
AVG. BNDL. VELOCITY
AVG. BNDL. DISPL.

(kPa)
(kPa)
(kPa)
(kPa)
(kPa)
(kPa)
(kPa)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)

(mm/s)
(mm)

152.4710
123.5158
73.3230

108.5307
110.9985
52.1662
29.5343

0.0022
0.0017
0.0038
0.0059
0.0057
0.0135
0.0056
5.9438
0.0069

44.0513
72.0482
46.7948
61.3626
65.4893
29.1760
20.5580

0.0004
0.0002
0.0004
0.0028
0.0008
0.0071
0.0024
3.4429
0.0040

225.3968
146.3852
92.2904

134.1428
133.5222
67.2562
40.3221
0.0050
0.0049
0.0069
0.0103
0.0099
0.0212
0.0081
7.3715
0.0085

ALL UNITS 0 to PEAK

01-Feb-92



Table 2

DISTANCES OF X ACOUSTIC REFLECTORS FROM THE PULSER FOR
FREQUENCIES CLOSE TO THE ENDURANCE TEST FREQUENCY.

CONDITIONS: HjO, 60°C, 150 and - 137 Hz, STERN LOOP

DISTANCE NUMBER OF X/4 S

(m) 150(Hz) 136 137.5 138 139(Hz)

PULSER

INLET FEEDER HEADER
FLANGE

16.10 6.9 6.25 6.32 6.35 6.39

INLET FEEDER REDUCER 21.013 9.0 8.16 8.25 8.28 8.34

CHANNEL INLET GRAYLOC

INLET SHIELD PLUG RING

LATCH

CHANNEL OUTLET GRAYLOC

OUTLET FEEDER REDUCER

25.688

27.93

37.66*

39.93*

44.56*

11.0

11.97

16.1

17.1

19.09

9.97 10.08 10.12 10.19

10.85 10.97 11.01 11.09

14.59 14.75 14.81 14.92

15.50 15.67 15.73 15.84

17.31 17.49 17.56 17.69

REDUCER NEAR SEPARATOR 51.54* 22.08 20.02 2024 20.31 20.46

SEPARATOR 53.18* 22.79 20.66 20.89 20.96 21.12

This length includes an extra length of 3.243 m to allow for the slower speed of sound in the pressure tube.
In this case it is 934.3 m/s instead of 1400 nVs In steel.
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TOWARDS A NEW REGULATORY REGIME
FOR NUCLEAR OPERATOR CERTIFICATION

R.A. Thomas
Director, Operator Certification Division

Atomic Energy Control Board
Ottawa, Canada

Like all of the Atomic Energy Control Board's [AECB] staff
activities connected with power reactor regulation, the ones
addressing the training and competence of nuclear operations
personnel began as part of the preparations for licensing the
Nuclear Power Demonstration Reactor located at Rolphton, Ontario.
"NPD", as it quickly came to be called, was Canada's first power
reactor and, as many of you know, it achieved first criticality
in April 1962. In 1961, on a recommendation from it's staff, the
AECB established an advisory "Examination Committee" whose job it
was to define for the Board, the nature and substance of suitable
regulatory examinations that each candidate senior operator and
shift supervisor would have to succeed in passing in order to
take up duties in the NPD control room. In addition, the
Committee would also "advise the AECB whether or not, in their
judgement, the individuals of the staff at NPD have sufficient
training and experience to operate the station safely". The
scheme decided upon was to be implemented by a Committee member
who was also a member of the AECB staff which at the time was
quite small.

The Examination Committee reached the conclusion that the
approach to assuring nuclear operations personnel initial
competence should be modelled on the long-standing arrangements
that were already in place in each province for Stationary
Engineers. Such people were, and still are, formally examined by
a government agency with a statutory mandate to confirm their
competence before they receive their "tickets". Thus, the
Committee decided to establish a system of written examinations
for candidate operations personnel that would parallel, in
effect, the written examinations that would-be Stationary
Engineers had to take to become licensed. The examinations would
be set in the context of operating the NPD reactor. And so it was
done. The first, and all subsequent senior operators and shift
supervisors at the NPD generating station were subject to a
series of written examinations administered by the Board staff.
Essentially that same regulatory system for assuring initial
competence is still in place now, 30 years later. People today
who complete long-duration utility training programs to become
either senior operators or shift supervisors must pass a total of
five written examinations set by the AECB's Operator
Certification Division [OCD] before they may initially take up
their duties. As you might imagine, these written examinations
are no longer the same in scope and substance as those faced by
the first crop of candidates intent on operating NPD. The



regulatory examinations have necessarily become more complex
mirroring the nature of the larger-scale, more complex stations
that have followed NPD. Not all of the complexity of the post-NPD
written examinations can be explained this way, however. Some of
it for example, has resulted from the presence of guestions on
topics that utility training programs were not apparently
addressing well enough. Which brings me to the subject of
"problems", because when candidates are confronting training
program insufficiencies in regulatory examinations that take
place at the end of their training programs, that is a problem!

The five written examinations that constitute the system in its
present form, represent a substantial challenge to candidates.
Only very good people succeed in getting through, which is of
course, the way it should be. However, the system needs to be
changed for a number of reasons. For one thing there is the
written examination/training program problem to which I just
referred. The examination process needs to be supported and
complemented by regulatory review of each of the lengthy training
programs that candidates move through. OCD staff need
systematically and as a regular activity, to monitor and assess
the implementation of each training program and to meet
periodically with training department officials to discuss
program effectiveness. At the same time, training programs must
concentrate fully on ensuring to the maximum extent that
candidates know and understand "their" station and must not be
oriented to getting candidates through the regulatory
examinations.

Another problem is the partial artificiality of the written
examination approach. Somewhere around 30% of each of two of the
five examinations is made up of questions designed to determine
how candidates would respond when faced with complex, fast-moving
upsets that could have a unit-wide or station-wide impact. The
actions and checks that would have to be carried out by a fully-
qualified operator faced in real-life with such an event are
numerous and often complicated. The AECB has been frequently
criticized by utilities for posing such questions, the main
complaint being that they force candidates to memorize long and
complicated Control Room operating procedures. While that was
never our intent, it does appear the questions have had that
effect. Memorizing operating procedures that are available in the
Control Room is a wasteful way to spend valuable training time.
Both we and the utilities agree that checking the capabilities of
candidates to handle major upsets via written questions is
artificial.

Documentation - or the lack of it in some areas - is another
problem. The tasks that operations personnel are expected to
perform are not always clearly enough recorded. Also,the
criteria and methods employed by OCD in its regulatory practices
are either scattered among letters that have been written on



various matters over the years or are deemed, based on tacit
acknowledgement of utility activities, to be understood. The
programs for updating some utility operations and training-
related documentation are protracted with the result that the
quality of the documents currently in use may be less than
desired.

I will not go on. These are certainly not all the problems as we
see them, but they are among the most important and they served
to cause us to establish an "Initiatives Program" that will take
us, and therefore the nuclear industry,into a new regulatory
regime for nuclear operator certification, by spring 1993.

But before I tell you about the program, I want to spend a little
time talking about the Standing Inter-Utility/Regulatory Working
Group. This Working Group plays a crucially important role in the
process we are following to create the new regime. The Group, as
I shall refer to it, was established following informal
discussions between OCD staff and senior representatives from
each of the three nuclear utilities. It comprises representatives
from all four organisations. Put simply, the purpose of the Group
is to serve as a forum for the discussion and resolution of
problems or issues of a general nature that have to do with the
initial and continuing training and demonstrated competence of
nuclear operations personnel. The Group, which held it's first
meeting at the beginning of September 1990, provides the AECB
with the opportunity to consult with the nuclear utility industry
in an orderly,organized way. A most important aspect of the
Group's modus operandi is its creation of ad hoc Sub-Groups which
are established to address in a detailed fashion, specific issues
identified by the senior Group. Three such Sub-Groups1 have been
formed so far.

The existence of the Group and its Sub-Groups permits the AECB,
in setting up the new regime, to make sure each step of the way
that the arrangements are based on a clear and complete
understanding of the current state of the training and testing
activities of the industry. For their part, the industry
representatives, working through the Group, are kept abreast of
the emerging regulatory activities and plans and are thus able to
prepare themselves for the full-scale introduction of the new
regime. Hardly less important, the industry representatives have
the opportunity to present their individual, and sometimes
collective, views and advice on how things should be done. This
might be a good point at which to stress an all-important aspect
of nuclear operator training, and competence and its
verification: it is the responsibility of each of the nuclear

Sub-Group on "guidelines for the control of non-station-specific training
material."
Sub-Group on 'simulator-based examinations prerequisites and
implementation strategy".
Sub-Group on "generic objectives for station-specific systems training."
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utilities to ensure that its operations personnel are both well-
trained and competent to assume their duties and also to ensure
that through continuing training and testing their competence is
not unduly diminished with time. The AECB's responsibility is to
assure by whatever means it judges appropriate, that this
responsibility is being properly discharged. I emphasize the
importance of the different responsibilities of the parties for
two reasons: first, they can become temporarily obscured as both
sides - regulatory and non-regulatory - immerse themselves in the
many details of their activities, and second, the consultations
the AECB holds within the Group permit inter-alia, both sides to
confirm the appropriate "location" of the "line" that delineates
their respective responsibilities. Keeping the line in focus
helps to ensure that each side does its job properly, clearly
recognising - and respecting - what the other side is doing. This
is very much in the interest of operational nuclear safety and
therefore also in the public interest.

Now to the "Initiatives Program" that we have underway at the
Board. It was first described by OCD staff at a meeting of the
Group held at the Point Lepreau Generating Station in July 1991.
Formal letters confirming the details were sent by the OCD to
each of the three nuclear utilities the following month.

The program will accomplish the following four principal goals:

- Establishment and maintenance of a body of regulatory
documents termed "Position Statements", that will make clear
the criteria and methods the AECB employs in the assessment
of operations personnel competence, their training and
related matters. The first two documents in this series have
already been completed and are presently in a preliminary
90-day comment period. This developing body of documents
will be gradually incorporated into the OCD staff Operations
Manual and copies will be available to utility training
departments and trainees. The AECB's expectations vis-a-vis
operator training and competence will no longer be difficult
to determine or access.

Systematic evaluation of utility initial and continuing
training programs for operations personnel including review
of policies, curricula and training documentation, and field
audits of the implementation of the programs. This activity
is already underway. Training programs that are considered
to be complete, under proper control and effective will be
accredited. Where it is demonstrated that a training
program's effectiveness is high and is being reliably
maintained, a review of the scope and nature of the
regulatory examinations being imposed upon graduates from
that program will be carried out. Based upon the results of
this review, consideration will be given to reducing the
extent of direct regulatory examination of individual
candidates coming from the program. Although it may not at
first appear to be the case, this part of the new regulatory
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regime is probably the most important for the long term. It
should strongly encourage the establishment and maintenance
of training programs of excellence.

- Establishment of routine simulator-based testing of
candidate senior operators and shift supervisors to check
their initial competence beginning spring 1993. Candidates
will be subject to evaluation by AECB examiners to determine
their capability to handle safely, major plant upsets
complicated by additional malfunctions that could quickly
have a serious impact on the generating unit or station if
they are not arrested in time. These tests will be dynamic
and will probe the diagnostic ability and understanding of
each candidate as well as his/her ability to manage the
control panels skillfully and coordinate the actions of the
rest of the shift crew. Unlike their counterparts at single
unit stations, candidate shift supervisors intending to work
at multi-unit stations are not presently required to operate
the plant control panels directly. The simulator-based
testing of these people will take account of their actual
duties. Through the process of full-scope simulator-based
testing, candidates will for the first time be placed in a
test environment that will very closely resemble the one at
the station where they propose to take up their duties. As a
result, the tests should reveal clearly the all-round
capabilities they may be required to call upon later.

- Establishment of special written examinations to check
initial competence that relate to the specific nature of
each plant. These examinations will complement the
simulator-based testing and will also begin in spring 1993.
"Joining" these examinations to the simulator-based testing
means that they will no longer contain questions relating to
the fast-moving, major upsets mentioned earlier. The
knowledge and capabilities of candidates in this respect
will be checked during the simulator-based testing. Instead,
the papers will carry questions designed to confirm the
level of knowledge and understanding of station systems and
operating procedures.

When all of these goals - position statements, training program
evaluation, simulator-based testing, and new written "specific"
exams - are operational they will represent the major portion of
the new regulatory regime. Because these activities are partly
new their implementation will be subject to particularly close
scrutiny during an initial two-year "Introductory Phase" when
"fine-tuning" of the arrangements will be done. When the two-year
period is finished the system will enter a "Maintenance Phase"
during which its implementation will be monitored regularly to
ensure that it continues to be effective. There will be two other
parts to the new system. One of these will be regulatory
monitoring of the utilities' activities connected with the
continuing training and testing of already-qualified operations
personnel. Finally, completing the regime there will be three
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written examinations, which will carry over essentially without
change from the present system. They will address candidates'
general knowledge related to the nuclear and conventional parts
of a large CANDU station, and finally, knowledge in the important
area of radiation protection.

Returning again to the AECB Initiatives Program and the four
goals that it has, I wish once more to emphasize strongly the
major importance of a few working rules that we at the AECB are
following in its development:

- Consultation: We are proceeding with the Program in close
consultation with the responsible training department
officials in each of the nuclear utilities, both bilaterally
and through the Standing Inter-Utility Regulatory Working
Group and its Sub-Groups.

- Communication: We have held meetings with the Vice-
Presidents responsible for operations and their senior-level
associates directly to ensure they are aware of and
understand the Program. We have also given presentations to
candidate operators and shift supervisors. We will be doing
more of this and shall be visiting each utility training
department well before spring 1993 to speak to trainees. We
will make sure that they understand who we are, what our
role is and how we shall be implementing the new regime. We
expect soon to brief union officials representing operations
personnel on the Program and the new regime.

When spring 1993 arrives there should be no surprises. The
organizations and individuals who will be affected by the new
approach to operator certification will all have been made aware
of its nature well beforehand.

We will continue to consult and communicate once the new regime
becomes fully operational. As an ongoing routine practice we
intend periodically visiting utility training departments to
speak directly to trainees to explain our activities and our role
in the overall process of nuclear operator training and
qualification. Again as a routine practice, we shall continue,
following spring 1993, to consult with the Group on matters of
mutual interest. The long-term need to do this was recognized
when the Group's terms of reference ware drafted and it was
identified as a "Standing" Working Group.

In this fashion, we expect to be able to maintain the new regime
to ensure that if problems arise they can be both quickly
identified and addressed. We will continue to keep regular
contact with our colleagues in other countries and in some
instances, their licensees, as well as with the International
Atomic Energy Agency, to make sure that we keep up-to-date with
developments elsewhere. We will share all that we find with the
Group and will use it as we monitor and tune our own regulatory
approach into the future.
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Let me summarize:

- Since July 1991, the AECB has been engaged in a program
aimed at putting in place by spring 1993 a new regulatory
regime for nuclear operator certification.

- Implementation of the program is taking place in close
consultation with the members of the Standing Inter-
Utility/Regulatory Working Group and its Sub-Groups.

- The AECB is communicating with all of the parties who will
be affected by the new regime.

- There will be a scheduled two-year "Introductory Phase"
established for the new regime beginning spring 1993 during
which the regulatory criteria and methods being followed
will be subject to unusually close scrutiny and "fine-tuned"
as necessary.

- At the close of the "Introductory Phase", the regime will
move into a long-term "Maintenance Phase". The Group will
continue to serve its important consultative role during
this period. Through these consultations and its contacts in
other countries, the AECB will be able to ensure that it
employs only most appropriate and up-to-date regulatory
practices.

Although I did not specifically say it earlier, my message was
"it's time for a change". Through our Initiatives Program, our
consultative approach with the Standing Inter-Utility/Regulatory
Working Group, our open communications with those affected, the
two-year initial "Introductory Phase" and our plans for its long-
term maintenance we believe that the new regulatory regime coming
into full effect by spring 1993, is the right change.



XTENlP - A MICRO-SIMULATOR FOR USE AS A TRAINING AID IN
TRIP PARAMETER ASSESSMENT

P.B. Middleton
T.A. Daniels
L.J. Watt
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111 Richmond St. W., Suite 1610

Toronto, Ontario, M5H 2G4

ABSTRACT

The XTENlP package was developed in order to provide a user-friendly flexible
training tool for the analysis of trip parameter effectiveness. The system is
referred to as a micro-simulator, in that it allows the user to simulate
accident situations on a micro-computer platform. A range of models allowing
XTENlP to simulate a wide variety of accident scenarios is under development.
The XTENlP modelling methodology is outlined, using the loss o_f reactivity
Control scenario (LORC) as an example, and sample results are provided.
XTENLP is shown to be useful in trip analysis and sensitivity analysis.
XTENlP has been utilized in a classroom training exercise at Darlington NGS,
and this is detailed.

INTRODUCTION

A micro-simulator (XTENlP - Expert System for graining, Evaluation and Nuclear
development) is under development as a means of aiding the user's
understanding of the assessment of trip parameter effectiveness following a
postulated reactor accident. XTENlP is a menu-driven, user-friendly package
which is designed to be visually oriented. The program incorporates station
independent models, using plant specific input data to enable simulations to
be performed for any CANDU reactor. The power of XTENlP lies in its ability
to quickly help the user develop an intuitive concept of the manner in which
postulated reactor accidents evolve, and the factors which influence the
effectiveness of the relevant trip parameters. The highly visual presentation
of specified plant parameters as the simulation is progressing enables the
user to quickly gain an understanding of the order in which events occur, and
the conditions which precipitate them. XTENlP is intended for use primarily
by:

i) operations staff, to gain a better understanding of the effect that
process parameters (e.g., reactor inlet temperature) and trip-related
parameters (e.g., setpoints and time delays) have on trip parameter
effectiveness, and

ii) analytical staff, as a scoping tool, to quickly see the overall trip
assessment picture, prior to performing simulations with more detailed
models.

Copyright 1991-92 Idea Research



To initiate an XTENE® session, the user selects the desired reactor for which
the simulation will be performed from the "NGS" menu. All domestic CANDU
stations are modelled. The user then selects the desired accident scenario
(e.g., LORC or loss o.f c_oolant accident {LOCA)) from the "SCENARIO" menu.
Within an individual scenario, the user has full control over the initial
conditions and the severity of the accident via easy-to-use dialogue windows.
The user also has access to ,s_hutd.own s_ystem (SDS) trip parameters, which can
be either modified or reviewed. Once instructed to begin the simulation,
XTENlfi starts to calculate the evolution of plant variables as the accident
situation progresses. Concurrently, the system displays the results of user-
selected parameters graphically, and provides a chronology table that records
the times at which important events take place. Prior to their placement in
this summary table, the events are annunciated through the use of 'pop up'
message windows. The simulation may be paused in mid-calculation, allowing
the user to study the results obtained up to that point, or to change the
parameters which are displayed graphically. Facility is provided to save the
set of initial conditions for later retrieval, and to produce a printed copy
of the screen display. A flowchart depicting XTEND® operation during a
simulation is shown in Figure 1, and a representative initial conditions
editor for an LORC event is shown in Figure 2.

INCORPORATION OF REACTOR MODELS

The structure of XTEND® is modular, facilitating the ease by which new models
can be incorporated, and existing models may be updated. This ensures that
flexibility is achieved in terms of both the range of situations that can be
analyzed and the level of detail of the analysis. For example, the models
that are physically based, although reasonably simple in nature, allow the
system to generate data at, or faster than, real-time. Calculations with some
of the simplifying assumptions removed can be invoked to meet the requirements
of a more detailed simulation. At the core of the modelling routine is a
mechanism to determine the times at which trip setpoints will be exceeded, or
reactor regulating functions will be called upon.

XTEND® models are organized around the type of accident scenarios offered.
The range of possible situations include:

- small break LOCA,
- large break LOCA,
- LORC,
- loss o.f cower Regulation (LOPR), and
- electrical failures.

Each of these categories is subdivided into subscenarios which further
characterize the situation. For example, a small break LOCA can occur either
inside or outside of the reactor core. The various XTENlP scenarios and
subscenarios share common components where possible. For example, within the
LORC and LOPR scenarios, the evolution of process parameters is driven by an
imbalance in the power-to-coolant relative to that removed by the steam
generators. The two scenarios develop the power excursion differently, but



use a common set of routines to calculate the effect of the power transient on
the heat transport system {HTS). Similarly, the in-core LOCA scenarios can be
characterized by a combination of an effective reactivity insertion due to the
dilution of soluble neutron poison in the moderator by the influx of coolant,
and a mass loss in the HTS due to the break. (The in-core LOCA event is
discussed in detail in Reference 1.) In this case, the point kinetics routine
used in the LORC scenario and in reactor trip calculations is used to
determine the resulting power transient. The set of LOCA scenarios share
similar routines to calculate the effect of the mass loss on the HTS.

SDS TRIP CHECKING MECHANISM

XTENlP uses a model-independent mechanism to check for the occurrence of SDS
trips. The program maintains a library of SDS data for each nuclear
generating station (NGS). At each timestep within the main calculation loop,
this mechanism is invoked, and if a trip has occurred since the last timestep,
the simulation is paused to inform the user of the event. The trip is then
recorded in the chronology table. This module is designed to be able to
handle any CANDU SDS, and can be adapted to include reactor regulating system
functions if necessary. Associated with each trip within the data structure
used by the trip checking engine are the:

- nominal trip setpoint,
- instrumentation uncertainty,
- fixed delay,
- trip loop time constants, and
- conditioning signals.

The trip setpoint used in XTENlP (i.e., the effective trip setpoint) is
determined by adjusting the nominal trip setpoint in the conservative
direction by an amount corresponding to the instrumentation uncertainty. For
example, a heat transport hiQh pressure (HTHP) trip with a nominal setpoint of
9410 kPa{a), and an instrumentation uncertainty of 210 kPa would have an
effective setpoint of 9620 kPa(a), whereas a heat .transport low pressure
(HTLP) trip with a nominal setpoint of 6850 kPa(a), and an instrumentation
uncertainty of 130 kPa would have an effective setpoint of 6720 kPa(a).

At each timestep in the simulation the calculated signal is compared with the
effective setpoint. If the signal reaches the effective trip setpoint, then
the fixed delay is added to the current time to give the time of trip, which
is annunciated to the user, and subsequently entered into the chronology
table.

XTENlP provides the user with the opportunity to modify the parameters
associated with each trip using its SDS setpoint editors (Figure 3). Using
these facilities, the user may change any of the aforementioned trip data used
in the simulation. If the parameters are modified, then the changes can be
saved to a data file for later use. In combination with the model initial
conditions editor, the SDS editors can be used to examine the sensitivity, in
terms of trip effectiveness, of changes in steady state conditions and SDS
parameters.



The user is given the choice of either running the full simulation without
crediting any reactor trips, or simulating shutdown when a certain number of
trip signals have been received. Combinations of SDS1 and SDS2 trips may be
set, or either system may be used independently. For example, the user may
wish to credit a reactor trip after two trips have been recorded on SDS1 and
two trips have been recorded on SDS2, i.e., as in a licensing-type
calculation. Alternatively, the user may wish to credit a reactor trip after
on the first SDS1 signal, to determine the effectiveness of a specific trip
parameter.

As XTENtP goes through the trip checking module at each timestep, it maintains
a log of the number of trips recorded on each system. When the conditions for
shutdown have been met, XTENEfi annunciates to the user that the reactor has
tripped, and records the time of this event in the chronology table. After
initiating a reactor trip, XTENlP switches power calculation modes. It begins
calculating negative reactivity insertion using a characteristic shutdown
reactivity curve associated with each SDS at each station modelled. The
calculated reactivity is fed to the point kinetics routines at each timestep
after the initiation of shutdown. The power rundown then becomes the driving
force for the evolution of other parameters in whatever scenario XTENEfi is
modelling.

CASE STUDY: LORC IN DARLINGTON / LORC IN PICKERING

Figure 4a shows the results of the simulation of a slow LORC in Darlington
NGS, without credit taken for reactor trip. The retardation of the reactor
outlet header pressurization that occurs at approximately 110 seconds, is the
result of the opening of the liquid relief valves. This delays the HTHP trip
to the extent that fuel centreline melting is predicted to occur first
(although after the .neutron o.verj3ower (NOP) trip), as shown in the reactor
event chronology table, and thus the HTHP trip would not be considered to be
effective for this event.

Figure 4b shows the results of the simulation of a slow LORC in Pickering NGS
A, with reactor trip assumed to occur on the second trip signal. Fuel
centreline melting is avoided entirely, and the NOP and heat transport high
temperature trips are effective.

SENSITIVITY ANALYSIS

By using XTENlP's Initial Conditions Editor (Figure 2), it is possible for the
user to conduct a simple sensitivity analysis. For example, one may vary the
value of a chosen input variable, such as inlet temperature or maximum channel
power, to examine how deviations from nominal conditions in this parameter
affect trip coverage. As the simulation is run under these conditions, the
user will be able to quickly note various trends in the timing of the affected
events (and, hence on the trip coverage) as a result of the perturbations in
the selected parameter.



COMPARISON WITH SAFETY ANALYSIS RESULTS

Several LORC scenarios were parametrically analyzed using XTENLfi for Pickering
NGS A with initial reactor power set to 103 percent .full j>ower (FP) , and with
reactivity varied from 0.01 mk/s to 1 mk/s. The times of dryout and
centreline melting, and the HTHP and NOP trips calculated by XTEND® are
compared with the times reported in the Pickering NGS A Safety Report
(Reference 2) in Figure 5. It can be seen that XTENlP gives reasonable
predictions of these events over the range of ramps where Safety Report data
is available.

CLASSROOM USE

At a recent seminar on design, operational and maintenance requirements of the
shutdown system, offered to process engineers at Darlington NGS (Reference 3),
XTENlP was used in two classroom exercises which dealt with trip parameter
coverage and setpoint tolerances. The LORC scenario was used to illustrate,
from a safety analysis point of view, how variations in accident conditions
(in this case initial power and severity of the reactivity excursion) affect
the performance of SDS trips. The HTHP and h_igh log r_ate (HLR) trips were
emphasized in the lesson. The participants were able to, in the span of
approximately 30 minutes, determine the combinations of reactivity excursions
and initial reactor power levels for which these trips would be considered to
be effective. Once these results were established, the class varied the
setpoints of the HTHP and HLR trips to examine how these changes affect the
range of reactivity ramps over which the trips are effective. They were thus
able to very quickly get an indication of the trip tolerances, and more
importantly the factors which influence the tolerance. The exercise clearly
demonstrated the ease with which new users can begin using XTEtJlP, and the
speed with which a large number of simulations can be processed.

SUMMARY

XTENlP provides real-time simulation capability coupled with a user-friendly,
active interface, which allows easy variation of model-specific input
parameters, as well as SDS information. This allows a student in a training
session to readily explore a large variety of situations in short order. At
the same time, the use of the chronology table allows the user to develop a
good sense of how variations in initial conditions alter the sequence of
events. XTENlfi has been shown to be extremely versatile in training
applications including sensitivity analysis and trip setpoint tolerance
analysis. The package has been designed in modular fashion, allowing for easy
updates and additions to the library of stations, and the suite of accident
scenarios.
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Figure 1
Flowchart of XTEND Operation During Accident Simulation
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Figure 2
The XTEND Loss of Reactivity Control Initial Conditions Editor, with

Darlington NGS default values shown.

Loss of Reactiuity Control

The following is a list of parameters which can be modified. Default
ualues are shown, fl new ualue for a uariable may be entered after
clicking on the appropriate edit field.
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Figure 3
The XTEND Shutdown Systems Editor, displaying information for

Darlington NGS.

SDS1 Trip Setpoint Editor (Page One)
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Figure 4a
Example of the XTEND Screen Display After Completion of a Loss of

Reactivity Control Scenario for Darlington NGS.
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Figure 4b
Example of the XTEND Screen Display During a Loss oT Reactivity Control
Scenario for Pickering NGS A, with Shutdown Initiated after a Trip on

HTHT .
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Figure 5
Comparison of XTEND and Safety Report Event Timing For Loss of

Reactivity Control Scenarios From 103% FP (PNGSA)
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ABSTRACT

The Fuel Cooling course provides Nuclear Operations
trainees with the supporting science fundamentals that form
a basis for the Critical Safety Parameters Refresher Training
program. The course material builds knowledge logically
starting with thermalhydraulic principles and proceeding
towards an understanding of the feedback effeas associated
with severe fuel cooling upsets. The course training methods
follow a "Know, Show, Do, and Review" approach whereby
knowledge built in classroom lectures and discussions is
reinforced with practical simulator exercises. These
exercises provide a valuable opportunity for the trainees to
understand the fuel cooling processes that could occur
during severe plant upsets. The simulator exercises are
integrated with the classroom lectures such that each
important section is followed by an associated simulator
exercise. The simulator Instructor Facility provides a key role
in assimilating the detailed fuel cooling transient data with
the Control Room panel displays and alarms associated with
the actual Point Lepreau CS Control Room.

1.0 INTRODUCTION

The Fuel Cooling course provides authorized staff training
on the fundamental principles associated with maintaining
adequate fuel cooling during plant transients. This training
material includes information specifically relevant to the
CANDU 600. In particular, rather than provide training that
discusses thermalhydraulics subjects, the application of this
theory to the operation of a CANDU 600 is emphasized.
The result is training that integrates the information
normally associated with Safety and Licensing analysis with
the training requirements of Nuclear Operations.

The Fuel Cooling course provides the supporting science
fundamentals for the Critical Safety Parameters (CSP)
Refresher Training Program. This paper discusses the
components of the fuel cooling course. Its main purpose is
to show the training methods used to strengthen the
operators understanding of fuel cooling processes.

CRITICAL SAFETY2.0 FUEL COOLING AND
PARAMETER RELATIONSHIP

2.1 Goal of CSP Training

CSPs were introduced in the Joint Utility Task Group's
report on Emergency Operating Procedures Standards1 as an
approach to assuring safe operation of CANDU reactors.
The goal of CSP training is to ensure that control room staff
can monitor and control a key set of plant parameters
(CSPs) that, if maintained within acceptable limits, provide
adequate fuel cooling at all times. The principle operator
responsibility is to prevent activity release to the public. By
maintaining adequate fuel cooling, this responsibility is
assured. At the Point Lepreau Generating Sution (PLGS),
this goal has led to the definition of a CSP based refresher
training program.1

Refresher training is defined as training that refreshes the
knowledge or skill of the trainee. Refresher training is
required for skills where on-the-job exposure does not
maintain the skill level of the operator9. CSP training for
plant upset response is an example of such a skill since its
frequency of use is low. However, this low frequency
emphasizes the need for CSP training as these skills are
important for safe plant operation and the safety of
personnel.



2.1 CSP Monitoring Responsibilities

The PLGS CSP based Response Strategy to Upsets defines
the Shift Supervisor (SS) and Control Room Operator
(CRO) roles in responding to any plant upset. This strategy
outlines how CSPs are to used in resolving the upset. The
primary CSP monitoring responsibility is with the Shift
Supervisor (SS). The SS is trained to assess the
instrumentation feedback for each CSP, accounting for
instrumentation limitations and the transient system
dynamics.

The CRO strategy follows a hierarchial list of procedures
such as the Generic Emergency Operating Procedures
(EOP), Specific EOPs, and Operating Manuals (OMs). Each
of these procedures use CSPs where appropriate to the
required corrective action. Hence, both the SS and CROs
require knowledge of the principles of fuel cooling for a
complete understanding of the CSP training program. These
positions form the principal training group for the Fuel
Cooling course.

Table 1 Critical Safety Parameter Classifications

1) Reactor Power
2) Primary Coolant Pressure
3) Primary Coolant temperature
4) Primary Coolant Volume
5) Primary Coolant Subcooling
6) Moderator Heat Sink Parameters
7) Feedwater Radioactivity
8) Steam Generator Level
9) Steam Generator Pressure
10) Containment Pressure
11) Containment Radioacitvity
12) Shutdown Cooling
13) ECC Heat Sink Parameters
14) Service Water Radioactivity

2.2 CSP Definitions

The three operating principles :

DCONTROL - the heat source,

2)COOL - the fuel, and

3)CONTAIN - any fission products,

are used to define the specific CSPs. The PLGS CSPs are

summarized in Table 1. Figure 1 shows the
relationship among CSPs and the three
operating principles. The fuel cooling course
material provides the support information
that reinforces this relationship. The CSPs
are applicable either to the energy balance
among Heat Source, Heat Transport, and
Heat Sink, or to the containment of fission
products. Hence, the fuel cooling processes
affect the response of all CSPs.

FUEL3.0 DEVELOPMENT OF THE
COOLING COURSE

3.1 Profile of Typical Nuclear Operations
Trainees

While there are exceptions, within the past
five years personnel hired for CRO training
have had a formal education from a
community college Power Engineering
program. Those hired for shift-supervisor-in-

training (SSIT) positions are either university
engineering/science graduates or experienced CROs that
have demonstrated strong supervisory skills and technical
competence. The time period typically required for full
authorization is 9 years.4 The Nuclear General component
of this training provides nuclear theory, thermalhydraulics,
and reactor safety principles required as a prerequisite to
this fuel cooling course.

The difficulties involved with developing and implementing
training material for SS and CRO positions stems from the
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multi-disciplinary nature of the work tasks. In addition, a
lack of standard job knowledge requirements results in each
utility developing its own requirements, and to a large extent
its own training material. Typically operations personnel
must have a broad general knowledge of many different
industrial systems and their associated science principals.
This includes electrical, nuclear, thermal, hydraulic,
chemical, instrumentation and computer systems. CANDU
plant safety system design has been analytically
demonstrated to require a minimum of operator actions for
stabilization of an event. However, considering the serious
consequences of improper fuel cooling, utilities do not want
employees who are merely button pushers, with little
knowledge of the consequences of their actions.

3.2 Course Identification

The fuel cooling course was developed to provide a
knowledge base that demonstrates how fuel cooling is
affected by and influences the CSPs. When effectively
presented, all trainees acquire background principles
necessary for the subsequent CSP training. The goal of the
training is to demonstrate the consequences of improper
variation of CSPs on the ability to effectively cool the fuel.
The trainee must recognize conditions, derived from Control
Room information, leading to improper fuel cooling that
may be pro-actively corrected by CSP monitoring and
control. The training must not only provide the necessary
theory, but also integrate the practical application of this
theory with the operators capabilities to control the plant
systems.

To reach this goal, it was necessary to assimilate the
knowledge and experience from several different
departments. The overall course content and hence
objectives of the training course were developed through
input and review from: Nuclear Training, Nuclear
Operations, Safety and Compliance, and the Nuclear
Training Simulator. Much of the information regarding the
performance of fuel under degraded cooling was obtained
through consultation with Safety and Compliance (S & C).
Lesson development for the presentation of the S & C
information was assisted by Nuclear Training and Simulator
staff. This process had the dual benefit of verifying the
training simulator fuel model response to upsets against S &
C data. Nuclear Operations staff provided valuable practical
insight and comments on the training basis document.

3.3 Course Content

For CSP training, the fuel cooling course is presented to
previously authorized (licensed) operating staff. As
discussed above, the staff have completed a Nuclear General
course of related thermalhydraulic material. The fuel cooling
course content serves to focus this completed training by
refreshing existing knowledge and demonstrating the

application of this knowledge to the specific topic of fuel
cooling. For example, the heat transfer principles of
conduction, convection and radiation are reviewed, but the
emphasis is on the application of heat transfer to nuclear
fuel cooling in a CANDU 600. Specific reference is made
to available PLGS operational or safety analysis data.

A summary of the main fuel cooling course topics is given
below:

i) Fuel Cooling Thermalhydraulics

a) Review of Basic Heat Transfer Considerations
b) Material Properties of UO : and D;,O
c) Specific Enthalpy
d) Phases of a Material
e) Quality
0 Fuel Cooling Heat Transfer

ii) Full-Power Steady-State (FPSS) Fuel Cooling Condition

a) Overall PHT Conditions
b) FPSS Channel Cooling Conditions
c) Axial Channel Heat Transfer
d) Summary of FPSS Cooling Conditions

iii) Parametric Effects on Fuel Cooling
a) Reactor Power Sensitivity
b) Heat Transport Systera( HTS) Pressure Sensitivity
c) HTS Temperature and Sub-cooling Margin Sensitivity
d) HTS Flow Sensitivity
e) Summary of Parametric Effects

iv) Fuel Cooling Transients

a) Loss of Regulation - Loss of Reactivity Control
b) Large Break Loss of Coolant Accidents (LLOCA)
c) Single Channel Events
d) Symmetric Feedwater Line Break

v) Fission Product Release Mechanisms

As can be seen from the topics listed above, the fuel cooling
course is logically organized to progress from fundamental
topics such as thermal properties, to heat transfer and
thermalhydraulic subjects. Once these science fundamentals
are covered, the remaining topics are designed to show how
the fundamentals apply to fuel cooling conditions in a
CANDU 600.

The applications section is logically divided into steady-state
and transient conditions. The steady-state instruction consists
of a study of NUCIRC5 channel simulation data for PLGS
at 100% Full Power (FP). The channel data consists of
parameters such as power, flow, exit quality, exit
temperatures, flow/power ratios, and feeder exit quality,
displayed for each of the 380 fuel channels. Similar data is



studied in detail for a single high power rated channel. This
assists the trainee to develop conclusions concerning the
various types of channel heat transfer and the onset of
boiling. The concept of a flow to power ratio for each
channel is used to explain the effects on the channel
parameters listed above.

Prior to studying the effects of transient conditions on fuel
cooling, a section is presented in which only a single CSP
is varied (parametrically) from its steady-state value. For
example, the effects of reactor power on other CSPs and
supporting parameters is addressed over the range 0.5 % FP
to 120% FP. Other CSPs studied parametrically are Primary
Heat Transport (PHT) Pressure, PHT Temperature, PHT
Subcooling Margin, and PHT Flow. PHT Flow is not a CSP
but it serves to illustrate certain feedback effects. The
trainee is able to appreciate how the variation of only one
parameter affects fuel cooling and causes feedback effects
on other parameters. This training prepares the student for
the more difficult concepts found in transient conditions.

Transient conditions are presented by studying the effects of
both primary and secondary side events on fuel cooling. The
transient events discussed in lectures and presented as
simulator exercises include: Loss of Regulation, Large
Break LOCAs, Single Channel Events (Flow Blockage,
Feeder breaks), and Symmetric Loss of Feedwater to all
boilers. This stage in the course integrates the theory
presented with practical simulator exercises for the trainee
to develop an appreciation of the mechanisms associated
with maintaining an energy balance in the PHT.

3.4 Retention of Training Information

Training statistical studies have proven that retention of
material drops quickly with time. It is estimated that two
weeks after presentation in a lecture format,
without any additional amplification, the average
student will forget 75% of the training
material.' Clearly, to improve the trainees
retention, job-related amplification of the lecture
material should be performed as early as
possible following the initial training. In the
case of fuel cooling, which is knowledge related
to emergency operating response, job-related
amplification can be performed through the use
of a nuclear training simulator.

The format of the training has a large impact on
the retention of the training material. Statistics
again indicate that the closer the training can get
to the actual performance of the function, the
greater is the ability to retain the material.
Figure 2 shows how retention varies with the
learning format. At the low end of the scale, at
10% retention, is learning by reading. If we
both see and hear the presented material a 50%

retention rate is generally obtained. However, if the trainee
can see, hear, verbalize and practice the skill, a 90%
retention level is possible6. The methods used to instruct
operations staff in fuel cooling follow this later approach
whenever possible.

3.5 The Fuel Cooling Course Training Process

Mayfield and Bahrf5 have recommended that nuclear training
programs be designed around a "KNOW, SHOW, DO,
AND REVIEW" training method. They call this method the
KSDR process. This approach integrates knowledge based
training with on-the-job training (OJT) such that OJT
training occurs within close timing to classroom instruction.
This approach maximizes the retention of the training. The
OJT training component amplifies the training imparted
through classroom methods.

Briefly the KSDR process follows these guidelines:

KNOW - present the classroom training that defines and
provides what the trainee is to know.

SHOW - show the application of the skills learned in the
classroom training.

DO - provide trainee practice sessions so that the skills can
be mastered.

REVIEW - review the trainees skills by evaluating their
knowledge retention.

The fuel cooling classroom training provides elements of the
know, show, and review process. The nuclear training
simulator provides the capability to "show and do" fuel
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cooling transients that would otherwise be impossible to
practise.

3.5.1 Classroom Training

Classroom lectures are presented covering each section of
the fuel cooling course in the course content summary
section 3.3. As mentioned earlier, the course material
progresses naturally from science fundamentals to transient
behaviour. Each section begins by defining the learning
objectives (the Know component), so that the trainee clearly
understands the scope of the knowledge requirements. This
is followed by the lecture material itself.

A number of teaching aids are used in the presentation such
as : actual channel components (Pressure tube and Calandria
tube sections, normal and ruptured fuel sheaths, fuel bundle,
and fuel pellet), overhead and slide illustrations, video tape
of dryout research experiments, photographs from high
temperature fuel research experiments, PC based fuel
temperature simulations, and numerical examples. The
lecture material and the visual aids constitute the classroom
Show training component. In addition, each trainee receives
a copy of the Fuel Cooling Basis Document that provides
the detailed course reference material.

The classroom based Review process consists of several
components. During the lecture presentations, as each
section was completed, the material presented was
summarized with a "Practical Significance" discussion. The
objective of this is to summarize how the material just
presented is directly applicable to the operators job of
maintaining fuel cooling. As an example the section on
Specific Enthalpy ends with the following:

Practical Significance

Specific enthalpy numerically represents the amount
of energy that is stored in the coolant on a mass basis. If
power was increased above FPSS, a temporary energy
mismatch would occur between heat source and coolant
heat sink. When a new steady-state is reached, the
additional heat removed by the coolant would result in
an increase in coolant enthalpy. If there is quality at the
header outlet, this enthalpy increase gives rise to
increased coolant voiding, decreased flow rates, and if
severe enough, an impairment of the heat removal
capability.

This form of review, provided just following the detailed
lecture material served to reinforce the knowledge objectives
that where given at the beginning of the lecture session.

The Final Review component consists of the course check-
out examination. The questions require short answers or
diagrams on material covered as knowledge objectives or
directly from observations during the simulator exercises. A

portion of the questions test for a degree of cognitive
understanding of transient fuel cooling processes.

3.5.2 Simulator Training

The simulator training provides the link between the lecture
material and its application. More importantly, it allows the
trainees to relate the theory with their own experience of
operating the plant via interaction with the plant panels and
displays during the fuel cooling transients. The simulator
exercises provided both a Show and Do function for the
training process. This was particularly valuable as the
simulator provides the only practical opportunity for
operators to witness emergency upset conditions and fuel
cooling response.

The PLGS simulator was placed into service for training in
June 1991. At present, this simulator is the most recently
commissioned CANDU simulator and hence has some
unique features not present on older CANDU simulators. In
particular, the PC-based Instructor Facility (I/F) running
under Microsoft Windows 3.0, allows the instructor and
student to view and plot the transient response of simulation
parameters not available to the operator on the plant panels.
These parameters are any of the approximately 100,000
modelled parameters from the simulation software,
computed in real time by the simulator VAX computers.
There are a number of display formats including system
flowsheet type displays (Figure 3) and a graphical recorder
that interactively displays up to 48 parameters on 12
different trends (Figure 4). Figure 5 schematically shows
the communication links between the I/F PCs, the panels,
and the VAX computers. The I/F PCs have direct access to
the common data base parameters calculated by the VAX
based simulator software.

Process parameters such as the temperature of the fuel or
the development of void are not directly observable on the
control room panels. The I/F facility then allows the
instructor to illustrate the fuel cooling transient processes
and link in individual parameter behaviour with panel
indications. In this way, a better understanding of the
information displayed on the control room panels is obtained
when linked with the detailed parametric behaviour shown
on the I/F. As an example, the I/F display may show that
the loop void fraction is suddenly rising. However, void
fraction is not directly indicated on the control room panels.
The operator is also able to observe from the Heat
Transport System panel that the PHT pump ammeters begin
to oscillate at the same time as the I/F shows sudden void
development. The I/F also shows a drop in PHT loop flow
and the panel CRTs indicate a Low Heat Transport Flow
alarm. This is an example of the I/F capability to reinforce
understanding of the transient process.

The actual simulator training is provided as a series of team
exercises directly following coverage of the appropriate
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Table 2 lecture material. A typical simulator training exercise froa
the course is shown in Table 2.

Simulator Exorcise : Reactor Power
Increase From 80% FP to 100% FP

OBJECTIVE: To show how increasing reactor
power from 80% FP to 100% FP affects fuel
cooling. To show how other thermalhydraulic
parameters are affected by increasing reactor power.

INITIAL CONDITIONS:

1) 80% Full Power Steady-State
2) All 4 HTS pumps operating
3) Turbine running - Alternate Mode

PROCEDURE:

a) Class is divided into 2 teams
b) Instructor facility (I/F) plotting set to plot file
"FCOOL7"
c) Any channel parameters plotted on the I/F are for
channel Q10
d)Trainees may display and hardcopy any DCC
trends during exercise.
e) At start of exercise power will be raised using
Reactor Power Rate and Setpoint Alternate Mode,
with a rate of 2 (0.05%/second)
0 After reaching 100% FP steady-state the
simulator will be frozen and all plots collected.
g) Copies of I/F plots are made for each team.

TEAM DISCUSSION QUESTIONS :

1) At what power is void first produced in the
ROH?

2) a) What other parameters are contributing to the
production of void aside from the power increase ?
b) What is causing these parameters to produce a
feedback effect on fuel cooling?

3) a) Describe the magnitude and direction of
change in the RIH subcooling margin transient,
b) Repeat 1) for the ROH subcooling margin.

4) Examine the I/F trends showing inner/outer fuel,
fuel sheath, and coolant temperature transients at
node 3 in channel Q10. What is the magnitude of
temperature increase for each of the above
components ? Where is the greatest energy storage
taking place ?

Again these exercises follow a KSDR training process. The
objective of the exercise is clearly defined at the start of the
exercise. The initial simulator conditions and simulator
exercise procedures are discussed in the classroom so that
all trainees are clear as to the intent of the exercise (the
Know component). The trainees are then divided into groups
for the exercise so that each group may have access to one
of the two I/F PCs. Each PC has a predefined plot file for
the exercise which may display transient data for up to 48
different parameters. Any instructor actions (in this case the
raising of reactor power) are clearly defined. Questions to
be answered by each team are read out and IS minutes is
allowed for team preparation prior to leaving the classroom
and starting the simulator exercise.

On entering the simulator facility the simulator will be
running at the initial conditions given for the exercise (the
Show component). The trainees then have 15 minutes to
prepare and display any DCC trends to monitor on the
panels during the exercise. The transient is then run and all
observations are noted by the teams (the Do component).
Hardcopies of DCC and I/F trends are taken and distributed
to assist in preparing answers to the questions. During the
30 minutes allowed for answer preparation the instructor
prepares overheads of all the trends collected.

For the Review component of the training, each group
presents their answers to the simulator exercise using the
trends and recorded panel observations (alarms, EMIs, trips
and safety system actions) to backup their arguments.
Finally the instructor discusses any important points
overlooked by either team. This simulator based training
process works well with teams of 4 to 5, allowing each
member to actively participate in the exercise. In general,
comments by trainees have been quite favourable towards
the process.

While only one exercise example has been given here, a
total of 12 different simulator exercises are undertaken. Out
of a total of 4 days for the complete fuel cooling course,
approximately 50% of the time is spent on these simulator
training exercises. As in the lecture material, the knowledge
requirements are gradually increased by starting with simple
single parameter effects at steady-state and building to full
transient exercises such as a 100% Loss of Feedwater from
full power

4.0 SUMMARY

The fuel cooling course provides an effective basis for the
Critical Safety Parameter Refresher Training program by
preparing the trainee with the fundamental principles
associated with fuel cooling for a CANDU 600. The course
material follows a "Know, Show, Do, and Review" training
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structure that serves to reinforce classroom lecture and
visual material with simulator transient exercises. The
timing of the exercises are such that they occur immediately
following a particular lecture subject and so reinforce the
retention of the theory with the application. On completion
of the course, the trainee has undergone the necessary
preparation for CSP training.
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ABSTRACT

Effeaive auditing of nuclear power plant operator training
is an important step in demonstrating assurance concerning
overall operator competence. To provide a valid assessment
of total training effectiveness, it is very necessary that
auditing addresses the whole training process, rather than
just one single element of a structured training program. At
Point Lepreau a process of continuous auditing has
generated benefits in terms of enhanced student
performance, program adaptability, a clearer focus on
individual candidate's needs, a more thorough objective
analysis of performance data, and increased confidence in
training effectiveness.

INTRODUCTION

Within the training department at Point Lepreau a process
of continuous auditing has been introduced into the
Generals authorization training programs.

Such a process allows for: -

• continuing appraisal of an individual candidate's needs
throughout each training program,

• program adaptability to refocus on specifically identified
needs as they arise,

• assessment of candidate's ongoing performance in
meeting course training objectives on a regularly
scheduled basis throughout a program,

• a capability to apply prompt corrective action where
indicated through ongoing assessments of candidate
performance,

• a justification for the training benefits to be derived from
learning and understanding through a significant element

of project assignment activity,
• regular review with individual candidates of their

assessed performance, analysis of their training needs,
and re-direction,

• re-enforcement of the concept of group enhanced training
through feedback discussion rather than via classical
teacher delivery in the classroom,

• an objective analysis of a variety of performance data
collected throughout a program,

• the documentation of an historical record of on-going
candidate performance, thus providing a sound basis for
operator competence verification.

For the auditing of training performance to be effective and
meaningful, it must be based upon the whole process rather
than upon one single element of a structured training
program. Only in this way, can auditing be considered as
a valid assessment of total training effectiveness.

To date, in Canada, the external auditing of the training
given to potential CANDU reactor plant control room
operating staff, by the federal regulator, has been conducted
through a series of five, closed-book, lengthy, written
exams. These external exams are administered at certain
identified program milestones during a candidate's
protracted training program. Protracted in the sense that the
typical calendar time from initial program entry to final
authorization as a C.R.O. is in excess of eight years. These
audit exams are a GO I NO GO process. This provides a
mere snapshot view of the candidate and discrete elements
of his knowledge at one instant in time; at best, it can be
seen only as a somewhat indirect assessment of the overall
training given to candidates.

Whilst the ability to write down complex answers, in a rapid
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and coherent manner, is an essential requirement in order to
be able to ensure success in these time constrained written
exams, such a requirement has yet to be identified within
the nuclear industry in respect of the day-to-day control
room operating staff job function. Rather, careful and
deliberate diagnostic thought processes are one of the
essentials to safe reactor operations. The establishment of
full scope simulators for each CANDU station in Canada,
and the development of simulator training programs, will
allow the introduction of simulator based assessment which
should go a long way towards a more effective assessment
of operator performance.

Effective Training Assessment - The Background

A typical overall training program leading to authorization
of a Control Room Operator is illustrated in Figure 1. This
overall program (shown as 9 years in length) is comprised
of initial station systems training followed by five inter-
related stand-alone training programs, with a classical
division between general nuclear plant principles knowledge
and the more explicit detailed plant and system operational
knowledge. This division is otherwise described as the
Generals (generic station training) and the Specifics
(individual plant specific training).

For the purposes of this paper, we will examine the Nuclear
General Program to illustrate the process in use at Point
Lepreau to provide for effective training assessment. The
Nuclear General program is typically the second of the two
Generals programs. The Nuclear General curriculum covers
such topics as Nuclear Theory, Reactors & Auxiliaries,
Materials, Thermodynamics, Chemistry, Reliability, Reactor
Safety, Instrumentation & Control, and Operating Policies
and Principles. The curriculum, appropriate to this training
program, was agreed to by the Canadian utilities in 1987,
on the basis that the regulator's audit exam of this particular
program is common to all utilities. (See Figure 2)

Figure 3 illustrates the breakdown of the time allocation pie
chart in the Nuclear General Program. As can be seen
approximately 50% is devoted to controlled study, coaching
and self study as compared to formal instructor delivery.

Effective Training Assessment - The Process

The process of training assessment begins before the
training program commences. Following notification from
the Operations Superintendent of selected candidates for an
upcoming Nuclear General Program, the training staff
undertake a review of each candidate's training record and
in particular the previous Conventional General Program
results. This review will determine any requirement for
specific refresher training prior to delivery of the core
program; it may also indicate to the training staff any
particular areas of known weakness in writing skills or past

difficulty with essay type written answers and suggest a
need for individual coaching in these areas. This initial
assessment and the candidate's previous training record form
a base reference for candidate performance assessment in
the upcoming program.

At the start of the program, the process of continuous
assessment is clearly explained to each candidate with the
concomitant requirement that they actively prov-de feedback
to the training staff. To this end a formal review meeting
is held between staff and the individual candidate on a two
weekly basis throughout the program.

Candidates are made aware that the assessment of their
overall training performance will be made on the combined
basis of; student response in lectures, group discussion
activities, student presentation of specific topics, formal and
classroom assignment work, private study effort, and
individual subject written checkouts, with a final end-of-
program comprehensive exam. The emphasis is that equal
weight shall be given to -

i) formal assignment work,
ii) individual subject written check-outs,

iii) end-of-program comprehensive exam.

Figure 4 illustrates the basis of assignments and written
checkouts. Typically, assignments comprise 4 to 6
questions which are answered on an open-book basis and
marked accordingly. They represent the primary feedback
mechanism to the candidate. Written check-outs at the end
of individual courses are closed book examinations, typically
of 2 to 3 hours duration. The comprehensive end-of-
program examination, typically 3 to 4 hours length,
represents an examination of a wide range of the important
topics covered in the Nuclear General Program.

Figure 5 illustrates the basis of recording the results
obtained from this ongoing assessment process. From
experience, it has been found to be relatively straight
forward to assess the progress of individual candidates (and
progress between candidates), whilst also being able to
compare performance with respect to that obtained by
candidates in previous programs. This process provides the
earliest indication of candidates with weak written
examination techniques, (stress related, unstructured, poor
time management, etc.)- This is particularly evident when
reviewing formal assignment results compared with closed-
book written checkout results. More than anything this
highlights the problem, and limitations, of using time-limited
lengthy written exams as a basis for assessing competence
to perform operator activities such as mental diagnostics,
plant response assessment, verbal communication, and
physical tasks in a reactor control room.

Upon completion of formal course deliveries in a Nuclear



General Program (15 of the 18 weeks), candidates undertake
a two week process of monitored self study. Monitored in
the sense that the course program director provides
individual counselling and initiates daily review questions
written under time limited conditions. These activities are
found from experience to be necessary to prepare candidates
for the regulator's external exam. At the end of this two
week period, candidates sit a Comprehensive Exam, which
represents the Training Department's end-of-program
evaluation of the candidates. Based upon the results of this
examination, compiled with the on-going program results
to date, (i.e. assignments, written checkouts, etc.),
recommendations are made to Station Management
regarding candidate suitability to proceed to the next stage
of authorization training. This same recommendation also
forms the basis as to whether or not a candidate is submitted
for federal audit through the regulator's external exam. Our
experience to date has been to observe very strong
correlation between on-going program results and end-of-
program exam results. A final week of self study precedes
the regulator's external exam.

SUMMARY

This paper has outlined a process of continuous auditing
within authorization training at Point Lepreau. It is
considered to be effective; students have found their active
participation in the process to provide positive re-
inforcement in the areas of learning and understanding. The
approach has also helped to focus their minds on the process
of enhancing knowledge relevant to their prospective job
function. Furthermore, the Training Department's
confidence in the effectiveness of the training process and its
product has increased. It is our conviction that a process of
continuous audit is superior to the single examination audit.



OPERATOR TRAINING AND AUTHORIZATION PROGRAM

ACTIVITIES YEAR YEAR
2

YEAR YEAR
4

YEAR YEAR YEAR
7

YEAR YEAR
9

1. ENTRY AS COMMUNITY COLLEGE GRADUATE

2. ORIENTATION TRAINING: BASIC SYSTEMS

3. SAFETY PRACTICES, SCIENCE FUNDAMENTALS, E & S PRINCIPLES

4. RADIATION

5. STATION SYSTEMS (BASIC), OPERATOR SKILLS, FIELD CHECKOUTS

6. RESPONSE TEAM AND SAFETY TRAINING

7. OPERATOR SKILLS (ADVANCED); STATION SYSTEMS ADVANCED

8. ADVANCED FIELD CHECKOUTS

9. SELECTION FOR AUTHORIZATION TRAINING AS A CRO

0. CONVENTIONAL GENERAL

1. SHIFT FIELD ASSIGNMENT

2. NUCLEAR GENERAL

3. CONTROL ROOM ASSIGNMENT

4. CONVENTIONAL SPECIFIC

5. NUCLEAR SPECIFIC

6. RADIATION PROTECTION TRAINING SPECIFIC

7. CO-PILOT PHASE

8. AUTHORIZATION

1



Dated 01 January 88

INTER-UTILITY - TRAINING DEPARTMENT

CDRRICULUM-COURSE MATERIAL FOR CONVENTIONAL AND NUCLEAR GENERAL AUDIT PROGRAMS

COURSE MATERIAL

TITLE

Mathematics

Mechanics

Fluid Mechanics

Chemistry

Heat & Thermo

Elec. Principles

Nuclear Theory

Materials

Reactor Safety

Mech. Equipment

Elec. Equipment

Inst. Equipment

R.B.& A.

Turbines

Elect. Systems

Instrumentation

Instrumentation

Conventional Safety

PLGS REF.

97121-303
97121-401

97122-301

97123-301

97124-301

97125-301

97126-301

97127-301

97128-301

97138-301

97139-301

97135-302

97136-304

97133-301

97134-301

97135-301

97136-308

97136-309

PLGS
Specific

OH REF.

221/321
121

222

223.0

PI 24

225

226.0

227

228

229

230.1

230.2

PI 30.3

233

234

235

PI 36A

PI 36B

COMMON

Mod B6,
B5, B4.2,
B2

Mod 1,2,3

ALL

Mod 2,7,8

CONVENTIONAL
ONLY

ALL

Mod 21-1,2,3

Mod B4.1,
B3.2, B3.1

ALL

All except
Mod 13,14

ALL

Mod 1-6,8,9

ALL

ALL

NUCLEAR ONLY

(321/221/121)
(Reliability)

Mod 22-2,3,4
& 23-2,3,4

Mod Bl

ALL

Mod 4,5

ALL

Mod 7

ALL

M o d 3 - 6

Figure: 2



GENERALS PROGRAM
TYPICAL DISTRIBUTION BY PROGRAM TIME

FORMAL

INSTRUCTION

36%

SELF
STUDY

16%

CONTROLLED

STUDY « COACHING

34%

FORMAL
ASSIGNMENTS 5 - 5 *

6.5%

SEMINARS
2%

TESTS A
QUIZZES

Figure: 3



NG 91

Topic Coverage for Assignments. Checkouts and Quizzes

Assignment #1

Assignment #2

Assignment #3

Assignment #4

Assignment #5

Assignment #6
(comprised of

Assignment #7

Assignment #8

Assignment #9

- Intro Nuclear

- Intro Nuclear

- Materials/Chemistry/Reliability

- Reactor & Auxiliaries

- Reactor & Auxiliaries

- Nuclear Theory
five assignments)

- Instrumentation & Control

- Reactor Safety

- All Topics

Due 11 Feb.

Due 18 Feb.

Due 6 March

Due 18 March

Due 28 March

T.B.A.

Due 3 May

Due 14 May

Due 24 May

Checkout #1

Checkout #2

Checkout #3

Checkout #4

Checkout #5

Checkout #6

Checkout #7

Checkout #8

Checkout #9

Intro Nuclear 14 Feb.

Intro Nuclear 21 Feb.

Materials/Chemistry/Reliability 8 March

Reactor & Auxiliaries 21 March

Reactor & Auxiliaries 3 April

Nuclear Theory 12 April

Nuclear Theory 29 April

Instrumentation & Control 8 May

Reactor Safety 17 May

Note: Daily quizzes will cover all topics for review purposes

Figure: 4



NUCLEAR GENERAL PROGRAM - SPRING 1991

Assignments Checkouts

Compre-
hensive

Exam

DATE

NAME

U. P. START

U. N. KNOWN

B. E. HIND

A. N. OTHER

CLASS AVERAGE

12
02

#1

94

94

91

94

93

19
02

#2

97

88

90

92

92

11
03

#3

95

93

89

96

93

20
03

#4

86

87

86

89

87

28
03

#5

89

89

84

95

89

19
04

#6

85

85

74

82

82

16
05

#7

90

85

85

92

88

14
05

#8

81

86

81

82

82

24
05

#9

91

88

85

88

88

TOTAL

89.8

88.3

85.0

90.0

88.2

15
02

#1

94

93

92

90

92

21
02

#2

94

91

70

85

85

14
03

#3

89

83

79

94

86

22
03

#4

95

78

80

92

86

03
04

#5

89

85

84

82

85

12
04

#6

94

80

70

80

81

29
04

§1

89

89

70

76

81

08
05

#8

94

86

80

86

86

17
05

#9

94

87

90

84

89

TOTAL

92.4

85.8

79.4

85.4

85.7

31
05

88

80

73.5

85.5

81.75

ASSIGNMENTS

#1 Intro Nuclear
#2 Intro Nuclear
#3 Materials/Chemistry/

Reliability
#4 Reactor & Auxiliaries
#5 Reactor & Auxiliaries
#6 Nuclear Theory (5 assignments)
#7 Instrumentation & Control
#8 Reactor Safety
#9 All Topics

DISTRIBUTION: Training Superintendent
Operations Superintendent
File

CHECKOUTS

#1 Intro Nuclear
#2 Intro Nuclear
#3 Materials/Chemistry/

Reliability
#4 Reactor & Auxiliaries
#5 Reactor & Auxiliaries
#6 Nuclear Theory
#7 Nuclear Theory
#8 Instrumentation & Control
#9 Reactor Safety

Figure: 5



TECHNICAL REQUIREMENTS FOR SIMULATOR-BASED TESTING
OF CANDIDATES FOR AUTHORIZATION
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Simulator Services Department, Ontario Hydro
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ABSTRACT

The introduction of simulator-based testing of candidates by
the AECB, as part of the authorization of nuclear operators
and shift superintendents, is planned for the spring of 1993.

The following are the four main technical requirements that
a training simulator must meet in order to support the
testing of candidates for authorization:
- reliable operation,
- the ability to perform the full range of exercises under a

combination of normal and malfunction conditions,
- a high degree of fidelity in replicating the appearance

and response of the reference generating unit,
- facilities to record all the information necessary to

evaluate the candidate's actions within the context of the
simulator's response.

The paper outlines the steps being taken at Ontario Hydro
to ensure that the training simulators will meet all of these
technical requirements.

1.0 INTRODUCTION

Ontario Hydro had decided in the early 1970s to acquire its
first training simulator, for units 1-4 of Pickering NGS.
Subsequently a full-scope replica training simulator was
installed for each of the other four multi-unit nuclear
generating stations. The in-service dates of the generating
station units and of the replica simulator are given below:

Station Name

Pickering NGS-A
Bruce NGS-A
Pickering NGS-B
Bruce NGS-B
Darlington NGS-A

Station
In-service

Juim-Jun/73
Sep/77-Jan/79
May/83-Aug85
Sep/84-May/87
Oct/90-Mar/93*

Simulator
In-service

Nov/76
Apr/83
Jul/84
Aug/86
Apr/89

Ontario Hydro provides extensive training to personnel who
are authorized by the Atomic Energy Control Board (AECB)
to operate the nuclear power plants. AECB authorized staff
consist of Authorized Nuclear Operators (ANO), Shift
Operating Supervisors (SOS), and Shift Superintendents
(SS). A significant component of the training program is the
use of full-scope control room replica simulators as training
aids and assessment tools.

Figure 1 shows the main components of a typical CANDU
training simulator. It consists of a replica of the control room
panels of one unit of the corresponding generating station.
All instruments on the panels are connected to a digital
computer system via the Main Control Panel Interface. The
Simulation Computer System (SCS) computes the response
of the nuclear plant to all operator actions, under normal as
well as abnormal and emergency conditions. The realism of
the simulator is such that an experienced operator does not
notice any significant differences between the response of
the simulator and that of the reference plant.

The control room layout includes the operator's desk and
peripheral equipment, in addition to the control panels. The
specific details of the layout vary between the various
stations, in terms of the number of panels, their shape and
orientation, the operator console's complexity, the number of
instruments, the number and resolution of the CRT displays.
Each generating unit at a nuclear station is controlled by two
digital computers, called DCC'X' and DCC'Y'. These
computers are duplicated in their entirety on the simulator
(with the exception of Pickering-A, where they are emulated
in software). Since the simulator DCC hardware and
software is the same as the plant DCC's they control and
monitor the simulated plant in much the same way as they
control and monitor the actual plant The simulator DCC's
run the same software which runs at the reference plant with
some modifications to provide simulator specific functions
such as freeze, initialization and malfunction insertion.

'"planned
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Figure 1. Perspective View of a CANDU Training Simulator.

There are various plant monitoring computers, other than the
DCC's, which are also duplicated at the simulators. These
include: Shutdown System and Sequence of Events
Monitoring computers on the Darlington simulator. Safety
System Monitoring computers on the Bruce simulators and
Regional Overpower Monitoring computer on the Pickering
B simulator. Like the DCC's the simulator plant monitoring
computers are hardware and software duplicates of the
station computers, with the exception of the Darlington ones
mentioned above.

An essential component of the simulator is the Instructor
Facility (I/F) which the trainers use to operate and monitor
the simulator. There is a mobile I/F and a Fixed I/F. The
mobile I/F is a single CRT and keypad mounted on a can
and situated in the control room. The mobile I/F can be
moved to suit the instructor for a particular lesson. The
Fixed I/F is located at the back of the simulator and
separated by windows to allow observation of the simulator
control room. The fixed I/F has multiple CRT's and
expanded controls.

2.0 ONTARIO HYDRO'S SIMULATOR TRAINING
PROGRAM

Training simulators have been recognized in the nuclear
industry as essential to the training and retraining of staff
who conduct and supervise the operation of nuclear
generating units. Because of the high reliability of these
units there are insufficient events to practice such normal
operations as unit start-up and shutdown, or even significant
power level changes. Because of both operatkma] and safety
considerations, the introduction of malfunction conditions for
training purposes at the power plants is out of the question.
Hence the need for simulators to provide the means to learn
and practice the complex procedures that are involved in the
safe and reliable operation of a nuclear generating unit

Training on the simulators is principally provided for staff
who are in the program to become Authorized Nuclear
Operators, Shift Operating Supervisors, and Shift
Superintendents. Individuals who are already in these
positions receive periodic refresher training on the



simulators. There are different training programs for the two
groups, as described in the next two sections.

2.1 Initial Authorization Training

Initial authorization training is a comprehensive program
delivered in several phases over a period of approximately
three years. The instructional format is a combination of
classroom lectures, independent study, simulator
demonstrations, on the job experience, and simulator
practice. Specific milestones must be achieved to continue
progression through the program. At regular intervals the
candidates are assessed to measure their knowledge and
operating competence via written assignments, written
examinations and simulator performance tests. A candidate
must also successfully complete five separate written
examinations (audits) administered by the AECB.

The following are the main phases of the initial authorization
Training program:

- science fundamentals and generic nuclear plant systems
training;

- AECB Conventional General Audit;
- AECB Nuclear General Audit;
- "on-the-job" experience;
- specific nuclear generating station systems training;
- overall unit operation training;
- simulator competency test;
- AECB Conventional Specific Audit;
- AECB Nuclear Specific Audit;
- radiation protection principles training;
- AECB Radiation Protection Audit;
- final authorization review (co-piloting).

The first forma) phase of the program involves classroom
instruction and testing in science fundamentals, nuclear plant
systems and equipment, reactor kinetics, thermodynamics,
electricity, etc. The simulator does not normally play a role
in this phase, except for the occasional demonstration to
reinforce principles taught in the classroom. Understanding
of the information presented is monitored by a
comprehensive series of written tests and candidates must
demonstrate a specified level of achievement before
progressing in the program. Successful completion of the
generic training phase leads to preparation for and sitting of
the Conventional and Nuclear General AECB examinations.

After completion of the generic training, candidates are
assigned to a plant operating crew for a period of time to
gain on-the-job experience. During this period they
participate in the day to day operation of the plant and
specific training assignments are completed to increase
knowledge of plant systems, components and operating
procedures. Formal training in supervisory skills is also
completed during this phase.

The next phase of the program is specific station systems
training. Each plant system is studied in detail focusing on
the particular system's control schemes, control room
indications, operating controls and procedures. The training
includes classroom lectures by system experts from the
station's technical department, complemented by simulator
demonstrations of indications, controls and system responses
and practice of system specific procedures. Again each
candidate's knowledge and understanding is measured
regularly by assignments and written testing. A
comprehensive written examination of plant systems
knowledge must be successfully completed before
progression to the next phase.

Overall unit operation training integrates all of the
preceding theoretical and plant systems knowledge, and
develops operating skills. Simulator practice is the main
component of this training, complemented by classroom
instructions. The focus is on developing all the necessary
skills for safe and efficient operation of the entire nuclear
generating unit under both normal and abnormal situations.
The training follows a logical sequence thai first addresses
normal situations and routine operations, then transient or
upset situations that have a productivity or economic impact,
and finally abnormal incidents which impact on reactor or
plant safety. Soft skills such as problem diagnosis,
communication and teamwork are also taught and practiced
during this phase. A progressive series of simulator based
tests are used to measure skill and knowledge development
throughout this phase.

On completion of the overall unit operation phase, training
candidates are assessed in a formal simulator competency
test In the realistic control room environment of the
simulator, candidates must demonstrate proficiency in
controlling plant evolutions as well as diagnosis and
mitigation of a wide variety of component failures and
system perturbations. A satisfactory test result indicates that
the individual's knowledge and skills meet the Ontario
Hydro standard for Authorized Nuclear Operators or Shift
Superintendents. The prescribed standards must be met at
every stage of the training program before progression to the
next stage is permitted.

The final phase of the plant specific training is preparation
for and sitting of the AECB Conventional and Nuclear
Specific audits.

Following the plant specific phase, candidates receive
classroom training in radiation protection theory and
principles. This stage also culminates in every candidate
sitting for the Radiation Protection AECB audit.

After successful completion of all previous phases of the
authorization training program, a candidate proceeds to die
final authorization review phase. This involves a



probationary period during which all of the actual job
functions are performed in a co-piloting role, under the close
scrutiny and supervision of authorized staff. Final
authorization is granted after successful completion of this
review.

2.2 Refresher or Continuing Training

All authorized staff must keep their knowledge and skills up-
to-date, and demonstrate their competence at a level that
assures continued safe and reliable operation of the nuclear
generating units. This is the governing principle of Ontario
Hydro's continuing training program. This program provides
training and practice to maintain and where necessary restore
performance levels of authorized staff. Competence is
measured via on-the-job performance assessment and
simulator testing.

The refresher training program is composed of the following
modules:

- Classroom Refresher Training;
Simulator Refresher Training;

- Operating Crew Drills;
- Operational Overview Training;
- Simulator Assessment

Classroom and Simulator Refresher Training sessions are
event based. Scenarios which have severe consequences, are
difficult to diagnose and/or require complex operating
responses, are routinely practiced during refresher training
sessions. Classroom refresher encompasses operating
policies, procedures and related enabling knowledge. A
typical classroom session would examine a particular
scenario, including a review of every step in the procedure,
the rationale behind procedure actions, any related Operating
Policies and Principles, as well as the strategy for handling
the event and possible consequences.

Simulator Refresher Training provides practice in diagnosing
and handling various scenarios in a realistic control room
environment. Operating crews perform their normal roles
while dealing with simulated plant incidents to maintain and
improve their operating, teamwork and communication skills.
Events are usually repeated several times to ensure
familiarity, and performance feedback is provided by the
instructors. Secondary failures are included in these
scenarios to add realism and maintain interest.

Training and practice in operating crew drills is provided for
a variety of crew response situations. These drills are
conducted, in the nuclear stations, on a routine basis and
involve all crew members participating in their normal roles
in handling emergency situations, such as a station radiation
emergency.

Operational Overview Training is designed to bring
authorized personnel up to date with respect to recent or
upcoming developments in the nuclear industry or changes
to plant systems and procedures. Included are reviews of
selected Significant Event Reports and case studies for the
specific station, for other CANDU stations and for the
nuclear industry. Station technical staff provide updates on
planned or implemented plant equipment and procedural
changes.

Simulator Assessment is a formal evaluation of an
authorized individual's ability to deal with simulated plant
transients as part of his/her normal duties. The objectives of
the assessment program are to:

- confirm the competency of the authorized staff to handle
unit transients in a safe manner;

- provide performance feedback, relative to station
expectations, in order to allow recognition and correction
of performance shortfalls;

- highlight any weaknesses in the training program.

All authorized individuals are tested three times per year and
their performance is rated against specified criteria that
measure competence in several areas, including diagnosis,
monitoring of unit status, operating skills, communication,
use of resources, knowledge and overall approach to
handling the events. Continued authorization is contingent
on satisfactory performance in these tests. Simulator tests
are conducted under strict guidelines to ensure that the tests
are fair and the results valid. The testing process will be
described in greater detail later in this paper.

3.0 ONTARIO HYDRO'S EXPERIENCE WITH
SIMULATOR-BASED TESTING

Ontario Hydro's operating and training departments have
been conducting simulator-based tests for many years as part
of the Authorization Training programs. The same type of
tests have recently become a compulsory pan of the
Continuing Training program. There have also been a
number of specific cases, when as a supplement to the
written examinations, the AECB required a candidate to
demonstrate competence in a simulator test. These occasions
have provided extensive experience in using full-scope
training simulators as a competency assessment tool.

3.1 The Role of Testing in the Training Program

Currently Ontario Hydro conducts three main types of
simulator tests:



(a) formative or progress evaluation to measure
accomplishment of learning objectives and to provide
guidance on areas of strength and weakness as skills are
developed;

(b) summative or cumulative evaluations on completion of
training program phases, representing an overall
assessment of performance against the prescribed
standards for the course;

(c) periodic re-evaluations to measure continuing
proficiency at a standard consistent with expectations for
authorized staff.

A tenet of effective training requires regular perfonnance
evaluations during and at the completion of a training
program. Accordingly Ontario Hydro administers simulator
tests types (a) and (b) during the Initial Authorization
Training program while type (c) is administered as part of
the Continuing Training program.

The basic simulator test format used in the two programs is
very similar, the main difference being on the focus of the
assessment. The emphasis is on individual performance
during initial authorization testing, as distinct from team
performance during continuing training simulator tests. For
each test, candidate performance is rated against specified
criteria to measure competence in several areas including:

problem diagnosis;
monitoring;
operating skills;
knowledge;
procedure adherence;
communication;
team skills;
use of resources;
overall approach.

All simulator tests are conducted in an environment that
duplicates that of the station's control room, with an
emphasis en each candidate responding to problems in his or
her normal operating role. The physical environment in the
simulator also matches, as closely as possible, the actual
station control room, including duplication of such items as
furniture, operator desks, telephone systems, available
documentation and operating aids. The realism is further
enhanced by extensive role playing during simulator testing
sessions, by having training centre and station staff perform
the roles of other workers who are normally involved in unit
operations to provide assistance and remote operations,
including communications via telephone and two-way radios.

To ensure that simulator-based evaluations are fair and
accurate, the performance standards are clearly
communicated to the participants and practice sessions are
conducted using the same format and environment as used

for testing. Prior to use, test scenarios are carefully planned
and rehearsed to ensure that the simulator's response is
accurate and reliable, and that all aspects of the test are
within the guidelines. Test scenarios which could lead to
simulator responses that are considered to be incorrect or
misleading, are not used. Despite such careful planning,
there are occasions when tests have to be aborted due to a
simulator fault or an operator error which results in moving
the event outside the expected test boundaries. Decision to
abort is made on the spot by the simulator test evaluators.

3.2 Evaluation of Individual Performance

Accurate evaluation of performance in a full scope simulator
test presents significant difficulties. Nuclear plant evolutions
and transients often require complex problem solving and
mitigating responses in a very short time frame. Operating
staff can frequently choose different courses of action to
achieve similar results while maintaining the nuclear unit
within a safe operating envelope.

Simulator performance evaluators must have detailed
knowledge of the respective plant, its operating controls and
procedures. Ontario Hydro uses only current or previously
authorized staff to perform simulator assessments. Assessors
are trained in observation and evaluation techniques as well
as post-exercise critique and feedback facilitation. Sufficient
numbers of assessors are provided for each test to ensure
correct and comprehensive evaluation of every participant.
During a test performance is observed and recorded in detail
by the various assessors. Assessment guides or check sheets
which list the expected responses to the particular scenario
may be used as an aid to reduce the required writing during
a test.

Following the test the assessors compile their observations,
discuss the performance and decide on a grading. Several
aids are available to the assessors to help with post-exercise
evaluation such as the Trainee Action Monitor (TAM) which
records chronologically all control panel operations. Other
information is available from the plant control computers in
the form of historical graphical trend data, recorded alarms,
etc. Video and audio taping of test situations has also
occasionally been employed but has proved to be of limited
value to assessors due to poor quality equipment and high
background noise levels in the simulator control room. Plans
are currently under way to install better quality equipment,
since the recording of tests has been found to be helpful in
analyzing the exercise.

Grading of performance in simulator tests is also a complex
task. Experience has shown that accurate quantitative
measurements are not possible using subjective assessment
techniques. Experiments have been performed with
quantitative measures but results have not been conclusive



and frequently opposed the evaluation of experienced
simulator assessors for the given test. At the present time
only two grades are used in Ontario Hydro's simulator tests:
satisfactory or unsatisfactory.

During the post-test discussions deviations from expected
responses are summarized and the "consequences" of the
actions or non-actions are evaluated. Consequences are
rated on a scale based on the severity of their impact on
Public Safety, Worker Safety, Environmental Safety,
Reliability or Cost. Deviations from normal expectations
with high severity consequences result in an unsatisfactory
grading. An unsatisfactory simulator test result is followed
by root cause analysis to examine factors such as:

individual performance:
expectations;
plant procedures;
system design;
test environment.

The results of this analysis are used to identify possible
remedial training required, procedure corrections, system
design changes or test revisions.

Performance feedback is an important part of the testing
process. After the grading is complete, the participants and
the assessment team meet to conduct a test feedback and
critique session, where assessors highlight specific strengths
and/or weaknesses, and identify areas requiring follow-up
action. These feedback sessions are normally viewed very
positively by the participants as an opportunity to understand
and improve performance.

4.0 EXPECTED NEW REQUIREMENTS FOR
SIMULATOR-BASED TESTING OF
AUTHORIZATION CANDIDATES

It has long been recognized, by both the utilities and the
AECB, that full scope simulators provide a more realistic
means of assessing the control room specific operating and
supervisory skills of nuclear operators and shift
superintendents than the currently used written audits. The
AECB has informed all the utilities that operate CANDU
reactor units, that simulator-based examinations will be
implemented beginning in the Spring of 1993. An inter-
utility/regulatory working group has been established to
study and recommend requirements for simulator-based
examinations, specifically in the areas of assessment
methodology and minimum simulator characteristics. With
respect to the required simulator characteristics, the terms of
reference of this working group are to:

establish minimum requirements for simulation
capability and fidelity of simulation;

establish requirements for simulator reliability and data
collection devices;

identify the shortcomings of each simulator with respect
to the minimum requirements established.

This group is not expected to complete its recommendations
until the Fall of 1992. Preliminary indications are that
Ontario Hydro's simulators will meet the requirements to
commence a limited scope of simulator-based testing in
1993. but various amounts of upgrades will be necessary to
meet the expected full set of requirements.

4.1 Simulator Reliability

Historically, Ontario Hydro's simulators have been very
reliable, routinely exceeding the 97% availability target
(Availability = actual training time / scheduled training
time). However, we realize that improvements are required
in the methods used to measure reliability to improve the
accuracy and scope of our statistics. One of the initiatives
we have recently implemented, on a trial basis, is the
recording of the possible effects of simulator failures
occurring in the course of simulator testing situations. This
data should give us a much more accurate indication of the
frequency of failures which may invalidate a simulator
examination.

4.2 Training and Testing Capability

With respect to simulator-based testing, capability means that
the simulator must be able to perform, realistically, the full
range of scenarios and a wide variety and combination of
secondary malfunctions which have been identified as critical
to testing the prescribed knowledge and skill of the nuclear
control room operator and shift supervisor candidates.

For each simulator a system is in place that measures its
training capability. These measurements are based on an
assessment of outstanding deficiencies and station changes
versus the training exercises required to be performed as part
of the various training programs. For each outstanding
deficiency or station change the affected training exercises
and the impact of the deficiency on them are identified.
This provides a record of the training exercises that cannot
be done, the ones that require some instructor intervention
and the ones that are completely acceptable for training use.
The number of training exercises that cannot be done is very
close to zero on our simulators, however there is room for
improvement in the category of exercises which require
some intervention to complete successfully. A concerted
maintenance effort is presently being directed towards
resolving deficiencies which fall into this category.



The second expected area of capability improvement is the
addition of new and more varied malfunctions. This has
been an area of continuing simulator improvement for the
past few years driven by the current Ontario Hydro simulator
testing programs. New malfunctions are required to increase
the variety available for testing situations to challenge the
operating staff and reduce predictability of simulator
scenarios. AECB representatives have clearly stated, with
respect to simulator test scenarios:

"A special effort should be made to include credible
scenarios that are not an exact replica of cases covered
during training. Although basic test scenarios usually
represent situations that are covered by abnormal or
emergency operating procedures, variations are introduced in
a way to present the candidate with situations that are not
addressed directly in the operating procedures."

4.3 Data Collection

Many devices for data collection are presently in place on
Ontario Hydro's simulators and are used routinely during
simulator performance testing. The need for some
improvements in this area have been recognized and will be
implemented. Improved video/audio recording systems are to
be installed on all simulators to supplement or replace
currently installed monitoring and recording devices. Efforts
are also being made to synchronize and time stamp all data
collection and recording systems to simplify post-test
evaluations.

It is clear that the AECB will require comprehensive
automatic data logging capabilities. This is important for
recording trainee actions and the relationship of these actions
to the evolution of plant conditions, in order to assess each
candidate's performance. The facilities available to achieve
this objective are listed below:

Trainee Action Monitor (TAM);
Graphical Trend Recording
DCC Annunciation Printouts and Hard Copies
Audio/Video Recordings.

4.4 Fidelity Requirements

The fidelity of a simulator is defined as a measure of the
extent to which the simulator replicates both the reference
plant measured and predicted responses and the physical
appearance of the control panels and control room
environment.

The AECB has not explicitly stated fidelity requirements for
simulators. However a joint committee which is a working
subgroup of the Standing lnter-utility/Regulatory Working
Group, consisting of the AECB, Ontario Hydro, Hydro

Quebec and New Brunswick Power are currently addressing
this issue.

It is clear that the AECB will require the simulators to
perform a wide range of plant and system malfunction
scenarios which may cover the full range of plant conditions.
It is also apparent that the fidelity of the simulation must be
sufficiently high to ensure that the candidate being evaluated
is not distracted or misled by any shortfalls in simulator
fidelity.

Ontario Hydro's simulator training program recognizes three
types of fidelity:

1. Physical Fidelity or Panel Replication.
2. Operational Fidelity.
3. Dynamic Response Fidelity.

The following sections explain these measures, and indicate
the current status of Ontario Hydro's simulators in all three
areas.

4.4.1 Physical Fidelity or Panel Replication

Physical Fidelity or Panel Replication is a measure of how
closely the simulator control panels, control room furniture
and environment match the corresponding reference unit
hardware. This is the easiest fidelity requirement to satisfy,
and all Ontario Hydro nuclear training simulators rate close
to 100% on this measure.

Changes to the main control panels occur as a result of
design changes at the reference station. These design
changes are described in Engineering Change Notices
(ECNs). ECNs which result in control room panel changes
are copied at the simulator.

As a check on this process an annual audit of the main
control panels is performed. This is accomplished by taking
high resolution photographs of the reference plant control
panels and manually comparing these with the simulator
control panels. Any discrepancies are noted, investigated
and resolved.

In addition, operations or training staff identify any
discrepancies they notice. Most of these are minor and
usually involve wording, size or colour of labels, or alarm
windows.

4.4.2 Operational Fidelity

Operational Fidelity measures the ability of the simulator
to perform all the relevant operating procedures as per the
Station Operating Manuals, with no discernible differences
between the responses of the simulator and the reference
unit. In order to achieve a high degree of Operational



Fidelity the simulations must be full scope, i.e. all station
systems and equipment relevant to the training program are
simulated in detail. For example, the control logic for all
simulated systems is generally modeled to the individual
fuse, relay and contact level, replicating the control
drawings. In addition, control and monitoring computers are
usually duplicates of the station computers and run
essentially the same software as the station.

The operational fidelity of the simulators is continuously
assessed by the simulator instructors and trainees. During
training sessions the instructors compose a wide variety of
lesson plans which cause the simulator to be exercised
through its full range of capabilities. During these scenarios
both the refresher trainees and the instructors are monitoring
simulator performance. All these individuals are experts in
plant systems and overall plant operations. Consequently,
simulator performance/fidelity is continuously scrutinized.
All significant performance deficiencies are recorded on
deficiency reports (D/R's) and are scheduled to be corrected.

At the present time the operational fidelity of Ontario Hydro
simulators is close to 100% in terms of being able to do all
the exercises in the training program. However, about 20%
of the exercises are affected by outstanding ECNs, D/Rs or
computer updates. The evaluation of fidelity for testing
purposes awaits the publication of the pertinent guidelines.

4.4.3 Dynamic Response Fidelity

This is the most stringent form of fidelity, involving a
quantitative assessment of the deviations between simulator
parameters and recorded plant data or approved design/safety
code calculations. The limits of acceptable deviations need
to be specified in terms of both magnitude and time, and
have different tolerances depending on the importance of the
parameter to safe plant operations. The specified parameters
are compared for a set of approved operating events, and the
extent to which they fall within the prescribed envelope
measured. Ontario Hydro has so far made limited use of
such measures.

When establishing the need for dynamic fidelity testing it is
essential to recognize that the purpose of a training simulator
is to replicate station response to the extent needed to
develop and verify the authorized staffs ability to operate
the unit as per the operating procedures. Provided the
simulator's response is consistent with the observed and/or
expected generating unit response within the operating
envelope and tolerance of the operating procedure, and
within the accuracy of the plant instrumentation, the
simulator should provide a valid basis for testing the
candidates' unit operating knowledge and skills.

The testing of dynamic fidelity beyond the above accuracy
will produce increasingly diminishing returns for the very
large effort needed, and probably at the expense of
improving Operational Fidelity, which has far greater
relevance to authorized staff training and testing.

4.5 Fidelity Assurance

Irrespective of the fidelity level that a simulator has. it is
essential that the level be known. Once the training events
to be used for testing and the desired fidelity standards have
been identified, each simulator will have to be evaluated in
terms of the standards, the deviations recorded, and the tests
planned so that the known deficiencies do not detract from
the tests. The aim of fidelity assurance is to know the level
of fidelity and assure that it is being met. Subsequently, as
the identified deficiencies are resolved, mechanisms must be
put in place to assure the people conducting the training and
testing that fidelity improvements in one area do not result
in a decrease of fidelity in another area.

Fidelity assurance will need to address the extent to which
the simulator is up-to-date with the station and the nature
and consequences of all performance deficiencies.

4.5.1 Simulator "Up-To-Dateness"

The simulator "up-to-dateness" refers to the degree to which
changes to the reference plant are incorporated on the
simulator. When building a simulator it is necessary to
freeze the design with respect to the reference plant at a
particular point in time. That time can be over a year before
the simulator is even delivered to site. Although the
simulator design is frozen the station continues to change as
described above. Consequently the simulator is out of date
before it is ever used for iraining, and so far no Ontario
Hydro training simulator has reached a state of being
completely up-to-date with respect to all station changes.

In order to measure and improve this aspect of simulator
fidelity, it is essential to have a method of tracking and
assessing changes to the reference plant and making
provisions to have the changes relevant to training
incorporated on the simulator.

The bulk of changes which occur at the generating stations
are design changes to various systems and equipment Each
design change is described by an Engineering Change Notice
(ECS).

All ECNs which affect the reference plant are reviewed by
the simulator training delivery staff and the simulator
configuration control staff. Each ECN is assessed for its
impact on the training program and is assigned a priority.
The ECN information, iraining program impact and priority



are entered in an ECN database. This database becomes a
vital part of the configuration management system for each
simulator. The database essentially describes a complete set
of past and pending ECNs based changes which affect the
simulator and the impact of these ECNs on specific
simulator exercises. Based on the assessed priority and
impact of a particular ECN the task of correcting the
discrepancy is assigned to a member of the simulator
technical staff and a target date for completion is set. The
ECN database permits the configuration management staff
and the training staff to track simulator ECNs and ensure
that the maintenance effort is being directed effectively.

An important factor which complicates keeping the simulator
up-to-date is that various units at the reference plant have
the same ECN installed to varying degrees of completion.
Sometimes there is a training requirement for the simulator
to be upgraded before the reference unit, or even before any
unit has received the particular ECN. This is generally so
training can be provided in advance of the change occurring
at the station. Consequently, the simulators may reflect a
hybrid unit which has a set of ECNs which exists on a
combination of station units.

The DCC's and monitoring computers are maintained up-to-
date by tracking software revisions on the station computers.
Station DCC Patch Sheets, which describe changes to DCC
software are sent on a regular basis to the simulator.
Occasionally station software updates, or patches, are sent on
disk or paper tape. The changes are then made on the
simulator computers as time permits.

This system is not as well developed as the ECN tracking
system and occasionally patches are not received at the
simulator. It is sometimes necessary to get a complete dump
of station software and install it on the simulator. It is then
necessary to re-install all the simulator specific patches
which allow the simulator DCC's to perform simulator
functions. This is a relatively complicated process and is
done on an as-required basis.

4.5.2 Configuration Control

The Configuration Control task referred to previously is an
essential component of Fidelity Assurance. The system is
designed to keep an up-to-date record of all components of
the simulator that impact on its performance, and to provide
assurance that each change to the hardware or software
achieves the desired improvement and does not cause
performance decrements.

The simulation software is particularly susceptible to
changes that are not fully tested and documented. While
resolving the original problem, the change may introduce
one or more new, apparently unrelated problems. In order to
minimize such occurrences, whenever the simulation

software is changed the new nodels are fully tested by the
person responsible for configuration control as well as by the
simulator instructors before the changes are incorporated as
part of the simulator configuration.

4.5.3 Dynamic Tests

The simulator maintenance work program has principally
been focused on installing the station ECNs and resolving
the deficiencies that have been identified by the training
department as having the greatest impact on training. There
are sufficiently large numbers of these performance
deficiencies on every simulator to keep the existing technical
staff fully occupied, hence there has been neither the
incentive nor the opportunity to conduct formal dynamic
tests, other than the ones needed to assure configuration
control. Techniques for conducting dynamic fidelity
assurance are under investigation, but the high priority day-
to-day work has so far not permitted a significant amount of
resources to be dedicated to this subject.

It is apparent that in order to conduct formal Dynamic
Fidelity Assurance, a suite of operating events needs to be
developed which exercise the simulator over the entire range
of normal and abnormal operations required for training and
testing. The data collected from these events would be
compared with reference data from the station. Acceptance
criteria for success in a test must be developed. The results
of the tests will have to be documented and reported.

In principle, the comparison between the station data
(measured or computed) is quite straightforward; one
measures the same parameters in the plant and the simulator
under identical conditions and compares the results. The
difficulties are encountered in producing reference data for
the full range of exercises, knowing all the conditions during
each event, and quantifying the differences for the huge
amounts of data that are potentially available, and producing
meaningful measures for the deviations found.

The effort involved in collecting suitable data is complicated
by the following factors:

Data sets are not always available for the scenarios of
interest;

Plant conditions are not necessarily the same as the
simulators with respect to equipment status and
operating points for various systems;

Panel operations taken by operators and equipment
status during a plant transient are not accurately
recorded;

- ECNs may be in a different state of implementation at
the plant than at the simulator.



There are many thousands of data points available for
sampling on the reference unit and on the simulator. Some
will not be relevant, others will only have marginal impact
on the development of the simulated exercise. The subset of
data which is relevant to a scenario will vary depending on
the event.

Comparison of data is currently a manual process which is
difficult, inaccurate and time consuming. It typically consists
of visual comparison of plots and alarm message printouts.
The simulator is also evolving as updates and improvements
are made. Consequently, the evaluation of simulator fidelity
needs to be a continuous process, and is likely to require a
significant level of dedicated resources.

5.0 ONTARIO HYDRO'S PLANS TO MEET
SIMULATOR-BASED TESTING REQUIREMENTS

Ontario Hydro has dedicated a significant level of resources
to the maintenance, updating and upgrading of its training
simulators in order to meet the needs of the authorization
and refresher training programs. This effort is planned to be
continued, even without the introduction of simulator-based
testing of authorization candidates, or the mandated use of
simulators in refresher testing. Once the detailed regulatory
requirements are known, these will be taken into full
consideration when deciding the priorities for resolving the
known simulator deficiencies.

It is expected that there will not be a significant difference
between the improvements required to meet AECB testing
criteria and the ones already identified by the training
departments. For example, the upgrading of the reactor
models of all simulators, to produce a more realistic
response to Xenon induced spatial flux oscillations, has
already commenced as a result of operating events at Bruce
NGS-B and Pickering NGS-A. To accommodate this and
other modelling upgrades, as well as several major station
equipment changes, Ontario Hydro has recently started a
major capital program to replace the simulation computer
system of the Pickering-A Simulator. The Darlington
Simulator will also need to have at least one major addition:
simulation of the Unit 1 eleclric power system to enable the
testing of exercises involving loss of Unit 2 eleclric power.
The other three simulators will also need a variety of
modelling upgrades, as well as upgrades to, or replacement
of, the simulation computer systems that are becoming
obsolete.

As described in this paper, testing of candidates has been
carried out for many years as an integral part of the training
program. It is expected that the experience gained in using
the simulators in these tests will be taken into account, and
will lead to requirements that are not significantly different
from the ones currently used.

6.0 CONCLUSIONS

Ontario Hydro welcomes the proposed change to simulator-
based tests from the written examinations as the key
component of the AECB's audit of the Authorization
Training Program. All reasonable efforts will be made to
have the simulators upgraded to meet the requirements being
developed by the inter-utility/AECB team that is defining the
simulator performance of requirements.

It is of concern to the simulator technical staff that the
requirements are not expected to be published until the Fall
of 1992, while the first set of simulator-based examinations
could take place as early as the Spring of 1993. The
intervening time of six months is insufficient to analyze the
extent to which each of five simulators deviate from the
requirements, to prioritize, plan, correct, test and accept the
resolution of the identified problems, as well as to allow
time for all candidates to practice the events with the new
features. At best a few minor problems can be corrected in
the above time-frame. Approximately one year will be
needed to prepare a detailed action plan to correct all agreed
deficiencies, and to resolve the high priority problems that
do not involve major hardware and/or software changes.

The authors' expectation is that satisfying the testing
requirements will be an evolving process over several years.
Some of the desired features will take one or more years to
implement, and the requirements are very likely to change as
more experience is gained with testing process.

High simulator reliability is expected to be a particularly
difficult requirement to satisfy, given the age of some of the
equipment in the simulators. While the simulator specific
equipment can be upgraded to improve reliability, station
specific equipment, such as the panel instruments, control
and monitoring computers, must correspond to the ones used
at the station. Failure rates of such equipment are often
higher on the simulator than at the station due to much more
frequent on/off cycles, and this type of failure will need to
be tolerated during testing, provided the failure does not
significantly detract from the intended evolution of the
exercise.

Since simulator-based testing is preferred by all parties over
the written examinations, it is expected that the requirements
for improvements and the work needed to implement the
necessary changes will be kept in perspective, so that
simulator training, testing and maintenance can all make
their contributions to continued safe and reliable CANDU
operations.
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1. INTRODUCTION

The Atomic Energy Control Board (AECB) is the Canadian agency
responsible for regulating the development and operation of
nuclear facilities in the country. The mission of the Operator
Certification Division (OCD) of the AECB is to obtain and
document assurance that key nuclear generating station (NGS)
operating personnel are initially well trained and adequately
competent to perform their duties and that, through periodic
retraining and re-qualification activities, their competence is
maintained. Assurance through direct scrutiny by the regulatory
body that operating personnel are competent is obtained now for
just two groups of on-site NGS staff: Shift Supervisors (SSs) and
Control Room Operators (CROs). The present arrangement requires
SS and CRO candidates to pass five separate written examinations
(Radiation Protection; Conventional and Nuclear General;
Conventional and Nuclear Specific) which are set and graded by
OCD staff. From time to time and for special reasons, it has been
deemed necessary to gauge competence by evaluating candidates on
full-scope plant simulators. However, there is presently no
routine regulatory testing using simulators.

Since full-scope plant specific simulators are now available at
each of the seven CANDU plants (22 reactors) in Canada, the
regulatory intention is to develop routine simulator testing of
SS and CRO candidates and to introduce it as a distinct and
separate element of the certification process. Assessment of a
candidate's knowledge of plant behaviour and of the actions to be
taken under upset conditions can be carried out more effectively
using a simulator than during a written examination. This is
evidently due to the high degree of realism that a simulator
brings to the testing environment in terms of performance of the
actions required, time-stress element and possibility of
confronting CRO and SS candidates with unexpected events. This
paper describes the work done and the experience gained so far by
the OCD in developing a suitable full-scope simulator examination
method for assessing the competency of CANDU CRO and SS
candidates.
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2. SCOPE OF THE SIMULATOR-BASED TESTING METHOD

A review of the existing literature on the use of full-scope
simulators in the nuclear industry for certification purposes
shows that there has been little systematic study on the subject.
However, considerable agreement can be found in the available
literature regarding the significant difficulties that assessment
of control room staff using this tool presents. Although
simulators have been used for many years in the nuclear industry
for CRO and SS training, there is still no wide-spread standard
practice or methodology for simulator-based assessments.

The approach to testing presently under consideration at the AECB
applies mainly to CRO candidates. A different approach will have
to be developed for SS candidates and particularly for those in
multi-unit Canadian NGSs, due to the very different nature of
their job. Before becoming authorized, CRO and SS candidates will
have to pass a final AECB examination on their plant-specific
full-scope simulator to demonstrate their competence. In our
approach, two OCD examiners assess the performance of a single
CRO or SS candidate working within a team whose composition is
intended to be similar to that normally available for operation
in the main control room at the candidate's NGS so as to ensure
that candidates have adequate support as they would have during a
real occurrence. This first requires a clear definition of the
composition of the support team and of the responsibilities of
each of its individual members. We have observed that until very
recently the responsibilities of individual team members in the
control room of CANDU NGSs not only were not clearly defined and
documented, but they even varied somewhat from crew to crew at
the same NGS. A clearly documented definition of team composition
and of the roles and responsibilities of individual team members
is essential to ensure proper team response during real incidents
or accidents. It is also a prerequisite to obtain a valid and
reliable assessment of the competence of individual CRO or SS
candidates. In defining team composition, and members' roles and
responsibilities, particular attention should be paid to ensuring
that, in the event of any foreseeable severe plant upset, demands
on the team members including the CRO and the SS, are manageable
and not excessive.

For initial certification examinations, it is presently our
intent to use an operating team corresponding in size and
composition to the minimum team that the station has committed
itself to maintain on shift at all times. Moreover, some of the
team members could be made unavailable for some time, at the
start of a test scenario, as it might indeed happen during a real
incident at the station. For multi-unit stations, some team
members, like the CROs of adjacent units, could even be Bade
unavailable for the whole duration of a test scenario to
reproduce the conditions that would exist during an incident
involving several units.
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During the test of a given CRO or SS candidate, the other team
members who are made available by the responsible utility
training centre, act in accordance with precise guidelines
established beforehand by the OCD examiners. This is to minimize
the impact on the test results of an unexpected behaviour of team
members. For examination purposes, it may be necessary to limit
the actions of these team members. For example, when examining a
CRO candidate, the person playing the role of the SS will not be
allowed to give to the candidate information that a CRO is
expected to know. The actions and communications performed or
exchanged by the members of the support team during a particular
test scenario are specified in advance in appropriate test
procedures to avoid the possibility that the CRO or SS candidate
might benefit from excessive support or suffer as a result of
unplanned errors by teammates.

3. SIMULATOR CHARACTERISTICS REQUIRED

There are presently no regulatory acceptance criteria in Canada
for full-scope simulators. Therefore, before regulatory
examinations on simulators can be carried out in practice, the
OCD and the Canadian utilities are performing a review of the
current status of each of the seven plant-specific simulators to
ensure that it has the minimum required characteristics to
support the proper conduct of such tests. Although they are still
under review, the minimum characteristics that we expect the
simulators to have are outlined below.

Each simulator must be capable of reproducing with sufficient
fidelity the consequences of all the credible safety-significant
equipment failures and plant abnormal, transient and accident
conditions. Where plant response and operator actions are a
function of the severity of the failure or condition (e.g., pipe
breaks, loss of inventory, loss of flow, loss of pressure, loss
of vacuum,etc.), the simulator must be capable of covering the
entire possible range of the condition or failure . According to
our observations, the simulators are often too limited in the
number of scenarios that they can handle properly. This nay be
due to insufficient initial simulation specifications or to
failure to verify during simulator commissioning the correct
response of a large number of simulated equipment malfunctions
supplied by the manufacturer. It is important that the simulators
be versatile in their capability to simulate correctly
combinations of different equipment malfunctions in order to
reflect the large number of possible failure sequences that could
occur in practice. When the possibilities of equipment failures
for any given system are too limited, the CRO and SS trainees are
usually able to identify rapidly the simulator limitations in
this area. It becomes impossible then to test candidates in a
realistic manner on their ability to diagnose and to handle
abnormal system conditions as the situations presented to them
are not truly representative of the diversity of possible
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malfunctions at the real plant. A preliminary list of equipment
failures and of abnormal, transient and emergency conditions,
which can be addressed from the Main Control Room, that each
simulator must be capable of reproducing realistically and in
real time has been issued for information by the OCD. This list
will be used by the utilities to assess the status of their
simulators.

The simulators used for certification examinations must be very
reliable. Simulator failure or faulty operation during an
examination does, in general, invalidate the result of the test
scenario in progress and possibly invalidates the whole
examination. Since the preparation of simulator examinations is
very time consuming, such occurrences must clearly be minimized.
They should also be minimized to be fair to the CRO and SS
candidates. The criteria and a method for assessing the
reliability of simulator operation are presently being developed
by a Standing Inter-Utility/Regulatory Working Group working
through an ad hoc Subgroup on simulator-based testing.

The simulator must be equipped with complete automatic data
collection devices to obtain a reliable, objective and complete
record of operator performance. These devices should include a
trainee action monitor (TAM) that keeps a complete record of all
the actions performed by any individual on the simulator panels
with the time when each action occurred. Without the TAM, it is
virtually impossible to obtain a complete record of operator
actions because of their number and the speed with which they are
taken during certain phases of the test scenarios. Certainly,
accurate timing of the actions cannot be obtained without the
TAM.

The simulator should also be equipped with a good quality audio
and video system to record the performance of the CRO or SS
candidate and the other team members during the test. Our
experience with tests conducted with consultants at a Canadian
simulator is that such data are particularly important to
determine the impact of the communications taking place on the
actions performed and to identify who in the operating crew has
performed a particular action recorded by the TAM. It is also of
great help when assessing candidate behaviour since, at times,
the speed at which operators are asking for information,
acknowledging messages from their colleagues and performing
actions is very high. These recordings also provide indication of
delays in implementing procedures which may show a lack of
understanding on the part of the CRO or SS candidate or inherent
ambiguities in the procedures. A time reference signal should be
recorded on the video tape and it should be correlated to 'the
time signals used by the computer driving the simulator so that
the various test records can be compared readily for performance
assessment.
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The simulator computer should also be able to collect, store and
recover on demand a complete historical data record of the plant
parameters selected for each test scenario as well as a complete
record of all alarms received in the simulator control room. This
information is important to assess the performance of the CRO or
SS candidate in maintaining or returning key plant parameters
within an acceptable range. It must be possible to label the
values of the parameters with the time when they were sampled to
allow these data to be correlated with those from the other
recording devices. Ideally, time signals should be fed from the
computer to the other recording devices so that time correlation
is possible. It is very important to ensure that the data logging
capabilities of the simulator computer are totally independent of
its operation as a simulator and that these two kinds of
functions do not interfere with one another.

4. SELECTION AND DEVELOPMENT OF TEST SCENARIOS

Test scenarios are selected to verify the capability of a CRO or
SS candidate to diagnose and to deal correctly with significant
plant upsets and equipment malfunctions. A special effort should
be made to present the candidate with credible scenarios that are
not an exact replica of those seen during training. Although
basic test scenarios usually represent situations that are
covered by operating procedures for abnormal or emergency
conditions, variations are introduced to present the candidate
with situations that are not addressed directly in the operating
procedures. We believe that test scenarios should challenge CRO
and SS candidates beyond the need to follow a strict path through
operating procedures. One objective is to measure the problem-
solving ability of the candidate when faced with situations for
which procedures give no clear instructions or for which no
procedure exists. The candidate is then expected to use the
knowledge and operating skills acquired during training to
determine the correct course of action. These variations in
scenarios can be arranged by changing the sequence and the rate
of occurrence of events that require the use of one or more
specific operating procedures.

The most important way to introduce variations in a basic test
scenario, as, for example, in a loss of coolant accident in the
reactor coolant system, is to use credible additional
malfunctions of equipment that could occur during such an
accident and that would force the CRO to modify the course of
action prescribed by the procedures. We consider that it is of
the utmost importance that any specific test scenario including
its initial conditions, primary failure and additional
malfunctions be legitimate and well-founded. Therefore, the
additional malfunctions introduced must be relevant to the
incident taking place. For example, additional malfunctions may
be dormant faults in standby equipment that manifest themselves
only when this equipment is called upon to act. Other relevant
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equipment failures that might happen during normal plant
operation should be used as additional malfunctions, even if they
would have a low probability of occurrence during the limited
duration of the test scenario. In fact, operating experience has
shown that sequences of failures considered very improbable have
occurred on many occasions. Preferably, additional malfunctions
of equipment are chosen that have a significant impact on the
major plant parameters so as to determine whether the CRO or SS
candidate can perform proper monitoring of the parameters and
effective handling of the malfunctions. However, the number and
timing of failures in any particular test scenario should be such
that a competent candidate will not normally have undue
difficulty in handling the situation adequately.

The scenarios developed must also be compatible with simulator
design. In our approach to simulator testing, a scenario will not
be used if in running it, we find that the simulator does not
behave like the real plant, even if it would be desirable to test
the ability of the candidates to handle that particular
situation. It is also very important that the initial conditions,
the additional malfunctions of equipment with their respective
time of occurrence and the end point of the scenario be very
clearly defined. The plant parameters that will be recorded
during the event to monitor the state of the plant and the
effectiveness of the candidate in handling the situation also
have to be selected in advance.

One must then develop the assessment guide that will be used by
the examiners to evaluate the performance of the CRO or SS
candidates during the scenario. This assessment guide is a
checklist that provides the detailed sequence of actions, checks
and instructions to other team members in the control room and in
the field expected from a CRO or SS candidate during the test
scenario. The checklist is prepared using the operating
procedures that should be used by the candidate to respond to the
situation. However, it also includes all other actions, checks
and communications expected from the candidate, but that are not
specifically mentioned in the operating procedures such as
actions considered as operator skills and the monitoring of major
plant parameters. It also includes any action expected of the
candidate when facing situations not specifically addressed by
the procedures.

Moreover, when selecting initial conditions or additional
malfunctions that introduce situations not directly addressed in
the operating procedures, it is important to look for cases for
which the required course of action is clear. The preparation of
the assessment guide may lead to modifications of the test
scenario to avoid cases where the expected course of action
cannot be established with confidence.

The test scenarios for a given examination are selected by the
OCD examiners but they are developed and finalized with the
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participation of operating experts from the station. Their
participation is considered important to ensure that each test
scenario is technically correct, with the simulator behaving like
the real plant, and that the expected candidate response is in
accordance with station operating practices and performance
expectations.

Once the test scenarios for a given examination have been
developed, it is necessary to confirm the correct response of the
simulator and the adequacy of the expected candidate response for
each scenario. This confirmation is obtained by administering the
examination to either a CRO, a SS or a simulator instructor who
has not been involved in its preparation. This exercise is also
used to estimate the length of time required to complete each
scenario. Due to their great familiarity with the content of the
test, examiners tend to underestimate significantly the time
required for a CRO or SS candidate to handle a particular
situation. It is important to obtain good estimates cf the time
required to administer each test scenario to avoid submitting
candidates to excessively long examinations. Rehearsals of the
test scenarios with the operating support team are also made
before giving the test to the candidate to ensure that each team
member will act in accordance with the test guidelines.

5. PERFORMANCE MEASUREMENT AND ASSESSMENT CRITERIA

The main performance measure used for assessment is the detailed
record of actions, checks and communications made by the CRO or
SS candidate. These are primarily recorded by the OCD examiners
on the assessment guide checklist. This record is backed up by
the TAM record and by the audio and video recordings. These are
used to clear up any ambiguity that may exist in the observations
made by the examiners during the test and contribute to making
the assessment process as objective as possible. However, it is
very difficult to obtain a reliable record of the monitoring of
plant indications and parameters performed by an individual since
this activity is often not evident. The detection by the
candidate of additional malfunctions is one obvious way that
shows clearly that adequate monitoring was performed. However,
considering the very limited number of additional malfunctions
planned for any given test scenario as compared to the very large
number of checks required to monitor safe unit operation, this
method alone is not sufficient. Consequently, we believe that the
candidates should verbalize all the checks made during the
examination. To obtain a complete understanding of candidate
performance, we also intend to ask supplementary questions at the
end of each scenario. This is particularly important when the
candidate deviates from the course of action expected.

Another important kind of performance measure is the automatic
record of the plant parameters that is collected during a test
scenario. This record is used to assess the quality of candidate
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performance and, if necessary, to analyze any unexpected
behaviour. Our long term goal in this area is to establish at
what point major plant parameters would reach undesirable and
unacceptable values during a scenario. This would help in
identifying inadequate candidate performance more easily and
objectively.

A detailed discussion of the assessment criteria we plan to use
in simulator-based examinations is beyond the scope of this
paper. Additional information on the subject may be found in an
AECB research report on full-scope simulator testing methods*1'
prepared by a consulting firm that will be published in the near
future. In short, to assess the candidate performance, the OCD
examiners analyze all deviations, omissions and errors made by
the candidate as compared to the expected response in the
assessment guide. The result is a subjective expert judgment
based on the candidate's shortcomings considering their actual
and potential consequences on plant operation and safety. The
quality of the communications made by the candidate and the
candidate effectiveness in directing the team of operators are
also taken into consideration, but so far, these two factors have
played a relatively minor role in the overall assessment process
due to a lack of clearly defined assessment criteria for judging
communications and team work. A set of generic expectations for
CRO and SS that could become the basis for establishing a
comprehensive set of assessment criteria has been developed by
the Subgroup already mentioned.

We hope eventually to be able to quantify the test result for
each scenario by assigning numerical values to all deviations,
omissions and errors with weighing factors based on their
severity. However, for this to be achieved, extensive work in
consultation with the utilities will be required.

Further work is still required for developing a method for
assessing SS candidates and particularly those of multi-unit
stations. At these stations, the SSs do not operate reactor
controls. In the event of an upset, they are primarily
responsible for monitoring major plant parameters and alarms to
ensure that the station remains in a safe state, for diagnosing
independently the nature of the upset and associated plant
malfunctions, and for verifying that adequate actions are being
taken by the operators. In fact, their performance is essentially
passive as long as the station remains in a safe state and plant
systems and operating personnel are responding correctly. To sake
a proper assessment of such SS candidates, scenarios will have to
be designed carefully to force the SS to intervene frequently
enough to ottain a sufficient basis for a sound assessment of
competence, or example the need for such an intervention nay be
created by raving a CRO in the team committing a planned error of
diagnosis leading to the selection of an inadequate operating
procedure, or a planned error during the execution of an



- 9 -

appropriate procedure. As discussed previously, this may also be
achieved by presenting the candidate with situations not
addressed specifically in the operating procedures. In all such
cases, the SS candidate would be expected to determine the
correct course of action.

6. RELIABILITY AND VALIDITY OF THE ASSESSMENT

It is extremely important to ensure that the assessment method is
reliable and valid. Reliability is that property which ensures
that the result or the score obtained by any given candidate on a
particular test is consistent from one team of examiners to
another and remains so if the test is given at different times.
For example, tests of reliability should be conducted to
demonstrate that different teams of examiners working
independently would assign very similar scores when assessing the
performance of a CRO or SS candidate on a particular simulator
examination. If the reliability of the method is not assessed, a
significant part of the score obtained by candidates may be due
to chance and the magnitude of this part will remain unknown. To
establish the degree of reliability of the method, an extensive
number of tests will be required to obtain a reliability
coefficient value that is statistically meaningful. This may be
difficult and may take a number of years due to the relatively
small population of CROs and SSs in Canada.

Validity is the degree with which the assessment method will rate
competent CRO and SS candidates as suitable for certification and
reject those who are not sufficiently competent. If the validity
of the method is not demonstrated, it is not completely clear
what the method is measuring. To determine validity of the
assessment method, we need a criterion that is not part of the
method and against which the method must be measured. One problem
in establishing method validity is that there is no objective way
of telling which of the CROs and SSs currently authorized are
very good and which are relatively poor. Moreover, the fact that
CANDU reactors are highly automated further complicates the
matter since the automatic response of systems may mask to a
significant extent a lack of competence of CROs and SSs. The
quality of CROs and SSs participating in validation tests will
have to be ranked by expert judgments made on the basis of their
past operating and training history. These judgments should be
based on inputs from regulatory staff and staff from the nuclear
industry including managers, supervisors and other CROs and SSs.
Validation tests will have to be conducted by administering
simulator examinations to individuals who have not been involved
in the development of the method and ranking in competence from
highly competent CROs and SSs with several years of experience to
CRO and SS candidates at different stages of their training. An
assessment method can be considered as valid if the validity
tests demonstrate a high correlation between the scores obtained
by authorized individuals and trainees using this method on one
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hand and the ranking of competence established on the basis of
expert judgments prior to the validation exercises on the other.

Finally, it is important to point out that an assessment method
which has been demonstrated to be reliable and valid can still
yield unsatisfactory results if used in an inappropriate manner.
Members of the assessment teams must be trained to use the method
exactly as designed. Estimates of the reliability and validity of
the examination method only apply as long as it is used exactly
as it was during the reliability and validity tests. Each
assessment team member must follow a detailed procedure to ensure
as far as possible that all the steps of the method are performed
correctly and in the right sequence. It is also important that
the assessment team members receive refresher training on the use
of the method.

7. POSITIVE CONSEQUENCES OF INTRODUCING SIMULATOR-BASED
REGULATORY TESTING

We have already noticed two significant positive consequences
that have resulted from the work performed so far for introducing
simulator-based regulatory testing. Firstly, significant progress
has been made at some NGSs in defining the types and number of
control room staff, with their respective roles and
responsibilities, required to operate a unit under upset and
emergency conditions. At these NGSs, because our assessment
method focuses on the assessment of a single CRO or SS candidate
at a time, roles and responsibilities of CROs and SSs are now
better defined and adequate support staff in the control room are
now available to make the tasks of CROs and SSs manageable.

Secondly, at most NGSs, the quality and effectiveness of the
operating documentation have been improved significantly. Good
procedures help prevent the possibility of competent candidates
failing the AECB certification examination due to inadequate or
erroneous operating procedures. Again the need was recognized by
the NGSs to provide their CROs and SSs with supporting
documentation that would make their task manageable. Another
contributing factor to the improvement of the operating
procedures has been the insistence of OCD examiners to include in
simulator test scenarios a number of additional equipment
malfunctions that are not usually addressed in procedures. The
inclusion of such malfunctions in basic test scenarios, otherwise
covered by operating procedures for the corresponding abnormal or
emergency conditions, has revealed many situations where the
operating documentation was not providing sufficient guidance to
the CRO or SS for handling the resulting conditions properly.
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8. CONCLUSION

We have outlined in this paper the approach to routine simulator-
based testing that the AECB is developing for the assessment of
competence of CRO and SS candidates. Because of our experience
with ad hoc simulator examinations, a subsantial amount of the
basic ground work had already been laid. However, some further
tasks remain to be completed. The first one is the need to
complete the assessment of the status of the simulators already
available at the various NGSs to ensure that each of them has the
proper characteristics (capabilities, fidelity and flexibility)
to support the conduct of such tests. This work is presently
under way.

Another task is the development of a database containing a number
of test scenarios with associated malfunctions which is truly
representative of the diversity of upsets and accident conditions
possible in a real plant. The selection and development of
suitable scenarios is made more difficult by the necessity of
having to measure the problem-solving abilities of CRO and SS
candidates when facing situations for which no guidance exists in
the available operating procedures. We are presently working
closely with the utilities to identify the types of scenarios
that are testable and to define the extent and depth of testing.

Finally, another task which is not yet completed is the
finalization of suitable criteria for the assessment of candidate
performance and behaviour during the tests. Here again we are
profiting from our past experience with simulator examinations
and from close consultation with utilities. In addition, we are
studying closely the recommendations on the subject that are
contained in the AECB research report mentioned previously and,
in cooperation with the utilities, we will be carrying out
validation tests of the criteria selected.

We believe that simulator-based testing of CROs and SSs is a very
effective tool for assessing their competence and we are
committed to its introduction in our examination system in early
1993. In consultation with the utilities, we have begun detailing
the arrangements and the actions necessary to get this testing
underway.

We are confident that the incorporation of this activity into our
certification process will help better to assure that CROs and
SSs are well-trained and competent.
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ABSTRACT

The Mechanical Maintenance training program at Point
Lepreau Generating Station has been designed to
complement our practice of hiring Journeyman trades
people. The program content, the work group training
needs and the individual training needs were identified
through consultation with subject matter experts, including
the Supervisor and Foremen, from the Mechanical
Maintenance Department. A categorized list of all skills
included in the training program and a matrix identifying
the training needs for each maintainer were produced.
These lists are the tools used for planning and scheduling
of Mechanical Maintenance training. Resources to deliver
the training are drawn from the Training Department, the
Mechanical Maintenance Departmental outside training
sources.

1.0 DEFINITIONS

Skill - the ability to use one's knowledge and
dexterity in the performance of work
functions.

Task - discrete item of work which requires the
application of one's skills.

Course - a training session which, through a series of
learning activities (ie. lectures, demonstration,
practice, etc.), leads the student to the
knowledge and dexterity to perform related
tasks.

Training
Needs - courses required by an individual maintainer

or groups of maintainers to assist them in
performing their assigned tasks.

Program - the plan for Mechanical Maintenance training
including a listing of courses, identification of
individual training needs and the resources to
provide for them.

2.0 TRAINING PHILOSOPHY

The hiring practices at Point Lepreau require that all
maintainers hired hold a Journeyman's certificate or
equivalent in one of the mechanical trades. This high
entry level certification ensures that the maintainers are
able to perform many of the tasks normally assigned to a
Mechanical Maintainer and eliminates the need for an
apprenticeship type of training program.

The Mechanical Maintenance training program
concentrates on cross training maintainers. With limited
staff in the maintenance shop it is essential that each
maintainer be able to perform a variety of functions.
Cross training can provide this versatility by equipping
maintainers with the skills and knowledge needed to be
effective in more than one discipline. There are two
major benefits to this approach:

• The maintainer is able to perform new skills
developing a sense of pride, increased job satisfaction
and improved morale.

• Maintainers are able to do complete tasks. This
reduces total hours spent on the task and enhances
personnel scheduling flexibility.

The ability to perform the various tasks that are assigned
to mechanical maintainers is further enhanced with station
systems training. This plant knowledge, combined with
experience and skills in more than one mechanical
discipline, will produce well rounded maintainers who can
effectively maintain station mechanical equipment

To enable the capability described above, the training
program for the Mechanical Maintainers consists of
courses intended to upgrade, update or refresh the skills
of an experienced group of maintainers.

Upgrade training is training that is required to provide an
adequate level of ability for skills which fall outside the
mechanical discipline for which the maintainer is already
qualified. This will include the general skills and



knowledges required to function in the Mechanical
Maintenance shops (ie. Administrative Procedures,
Information Systems, Safety Training, Science and
Principles, described in section 4.0 Program Content). It
will also include skills from other mechanical disciplines to
provide a measure of cross training required for each
maintainer.

Update training is training which is provided as a result of
changes to equipmeni or systems that the maintainer is
required to work on. Update training may also be
provided if existing training has proved to be incomplete
or when new methods or procedures are introduced.

Refresher training is training that refreshes the knowledge
or skill of the maintainer. Refresher training is required
for skills where on-the-job exposure does not maintain the
skill level of the maintainer. It is normally required for
skills with a high level of difficulty and a low frequency of
use. It may also be provided for skills which are very
important and critical for the safety of personnel or to the
continuing and safe operation of the plant.

Any course in the program may be used to upgrade,
update or refresh the knowledge and skills of maintainers.
For upgrade training the full course will be delivered. For
update training the portion of the course which contains
new or updated material will be used. For refresher
training the course will be used to provide training on the
more critical and/or often forgotten aspects of the skill.
For each type of training, testing will be carried out to
ensure mastery of the knowledge and skill requirements.

3.0 PROGRAM IDENTIFICATION

The identification of the Mechanical Maintenance
Training Program was a two phased approach consisting
of a job analysis and a needs analysis. It was accomplish
through consultation between the Training Group and the
Mechanical Maintenance Group.

3.1 Job Analysis

The Mechanical Maintenance Training Program was
initiated by a job analysis process. A group of subject
matter experts from the Mechanical Maintenance
Department and a Training Supervisor met for the
purpose of identifying all of the skills required by the
Mechanical Maintenance Group. This was accomplished
by identifying the tasks performed within the work group
and the skills required to perform them. The result was
a listing which included relevant maintenance skills as well
as supervisory and administrative skills. This list of skills
was then subdivided into major categories and each skill
assigned to a category. A brief description of the content
of each category will be given in section 4.0, Program
Content

To identify the skills that require training, the Skills
Training Group and the Mechanical Maintenance
Supervisory Group (Supervisor and Foremen) met to
review the original job analysis. Each skill was examined
and a decision, on whether or not to train, was made.
The frequency of use, difficulty and importance of the
skill were considered. Many of the skills listed during the
original analysis were considered very basic, not requiring
training and were removed from the list It was decided
that training on some other skills would be more effective
if several skills were combined into one course. As a
result of this revision the skills list was accepted by the
Mechanical Maintenance Supervisor as the skills
requirements for Mechanical Maintainers. This skills list
is attached as figure 1.

A general set of objectives was then prepared for each
skill on the list. These objectives provide a guideline for
the development of the course material on the skill. As
courses are prepared more detailed objectives are
prepared and evaluated in conjunction with the work
group to ensure that the end product meets their specific
needs. Figure 2, the general objectives for machining
techniques is attached as an example.

This completed the job analysis phase, the product of
which was a categorized listing of skills (figure 1) required
to perform the tasks normally carried out by the
Mechanical Maintenance Department The Mechanical
Maintenance training program is based on this analysis.

3.2 Needs Analysis

The next step was to identify the extent of training
required by the Mechanical Maintenance Group. Each
skill on the list was reviewed by the Mechanical
Maintenance Supervisory Group to determine bow many
maintainers needed the skill. This decision was based on
the amount of work done by Mechanical Maintainers
which required the skil) the importance of the skill to the
maintenance of the pla.;. and the need for scheduling
flexibility within the group to provide adequate coverage
for maintenance activities. As a result of this process
some skills were identified as required by all maintainers
and designated "mandatory". Other skills were identified
as required by only a limited number of maintainers and
designated "limited". A decision on the appropriate
number of maintainers required to have each "limited"
skill was made. A few of the skills were designated
"optional". Optional courses will be provided at the
discretion of the Mechanical Maintenance Supervisor
when it is considered beneficial for ongoing or future
work activities.

To identify individual training needs, the Mechanical
Maintenance Supervisor and Foremen evaluated each
maintainer's ability to use "mandatory" skills and each



assigned "limited" skill. Decisions on whether or not the
maintainer required further training on any particular skill
were made. These decisions were based on past
educational and training background, journeyman status,
experience, observed abilities on work assignments and
aptitude. The product of this activity was a matrix which
lists training needs for each maintainer. It is kept by the
Training Department and used by Mechanical
Maintenance for scheduling maintainers for training. This
list is reviewed by the Mechanical Maintenance Training
Officer and the Mechanical Maintenance Supervisor on an
annual basis to determine the training needs to be met
over the next year. Maintenance problems experienced in
the past and planned future work will be considered when
determining the training needs.

The result of completing the Program Identification
process was that skills deficiencies were better understood
and the training to be developed and delivered was
identified.

4.0 PROGRAM CONTENT

The Mechanical Maintenance Training Program must
provide the training, both knowledge and performance
based, to allow the Mechanical Maintainer to perform the
various tasks associated with maintaining a Nuclear Power
Plant. To enable this performance, training is provided in
the following categories:

Administrative Procedures and Documentation
Information Systems
Safety Fundamentals
Science Fundamentals
Fitting Techniques
Pipe Fitting Techniques
Machining Techniques
Welding Techniques
Plant Equipment Maintenance
Special Processes and Equipment

Training in each category includes courses on skills which
are designated either "Mandatory", "Limited", or
"Optional". Statements made in the following paragraphs
regarding the relevance of courses for the various
classifications of personnel in the Mechanical
Maintenance Department apply to the majority of the
courses in the category. To determine the actual
designation of the course refer to figure 1.

Administrative Procedures and Documentation

Courses in this category cover the initial orientation to the
station for new hires, the use of various codes and
standards, and application of plant documents, procedures
and forms used by the Mechanical Maintenance
Department These courses provide the knowledge of

plant procedures and documents required to administer
the Mechanical Maintenance activities in the plant. This
training is relevant for Foremen, Senior Maintainers and
maintainers who assess work orders.

Information Systems

Courses in this category cover the computerized
information system, mechanical maintenance procedures,
work order assessment and training for QA certified
maintainers. These courses provide knowledge of the
information available to the maintainers and how to
access it in order to do their work. This training is
relevant tor all maintainers.

Safety Fundamentals

Courses in this category cover the basic knowledge
requirements of Electrical, Mechanical, Chemical and
Thermal Safety. Courses with both knowledge and
practical content are provided on the Plant Work Permit
System, First Aid, Fire Fighting and Radiation Protection
which includes industrial safety. These courses provide
knowledge on working safely, how to respond in
emergency situations and instruction on the use of safety
equipment and plant safety procedures (e.g. Work Permit
System). This training is relevant for all mechanical
maintenance personnel.

Science Fundamentals

Included in this category are basic science courses,
principles courses on Instrumentation and Control and
Mechanical Equipment, Fundamentals of Weld
Technology and Visual Weld Inspection. These courses
are provided, when required by the Mechanical
Maintenance Department, to upgrade a maintainer's
knowledge and understanding of how and why plant
processes work as they do. Letter and Report Writing
and Station Systems Training are also listed in this
category and are given ti • all Maintainers.

Fitting Techniques

Courses in this category cover the use of measuring tools
and devices, torquing techniques and the application of
practical fitting techniques used in the installation and
maintenance of mechanical seals, bearings and coupling
alignments. These are essential skills for the Industrial
Mechanic and Millwright, and are provided as upgrade
training for maintainers from other mechanical disciplines.

Pipe Fitting Techniques

Courses in this category cover the installation of piping
including welded and threaded pipe, fiberglass pipe,
gasket joints, and tubing specifically with Swagetok fittings.



This is basic training and is provided to non-pipefitiers so
they can assist in piping installation when required.

Machining Techniques

Courses in this category cover the use of lathes, milling
machines, band saws, surface grinders, lapping machines,
abrasive wheels and the press brake and shear. This
training is intended to provide a level of skill which will
allow the non machinist to perform basic machining
operations. In the case of more specialized operations
such as the milling machine and surface grinder, the
number of maintainers trained will be limited.

Welding Techniques

Courses in this category cover the various welding,
brazing, soldering, burning and cutting techniques required
by the Mechanical Maintenance Department The major
emphasis is on meeting the requirements of welders to
maintain their Department of Labour certificates (14
certificates required). To reduce the work load on high
pressure welders, some maintainers will be trained on
structural welding, which will allow them to do tack
welding and other non pressure welds required in the
course of their work. To permit flexibility in scheduling
and expedite the completion of work, training will be
provided to all maintainers on heating, burning and soft
soldering techniques.

Plant Equipment Maintenance

Courses in this category provide the general knowledge
and skills training required for maintaining most of the
pumps, valves, compressors, power transmissions and fans
in the plant Also included in this category is training
specific to Point Lepreau plant equipment, including:
reactivity mechanisms, diesel engines, turbine generator,
large and/or special purpose pumps and the replacement
of fuel channels. In this category the list is not
comprehensive and courses on specific equipment will be
included as the need for training on the equipment arises.

Special Processes and Equipment

Courses in this category cover various processes and
equipment which do not fit into the previously described
categories. Due to the extensive use of cranes and rigging
techniques in many maintenance activities training is
provided for all Mechanical Maintainers. Training on the
basic and advanced vibration techniques, safety valve test
bench, non-destructive testing fundamentals and the
operation of the Varian Mass-spectrometer is provided to
selected maintainers based on shop needs.

5.0 RESOURCES

The personnel resources for the development and delivery
of the training described above will be drawn from several
sources.

The Mechanical Maintenance Training Officer will
develop and deliver plant specific training within his/her
areas of proficiency. The Training Officer will organize
and coordinate the efforts of other individuals and
organizations who are contracted to provide training for
Mechanical Maintenance.

Mechanical Maintenance personnel from the work group
are also a source of expertise which can be called upon to
produce and deliver training. The availability of this
resource is essential if all the required training on plant
specific equipment is to be provided.

The New Brunswick Community College (NBCC) provide
training contract on some of the generic skills. They have
currently deliver courses on Pipefitting Techniques and
Basic Machining Techniques. These courses are effective
and we will continue to use NBCC instructors and
facilities when appropriate.

Equipment manufacturers provide training on the
equipment which they supplied. Instructors from the
manufacturer have a great deal of experience and
expertise which trainees can draw on to solve
maintenance problems. This training is effective when it
is organized to meet specific objectives.

6.0 SUMMARY

This paper has described the content of the Mechanical
Maintenance training program and the job analysis used
to identify the skills which make up the program. It has
discussed the process of needs analysis used to identify
work group and individual training needs and indicated
that needs analysis is a continuous activity with
comprehensive review on a yearly basis. Lastly, the paper
identifies the resources that are and will continue to be
used for the development and delivery of the Mechanical
Maintenance Training Program.

The Mechanical Maintenance training program provides
training which supplements the skills and knowledge of
journeyman tradesmen with respect to their jobs at Point
Lepreau. Presently, development and delivery of the
training program are proceeding simultaneously.
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