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ABSTRACT

This report contains papers presented at the 2003 Nuclear Safety Research Conference at the Marriott Hotel
at Metro Center in Washington, DC, October 20-22, 2003. The papers were presented in each of the
conference's technical sessions and at poster sessions overthe course ofthe three days. Theydescribe progress
and results of programs in nuclear safety research conducted in this country and abroad. International
participation in the meeting included papers presented by researchers from France, Germany, Japan, Norway,
Russia and Spain.
The titles of the papers and the names of the authors have been updated and may differ from those that
appeared in the final program of the meeting.
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"Experience with PRA in the Generic Issues Program"
Harold J. Vandermolen
Regulatory Effectiveness Assessment and Human Factors Branch
Division of Systems Analysis and Regulatory Effectiveness
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Abstract
The Generic Issues Program first began formally in response to a Commission
directive in October of 1976. In 1983, it became one of the first programs to
make successful use of probabilistic risk information to aid in agency decision
making. In the 20 years since the program became quantitative, approximately
840 issues have been processed.
Although there is far less reactor licensing activity than in the 1970s, new issues
continue to be identified from research programs and operational experience,
and the generic issue program remains very active. Moreover, probabilistic
techniques have advanced considerably since the program began.

-

Generic issues tend to involve rather vexing questions of safety and regulation,
and an efficient and effective means of addressing these issues is very
important if regulatory effectiveness is to be achieved. If an issue proves to
pose a genuine, significant safety question, then swift, effective, enforceable,
and cost-effective action needs to be taken to eliminate an accident before it
happens. Conversely, if an issue is of little safety significance, the issue should
be dismissed in an expeditious manner, avoiding unnecessary expenditure of
resources and regulatory uncertainty.
The generic issues program's administrative procedures were revised and
codified in an NRC management directive in December of 2001, in an attempt to
streamline the process. Simultaneously, attempts were made to make use of
more modem PRA techniques. In the two years since the process was revised,
a number of new generic issues have been processed through the system. The
experience gained, both with the new procedures and with the use of more
modem PRA techniques, will be discussed.

Definition of a Generic Issue. A generic issue is formally definedi as "a regulatory matter
involving the design, construction, operation, or decommissioning of several, or a class of,
NRC licensees or certificate holders that is not sufficiently addressed by existing rules,
guidance, or programs." This rather legalistic definition has several practical corollaries:
First, a generic issue must involve safety or burden reduction. Questions regarding licensing
procedures or administrative matters may be valid concems, but are not addressed in this
program. Most issues are explicitly oriented toward safety.
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Second, the issue must involve at least two dockets, or it will be plant-specific rather than
generic. Plant-specific issues are addressed within the context of a specific docket.
Third, the potential safety (or burden-reduction) question must not be covered by existing
regulations and guidance. If the issue is covered by existing regulations and/or guidance, it is
considered a compliance issue and is addressed by the appropriate program office.
Thus, the effect of a generic issue is to change the body of regulations and associated
guidance (e.g., regulatory guides). The intent of the generic issues program is to address
weaknesses and improvements in this body of regulatory documentation.
History of the Generic Issue Program. The Generic Issues program was first started in
response to a Commission directive of October 8, 1976,2 which directed the staff to develop "a
program plan for resolution of generic issues and completion of technical projects." This is not
a new program; it has been in progress for about 27 years.
The program was further formalized by Section 210 of the Energy Reorganization Act of
December 12, 1977, which stated, 'The Commission shall develop a plan providing for
specification and analysis of unresolved safety issues relating to nuclear reactors and shall
take such action as may be necessary to implement corrective measures with respect to such
issues." Not every generic issue is considered an 'unresolved safety issue," but nevertheless,
the existence of the generic issues program keeps the agency in compliance with this
requirement.
The program was set out more formally with the publication of the entire set of generic issues
and their priorities in NUREG-0933 3. The program was affirmed by the Commission in 19834
and again in 19935. More importantly, even after 27 years, new generic issues continue to be
proposed.
Origins of Generic Issues. Historically, generic issues have been proposed from several
distinct sources, as shown in Table 1.
Table 1. Origins of Generic issues
*
*
*
*
*
*

CP/OL reviews
ACRS concerns
TMI-2 accident
Operating experience
Differing Professional Opinions
Staff concerns

0

*
*
*
*

Nuclear Power Industry
Public
Part 21 notification
Accident Investigations
Event Investigations

In recent times, most new generic issues have originated from event investigations, staff
concerns, and programs which monitor operating experience.
It is not difficult to propose a generic issue. However, the generic issue program is not
intended for immediate or emergency action. Such concerns are better addressed by other
programs; generic issues tend to be long-term projects that may require extended analysis or
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experimental work. It should be noted that the target end dates of individual generic issues
are reported to the Congress, and the agency has committed itself to address these issues on
schedule.
Process. The generic issue process is governed by Management Directive 6.41. The various
stages are shown graphically in Figure 1.
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Figure 1
Generic Issue Stages
After a candidate generic issue is identified, a screening analysis is performed. This is an
abbreviated analysis, done in-house, using probabilistic techniques if it is practical to do so,
and may incorporate some conservatism. If the analysis indicates that the safety significance
of the issue exceeds certain thresholds, the issue goes on to a technical assessment stage.- It
is at this stage where a task action plan for the issue will be generated, and the new generic
issue becomes a new research project with its own project manager, budget, milestones, etc.
The technical assessment stage may just involve modeling or simulation calculations, or it may
include data searches, investigations, or even experimental work, depending on the technical
nature of the issue. Thus, the technical assessment stage may span several years and
consume significant staff and financial resources. Moreover, the estimates of safety
significance will be as realistic as is practical. It is not at all unusual for an issue to be dropped
on low safety significance based on this technical assessment,- even though the screening
calculations (which are allowed to contain some conservatism) indicated that the issue had the
potential for substantial safety significance.
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If the technical assessment does indicate that the generic issue has significant safety
significance, and that some regulatory action is justified, the issue is turned over to the
appropriate program office (usually the Office of Nuclear Reactor Regulation) for appropriate
action. The status of the issue will still be tracked in the generic issues tracking system
maintained by the Office of Nuclear Regulatory Research, but the lead responsibility is taken
over by the program office, which will choose and issue the appropriate regulatory vehicle
(e.g., information notice, generic letter, or even rulemaking). The issue is not formally closed
out until the regulatory action is issued and, if applicable, implemented at the various sites and
verified.

Generic Issue Screening Analysis. It is the screening analysis which makes some unique
uses of probabilistic risk analysis. Probabilistic techniques are also used in the technical
assessment, to support a regulatory analysis and/or cost/benefit study, but these analyses are
governed by NUREG/BR-01 84, Regulatory Analysis Technical Evaluation Handbook.
The generic issues program was one of the first at the agency to make use of probabilistic
techniques. Originally, the purpose was to put the then-large number of unresolved issues into
a priority order. Currently, the number of incoming issues is much more manageable, but
experience has shown that a probabilistic analysis has several significant advantages.
First, there is no substitute for a mathematical analysis such as this to enforce rationality in
investigation and management. When first proposed, candidate generic issues are often
unfocused and vague, and the probabilistic screening process eliminates the confusion.
Second, the process provides a documented, risk-informed basis for the decision. This is
particularly important for issues which are dropped from further consideration.
Third, experience has shown that any disputes on the decision tend to rapidly focus on the
treatment of a specific parameter or sequence. This generally leads to a reasonably rapid
resolution, based on specific technical considerations.
The ability to perform probabilistic screening analyses has greatly improved over the last
several years. The availability of PRA codes (such as the Saphire code') which run on a
personal computer permits calculations complete with error analyses, calculations which would
have necessitated mainframe runs several years ago. The Generic Issues Program usually
uses the Saphire code, developed by the Idaho National Engineering and Environmental
Laboratory. The Saphire code is capable of analyzing linked fault trees and event trees, and
can perform a complete error analysis.
Most generic issue screening calculations are performed by making modifications to an
existing 'base" PRA, to observe the change in core damage frequency, etc. For calculations
such as this, the five probabilistic risk analyses in NUREG-1 1508 have been loaded into the
Saphire code. For almost all screening analyses, these five PRA models are sufficient as a
'base" calculation.
In cases where the five NUREG-1 150 PRAs do not model the systems of interest, the
Standard Plant Analysis Risk (SPAR) models are also available9 . The SPAR models are a
large set of PRA models which were originally developed for accident precursor analysis
purposes. The set of SPAR models covers almost all domestic operating reactors. Although
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these models are usually used with the GEM code for precursor ainalysis, the GEM code is in
reality the Saphire code running in a special mode. Thus, the SPAR models can be readily
"brought up" in the Saphire code for use as base PRAs.
Nature of the Analysis. A probabilistic risk analysis generally calculates the total core.
damage frequency (or other risk parameters) associated with the operation of the plant. For.
generic issue screening purposes, the parameter of interest is not just the total core damage
frequency, but instead is the change in core damage frequency associated with the generic
issue. In addition to the effect on core damage frequency, estimates of the change in large
early release frequency (LERF) and/or public risk (in terms of total whole-body person-rem per
reactor-year) may be made, depending on the technical nature of the issue, and on which
parameter is limiting. The management directive for generic issues contains threshold criteria
for all three'. When possible, an error analysis is also performed on these parameters.
Specific guidance for such calculations are provided in NUREG-1489'0 . Experience with these
calculations over the years has shown that most generic issue analyses fall into five broad
areas:
Change in initiator frequency. Probably the most common type of analysis involves a change
in the frequency of an initiating event. Such calculations are relatively straightforward in
theory. The analyst would simply.change the initiating event frequencies of the affected event
trees and observe the change in the frequencies of the end states. Since the change in each
end state is directly proportional to the change in the initiating event frequency, it is often
possible to calculate the change in end state frequency by hand.
However, if an error analysis is desired, simply subtracting the original end state frequency
from the modified end state frequency will not provide an error distribution for the difference.
The usual practice is to re-calculate the end state frequencies with the initiating event
'frequency set to the change in initiator frequencies (and all other, unaffected event trees
excluded). Because of the proportionality of the effect on end state frequencies, the
calculated results from such an event tree are in turn a direct calculation of the change in end
state frequencies. Once such an event tree is set up, the Monte Carlo error analysis
capabilities of the Saphire code can be used to calculate the error distributions of the gatheredend states, which is what is desired.
Change in system reliability. A generic issue which affects the reliability of a particular plant
system can be analyzed in a similar manner, by using a split fraction for the unavailability of
this system equal to the change in reliability. This type of calculation can be much more
elaborate than a simple change in initiator frequency because typically this system
unavailability will be present in more than one event tree. All of the event trees will have to be
re-calculated, and the end state frequencies summed.
Change in component reliability. A generic issue which involves a change in the reliability of a
specific class of components (e.g., all motor-operated valves of a certain type) can be perhaps
the most far-reaching in the sense that a particular component type might be used in many
different systems in the plant. In such a case, the change in unavailability will affect many fault
trees, which will in turn affect many event trees.
Such an analysis would in most cases not be practical without the use of a computer model.
To perform such an analysis,'the basic events of interest must be changed in the model's data
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library. Then, the fault and event trees must be re-solved (to make sure that the truncation
cutoffs are appropriate) and re-quantified.
The error analysis is more difficult for this type of analysis. It is necessary to accumulate
sample runs both with and without the change in component reliability, using exactly the same
seed for the random number generators. Fortunately, the Saphire code has the capability to
output such intermediate results. Once these files are generated, the analyst must form a
distribution of differences.
In practice, this type of analysis has become rare. This is primarily due to the advent of the
maintenance rule. Because of this rule, such issues are now usually classified as compliance
issues, and are not handled by the generic issues program.
Discovery of a new phenomenon or accident sequence. To analyze this type of issue, the
analyst will usually generate a new event tree. This can be a rather involved process, but the
availability of the existing fault trees for the various systems is a great help.
The error analysis is straightforward in the sense that the whole event tree is 'new;" there is no
subtraction to be performed. The error analysis capabilities of the Saphire code can be used
directly.
New system interaction. In principle, this type of generic issue can be analyzed by
appropriately modifying the existing base PRA model, by linking event trees or using the rules
editor in the Saphire code. No such issue has presented itself in recent years, and thus there
is no experience to report, which is unfortunate from the viewpoint of the PRA analyst, but
fortunate from the viewpoint of the overall safety program.
Common Problems. Experience has shown that there are a number of difficulties that the
analyst may encounter. The first is that the Saphire code itself, although widely used, may
sometimes "crash" or 'freeze" when used in these rather novel ways. This is sometimes an
annoyance, but has not proven to be a significant problem, to the credit of the writers of the
code itself.
It is also not unusual to discover problems or even mistakes in the base PRA model. Such
problems are almost invariably discovered in accident sequences that would normally be well
below the truncation level used in the PRA. Thus, the discovery of such a "glitch" would not
invalidate any conclusion made on the basis of the PRA itself. However, because generic
issue analyses often promote these dropped sequences to a point where they are no longer
truncated out, some rather minor problems may present some inconvenience.
In a similar vein, it should be noted that approximations which are perfectly appropriate for the
purposes of the base PRA,.which is generally to calculate the risk associated with the
existence and operation of the plant, may not be appropriate for the purpose of generic issue
analysis. The most common problem is the truncation level. For example, most plant PRAs
calculate total core damage frequencies somewhere between 10-5 to 10-3 events per reactoryear. For generic issues, in most cases the core damage frequency screening threshold is 10-5
per reactor-year, and roughly half of the incoming candidate issues will be less that this
threshold. Clearly, a generic issue screening analysis will need a truncation level well below
that needed by a standard plant PRA.
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Sparseness of information is a common problem. Candidate generic issues are usually not
well documented with data when first identified, and there may be large uncertainties in some
of the parameters. Yet, the purpose of a screening analysis is not to perform the best, most
accurate analysis possible, but instead to explore the potential significance and feasibility of
the issue. The usual rule of thumb used within the staff is to make maximum use of all readilyavailable information, which in practice means information (drawings, dimensions, failure data)
which is available within the agency. Site visits, surveys, etc. are usually not considered
appropriate for a screening analysis. This leads to a certain tension between the quality of the
analysis vs. the approximations necessary because of the limited available information. In
practice, it is often necessary to use conservative assumptions, in accordance with the
recommended practices of NUREG-148910. This situation is most common when analyzing a
new phenomenon or accident sequence, as described above. It is often necessary to assume
that the phenomenon does indeed occur, even if the existing evidence is not completely
convincing, which transforms the probabilistic calculation into an importance measure for the
phenomenon, rather than a completely realistic analysis of the new phenomenon. Because of
this, it is not uncommon for a screening analysis to conclude that a new generic issue should
be pursued further, but for the ensuing technical analysis, which will have more resources
available, to subsequently conclude that the issue should be dropped from further
consideration.
Finally, some difficulties can arise because a new event tree written to describe a new generic
issue can be quite complex. Experience has shown that it is unwise to rush such analyses,
and that an independent review is a well-justified precaution.
Recommendations. Not surprisingly, it is recommended that sound PRA practices be
followed, particularly as documented in NUREG-1489' 0. As always, probabilistic models
should not be used as a "black box," but instead the wise analyst will try to maintain some
engineering insight. Within the generic issues program, common practice is to print out and
review the top few sequences, and to calculate by hand a point estimate for at least one
sequence. In this way, the analyst can have some assurance that he or she really
understands what is going on.
Recent Generic Issues. Some recent examples include the following:
GI-185, Control of Reactivity Following Small-Break LOCAs in PWRs. GI-185 has to do with a
small-break LOCA in a PWR. It is possible in some circumstances to get into a reflux boiling
mode, where the core is covered, but the primary system water level is low. The coolant boils
in the core, and condenses in the steam generators. There is no immediate threat, but after
approximately half an hour, it is possible to have a situation where there is concentrated boric
acid in the core, and deborated water in the steam generator. Now, if the system is refilled or
if a reactor coolant pump is re-started, a slug of relatively cool, deborated water will be
transported into the core. If this happens near the beginning of the fuel cycle, the control rods
might not have enough worth to keep the core subcritical, and a reactivity transient is possible.
Screening of this issue involved a completely new event tree. Currently, the issue is in the
technical assessment stage.
GI-193, BWR ECCS Suction Concerns. GI-195 has to do with a large break LOCA in a BWR.
It is well known that the resulting blowdown into the suppression pool in the torus is a very
violent event, and there has been considerable effort in the past to make sure that the various
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structures can survive it. However, an alert staffer pointed out that, in some plants, the ECCS
pumps that take suction from the pool will be starting up just about the time that the pool water
is at the point of maximum swell from the drywell atmosphere, and there may be a problem
with air entrainment. This issue has just completed the screening process. The analysis was
performed by modifying the existing large break LOCA event tree.
GI-195, Hydrogen Combustion in Foreign BWR Piping. GI-195 has to do with some problems
with hydrogen. In a BWR, there will be some elemental hydrogen and oxygen from radiolysis
mixed in with the steam. If there is a length of pipe connected to the steam space that points
upward and is a bit cooler, and has no flow in it, it is possible for an explosive mixture to
accumulate. At 1000 psi and 500 degrees F, it does not take much energy for ignition. There
have been some events in foreign BWRs where such detonations have caused pipes to
rupture, fortunately on the other side of check valves. This issue is currently in the screening
process. The analysis is being done by modifying the initiating event frequencies for the event
trees for the intermediate break LOCA and the safety/relief blowdown transient.
The screening analyses for all three of these generic issues are being published in
NUREG-09333 , which is available on the NRC web site.
Conclusion. The generic issues program is still very active, and likely to remain so in the
future. The program is one of the first to make use of probabilistic analysis techniques, and
the availability of this technology is one of the primary reasons for the success of the program.
Conversely, the generic issues program continues to identify new challenges in the use of
these techniques, and unique approaches to these analyses are often required.
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A PILOT APPLICATION OF A RISK-INFORMED APPROACH FOR CERTIFICATION
OF DRY CASK STORAGE OF SPENT FUEL
K.A. Gruss, M. Waters, C. Lui
U.S. Nuclear Regulatory Commission, Washington, DC, 20852, USA
ABSTRACT
The Nuclear Regulatory Commission's (NRC's) Office of Nuclear, Material Safety and
Safeguards (NMSS) initiated a pilot study to (1) test the effectiveness of a proposed riskinformed decision-making (RIDM) process and the associated draft guidance'
documents, and (2) identify Insights for risk informing staff guidance for conducting
licensing reviews for spent fuel storage. The proposed RIDM process is a systematic
and transparent process that utilizes risk insights (e.g., total individual accident risks,
quantitative health guidelines) along with other information (e.g., defense-in-depth,
safety margins, cost-benefit information, competing risks, ALARA, etc.) to make riskinformed decisions. This paper presents the results of a pilot study that utilized the
proposed RIDM process and recently issued standard review plan guidance related to
conducting confinement reviews for the certification of spent fuel storage casks at
independent spent fuel storage installations (ISFSls).
INTRODUCTION
The NRC staff, guided by the Commission, has long recognized the need to develop a
framework for risk-informing its regulatory activities. The 1995 Policy Statement on the use of
Probabilistic Risk Assessment1 (PRA) called for an increase in the use of PRA technology in'all
regulatory matters, consistent with the state-of-the-art PRA methods and data, in a manner that
complements NRC's deterministic approach and supports NRC's traditional defense-in-depth
philosophy. The policy statement also recognized that a single approach for incorporating risk
analysis into the regulatory process would not be appropriate, given the nature and
consequences of the use of nuclear materials in NMSS.
The staff developed and p'roposed an approach to risk-inform NMSS regulatory activities in
SECY-99-1 00, uFramework for Risk-informed Regulation in the Office of Nuclear Material Safety
and Safeguards2 ." This approach was designed t6:'(1) focus NRC and licensee resources on
areas commensurate with their importance to safety; (2) provide a framework for using risk.''
information; and, (3) use risk inforrmation, when amenable, to provide flexibility for making'
decisions and managing the work load in NMSS more effectively. The framework defined the
potential areas where risk-informing can play a role in the regulation'of NMSS activities and, as
part of its implementation, the staff proposed to develop risk metrics and goals to help guide'the
risk-informed activities. In a Staff Requirements Memorandum-dated June 28, 19993, the
Commission approved the staffs proposal in SECY-99-100 to develop risk metrics and goals'
and address risk management consistent with 'other Agency policies.
As NMSS moved forward in its risk-informing activities,' the staff recognized that the ways in
which risk information'couid be used would vary across its diverse programs,' and that it would
not, in general, be necessary nor cost-effective to either have the NRC staff, or require
licensees, to perform risk assessments. In light of this, NMSS developed a screening process,
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which uses a set of screening considerations, to help decide whether a risk-informed approach
would be feasible and beneficial. The effectiveness of the screening considerations was
evaluated through a series of case studies4' 5. Insights gained from those case studies and other
information led to the development of the proposed RIDM process which is described in more
detail below.
In collaboration with the NRC's Office of Nuclear Regulatory Research (RES) and the
Brookhaven National Laboratory (BNL), NMSS has completed three draft guidance documents
that support the use of the proposed RIDM process. One of the documents (referred to as
Screening Consideration Guidance) discusses the use of a set of screening considerations that
can be used by the staff to determine whether a regulatory application, activity or process
should be risk-informed. The screening considerations can help the staff to evaluate both the
benefits and feasibility of implementing a risk-informed approach. Another guidance document
provides an overview of the techniques for performing risk assessments for activities in the
materials and -waste arenas. A third document (referred to as Decision-Making Guidance)
describes the process and decision-making algorithms to guide the staff to decide whether to
implement a proposed regulatory action or issue using a risk-informed approach. Two NMSS
pilot studies have been completed to test these three draft guidance documents, one on riskinforming a piece of dry cask storage standard review plan guidance (the subject of the pilot
study reported in the paper) and the other on regulation of chemical agent detectors and
monitors.
APPROACH
The proposed RIDM process was applied retrospectively to NMSS licensing confinement review
guidance for dry cask storage, which is contained in Interim Staff Guidance No. 18 (ISG-18),
"The Design/Qualification of Final Closure Welds on Austenitic Stainless Steel Canisters as
Confinement Boundary for Spent Fuel Storage and Containment Boundary for Spent Fuel
Transportation6.' The issuance of ISG-18 allowed the storage cask designers to seek relief
from conducting off-site dose calculations related to hypothetical releases from all-welded
stainless steel storage canisters. It also allowed licensees to seek relief from having to conduct
certain helium leakage tests on double confinement closure lid welds for selected storage
canisters. By focusing on this recent staff action and by exercising the proposed RIDM process
and draft guidance documents, the staff thought it might be possible to enhance the draft RIDM
guidance and illuminate risk insights that could be used to further risk-inform the confinement
review or the dry cask storage standard review guidance. It should be noted that the purpose
for pilot study was not to re-open regulatory decisions pertaining to ISG-1 8. Rather, as stated
above, the objective was to test the proposed RIDM process and draft guidance against actual
NMSS decisions.
The proposed RIDM process is a systematic and transparent process that utilizes risk insights
(e.g., total individual accident risks, quantitative health guidelines) along with other information
(e.g., defense-in-depth, safety margins, cost-benefit information, competing risks, ALARA, etc.)
to make risk-informed decisions. The principles from Regulatory Guide 1.174, "An Approach for
Using Probabilistic Risk Assessments in Risk-Informing Decisions on Plant-Specific Changes to
the Licensing Basis7" and NUREG-BR-0058, 'Regulatory Analysis Guidelines of the USNRC¶,"
are embodied in the proposed RIDM process but have been adapted, as appropriate, to fit
NMSS decision-making needs.

12

--

1. Identify
Regulatory
Issue or
Action
Alternative.

.

r

2. Apply
Screening
'Considerations.

Screened
Out?
Document
Reasons

. ..
.d

.
.

.
.

.

..

Develop
Information.* Needed
to Address
* Each
Consideration.

4r____
Screened In -

.

3. Perform
'Risk
Assessment.
Consider
- Competing Risks
- Other, Related
Cases and
Studies
- Cost-Benefit.

- Assure
Defense-inDepth
-Maintain
* Adequate
Safety Margins.

Decide on'
Depth and
' .Scope of . Analysis. -

- Recipient of
Risk
-: Risk Indices or
Metrics
- Uncertainties

-

4. Risk-inform
Regulatory
Framework or
Decision Process.

Consider
Risk
Guidelines
."I

:.. ....

Figure 1. Proposed Risk-Informed Decision-Making Process
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The proposed RIDM approach consists of four major steps as shown in Figure 1. Briefly
described, the process begins with the identification of a proposed regulatory action or issue
(Step 1) to which the screening considerations are applied (Step 2). The screening
considerations address both the benefit and feasibility of risk-informing an activity. To assess
the benefit of a risk-informed approach, the screening considerations test whether the use of
risk information would enhance safety, improve effectiveness and efficiency, reduce
unnecessary regulatory burden, or help to communicate a regulatory decision. To assess the
feasibility aspects, the screening considerations test whether risk-informing could be
accomplished in a cost-beneficial way and examine whether there are other factors, such as
legislative or jurisdictional issues, that would preclude or limit the effective use of a risk-informed
approach. The outcome of the screening considerations is a determination of whether the
activity is amenable to being risk-informed. If a proposed regulatory action is screened-out
through the screening consideration process, the reasons for screening it out should be
documented. However, if a proposed regulatory action is screened-in, existing risk information
is evaluated along with a consideration of the uncertainties (Step 3). If necessary, additional
risk information may need to be developed. The risk information along with other information
that include the following are factored into the overall decision (Step 4): costs and benefits
information related to implementation of the proposed regulatory action, considerations of
maintaining adequate defense-in-depth and safety margins as well as other competing risks.
Background information that led to the development of the proposed RIDM process can be
found in Reference 4, 5 and 9.
Although the 4 steps are listed in a serial fashion, in practice, it is generally carried out in an
iterative way. For example, the candidate alternatives may be identified as a process moves
forward. In that case, some of the work from the previous steps would need to be revised to
ensure that the decision maker has all the necessary risk information at the end of the process.
Accordingly, the pilot study was organized into four major steps: (1) definition of the proposed
regulatory action, (2) application of the screening considerations, (3) evaluation of risk
information to assess the changes in risks associated with the proposed regulatory action, and
(4) an evaluation of the factors that support making a decision including risk and other
information. At various steps in the process, the staff expressed uncertainty about the
conclusiveness of some of the outcomes of those steps. However, it decided to proceed with
the risk-informed process so that it could test the effectiveness of the complete proposed RIOM
process and draft RIDM guidance documents. The results obtained during each step are
discussed below.
RESULTS
Definition of the Proposed Regulatory Action
The staff developed the following statement of the proposed regulatory action and the basis for
considering a risk-informed approach.
Proposed Regulatory Action: Remove the need for leakage testing of certain
double confinement closure lid welds of, and calculation of off-site doses due to
hypothetical releases from, all-welded austenitic stainless steel canisters and
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modify existing staff guidance for conducting confinement reviews of those
canisters.*
Basis: Based on the acceptance criteria relating to weld design and specification
contained in Interim Staff Guidance No. 15 (ISG-1 5), "Materials Review, '°" the
staff believes that there is reasonable assurance that no credible leakage would
occur from the final closure welds of austenitic stainless steel spent fuel storage
canisters When following the ASME code requirements. Therefore, the staff
believes the review guidance can be modified to eliminate the need for certain
leakage tests on double confinement closure lid welds for selected storage
canisters and performing dose analyses related to releases from all-welded
canisters as long as the welding criteria in ISG-15 are met. The objectives for
implementing this action include: (1) Increase efficiency and effectiveness by
reducing unnecessary (or low risk-significant) staff review and inspection of
confinement calculations and leak testing requirements; (2) Reduce the burden
on cask users by eliminating unnecessary (or low risk-significant) leak tests via
reducing doses to workers; Reduce the burden to storage'cask designers by
eliminating unnecessary confinement analyses; and (3) Maintain public
confidence in NRC's regulatory role by improving our rationale for confinement
safety with a more consistent technical basis.
The staff also identified several alternatives to the proposed regulatory action that involved
various combinations of activities (i.e., analyses, licensing review, leakage testing, inspection)
by the NNMSS staff, the storage cask designers, and personnel who perform'the leakage tests.
The proposed regulatory action represents an option where none of the activities are required.
At the other end of the spectrum is the no-action 'altemative which includes all 'of the following:
storage cask designers to conduct confinement calculations for welded casks, NMSS staff to
review confinement calculation associated with releases, licensees to conduct leakage tests on
welded casks, and NRC inspectors to conduct Inspections on the procedures and related
aspects of leak testing the canister final closure Weld. This latter alternative was the approach
taken by the staff before ISG-18 was implemented.
Application of the Screening Considerations
The screening considerations are listed in Table I and their application is described in more
detail in the draft Screening Consideration Guidance. These considerations were used to
assess the benefits and feasibility of using a risk-informed approach to address the proposed
regulatory action that was identified in Step 1.
In response to screening 'conisiderations 14, the staff identified several benefits and determined
that the primary benefits of implementing the proposed regulatory action were associated with
improving efficiency and effectiveness and reducing unnecessary regulatory burden. Reduced
regulatory burden would be achieved because the storage cask designers would not need to
As noted in the preceding section, the pilot study was initiated after ISG-18 was implemented.
Therefore, NMSS staff has already adopted the approach contained in the proposed regulatory
action statement.
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Table 1. Screening Considerations
BENEFITS OF A RISK-INFORMED REGULATORY APPROACH
(1) Could a risk-informed regulatory approach help to resolve a question with respect
to maintaining or improving the activity's safety?
(2) Could a risk-informed regulatory approach improve the efficiency or the
effectiveness of the NRC regulatory process?
(3) Could a risk-informed regulatory approach reduce unnecessary regulatory
burden for the applicant or licensee?
(4) Would a risk-informed approach help to effectively communicate a regulatory
decision?
If the answer to any of the above is yes, proceed to additional considerations; if not, the
activity is considered to be screened out.
FEASIBILITY OF IMPLEMENTING A RISK-INFORMED APPROACH
(5) Do information (data) and/or analytical models exist that are of sufficient quality
or could they be reasonably developed to support risk-informing a regulatory
activity?
If the answer to criterion 5 is yes, proceed to additional considerations; if not, the
activity is considered to be screened out.
(6) Can startup and implementation of a risk-informed approach be realized at a
reasonable cost to the NRC, applicant or licensee, and/or the public, and provide a
net benefit?
If the answer to criterion 6 is yes, proceed to additional consideration; if not, the activity
is considered to be screened out.
(7) Do other factors exist which would limit the utility of implementing a risk-informed
approach?
If the answer to criterion 7 is no, a risk-informed approach may be implemented; if the
answer is yes, the activity may be given additional consideration or be screened out.
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perform the off-site dose calculations and the storage cask licensees would not be required to
conduct certain leakage tests on double confinement closure lid welds for selected all-welded
canisters. The NRC would gain efficiency and effectiveness because the staff would not have
to review storage cask designer confinement calculation associated with the off-site dose
consequences from hypothetical releases from the cask. NRC inspectors would also not be
required to review the off-site dose calculation or conduct inspections on the procedures and
related aspects of leak testing the canister final closure weld.
Relative to screening consideration 5, the staff identified many sources of information that exist
to support risk-informing the proposed. Available risk information included a draft storage pilot
PRA, a report that evaluated the mechanisms for early disposal cask failures" and another
report that assessed the failure probability of welded closure lids for one type of storage cask.
The draft storage pilot PRA that was used in this pilot study to estimate the health risks and
conduct cost-benefit analyses was developed specifically to establish a methodology for
calculating the risks to the public from a single cask involved in various accidents. Limited in
scope, it contains a calculation of the individual accident risks to members of the public
associated with accidents relative to a single site and one cask design. It does not'address the
variability in risks associated with different all-welded storage canister designs or other sites. It
also does not contain estimates of the uncertainties in the risks or the uncertainty bands for
various parameters used to calculate the risks. Other sources of information identified by the
staff include: material properties for stainless steel canisters and welded joints; data on strength
of welded joints; calculation methods for assessing off-site'dose consequences; information on
the costs associated with NRC staff performing confinement reviews and inspections, vendors
to perform confinement calculations, and licensees conducting leakage tests; general dry cask
storage cask performance Information; and, information on doses to workers who perform
leakage tests. The staff proceeded to screening consideration 6 since there appeared to be
sources of relevant information.
The staff conducted a.quantitative cost-benefit analysis to respond to screening consideration 6.
A fairly detailed quantitative cost-benefit analysis was performed to identify who received the
health risks and the costs (expended and saved) and whether a net (positive) benefit could be
realized if the proposed regulatory action was implemented. Following the NRC's value impact
approach, which is contained in References 8 and 12, the staff estimated the net costs/savings
associated with the proposed regulatory action. The health impacts to the public and worker
(e.g., routine and accident risks which were converted to costs) and the costs (either expended
or saved) to the NRC, industry and public were calculated using the best available information.
The calculations were performed using realistic estimates with the perspective of evaluating the
costs and benefits relative to all potentially affected the members of society (e.g., NRC, industry,
public) and the environment. The staff used a factor of $2,000/person-rem to convert estimated
doses to an equivalent cost associated with the doses. The health risks and costs were
estimated for the entire (realistically estimated) life cycle.
The results of the cost-benefit analysis showed that:
-

there was a very small monetary expense associated with the risk of exposure due to
leakage from a storage canister (primarily due to the low leakage probability and low
consequence assumed);
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the largest impact was associated with the costs to NRC to actually implement the
proposed Regulatory Action;
the largest benefit was associated with the industry not having to conduct leakage tests
on the spent fuel storage casks; and
there was a net positive (monetary) benefit to be gained by society if the proposed
Regulatory Action was implemented.

With respect to screening consideration 7, the staff could not identify any particular "Other
Factor" that would prevent the proposed regulatory action from being risk-informed.
Favorable responses were obtained for all of the screening considerations so the proposed
regulatory action was "screened-in," meaning that a determination that a risk-informed approach
would be beneficial and feasible with respect to resolving the regulatory issue identified in Step
1.
Total Individual Accident Risks to the Public and Workers
The staff calculated the total individual accident risks (expressed as the probabilities of acute
fatalities, latent cancer fatalities, and severe injury) to the public and workers associated with
the implementation of the proposed regulatory action. The total individual accident risk, Rtaim
is comprised of two components, namely, the baseline risk of dry cask storage before
implementing the proposed regulatory action (Rbt.. ine) and the changes in risks associated with
implementing the proposed regulatory action (A RIsc_18) which are added together, i.e.,
R acidentR
_
total

Raseline
b
+ A

ts~

Using information contained in the draft storage pilot PRA, the total individual accident risks
were evaluated for three populations most at risk: members of the public located at 100 meters
(denoted as "public"), workers located at the site of the cask that is involved in an accident
(denoted as "Workerl") and workers co-located at the ISFSI site in an administrative building
100 meters from the cask (denoted as 'Worker2"). Although it is unlikely that members of the
public would be located 100 meters from an ISFSI, the staff made this assumption to maintain
consistency with the available dose calculations contained in Reference 13, which were
estimated for individuals located at 100 meters from a hypothetical ISFSI. The doses to the
Worker2 population were also estimated at 100 meters to maintain consistency with available
dose calculations.
For the calculations of the total individual accident risks, the staff made the following
assumptions. The staff assumed that the scenarios and initiating event frequencies were
applicable to all ISFSls even though the scenarios and event frequencies used in the draft
storage pilot PRA were estimated for a single site and may not apply generically to other ISFSI
sites. The staff used a log-log relationship to extrapolate the inhalation doses as a function of
distance (i.e., a one order of magnitude closer release would lead to a one order of magnitude
increase in dose). The staff did not include the contribution from direct radiation doses
emanating from the storage casks to the workers. Additionally, an estimate of the baseline
leakage probability on a per cask basis was taken from a report that assessed the failure
probability of welded closure lids for one type of storage cask. The staff also made best
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estimate assumptions for the amount of time that the populations most at risk were potentially
exposed to the risk and the number of casks that would be placed into service at all of the
ISFSIs over the lifetime of the industry, since no existing information to support these numbers
was available.'
The uncertainties associated with the calculation of the total individual'accident risks to the
public and workers were not explicitly quantified. The uncertainties were evaluated using the
following qualitative approach. For accident risks associated with dry cask storabe, the staff
group identified the following factors that could lead to'orders of magnitude differences in the'
uncertainty: conservative estimates used for'the source term in the absence of realistic data,;
and factors presumed to be applicable to all ISFSI sites '(e.g., Weather variability, weather
variability, evacuation and emergency' responses) that did not account for site variability. To'
fulfill the objective of testing all of the steps of the proposed RIDM process, the'staff made the
assumption that the uncertainty was represented by two-orders of magnitude in the risk
estimates (i.e., the total uncertainty was expressed as the point estimate 'of the risk plus or
minus two orders of magnitude). Thus, the staff intended that this uncertainty account for the
aforementioned sources of uncertainty.
Overall, the proposed regulatory action results in a very small increase (i.e., a fraction of an
order of magnitude change) in the risks to the public and workers (i.e., probabilities of acute and
latent cancer fatalities and severe injuries as expressed as the total individual accident risks).
It should be noted that the information used to calculate the risks (e.g., a report that assessed
the failure probability of welded closure lids'for one type of storage cask, the draft storage pilot
PRA, Reference 13) was not specifically developed for the purposes of conducting the pilot
study. Since the main objective of the pilot study was to use existing information to test the
effectiveness and concepts of the draft RIDM guidance documents, it was outside the scope of
the pilot study to develop a new risk assessment and quantify the uncertainties. Therefore, the
staff used the best available risk information to extrapolate and estimate values of parameters
used in the risk calculations to test the effectiveness of the whole RIDM process; For example,
the draft storage pilot PRA was developed specifically to establish a methodology for calculating
the risks to the public from a single cask Involved in various accidents. Limited in scope,' it
contains a calculation'of the individual accident risks to members of the public associated with
accidents relative to a single site and one cask design and does not address the variability in
risks associated with different all-welded storage canister'designs brother sites or estimate the
uncertainties in the risks. Overall, the staff used somewhat conservative, but reasonable,
estimates when there was no available, directly applicable information.
Evaluation of Factors Support a Risk-informed Decision
The following four pieces of information were used to decide whether'the proposed regulatory
action should be implemented:
1.
2.
3.
4.

Risk information (including the total individual accident risks calculated in Step 3),
Public and worker doses,
Philosophies of defense-in-depth and safety margins, and
Other factors (including competing risks, cost-benefit analysis and related Information).
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Risk-Information - In accordance with the draft RIDM guidance, the total individual accident
risks calculated in Step 3 were compared to NMSS' draft risk guidelines (i.e., quantitative health
guidelines (QHGs)) using the decision-making algorithms in the draft Decision-Making
Guidance. The underlying principle of the draft risk guidelines is the notion that nuclear facilities
and activities and associated regulatory changes should not pose a significant additional risk to
members of the public and workers. The draft risk guidelines, which have been developed only
for accidents, establish a reference level for determining when a decision results in an
insignificant or tolerable level of risk. In principle, for any proposed regulatory action that is
evaluated using the proposed RIDM process, the risks associated with that action are calculated
and compared to the draft risk guidelines using the decision-making algorithms described in
Section 2.1 of the draft Decision-Making Guidance. That decision-making algorithm essentially
provides method for comparing the calculated total individual accident risks to the QHGs. If the
calculated total individual accident risks are less than the risk guideline, the proposed regulatory
action could be implemented from a risk perspective because it imposes an insignificant risk.
There are other cases where the calculated risks are greater than the proposed QHGs. In some
of those cases, it may not be beneficial or feasible (e.g., from a cost-beneficial perspective) to
implement the proposed regulatory actions.
For the pilot study, the staff determined that the total individual accident risks were less than the
values of the QHGs. This comparison guided the staff to conclude that the risk information (i.e.,
total individual accident risks and proposed QHGs) supports implementation of the proposed
regulatory action.
Public and Worker Doses - The staff assessed whether the proposed regulatory action
resulted in unacceptably high doses to the public and the workers relative to the regulations
contained in 10 CFR Part 72. If the proposed regulatory action resulted in an increase in the
dose to the public or workers that exceed any of the regulatory limits, then the proposed
regulatory action should not be implemented.
Regarding an assessment of the impacts of the proposed change on annual routine doses, the
staff first referred to the dose and hypothetical release calculations contained in the Holtec HISTORM Final Safety Analysis Report (FSAR)14 to establish the baseline doses. For normal
storage operations, the baseline routine dose (20.5 mrem) plus the change in routine dose
associated with the proposed regulatory action (0.4 mrem, using the upper bound) produces a
total routine dose to members of the public that is less than the 10 CFR Part 72 regulatory limit
(25 mrem). The information contained in the FSAR also assures that the worker routine doses
will be maintained as low as reasonably achievable and less than the regulatory limits. It should
be noted that leakage from any cask is not considered to be a routine condition. Rather,
leakage from a cask constitutes a condition that is more typical of an accident condition.
Therefore, the staff included the risks associated with having a leaking cask on an ISFSI pad in
the calculations of the total individual accident risk.
Defense-In-Depth and Safety Margins - The estimates of the total individual accident risks to
the public and workers were, in some cases, orders of magnitude lower than the proposed QHG
values. From that information alone, it might be concluded that removal of one layer of
assurance (i.e., the requirements for conducting certain leakage tests and performing
hypothetical off-site dose calculations) does not significantly compromise the defense-in-depth
approach for all-welded stainless steel casks. If the proposed regulatory action is implemented,
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adequate defense-in-depth is maintained because there is reasonable assurance that the
following physical barriers and administrative controls are not affected by the proposed
regulatory action. The spent fuel cladding will remain 'intact and serve as an additional barrier
under normal and off-normal conditions. The cask confinement boundary is comprised of two
independent seal welds designed in accordance with ASME Boiler and Pressure Vessel Code,
which utilizes design stress limits that assure adequate safety margins, a quality assurance
program and nondestructively examinations to assure adequate cask construction. The
radiological environmental monitoring equipment at the site is maintained and alarms when
appropriate. The licensee meets the other non-leak testing technical specifications and
maintains the ISFSI at all times in accordance with the Certificate of Compliance. The licensees
will operate by following their emergency response program when appropriate. Finally, the NRC
conducts periodic inspections to assure the licensees are in compliance with the 10 CFR Part
72 regulations.
None of these elements of defense-in-depth are affected by the implementation of the proposed
regulatory action. Therefore, eliminating the requirements for conducting certain leakage tests
for the final closure welds and performing hypothetical off-site dose calculations will not
adversely compromise the defense-in-depth controls listed above for dry cask storage.
Other Factors - The primary sources of risk are related to potential releases from leaking casks
which were factored into the total individual accident risk. The staff did not identify any
competing risks that would prevent implementation of the proposed regulatory action.
The cost-benefit analysis was refined using more accurate information. A net positive
(monetary) benefit was calculated, representing an overall cost savings that would be realized if
the proposed regulatory action was implemented. That is, the-net benefit represents the cost
savings associated with implementing the proposed regulatory action relative to maintaining the
status quo approach of requiring certain leakage test and off-site dose calculations.
CONCLUSIONS
The objective of this pilot study was to identify potential modifications to the draft RIDM
guidance documents to support future uses of the RIDM process. The staff tested the
effectiveness of the proposed RIDM process and the supporting draft guidance, the logic of the
proposed RIDM decision-making algorithms, and the draft NMSS risk guidelines. The staff
recommended numerous changes to enhance the draft RIDM guidance documents. Based on
the successful test of the proposed RIDM process, NMSS will modify the draft guidance
documents to reflect the experience and the comments documented inthis report, and NMSS
could use the insights gained to guide RES in modifying the draft storage pilot PRA.
The proposed RIDM process led the staff to conclude that the proposed regulatory action (i.e.,
providing relief to licensees from having to conduct leakage tests and to storage cask designers
from having to perform off-site dose calculations associates with hypothetical releases from
certain canisters) should be implemented.' This conclusion is consistent with the staff's earlier
decision to implement ISG-18. NMSS issued ISG-18 primarily based on the consideration that
adequate safety would be maintained even though the requirements for the leakage test and
off-site dose calculations were lifted. The application of the proposed RIDM process helped to
illuminate other benefits associated with implementing ISG-18, namely, a reduction in
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unnecessary regulatory burden to the industry and enhanced NRC and industry efficiency and
effectiveness.
REFERENCES
1.
2.
3.

4.
5.

6.

7.
8.
9.

10.
11.
12.
13.
14.

U.S. Nuclear Regulatory Commission. "Use of Probabilistic Risk Assessment in Nuclear
Regulatory Activities: Final Policy Statement," Federal Register, Vol. 60, No.158, August
16,1995, Washington, D.C.
U.S. Nuclear Regulatory Commission. "Framework for Risk-Informed Regulation in the
Office of Nuclear Material Safety and Safeguards," SECY-99-100. March 31, 1999.
U.S. Nuclear Regulatory Commission. Memorandum from A. Vietti-Cook to W.T.
Travers, U.S. Nuclear Regulatory Commission, "Staff Requirements - SECY-99-100 Framework for Risk-Informed Regulation in the Office of Nuclear Material Safety and
Safeguards," June 28, 1999.
L. E. Kokajko and R. M. Shane, "The Case Study Approach to Risk-informing Regulation
of Nuclear Materials and Waste," presented at the Probabilistic Safety Assessment and
Management 6, San Juan, Puerto Rico, June 23-28, 2002, Elsevier Science Ltd., 2002.
C. H. Lui, A. Wong and L. E. Kokajko, "Risk Informing Nuclear Waste: A Case Study on
the Regulation of Spent Fuel Interim Storage," presented at the Probabilistic Safety
Assessment and Management 6, San Juan, Puerto Rico, June 23-28, 2002, Elsevier
Science Ltd., 2002.
U.S. Nuclear Regulatory Commission. Interim Staff Guidance - 18, Revision 0, "The
DesignlQualification of Final Closure Welds on Austenitic Stainless Steel Canisters as
Confinement Boundary for Spent Fuel Storage and Containment Boundary for Spent
Fuel Transportation," April 2003.
U.S. Nuclear Regulatory Commission. Regulatory Guide 1.174, "An Approach for Using
Probabilistic Risk Assessment in Risk-Informed Decisions on Plant-Specific Changes to
the Licensing Basis," November 2002, Rev 1.
U.S. Nuclear Regulatory Commission. "Regulatory Analysis Guidelines of the U.S.
Nuclear Regulatory Commission, NUREG/BR-0058, July 2002."
C. Lui, M.V. Federline, "Overview of U.S. Nuclear Regulatory Commission Program on
Risk-Informing Materials and Waste Arenas," presented at the Probabilistic Safety
Assessment and Management 6, San Juan, Puerto Rico, June 23-28, 2002, Elsevier
Science Ltd., 2002.
U.S. Nuclear Regulatory Commission. Interim Staff Guidance - 15, 'Materials
Evaluation,"January 2002.
Center for Nuclear Waste Regulatory Analysis. "Assessment of Mechanisms for Early
Waste Package Failures," CNWRA 2003-05, March 2003.
U.S. Nuclear Regulatory Commission. "Regulatory Analysis Technical Evaluation
Handbook, Final Report," NUREG/BR-0184, January 1997.
U.S. Nuclear Regulatory Commission. "Best-Estimate Offsite Dose from Dry Storage
Cask Leakage," SMSAB-00-03, June 2000.
Holtec Intemational, Inc., "HI-STAR Final Safety Analysis Report," Revision 1, December
23, 2002.

22

1
Option 3:
Risk-Informed Alternative to IOCFR50.46 and GDC 35
Eileen McKenna, NRR/NRC
John C. Lane, RES/NRC
Issue Background and History
NRC staff deliberations regarding the possibility of rulemaking changes to 10 CFR 50.46 date
from approximately 1997. The following list provides the principal staff communications, known
as SECY papers:
1.

SECY-98-300, "Options for Risk-Informed Revisions to 10 CFR Part 50 - "Domestic
Licensing of Production and Utilization Facilities," December 1998. This is the first
SECY paper which described three "high level" options for risk-informing 10 CFR Part
50. Option 1 simply consisted of leaving Part 50 as is. Option 2 involved making
changes in the scope of structures, systems and components related to special
treatment rules (the current rulemaking activity for 10 CFR 50.69). Option 3, described
herein, involved making changes to specific regulatory requirements, such as 10 CFR

50.44 and 50.46.
2.

SECY-99-264, "Proposed Staff Plan for Risk-Informing Technical Requirements in 10
CFR Part 50," November 1999, described the overall staff plan for Option 3.

3.

SECY-00-0198, "Status Report on Study of Risk-informed Changes to the Technical
Requirements of 10 CFR Part 50 (Option 3) and Recommendations on Risk-informied
Changes to 10 CFR 50.44 (Combustible Gas Control)," provided a description of
proposed changes to 50.44 and a proposed framework for considering other changes to

Part 50.
4.

SECY-01-01 33, "Status Report on the Study of Risk-Informed Changes to the Technical
Requirements of 10 CFR Part 50 (Option 3) and Recommendations on Risk-informed
Changes to 10 CFR 50.46 (ECCS Acceptance Criteria)," provided preliminary feasibility
studies recommending risk-informed changes to Part 50.46.

5.

SECY-02-0057, "Update to SECY-01-0133, "Fourth Status Report on Study of RiskInformed Changes to the Technical Requirements of 10 CFR Part 50 (Option 3) and
Recommendations on Risk-informed Changes to 10 CFR 50.46 (ECCS Acceptance
Criteria)," provided specific recommendations for changes to 50.46 in the areas of
ECCS break size definition, ECCS acceptance criteria,-ECCS reliability and ECCS
evaluation model. On March 31, 2003, the Commission provided the latest staff
requirements memorandum (SRM) providing their guidance to the staff.
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Stakeholder Input
A number of public meetings have been held to provide a forum for discussing staff
perspectives and to obtain feedback from industry and the public. Meetings were held in 2003
on June 9 and July 24 to discuss the staff's and industry's interpretation of the SRM issued in
March 2003. Industry noted key areas with which they expressed concern, such as, the scope
of allowed changes, PRA scope and quality and the appropriate use of best estimate models.
On September 5, 2003, the Nuclear Energy Institute (NEI) issued a draft "white paper" which
proposed, for staff consideration, an approach for risk-informing Part 46 by applying results
from the on-going staff effort to redefine the large break LOCA. The industry paper also
referred to the February 6, 2002 industry petition for rulemaking (PRM) which recommended
language allowing for revision to the large break LOCA design basis up to and including 'an
alternate maximum break size defined by an approved risk-informed process.'
Overview of 50.46 (including Appendix K and GDC 35) Issues
An understanding of the implications of a major revision to 10 CFR 50.46 begins with an
understanding of existing requirements. The regulations stipulate that every light water reactor
licensed by NRC must possess an emergency core cooling system (ECCS). ECCS functional
parameters may be divided into four topics: ECCS LOCA break size definition, ECCS reliability,
ECCS acceptance criteria and ECCS evaluation model.
Current statutes pertaining to ECCS LOCA Break Size Definition require that ECCS response
be determined for a variety of LOCA sizes and locations characterized by accidents resulting in
a loss of reactor coolant at a rate in excess of the capability of the reactor coolant makeup
system. The accidents must include pipe breaks in the reactor coolant system (RCS) pressure
boundary up to and including a break equivalent in size to a double-ended rupture of the largest
pipe in the RCS. The Commission directed the staff to perform a comprehensive LOCA failure
analysis and frequency estimation and to propose revised break sizes as a function of
frequency of occurrence. As a result of these revisions, the staff is to provide a proposed rule
allowing for a risk-informed alternative to the present maximum LOCA break size.
Additional guidance was provided by the Commission to help establish guidelines for
developing new requirements. One important consideration is the need to preserve defense-indepth. Section 2.2.1 of Regulatory Guide (RG) 1.174 contains a discussion of the concept of
defense in depth along with suggestions as to how it can be assured. Defense-in-depth may be
assured if the following provisions are satisfied:
*

A reasonable balance is preserved between prevention of core damage, prevention of
containment failure, and consequence mitigation.

*

Over-reliance on programmatic activities to compensate for weaknesses in plant design
is avoided.

*

System redundancy, independence, and diversity are preserved commensurate with the
expected frequency, consequences of challenges to the system, and uncertainties (e.g.,
no risk outliers).
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*

Defenses against potential common cause failures are preserved, and the potential for
the introduction'of new common cause failure-mechanisms is assessed.

*

Independence of barriers is not degraded.,'

*

Defenses against human errors are preserved.
The intent of the General Design Criteria in Appendix A to 10 CFR Part 50 is
maintained.

The staff is also encouraged to consider the RG 1.174 acceptance guidelines for core damage
frequency (CDF) and large early release frequency (LERF) in evaluating appropriate levels of
plant risk increments resulting from plant changes as a part of a redefinition rule.
ECCS Reliability assures' system safety function'can be accomplished over a wide'range of
accident conditions including conservatisms afforded by inclusion of the availability and
unavailability of offsite and onsite power; and including a single active failure of a component.
The Commission directed the staff to consider replacing current LOCAtLOOP requirements,
which require design capability for concurrent LOCA and LOOP, with a functional ECCS
requirement commensurate with the actual LOCA frequencies.
ECCS Acceptance 'Criteria establishes the-standards for ECCS cooling performance following a
postulated LOCA. It includes codified requirements including a peak reactor fuel temperature
limit of 22000 F, maximum cladding oxidation limit of 17% times the original cladding thickness,
maximum hydrogen generation equivalent toi% of all zirconium metal contained in the core. In
addition, the core must maintain a coolable geometry for the long-term. The'Commission
directed the staff to provide a performance-based 'acceptance criteria for fuel rod integrity,
commensurate with existing provisions requiring a long-terri coolable geometry.
The requirements pertaining to the ECCS Evaluation Model stipulate that the model upon which
the ECCS is designed must contain the characteristics described in 10 CFR 50 Appendix'K,
must be realistic and must include an uncertainty evaluation. The Commission emphasized
that any plant changes based upon changes in the design basis LOCA break sizes should
include a requirement for the use of best-estimate analysis methods.
Staff Activities
In support of the March 2003 SRM, the staff is completing a comprehensive LOCA failure
analysis and frequency re-estimation which will be use as input to a risk-informed proposed
rule. The SRM provides the staff with the f6llowing ground rules" to be included in rulemaking
activities:'
1.

The proposed rule should provide'a voluntary risk-informed alternative to the present 10
CFR 50.46 by establishing a risk cutoff for bre'ak sizes to be removed from 'the design'
basis.

2.

As mentioned previously, any proposed functional changes should be risk-informed and
consistent with the principles of RG 1.174.
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3.

ECCS functional reliability should be commensurate with the frequency of accident in
which ECCS success would prevent core damage or a large early release.

4.

No changes to functional requirements should be made unless fully risk informed.
Specifically, no changes should be made to ECCS coolant flow rates or containment
capabilities to mitigate accidents.

5.

Only non-significant contributors to risk should be handled through severe accident
management initiatives.

6.

The staff should strive to employ realistically conservative estimates, with appropriate
margins for uncertainty.

7.

The underlying PRA should be full scope and high quality. It should include Level 2
results, external events, all modes of operation and be subjected to a peer review and
ultimately, NRC endorsement.

8.

Beyond the initial redefinition of LOCA frequencies, the staff should periodically (every
10 years) re-estimate LOCA frequencies and failure types (every 5 years).

9.

Approved operational changes resulting from the flexibility granted via the new rule
should be reversible if a future re-estimation of risk shows unacceptable frequency
increases.

ECCS LOCA Break Size-The staff is working to define the metric to be used in determining the
new design basis maximum break size. One possibility under consideration is the use of LOCA
frequency as the basis. In other words, breaks with a frequency of occurrence below a certain
threshold might be excluded from the design basis. The staff must also determine the
appropriate acceptance criteria for allowing plant changes resulting from the new flexibility
gained as a result of the smaller design basis break size. The staff will consider existing
criteria, such as those provided in RG 1.174, in arriving at a recommendation.
As with any plant change, the staff must determine the appropriate level of information required
of licensees to enable a regulatory decision. This is especially challenging here because the
changes may be far reaching and may impact plant response in areas beyond those associated
with large break LOCA response. The Commission also requires that plant changes made as
part of the 50.46 rulemaking be reversible. Reversibility has typically not been a consideration
in the staff review of plant changes.
Other important issues requiring resolution include the extent to which best-estimate models
and computer analysis codes should be used in re-examining the plant performance following
the redefinition of the large break. The staff needs to consider whether all analyses should now
use best-estimate codes or whether "traditional" Appendix K model assumptions may be used
for break sizes smaller than the new maximum break size. Also, the staff will need to
determine whether other sections of 10 CFR Part 50 should also be revised for conformity with
new risk-informed Part 50.46.
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It appears that there is consensus agreement that at least some rriitigation capability should be
provided for pipe breaks that are now part of the design basis but would be removed under the
new rule. No definitive proposal has been established asto what this mitigative capability
should be but it is clear that it should be enough to provide adequate assurance to the public
that plant safety is maintained at a high level despite the plant changes resulting from the rule
change. An example of a mitigative criteria would be one which would prevent vessel failure as
determined by a realistic thermal hydraulic analysis. Another possible criteria would be one
which would prevent fuel rod failure from leading to a loss of a coolable reactor geometry. -An
issue with the development of these criteria, however, is that the state-of-art computer methods
necessary to analyze a plant's ability to satisfy them may not yet be available. It is important to
also note that it is the new plant configuration, including the changes allowed by the new rule,
which should be subjected to any such mitigation criteria, but at this time, a comprehensive list
of proposed plant changes is not known.
ECCS Acceptance Criteria-In the area of fuel performance vis-a-vis ECCS performance, the
staff is proceeding with the development of an optional performance based approach to
meeting the ECCS acceptance criteria. The new approach might be designed to demonstrate
that adequate post-quench cladding ductility is maintained. It will also allow the use of cladding
materials other than Zircaloy or ZIRLO without the need for licensees to submit an exemption
request. Licensees would still be expected to provide a satisfactory basis to allow the staff to
conclude that the new performance based criteria are met.
ECCS Evaluation Model-The Commission, in its March 2003 SRM, disapproved the staff's
proposal to provide a voluntary alternative to Appendix K, ECCS Evaluation Models, which
specifies the features necessary for the staff to approve ECCS models. The change would
have replaced the 1971 ANS decay curve with the 1994 standard. This change would
essentially have replaced a multiplier from the older standard with a new requirement for an
uncertainty analysis. Regulatory Guide 1.157 discusses the use of uncertainty analysis for
realistic ECCS models. The Commission did, however, encourage licensees to use best
estimate evaluation models when evaluating the adequacy of changes made to their plants to
ensure conformance with acceptance criteria.
ECCS Reliability-The Commission approved the staff's recommendation proposing rulemaking
for a new, voluntary provision to risk inform GDC 35, Emergency Core Cooling, related to
coincident loss-of-offsite-power (LOSP) along with large break LOCA. The dependence, which
appears to be somewhat plant specific, between LOCA and coincident LOOP, is being
evaluated along with reliability and uncertainty issues. One problem encountered is the relative
paucity of data regarding LOCA-LOOP. Both grid related and plant-centered factors are being
considered in assessing the probability of LOOP given LOCA.. Acceptable methods and
assumptions must be developed in order to accurately estimate the plant-specific probability of
LOOP. The staff also intends to examine delayed LOOP, a situation in which the LOOP does
not occur at the same moment the LOOP does, but occurs a finite time later, will also be
investigated.
The staff is also studying a broader change to the single failure criterion. GDC 35 requires the
ECCS safety function to be accomplished assuming a single active failure. The staff is
evaluating the basis for revising or replacing the single failure criterion in the alternate rule, but
only as it affects ECCS performance. The single failure criterion also impacts plant systems
beyond ECCS. For example, GDCs 17, 34, 38, 41 and 44 also contain requirements related to
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the single failure criterion. Regulatory Guide 1.53, "Application of Single-Failure Criterion to
Safety Systems," discusses the issue in relation to electrical systems.
Conclusion
The staff plans to provide the Commission with their response to the SRM, which will, among
other things, discuss the important issues relevant to the rulemaking. Key issues are: PRA
scope, reversibility, defense-in-depth, applicability to future plants, plant monitoring and the
extent of actual plant changes. Additional public meetings will be held to obtain stakeholder
input.
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FIRE RISK RESEARCH PROGRAM:
ADVANCES SUPPORTING RISK-INFORMED REGULATION
J.S. Hyslop, Senior Risk and Reliability Analyst
Probabilistic Risk Analysis Branch
Office of Nuclear Regulatory Research
The fire risk research program is continuing to provide critical support to risk-informed,
fire protection regulatory activities at the U.S. Nuclear Regulatory Commission (NRC) for
nuclear power plants. These activities are related to inspection, the Reactor Oversight
Process (ROP), and fire protection rulemaking. The relevant technical issues range from
associated circuits to broad applications of fire risk analysis (FRA) methods, tools, data,
and fire models. A discussion of the technical advances supporting these activities, as well
as the anticipatory research programs driving these advances, follow in this paper.
I. Introduction
The fire risk research program is supporting many risk-informed, fire protection regulatory activities that
are underway for nuclear power plants. These supported activities span inspection, oversight, and
rulemaking. In particular, the resumption of inspection of associated circuits is being focused by risk
considerations. An associated circuit is a circuit corresponding to a component directly outside of the 10
CFR Part 50, Appendix R, protected safe shutdown path. Associated circuits remain an inspection issue
since their failure can fail the protected train. An example of the impact of a failed associated circuit on the
protected train is a flow diversion failing the protected train.
The second activity supported by the fire risk research program is the ROP [i]. The ROP is a riskinformed process for determining the agency response to an inspection finding or performance indicator.
No performance indicators have been developed for the ROP with respect to fire protection. The ROP only
incorporates a tool for assessing the significance of fire protection inspection findings. This tool, the fire
protection significance determination process (SDP), is being revised.
The third supported activity is the technical implementation of the risk-informed, performance-based fire
protection rulemaking[2] endorsing National Fire Protection Assocition (NFPA) Standard 805. This
rulemaking provides a voluntary alternative to those regulations in Appendix R, allowing a risk-informed,
performance based approach for the entire plant fire protection program.
II. Associated Circuits
Several types of associated circuit issues exist. The type considered in this paper is that which produces a
spurious operation of equipment, such as a repositioning of a motor-operated valve. These spurious
operations occur as a result of a fire-induced ho. short, i.e. particular conductors shorting electrically due
to the breakdown of insulation. Hot shorts may occur between those conductors within a single cable
(intra-cable), or between conductors from different cables (inter-cable). Prior to the U.S. Nuclear
Regulatory Commission (NRC) temporarily suspending inspection of associated circuits[3,4], all
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associated circuits leading to spurious operation were candidates for inspection. No distinction was made
due to the likelihood of spurious operation due to related cable or circuit features.
The scope of cable and circuit features have been narrowed for resumption of inspection by
probability
considerations. The Office of Nuclear Regulatory Research (RES) has participated in a public
meeting[5]
with the Office of Nuclear Reactor Regulation (NRR), industry, and the Electric Power Research
Institute
(EPRI) to identify those cable and circuit features leading to high probability of spurious actuations.
The
conclusion of this meeting was that the highest probability cable/circuit features leading to spurious
actuationwere intra-cable hot shorts (regardless of cable insulation).
Much of the basis of these conclusions was based upon industry tests[6], supplemented by RES
testing
apparatus[7], to evaluate the likelihood of spurious actuations and those relevant cable/circuit
features[8].
Also RES has conducted a multi-year research effort [9] to understand the technical issue of
circuit
analysis and review the relevant data, including the more recent industry tests.
Many cable and circuit analysis features were identified besides those of highest probability in
the public
meeting in which NRC and industry participated. In particular, a set of features was identified
as having
low risk and another set was determined as being of indeterminate risk, i.e. low risk significance
or needing
further research to determine the risk significance. For example, inter-cable hot shorts between
thermoset
cables were determined as being of indeterminate risk, and inter-cable shorts between armored
cable was
determined to have low risk. Hot shorts between cables having thermoplastic insulation is of
particular
interest with respect to resumption of inspections. Thermoplastic insulation is particularly
susceptible to
spurious actuation since it deforms under high temperature conditions produced by fire. Based
upon
available data, RES will be reviewing those categories of low and indeterminate risk to determine
if any
circuit features should be added to inspections once they resume. RES is participating in ongoing
international activities in COOPRA, the Cooperative PRA group, a potential candidate for conducting
additional circuit analysis tests.
The number of spurious actuations to consider simultaneously for inspection was determined
by expert
judgment within the public meeting described above. The presence of multiple spurious actuations
was
supported by the above mentioned industry tests. Although a determination of the number of spurious
actuations has been made for inspection, the technical basis for determining the number to consider
for an
FRA remains a challenge. In particular, the number of spurious actuations to be considered
is plant
specific, and depends upon the particular application in question. Work is ongoing to address
this issue for
FRA.
11l.Fire Protection SDP Revision
The fire protection SDP is a tool for evaluating the risk significance of fire protection inspection
findings[IO]. The revision will improve the technical basis and enhance reproducibility of analytical
results. The revision benefits from a time-based framework where fire growth, fire suppression,
and
degradations in fire protection defense-in-depth due to inspection findings are viewed in the time domain.
The time based framework relies heavily upon estimates of time to damage from fires due to various
configurations and ignition sources.
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Technical advances in many areas supported by RES have occurred in the fire protection SDP revision.
The definition of fire frequency has been improved by identifying those fires which have the potential to
challenge safety. Traditionally, challenging fires were determined by modifying a component fire frequency
representative of all fires with a generic industry-wide severity factor. Fire frequency is now defined with
more refined criteria applied in the initial evaluation of fire events. For example, potentially challenging
fires consist of those fires which did not challenge safety in one plant configuration, but could have in
another. Also, fires requiring multiple fire extinguishers to extinguish a fire constitute challenging fires.
This treatment of fire frequency avoids the concern of double counting since suppression is not credited in
the both the quantification of fire frequency and suppression.
The categorization of plant components according to fire scenario bins has also been refined. Ignition
sources have been grouped according to the potential to damage equipment, resulting in distinctions
between wet and dry transformers and between low and high voltage cabinets. To further support the
development of fire scenarios, expert judgement based upon available data has been used to determine low
probability,.high confidence fires. After all, those low probability, high consequence fires may drive risk
under certain plant configurations.
The analysis of detection and suppression in the fire SDP considers use of historical evidence regarding fire
durations. Fire duration curves are developed based upon bins of components which are expected to
produce similar fire scenarios or upon locations such as the main control room. The result of such.
corresponding analyses are probabilities of manual suppression for particular fire sources. Many prior
analyses have only considered fire brigade response times, excluding the effectiveness of the fire brigade or
delay iri extinguishing the'fire. The historical evidence approach explicitly treats the likelihood of long
duration fires based upon past experience.
IV. Fire Protection Rulemaking (NFPA 805)
RES will be developing guidance for evaluations of fire models and FRA methods, tools, and data to
support reviews of changes to the plant fire protection program. Fire models are comprised of two
components: the models themselves and inputs to the models. Verification and validation (V&V) of the fire
models will be performed via ASTM E 1355-97, "Standard Guide for Evaluating-the Predictive Capability
of Deterministic Fire Models." This standard clearly indicates that V&V is performed on a fire scenario
basis. In that light, RES and NRR are discussing the types of scenarios to be considered.
The fire models range from relatively simple models based primarily upon empirical equations to more
sophisticated, computational fluid dynamics (CFD) approaches relying extensively upon solving fire
dynamics conservation equations; The simple models produce homogeneous determinations of fire effects;
the complex models produce'local effects. The simple models based upon empirical correlations are the
EPRI FIVE Revision l[l1] and NRR Fire Dynamics Tools[12]. A more complex fire model which divides
the region into several zones is the National Institutes of Standard (NIST) CFAST code[l3]. Finally, the
more rigorous, CFD codewhich is undergoing V&V is the NIST Fire Dynamics Simulator[14].
The second component of models is the input. Inputs such as room dimensions, ventilation, and heat
release rate (HRR) of the fife source are provided during the initial phase of fire growth. Inputs are also
provided after the initial phase of fire growth for phenomenum'which cannot be modeled acceptably by the
fire model. An example of an input which' occurs after the initial phase of fire growth for'some models is
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the characterization of HRR for secondary fires. The modeling of fires which have propagated to
secondary fire combustibles is particularly challenging.
Guidance for review of FRA methods, tools, and data will also be provided. Those issues covered are fireinduced initiators, fire frequency/severity, detection/suppression, circuit analysis, human reliability
analysis, and the choice of plant model. Issues associated with frequency, detection/suppression, and
circuit analysis have been partially discussed in this paper under the fire protection SDP revision. Human
reliability analysis covers not only those issues related to internal events models, but also the impact of
smoke, high temperature, and toxic gas, including the use of a self-contained breathing apparatus. The
choice of plant model is important since fire procedures, as opposed to emergency operating procedures
(EOPs), may direct the operators to remove from service plant equipment to avoid the impact of fire
induced spurious operations. Eventually, analyses to support changes in the plant fire protection program
will be based upon the American Nuclear Society (ANS) full power fire risk standard[ S] under
development, which RES is supporting.
V. Anticipatory Research
RES has significant research programs to develop guidance and insights into fire modeling, and FRA
methods, tools, and data. These research programs form the foundation for advances discussed previously
for risk-informed regulation. First of all, RES is participating in fire modeling benchmark and validation
exercises. The program, the International Collaborative Project to Evaluate Fire Models for Nuclear
Power Plant Applications [16], consists of multi-national blind benchmark exercises and has been
performed for two types of fire scenarios. In addition to the models noted above that are undergoing V&V,
FLAMMES, MAGIC, COCOSYS, CFX, JASMINE, COPBR-3D were also used for these benchmark
exercises. The first exercise, related to cable tray fires[ 17], consists of two phases. The first phase is
characterized by moving a fire source within a room to determine the minimum horizontal distance which
produces cable damage within a set of cable trays. Cable damage is determined by exceeding the cable
temperature threshold for damage. The second phase consists of assuming ignition of those cable trays,
with a representative HRR, and evaluating the hot gas layer and radiative fire effects at the redundant set of
cable trays across the room. The outcome of the blind benchmark exercise is that the predictions of hot gas
layer and plume temperatures were generally similar for the models used. The second exercise is based
upon large, oil pool fires which occur in turbine halls[l 8]. Unlike the cable tray scenario, the predictive
capability of the fire models was challenged by the gratings and hatches found in large turbine halls.
RES has also conducted fire tests at NIST which evaluated fire effects in a single compartment based upon
heptane and toluene fires. Vertical and horizontal cable trays and a junction box were included in the
compartment as targets. Over 350 channels of data for model validation were acquired during the test
series. Data is currently being analyzed and compared to blind predictions from the cable tray exercise.
Additional fire testing is being planned with the Institute for Protection and Nuclear Safety at the large
scale DIVA facility in Cadarache, France. These tests are being conducted to gather data which will enable
analysts to validate codes evaluating fire propagation and effects between different compartments.
Another major activity providing the basis for technical advances in risk-informed regulation is the joint
NRC/EPRI fire risk requantification study [19, 20]. This program is developing state-of-art guidance for
conduct of FRA. This study broadly addresses technical issues for full power operations, including large
early release frequency. This program is being conducted with two licensees' FRAs which enable NRC
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and EPRI to test the guidance for viability and effectiveness. Fire-induced initiators, fire
frequency/severity (including challenging fires), fire scenario development (including initial fire
characteristics such as HRR), fixed fire protection suppression systems, fire brigade, spurious operations,
and human reliability are addressed in this study. A possible extension'of this effort to cover low power
and shutdown operational modes is currently being considered by EPRI and NRC. Furthermore, RES has
addressed circuit analysis issues in another extensive, research program [9,21].
VI. Conclusion
The fire risk research program provides critical support to regulatory activities in fire protection for nuclear
power plants. The activities identified in this paper and supported by RES are identification of associated
circuit features for resumption of inspections, evaluations of fire protection inspection findings for the
Reactor Oversight Process, and the technical implementation of the risk-informed, performance-based fire
protection rulemaking endorsing NFPA 805.
Anticipatory research provides the foundation for the advances for these regulatory activities. Research is
ongoing in the areas of fire modeling, and FRA methods, tools, and data. In the area of fire modeling, a
range of fire models of varying complexity are being verified and validated under ASTM E 1355-97,
"Standard Guide for Evaluating the Predictive Capability of Deterministic Fire Models. The joint
NRC/EPRI fire risk requantification study is producing state-of-art guidance for the conduct of FRA. The
fire protection SDP revision has already benefitted from this joint NRC/EPRI program. The technical
implementation of the fire protection rulemaking is strongly dependent on both activities for its success.
Risk considerations lead to more realistic safety decisions. Inspection of associated circuits will be focused
on those features enhancing the likelihood of spurious actuations. The fire protection SDP will be
improved through better methods of analysis. Implementation of the NFPA 805 fire protection rulemaking,
which provides for an integrated safety analysis of changes to the plant fire protection program, will be
refined through effective guidance for regulatory reviews.
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NRC's ADVANCED REACTOR RESEARCH PROGRAM
John H. Flack, Chief
Regulatory Effectiveness Assessment and Human Factors Branch
Division of Systems Analysis and Regulatory Effectiveness
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Abstract
NRC's Office of Nuclear Regulatory Research (RES) performed an infrastructure
assessment on which to base an advanced reactor research plan. The infrastructure
assessment specifically focused on gaps or shortcomings in regulatory methods,
analytical tools, data, and expertise as they relate to advanced reactor technology. The
assessment centered around NRC's implementation of the four cornerstones of reactor
safety: accident prevention,- accident mitigation, barrier protection, and offsite
protection. Key research areas were linked to the cornerstones and assessed in the
context of six advanced reactor designs and the technical and safety challenges they
presented. This paper summarizes the approach used to identify the research areas,
and identifies key challenges that need to be addressed by the research program.
In response to Commission concerns about the Agency's preparedness for licensing advanced
reactor designs, the staff issued SECY-01-0188 uFuture Licensing and Inspection Readiness
Assessment [FLIRA]. The FLIRA report committed the staff to the development of a research
plan, and ultimately an advanced reactor research'infrastructure to support the regulation of
new reactor designs. To identify infrastructure needs, an assessment was performed to help
identify technology gaps and means to fill the gaps in the form of methods, tools, data, and
expertise. The assessment originated from a generic perspective,-but the scope specifically
included six advanced designs that are either under NRC review or being planned for preapplication or design certification: These designs included the Pebble Bed Modular Reactor
(PBMR), General Atomics' Gas Turbine-Modular Helium Reactor (GT-MHR), the
Westinghouse International Reactor Innovative and Secure (IRIS), the Westinghouse
AP-1 000, General Electric's ESBWR, and the Atomic Energy of Canada Limited Advanced
CANDU Reactor 700 (ACR-700). Framatome's SWR-1000 design is expected to be added in
the near future. Generation IV (Gen IV) designs which are currently being considered for
research and development by the Department of Energy (DOE), were not explicitly included
because of their early stage of development. Nevertheless, a nexus does exist in many
technical areas between Gen IV and advanced reactor designs currently under review.
To various degrees, advanced designs involve newi and innovative features. Some of the'
designs are not based on light-water reactor (LWR) technology wvhere NRC has a considerable
experience base. These new non-LWR designs are expected to respond passively to
transients and accidents, require fewer operator actions; involve new materials and fuels, and
a number of independent reactor cores or modules. As summarized below but contained in
detail in SECY-03-0059, [NRC's Advanced Reactor Research' Program], new regulatory tools,
methods,'and facilities will be needed to address the technology that forms the basis of these'
advanced designs. Nevertheless, a large fraction of the infrastructure that has already been
developed and is in place'for LWRs, also provides a solid foundation from which to build an
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infrastructure for advanced designs. It shoufd be noted, however, that not all research needs
to be done by the NRC. Applicants and cooperative agreements with other organizations, both
domestic and international, play a key role in preparing the NRC for advanced plants.
The infrastructure assessment performed by the NRC in preparation for advanced reactor
designs involved a thorough review of NRC's regulatory research capabilities. Within this
context, it is recognized that even a well-funded and appropriately focused research program
cannot transform the regulatory process for advanced nuclear power plants into a process
where decisions flow exclusively from scientific and technical knowledge. Consideration of
defense-in-depth and safety margins will always remain an important part of regulatory
decisions to offset limitations in state-of-the-art knowledge and understanding. Advanced
reactor licensing will continue to involve a complex blend of applying technical knowledge
within the context of Commission policy and prudent regulatory decisions. Therefore, priorities
set within the program did take into consideration the relative importance of the activity and its
relationship to understanding safety issues, the risk significance of the issues, and costbenefit. This will be especially important as new technologies are introduced or new safety
issues are identified.
High-temperature Gas Cooled Technology
NRC's research infrastructure today primarily supports the licensing and regulation of LWRs.
Although several areas were identified where the current infrastructure would need to be
improved to address advanced light-water reactor (ALWR) technical and safety issues, most of
the infrastructure gaps relate to high temperature gas-cooled reactors (HTGRs). Although
HTGR infrastructure development has been largely scaled back as a result of the withdrawal of
the PBMR from pre-application review, nevertheless, many of our HTGR infrastructure needs
will require a long-term commitment to be ready for licensing applications. Development of
codes and standards, evaluation of high temperature materials in their operating environment,
radiation testing of reactor fuel, and thermal hydraulic code development, for example, involve
activities that extend over many years. It is therefore essential that a long-term perspective in
these areas be maintained. In the near-term, this involves awareness of international
activities, and application of Phenomena Identification and Ranking Tables (PIRTs) to help
identify and prioritize research needs. PIRTs help to focus resources on those tests and
analysis that would contribute significantly to NRC's knowledge and understanding the relative
safety significance, and the importance of the research to the development of policy
recommendations.
Advanced Light Water Technology
During the Advanced Pressurized Water Reactor 600 (AP-600) review, and to a limited extent
the Simplified Boiling-Water Reactor (SBWR) review, the staff gained valuable experience and
insights regarding the performance of passive reactor components through an extensive
program in the USA and overseas. Over the past several years the NRC consolidated and
improved its thermal-hydraulic and severe accident codes, and these are ready to support the
review of ALWRs. Notwithstanding, additional models and assessment will be needed for
advanced designs, particularly the IRIS and ACR-700 designs. Somewhat less are the needs
for ESBWR. It is envisioned that NRC's research infrastructure will continue to change to
accommodate new design features and associated issues. The need to address technical and
safety issues, and the tools, methods, data, and expertise that will be required to identify
resolution pathways continue to be an important part of the planning process.
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Planning Activities
To effectively identify key technical areas and safety issues, and the infrastructure needed to
address these technical and safety issues, the staff used a top down approach, separating the
work into strategic arenas: Nuclear Reactor Safety, Nuclear Materials Safety, Nuclear Waste
Safety and Safeguards. Figure 1 depicts the top down process starting with the top goal of
establishing an effective and efficient regulatory process to protect public health and safety,
and ending at the lowest level being the identification of research items and activities. As
shown, most of the research infrastructure is associated with the Reactor Safety arena,
although work is evolving in support of other initiatives outside the Office of Nuclear Regulatory
Research. A brief summary of research supporting the strategic arenas is provided below.
Nuclear Reactor Safety
Using our current framework to define research activities and products, technical disciplines
and areas were linked to four components of safety: accident prevention, accident mitigation,
barrier protection, and offsite protection. Using this'approach, six key'technical areas were
identified under nuclear reactor safety and used to explore research infrastructure needs:
1.

Accident Analysis - includes identification of accident scenarios and associated
mitigation systems, structures, components, and human actions.. The three technical
disciplines that support this area include Probabilistic Risk Assessment (PRA), human
factors, and advanced instrumentation and control (I&C). PRA models and techniques
are used for both identifying significant accident scenarios and focusing the reactor'
systems analysis on areas that are risk important. Challenging research areas included
addressing limitations in data and operating experience required for risk quantification
of advanced designs. The impact of human performance and role of l&C within the
context of accident analysis is also challenging as industry plans to capitalize on
advancements in computer technology to reduce the need for operator involvement in
plant operation'and accident response.

2.

Reactor Systems Analysis - Understanding plant performance over a wide variety of
transient and accident conditions requires the reliance on validated analytic tools. The
level of effort required to upgrade NRC analysis tools varies from a modest level of
effort for some ALWRs, to a significant level of effort for HTGRs. Activities include
thermal-fluid dynamics modeling, nuclear analysis, and severe accident and source
term analysis. Challenging technical areas specific to HTGRs include analysis of
helium-cooled, graphite-moderated reactors with multi-phase (helium'with air and water
ingress) fluid flow under convection, conduction, and radiative heat transfer conditions
for irregular and complex geometries. Additionally, for both HTGRs and ALWRs, our
knowledge and understanding of passive system performance over a wide spectrum of
accident conditions will need to be confirmed using existing'experimental facilities.
Activities have been planned that expand our current infrastructure to address accident
phenomena associated with advanced passive designs.
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Advanced Reactor Research Infrastructure
Key Research Areas and Areas for Examination

Output Products:
-Swang,
TrnAR
(j)Technical basis for accident selection, operator qualification
tdal
®Technical basis for reactor test programs, equipment qualification
(3 Technical basis for fuetmaterials/structural test programs, codes &standards
( Technical basis for supporting emergency planning, containmentlconfinement decision making
( Technical basis for regulating nuclear material, waste, safeguards
) Technical basis for risk-informed, performance based regulations

Figure 1Key Research Areas for Examination

3.

Fuels Analysis - Critical to the safety of HTGRs is the coated fuel particles which
provide the principal safety barrier and primary containment function against fission
product release. Due to the high cost of fuel testing within the U.S., NRC is seeking to
enter into cooperative agreements with international organizations. Additionally, plans
are being developed to implement cooperative agreements on development and
validation of analytical tools for assessing fuel particle behavior and fission product
release. These tools will aid NRC in understanding margins to failure and source
terms. For ALWRs, extension of code capability to higher bumups (up to and beyond
75 gigawatt days per ton (Gwd/t)), and research into new cladding properties are both
being planned.
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4.

Materials Analysis - Understanding material integrity over a wide variety of
environmental conditions requires reliable data and tools. Materials integrity of the
pressure boundary and structural components will dictate the useful life expectancy of
a plant. Research activities in this area primarily focus'on metallic and graphite
components under high temperature operating and accident conditions. Data will be
generated or captured through cooperative agreements to address issues involving
high temperature fatigue, creep, and creep-fatigue in HTGR coolant environments;
thermal aging; sensitization of austenitic alloys; degradation by carburization,
decarburization, and oxidation of metals. The information would be used to support
inservice inspections, to calculate component probability of failure for PRAs, and
address issues related to the performance and degradation of graphite under high
irradiation levels. Work has begun on development of a consensus specification
- standard for nuclear grade graphite and for evaluating the engineering bases of the;
current engineering design codes for high temperature components. A high priority is
being placed on national codes and standards for the design and fabrication of metallic
and graphite components for service in high temperature and coolant impurity environments.

5.

Structural Analysis - Historically, the NRC has been committed to the use of U.S.
industry consensus standards for the structural analysis, design, construction, and
licensing of commercial nuclear power facilities. For advanced designs, this knowledge
base will be expanded to address new issues involving aging, degradation, and impact
of external events on advanced designs. Areas of interest include seismic hazard
assessment and the impact of seismic events on the reactor vessel and core support
structures, and seismic soil-structure interaction analysis of deeply embedded
structures. The staff is also seeking to understand the effects of high temperature on
the properties of concrete and implication of modular construction on safety
performance. Cooperative research efforts are being pursued that will capitalize on
international experience.

6.

Consequence Analysis - Understanding the risk to public health and safety requires
the performance of off-site consequence analysis. The mix of radionuclides and the
chemical forms of the releases from severe accidents occurring in advanced reactors
will likely be different than releases from LWRs. The NRC MELCOR and MELCOR
Accident Consequence Code System codes are considered suitable to assess the
offsite consequences of a severe accident in LWRs. For HTGRs, additional data will
be needed to assess these codes. Activities have been planned that would expand the
use of these tools to address differences in advanced designs and their chemical
forms.

Many of the activities and associated infrastructure needs described above relate to non-LWR
designs. Application of NRC's current infrastructure which is primarily based on LWR
technology has generated a number of policy, issues for non-LWRs. SECY-03-0047 [Policy
Issues Related to Licensing Non-Light Water Reactor Designs] provided to the Commission on
March 28, 2003 identified seven policy issues with options and recommended positions for
resolution. On-going research to develop a technology-neutral framework for advanced
designs will play a key role in resolution of many of these policy issues.
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Nuclear Materials Safety
In the nuclear materials safety arena, the staff focused on differences between advanced
reactors and current operating reactors. Areas where differences could play an important role
include criticality safety, radionuclide inventories, decay heat, radiation sources, shielding, and
detection. Most infrastructure needs center on improving nuclear data libraries, validating and
modeling criticality conditions, crediting bumup, and predicting decay heat and radiation
sources in spent fuel. A number of international cooperative opportunities are being pursued
in this area.
Nuclear Waste Safety
Differences between advanced reactors and current generation plants in the nuclear waste
arena primarily result from differences in long-lived radionuclide inventories and associated
source term releases, waste forms (ceramic), higher fuel burnup and enrichment parameters,
increased storage volumes of spent fuel and materials (e.g., graphite), and transportation of an
increased amount of advanced reactor spent fuel. Most of the information generated in these
areas will be used to support the development of regulatory criteria (e.g., regulations,
regulatory guides, policy guidance, and standard review plan sections).
Summary
The nuclear industry has been exploring new and revolutionary reactor design concepts to
simultaneously attain safety performance and economic improvement. Many of these designs
involve innovative features that are not based on current light-water reactor (LWR) technology.
To be prepared for design reviews, the staff performed an infrastructure assessment to identify
gaps in expertise, analytic tools, methods, and facilities. On April 18, 2003, the assessment
and associated research plans were transmitted to the Commission in SECY-03-0059, titled
'NRC's Advanced Reactor Research Program." Cooperative agreements with other
organizations play a key role in meeting the infrastructure needs. Research that supports
design certification review schedules and the technical bases for regulatory decisions were
given the highest priority. Activities that increase NRC's understanding of new phenomena
and their impact on safety margins were also given a high priority.
Additionally, on March 28, 2003, the staff transmitted to the Commission SECY-03-0047, titled
"Policy Issues Related to Licensing Non-Light-Water Reactor Designs." This paper contained
recommendations on seven technical policy issues that resulted from pre-application reviews
of non-LWRs. These seven issues relate to the need for an enhanced licensing approach to
address key aspects of advanced reactor design and operation that differ substantially from
the currently operating reactors. These recommendations are the first step in setting
Commission direction and provide a basis for further work. Research activities that focus on
improving NRC's advanced reactor infrastructure (described in SECY-03-0059) will play a key
role in addressing the challenges that result from the seven policy issues.
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DOE Advanced Nuclear Reactor Research: A Summary
James A. Lake, PhD & Richard R. Schultz, PE
Idaho National Engineering & Environmental Laboratory
IdahoFalls,ID 83415
ABSTRACT
The relationship between the Generation IV Program and the Advanced Fuel Cycle
Initiative (AFCI) is described and the links between the Generation IV Program and the
Nuclear Hydrogen Initiative are outlined. The Generation IV Program, and its highlevel research and development (R&D) needs, are summarized and examples of DOE
advanced reactor research are given in the areas of: analysis tools, modeling TRISO
fuel irradiation performance, and obtaining more accurate cross-section data. Each of
the six Generation IV systems has a unique set of technical challenges that stem from
fuels, materials, power conversion, and system design & evaluation considerations.
The AFCI and Generation IV programs are beginning to confront the interesting and
challenging demands that must be overcome to meet the future energy needs of the
United States.
INTRODUCTION
As reflected in the NationalEnergyPolicy, nuclear energy has a strong role in the future of the
nation's energy security needs. Nuclear power presently produces approximately one-fifth of all
U.S. electric power and is the only available technology that can economically produce large
quantities of energy without emitting harmful pollutants, including those associated with global
climate change. These desirable attributes give nuclear energy a cornerstone position, not only
in the U.S. energy portfolio, but also in the world's energy portfolio. Consequently, on
September 20,2002 U.S. Energy Secretary Spencer Abraham announced that: "The United
States and nine other countries have agreed to develop six Generation IV nuclear energy
concepts.'" The Department of Energy also noted: "...the systems are expected to 'represent
significant advances in economics, safety, reliability, proliferation-resistance, and waste
minimization."'
Thus, the Generation IV systems2 were specified to deliver outstanding: sustainability, economic
competitiveness, safety & reliability, and proliferation resistance & physical protection (PRPP).
These four attributes are fundamental to the overarching goals of the Generation IV Program and
its necessary, ongoing, long-term R&D.' Summary descriptions of these four attributes are:
*

Sustainability: the requirement that resources must be conserved, the environment must
be protected, the ability of future generations to meet their needs must not be impaired,
and no unjustified burdens must be placed on them.
* Economic competitiveness: the ability to economically compete in an unregulated
- energy market.

'NuclearNews, November, 2002, pp. 20 to 26
2 Very high temperature reactor (VHTR-also called the Next Generation Nuclear Plant: NGNP);
supercritical water reactor .(SCWR); gas-cooled fast reactor (GFR); lead-cooled fast reactor (LFR); sodiumcooled fast reactor (SFR), and molten salt reactor (MSR).
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*

*

Safety & reliability: the requirement that safety margins are adequate at all times,
accidents are prevented, and off-normal conditions do not deteriorate into severe
accidents. Hence, the Generation IV systems will rely chiefly on passive safety
systems-which are driven by natural forces.
Proliferation resistance & physical protection: design specifications that meet the
requirements of the Nuclear Nonproliferation Treaty from the time the raw material is
mined to when it is fabricated, used in the advanced system, and finally recycled and sent
for disposal. Although this standard is true for on-line systems, the Generation IV
systems will impose this requirement by making the fuel configuration/process more
difficult to harvest for non-peaceful use, e.g., by using more proliferation-resistant fuel
materials.

Because fundamental ingredients in the successful implementation of the Generation IV Nuclear
Energy Systems Program stem from a complementary advanced, full-featured nuclear fuel-cycle,
the Advanced Fuel Cycle Initiative (AFCI) includes the wherewithal to (a) reduce the spent fuel
volume, (b) separate long-lived, highly toxic elements, i.e., actinides such as plutonium and
americium, from the remainder of the spent fuel residual, and (c) reclaim the spent fuel's valuable
energy. The AFCI and the Generation IV Nuclear Energy Systems Program are sister efforts (see
Figure 1 for organizational structure) that form the backbone of the U.S. national nuclear energy
policy implementation. The complementary nature of the two efforts is illustrated in Table 1 with
respect to the four key attributes of the advanced nuclear systems. The Generation IV effort
makes use of abundant fuels (sustainability) and relies on innovative engineering designs to meet
the goals in the other three areas. The AFCI supports the Generation IV effort by providing the
means to recover additional energy from spent fuel and by focusing on the means to reduce both
the cost and the need for additional waste repositories (sustainability).

Table 1. Complementary Nature of AFCI &Generation IV Goals
Focus Areas
Sustainability
PRPP

Generation IV

AFCI

Ensure adequate fuel
resources and reserves are
available for mrany years.
Ensure fuels are
exceptionally proliferation
resistant.

Recover energy value from commercial spent nuclear fuel;
hence this effort translites to converting spent nuclear fuel
to a fuel reserve fbr operational Gcneration IV systems.
I. Reduce the inventories of civilian plutonium in the
U.S-thus reducing quantity of material available for
destructive purposes.,l
2. Reduces the toxicity of high-level nuclear waste bound
for gmooigd a 1-dispos
reducing usefulness of
~~waste for hanifiul purposes.
_i. Reducestecst of geologic dispol of commercial
spent nuclear ueL
, .a
2. Enables more effctnive use of the curently proposed
geologic repository solthat it will serve the needs of

Economic
Competitiveness

Make systems
economically competitive
with all energy alternatives.

Safety &
reliability

Rely on passive safety
systems and'generally
simpler, mnore reliable
technology than Generation

-__________

Ill plants.

the U.S. for the next cetury.

_

.

Reducesthe toicity and lifetimeof gh'levelnuclear
waste bound fo'r geologic'mdisposal-thus reducing the
probability of public exposure under accident conditions.

'_-
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Figure 1. Organizational Chart: Generation IV Program and Advanced Fuel Cycle Initiative (AFCI)

-

a-

Implementation of the Generation IV Nuclear Energy Systems Program and the AMCI is
underway. The programs are based on (1) the long-term outlook for nuclear energy in the United
States, (2) the advice of the Nuclear Energy Research Advisory Committee during the two-year
development of the Generation IV Technology Roadmap, and (3) the need for the Generation IV
Program to be integrated with other nuclear energy programs of the Department. The
organizations of both the AFCI and the Generation IV Program are shown in Figure 1. Both
programs are governed by the U.S. Department of Energy and include a cooperative effort
between six national laboratories: Argonne National Laboratory (ANL), Idaho National
Engineering & Environmental Laboratory (INEEL), Lawrence Livermore National Laboratory
(LLNL), Los Alamos National Laboratory (LANL), Oak Ridge National Laboratory (ORNL),
and the Sandia National Laboratory (SNL).
HISTORICAL CONTEXT
From the early beginnings of nuclear energy in the 1940s to the present, the United States has led
the development of three generations of nuclear energy. The first three generations of nuclear
energy have been successful in the following ways: (a) Nuclear energy supplies a significant
share of electricity for today's needs-over 20% of U.S. and 16% of world demand. (b) Nuclear
energy plays a large role in the U.S. economy. In 2002, the 103 operating U.S. nuclear power
plants generated 790 billion kilowatt-hours of electricity, valued at $50 billion. (c) Through the
use of nuclear energy, the United States has avoided over three billion tons of air emissions since
1970. (d) U.S. nuclear plants are highly reliable and in 2001 produced electricity for 1.68 cents
per kilowatt-hour on average. This low cost is second only to hydroelectric power among
baseload generation options. (e) In return for access to peaceful nuclear technology, over 180
countries have signed the Non-Proliferation Treaty to help ensure that peaceful nuclear activities
will not be diverted to making nuclear weapons.
Although nearly all U.S. light water reactors are expected to file for 20-year license extensions it
is clear that additional nuclear energy systems are needed-based on the U.S. 1.5% annual
growth rate (see Figure 2). In order to meet 21" century energy needs, advanced nuclear systems
must meet the Generation IV safety, economics, waste, and proliferation resistance goals via a
robust research, development, and demonstration program. Advances in all of these areas can
contribute to increasing the
long-term sustainability of
nuclear energy.
The outlook for energy demand
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in the United States underscores
the need to increase the share of
nuclear energy production. The
2003 Annual Energy Outlook
projects an annual growth rate
of 1.5% in total energy
consumption to the year 2025
(see Figure 2). At the same
time, domestic energy
production will grow only 0.9%
per year, creating a widening

gap to be filled by energy
imports. Further, most of the
projected domestic energy
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production increase is assumed to be provided by coal and natural gas. Thus, the outlook implies
an increasing burden from carbon emissions with the potential for long-term consequences from
global climate change, as well as an increasing dependence on foreign energy sources. There is
therefore a strong energy security as well as environmental quality motivation for seeking to
increase the share of nucleargenerated electricity above its
current 20% level.
_50 _47
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of energy use also provides an
opportunity for nuclear energy
in hydrogen production. Energy
Outlook projects an annual
growth of 2.0 0% per year for the
transportation sector (see Figure
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3), while the electricity and
heating sectors will grow at
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Transportation is almost
exclusively dependent on petroleum. Fluctuations in fuel prices of 30% has caused several
'energy shocks' since the 1970s. This volatility creates a significant need for diversifying the
transportation energy sector with new fuels, such as hydrogen for use in emissions-free fuel cells
that power electric vehicles. In early 2003 President Bush announced initiatives to develop
hydrogen-powered cars and clean fuel sources. Large-scale production of hydrogen by nuclear
energy would be free of greenhouse gas emissions. To achieve these benefits, new nuclear
energy systems that are capable of hydrogen production at competitive prices need to be
developed.
Thus, two long-term technology development objectives for nuclear energy in the U.S. are
derived from the needs identified above: (1) Develop advanced nuclear energy systems that can
address the barriers to growth and significantly increase the share of nuclear electric generation
while increasing their sustainability in the long term, and (2) Develop systems for nuclearassisted hydrogen production that can diversify the energy supply for the transportation sector
and reduce the dependence on petroleum.
Beginning in January 2000, ten countries joined together to form the Generation IV International
Forum (GIF 3 ) to develop future-generation nuclear energy systems that can be licensed,
constructed, and operated to provide competitively priced and reliable energy products while
satisfactorily addressing nuclear safety, waste, proliferation, and public perception concerns. The
overarching objective for these new nuclear energy systems-known as Generation IV-is to
have them available for international deployment between 2015 and 2030.
THE ROADMAP
From its beginning, the GIF discussed the R&D necessary to support next-generation nuclear
energy systems. From those discussions a technology roadmap to guide the Generation IV effort
3 Argentina,

Brazil, Canada, Euratom, France, Japan, the Republic of Korea, the Republic of South Africa,
Switzerland, the United Kingdom, and the United States currently constitute the GIF. New members can
be added by a process outlined in the GIF charter.

47

began and was completed in two years with the participation of over 100 experts from the GIF
countries. The effort ended in December 2002 with issue of the final Generation IV Technology
Roadmap. 4
The roadmap evaluated over 100 future systems proposed by researchers around the world. The
scope of the R&D described in the roadmap covers the six most promising Generation IV
systems. It is important to note that each GIF country will focus on those systems and the subset
of R&D activities that are of greatest interest to them. Thus, the roadmap provides a foundation
for formulating national and international program plans on which the GIF countries will
collaborate to advance Generation IV systems.
The roadmap identified six most promising systems. Two employ a thermal neutron spectrum
with coolants and temperatures that enable electricity production with high efficiency (the
Supercritical Water Reactor-SCWR and the Very High Temperature Reactor-VHTR 5 ). Three
employ a fast neutron spectrum to enable more effective management of nuclear materials
through recycling of most components in the discharged fuel (the Gas-cooled Fast ReactorGFR, the Lead-cooled Fast Reactor-LFR, and the Sodium-cooled Fast Reactor-SFR). The
Molten Salt Reactor (MSR) employs a circulating liquid fuel mixture that offers considerable
flexibility for recycling nuclear materials.
PRIORITIES FOR THE GENERATION IV PROGRAM
For each of the six systems above, the roadmnap develops the R&D needs in considerable detail
and highlights the major R&D issues, benefits, and risks. The specific R&D issues and risks,
identified in the roadmap and also identified by the NERAC Subcommittee on Generation IV
Technology R&D Planning, had a strong bearing on the prioritization of the systems versus the
U.S. needs and technology objectives discussed above. From these studies and interactions, the
following two U.S. principal priorities emerged (as identified in the Implementation Plan 6 ):
Priority1:

Develop a Next GenerationNuclear Plant (NGNP) to achieve economically
competitive energy products, including electricity and hydrogen production in the
mid-term.

The NGNP is presently based on the Generation IV Very High Temperature Reactor (VHTR)
design, i.e., a prismatic- or pebble-bed, high-temperature gas-cooled reactor that is able to
economically produce hydrogen and electricity. The high priority on developing a capability for
nuclear-assisted hydrogen production with the NGNP reflects the excellent potential for this
system to provide a major competitive advance toward the long-standing need to diversify the
energy supply of the U.S. transportation sector, and to do this in a manner that is essentially
emissions-free. Successful development and demonstration of an economically competitive,
emissions-free nuclear-assisted hydrogen supply will be the focus of a government-laboratoryindustry-international collaboration to design, develop, construct and operate a NGNP by 2016
"A Technology Roadmap for Generation IV Nuclear Energy Systems," Generation IV International
Forum, GIF-002-00, December 2002, available at http:llwww.inel.gov/initiatives/generation.shtml,
accessed February 2003.
5 The V`HTR concept, when used to power a hydrogen production plant, is presently being promoted as the
Next Generation Nuclear Plant (NGNP).
6"The U.S. Generation IV Implementation Strategy," U.S. Department of Energy, September, 2003,
available at http://nuclear.gov/geniv/gen-ivstrategy.html, accessed January 2004.
4
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that is dedicated to hydrogen and high efficiency electricity production research and
demonstration.
The NGNP program is projected to complete its key R&D by about 2012. This is partially
enabled by many prior developments in high-temnperature gas-cooled reactors internationally. As
a result, completion and startup of a demonstration NGNP is targeted for 2016. The startup test
program will include an extensive integral system safety test and demonstration phase that will
form part of the safety basis for future U. S. Nuclear Regulatory Commission commercial
licensing. The development of a NGNP would have a 'number of associated benefits including
the establishment of a technical basis for development of a fast-spectrum gas reactor as discussed
in the next section.
Priority2:

Develop a fast reactorto achieve significantadvances in sustainability
for the long term.

The priority on fast reactors reflects their excellent potential to make significant gains in reducing
the volume and radiotoxicity, and increasing the manageability of spent nuclear fuel. With a
successful fast reactor program, the U.S. may be able to avoid the need for a second domestic
geological repository for many decades. Fast reactors also hold the potential for extending the
useful energy yield of the world's finite uranium supply many-fold, if needed in the very long
term.
The chief issues in the development of a next-generation fast-spectrum reactor for use in the
United States are its economic competitiveness and management of the overall risks to workers
and the public from the deployment of a closed fuel cycle. The most promising fast-spectrum
Generation IV systems are the Gas Fast Reactor (GFR), the Lead Fast Reactor (LFR), and the
Sodium Fast Reactor (SFR). Among these, the initial priority is that the LFR and GFR will be
given the most emphasis in order to resolve technical issues and uncertainties, since these reactors
offer strong potential benefits that have not been fully demonstrated. The SFR is already at a
fairly advanced state of development, with many of its technologies having been demonstrated
internationally. All of these systems should be brought to a state where a down selection can be
undertaken based on demonstrated performance of their economics, safety and reliability,
sustainability, and proliferation resistance and physical protection. The Generation IV Program
gives major emphasis to advancing the LFR and GFR, as well as efforts to monitor the progress
of the SFR internationally.
Advancing All ofthe GenerationIVSystems: The priorities identified in the Implementation

Plan specify the direction of the major thrusts in the Generation IV program. However, the
program also addresses those systems not in the forefront of U.S. development, but which have
significant international interest in their potential. The roadmap identified six most promising
systems, four of which are mentioned above. The additional two are the Supercritical-WaterCooled Reactor' (SCWR) and the Molten Salt Reactor (MSR). The SCWR employs water above
the critical temperature and pressure that affords a considerable increase in thermal efficiency as
well as major simplifications and savings in the balance of plant. The MSR employs a circulating
liquid fuel mixture that offers considerable flexibility for recycling actinides, and may provide a
favorable alternative to accelerator-driven systems. The Generation IV Program includes
significant international collaborative efforts on the SCWR, and exploratory collaborations on the
MSR.
'The high thermal efficiency of the SCWR makes it a candidate to generate economically-competitive
electricity-a U.S. priority I objective.

49

- I-

TIMEFRAMES FOR THE GENERATION IV SYSTEMS
Proposed timelines for the two priorities are shown in Figure 4. For the development of a NGNP
in Priority 1, a 15-year timeline is to be implemented. This balances the benefit of demonstrating
a large-scale economically competitive nuclear hydrogen system with the technical issues and
risks establishing an aggressive schedule for its development. Key R&D will require about 5
years, followed by a 10-year demonstration phase. For the development of a fast-spectrum reactor
in Priority 2, a 20-25-year timeline is to be implemented. This fits with the expected future need
for radiotoxicity reduction and closure of the U.S. nuclear fuel cycle, and allows the progression
of several most promising candidates to a downselection in about a decade, followed by a
demonstration of all elements of a closed fuel cycle within about a decade thereafter.

U.S. Generation IV Timelines
Year:
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Figure 4. Timelines for U.S. Priority 1 & 2 Systems
A key benefit of the GIF is the members' desire to collaborate on R&D, greatly reducing the
resources needed by any individual country. While the GIF is now working to develop the
project teams and implementing arrangements that will undertake and govern the R&D
collaborations, the details of their expected resource needs are not well developed.
During the roadmap process, the working groups prepared draft conceptual estimates of total
R&D resources. These were based on expert judgment, and not detailed cost analysis.
Assumptions were made about the systems having relatively successful advances without
contingency for setbacks or changes in approach. The research programs were estimated to
require 15-20-year timelines that included both viability and performance phase R&D.
Following these two phases, given the successful resolution of all issues, a system could enter a
demonstration phase. This was estimated to generally require six or more years with funding for
licensing, construction, and startup of the demonstration system. Commercialization would
follow the successful demonstration.
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RESEARCH & DEVELOPMENT: ADVANCED REACTOR SYSTEMS
The R&D requirements, to enable DOE's advanced nuclear energy programs to achieve their
objectives, are summarized in Table 28 as a function of the systems aimed at achieving priorities
I and 2 and major R&D requirement areas. Thus the NGNP and the SCWR have been grouped
together as the candidate systems aimed at satisfying priority I and the GFR and LFR have been
grouped together as the candidate systems aimed at achieving the priority 2 goals. The SFR has
been left off the chart since its R&D needs are better understood as a result of U.S. and
international experience.
NGNP & SCWR: Fuels for the SCWR do not require extensive R&D. Hence the focus, for
thermal reactor fuels, is on the NGNP where it has been shown that NGNP fuels, fabricated in the
United States, have been inferior in quality and presently are not cornmercial-grade. Further
discussion of this point is given in the examples discussed in more detail below. Since the U.S.
has not fabricated a TRISO fuel with adequate quality for the NGNP, one of the first priorities is
to demonstrate a quality fuel fabrication process and quality-assurance approach for
manufacturing the NGNP fuel. In addition, because the TRISO fuel will be irradiated over its
lifetime, it is important to both demonstrate the fuel's ability to perform in such an environment
and also to develop the capability to confidently model the effect of irradiation on the fuel for all
conditions. Finally, the waste repository needs must be determined. Materials research will focus
on performing confirmatory demonstrations 9 showing the vessel, vessel internals, insulation, and
all reactor components are capable of withstanding the high-temperature operational conditions.
An intermediate heat exchanger (01X)capable of operation at 1000 IC must be developed and
demonstrated as capable of long-term, reliable operation for hydrogen'production.
The capability to efficiently utilize the energy in the NGNP high temperature exhaust stream to
produce hydrogen must be demonstrated. A major part of this research area (energy conversion)
also includes the demonstration of a thermally-efficient heat exchanger design-since the heat
exchanger will be used to transfer the energy necessary to the hydrogen production plant from the
gas-cooled reactor system.

Finally, the analytical tools required to show the NGNP and the SCWR are capable of efficient
and safe operation under all conditions must be validated, developed further if necessary, and
approved for performing licensing calculations. The process for validating and gaining approval.
for the analytical tools may require the design and conduct of a number of experiments to provide
data at conditions representative of the NGNP and SCWR. This area of research, termed "system
design & evaluation," will also require the rigorous definition of correlations for gas flow in the
transition region and for supercritical water at various heat transfer conditions-both operational
and off-normal. Once a preliminary validation of the analytical tools has been accomplished, the
tools can be used to select the reference design, i.e., nominally either a prismatic or pebble-bed
gas-cooled design. Following selection of the reference design, both design and licensing
calculations can be performed for the most likely reactor design configuration once the final
validation is completed successfully and the passive safety system performance can be both
demonstrated and studied. In addition to developing plant behavior modeling capability, it is also
essential to develop an economics-modeling capability to enable reliable cost projections to be
made.

'Examples of ongoing research are given for the topics in red font.
9
NGNP only for vessel, control rods, and intermediate heat exchanger.
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Table 2. Correlation between Crosscut R&D & Systems Needs

Fuels

Materials

NGNP & *Demonstrate fuel fabrication
SCWR
processcs &IQA approach*
oDemonstrate & model fuel
irradiation performance
*Identify wasterepository needs,.
GFR &
LFR'

*Confirm fuel fabrication
techniques

*Demonstrate fuel irradiation
performance..
en

-Develop capability to' fabricate
carbide & nitride fuels

*Confirm materials adequate
for high temps in vessel,
internals, insulation, control
rods", etc.

eDevelop & demonstrate high
temperature heat exchanger
ate-ria s
*'Demonstrate materials
compatible with operational
conditions
eDemonstrate materials
operational in corrosive
environment

_

_

.

*ldentify & demonstrate
most efficient means to
produce H2
eDemonstrate thermally. efficient.intermediate hexit
exchanger' (HX)
*investigaIte H producti on
cvcles
oPerform confirmatory.
demonstration of Braytoin
cycle
'Develop IHX technoloj
*Develop and demonstri ite
balance-of-plant

'Demonstrate fuel & matrix
material recyclability"
,

NGNP specific: **GFR specific

Energy Conversion

LFR specific

System Design & Evaluation
eDevelop & verify analysis mcthods, data,
& codes

'Perform analysis & trade studies toselect
reference design (prismatic or pebble-bed)
*Demonstrate passive safety performance
operability
*Conifirm economic viability.
*Develop & verify analysis capability:.
*Optimize safety systems & confirm
reactivity control and transient behavior
'Developcorrelations and properties for
working fluid
*Demonstrate passive safety perfonnance
capability
GReduce uncertainty of heat-transfer. & fluid'
flow regimes.-aDefine deployment strategy & economic
models

GFR & LFR: In general terms, the R&D requirements for the GFR and LFR are similar to the
NGNP and SCWR. For example, although the fuel configuration will be different for these
systems, all of the systems must have demonstrated capability for producing the necessary fuels
that are peculiar to the advanced system under consideration. Consequently, only special
requirements specific to the GFR and LFR will be mentioned in these paragraphs with respect to
fuel, materials, energy conversion, and system design & evaluation.
The GFR designs will require development of the capability to fabricate both carbide and nitride
fuels. In addition, the recyclability potential for both the fuel and the matrix material must be
demonstrated.
Materials compatible with corrosive working fluids such as supercritical CO2 (an alternate
coolant under consideration for the GFR) and lead-based working fluids (for the LFR) must be
identified and demonstrated.
Energy conversion for the GFR and LFR will likely be accomplished using the Brayton cycle.
Consequently it is important to demonstrate the use of Brayton cycle components with both fastreactor designs. Development and demonstration of the balance-of-plant components for both
systems are also required. Finally, the feasibility of producing hydrogen using the LFR will be
investigated.
Systems design & evaluation needs for the GFR and LFR are similar to the NGNP and SCWR.
However, with respect to the LFR, since it will likely be a small modular design, intended in part
for deployment in remote regions, a deployment strategy must be developed.
To illustrate some of the unique R&D requirements for the advanced reactor systems, several
examples are given in the subsequent paragraphs.
ONGOING RESEARCH & DEVELOPMENT
A summary of R&D aimed at:
I. Developing the calculational capability to select the proper reference designs,
characterize the design performance, and ultimately license the selected designs,
2. Modeling TRISO fuel irradiation performance, and
3. Obtaining improved and/or missing cross-section data for minor actinides that may be
present in large quantities in reactor cores
is given in the following three examples.
Analytical Tool Development and Validation: One of the characteristics of the NGNP, GFR,

and LFR advanced reactor systems is the working fluid remains single-phase for the great
majority of the transients and also at steady-state conditions. Hence computation fluid dynamics
(CFD) codes will be used extensively to analyze these systems. Even the SCWR, which will
revert to two-phase conditions when accident transients are underway has many opportunities to
use CFD codes to analyze transients of interest.
Typical phenomena and regions that will require analysis in an advanced VHTR are shown in
Figure 5 for one possible variant of the NGNP. Figure 6 shows an illustration that indicates a
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Modeling TRISO fuel Irradiationperformance: An effort is underway to develop a mechanistic
state-of-the-art fuel performance model that will enable researchers to model relevant failure
mechanisms observed in coated particle fuel, to explain past poor performance of U.S. coated
particle fuel, and to provide a better linkage between fuel performance and fuel product and
process specifications used to manufacture the fueL This effort stems from the historically, poor
performance of TRISO fuel produced in the U.S. versus that produced in Germany. The contrast
between the two is shown in Figure 8 where the release/born ratio of Kr-85m at fuel end-of-life
(EOL) for the German fuel is over two orders of magnitude lower than the U.S. fuels. This
parameter, indicative of the degreeiof fuel failures, is a primary indicator that not only must U.S.
fuel fabrication techniques be improved, but also that U.S. fuel modeling capabilities must be
improved to enable us to accurately calculate the fuel quality levels and lifetime behavioral
characteristics.
The TRISO fuel configuration, shown in Figure 9, accumulates fission products within the
coated-kernel volume. If the outer wall remains intact then the fissions products are isolated from
the environment and thus are not of concern for potential release to the environment during
normal operations or accident conditions: Failure of the outer pyro-carbon layer appears to be
related to the coating rates used to fabricate the U.S. and the German fuels. The German fuels,
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Erpansion & Validation of Nuclear Cross-section Datafor Actinides: Nuclear data
measurements are needed for high-burnup cores and advanced nuclear systems with recycled
fuels when minor actinides become major constituents. Cross-section uncertainties and gaps in
the measured data (see Figure 12-from Brown, et at 1970; Hoffmann, et al, 1976; and Plattard,
et al, 1975-note large variation in measured data at -100 eV energy levels in the cross-section
data and the lack of data at energy levels less than 25 eV for u2Np) are presently too large for
many of the minor actinides. These data uncertainties result in large uncertainties in calculated
core physics performance (e.g., criticality, burn-up reactivity...) and safety parameters (reactivity
feedback coefficients, control system worth...). Hence major improvements in the nuclides
beyond u3sU, 238U, and 239Pu are essential to the design and safety of Generation IV systems. The
example given in Figure 12, for 237Np, shows the measured data are not always consistent and
large uncertainties exist even for the critical mass (e.g., for 237Np the critical mass is: 60 ±20 kg,
that is, 1000 times the uncertainty of 235U-fueled systems).
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RESEARCH & DEVELOPMENT: HYDROGEN PRODUCTION
In November, 2002, DOE issued the National Hydrogen Roadmap and identified the activities
required to use hydrogen to its full potential to meet the U.S. needs for energy security, diversity,
and environmental quality. As noted in the hydrogen roadmap: "...realization of a hydrogen
economy faces multiple challenges. Unlike gasoline and natural gas, hydrogen has no existing
large-scale supporting infrastructure-and building one will require major investment."
The DOE Hydrogen Program is contained within the Offices of Nuclear Energy, Science, and
Technology (NE), Science (SC), Fossil Energy (FE), and Energy Efficiency and Renewable
Energy (EE), which has the lead organizational role for the DOE as shown in Figure 13. These
offices are now working together to accomplish the overall program goals-and the intersection
of their nuclear-related efforts resides in the Nuclear Hydrogen Initiative (NHI).
The immediate focus of the DOE hydrogen program is on distributed production to meet shortterm needs most cost effectively. To meet longer term needs, there is significant effort to provide
competitive renewable feedstocks and energy sources, to develop centralized production from
coal with sequestration, and to develop high-temperature processes using advanced nuclear
reactors.
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Figure 13. The Nuclear Hydrogen Initiative Ispart of an Integrated
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timeframe. Hence hydrogen production, based on nuclear power,'is a prime candidate and is
being strongly considered. The success of a hydrogen production program based on nuclear
energy will hinge on the technical capabilities of a nuclear plant to achieve the required boundary
'conditions as well as to have an economically competitive hydrogen production plant
configuration. To accomplish these goals:
* Efficient, large-scale production methods 'suitable for use with advanced nuclear reactors
must be demonstrated. The most promising production methods are in the early stages of
development. The Nuclear Hydrogen Initiative (NHI) will develop and demonstrate these
hydrogen production'methods.
* Very high temperature heat or high efficiency electricity is required to drive the most
promising hydrogen production processes.' Advanced nuclear systems must be developed
that provide the necessary high-temperature heat to enable these processes. The Generation
TV Program and the NGNP project are'developing very-high-temperature reactors to
provide this capability.
The technologies being developed by the NHI are'also'drawing upon and relevant to the hydrogen
production research being performed by DOE's Office of Fossil Energy (FE),' Office of Energy,
Efficiency and Renewable Energy (EE),' and the Office of Science (SC). 'Thus the NHI research
activities on hydrogen production processes for the nuclear option are closely coordinated with
other parts of the overall DOE Hydrogen Program.
The NHI will develop the necessary technology and demonstrate hydrogen production using
nuclear energy through the NGNP project since the most attractive hydrogen production options
are those that utilize high-temperature heat or efficient electricity from a high-temperature reactor
to produce hydrogen from non-fossil resources (i.e., water). To successfully demonstrate nuclear
hydrogen productions by 2016,' the NHI will perform research on hydrogen production processes
and the reactor-process interface technologies as follows:
*

Nuclear hydrogen production process R&D will focus on technology R&D for production
processes that efficiently couple to advanced high-temperature reactors to produce cost
effective hydrogen from nuclear energy.
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*

Nuclear hydrogen systems interface R&D will address the essential high-temperature
thermal transport, heat exchanger, and materials issues to couple the high-temperature
reactor to the process plant.

Since all nuclear hydrogen production approaches being considered in the NHI (high-temperature
electrolysis and thermochemical) avoid the production of greenhouse gases and can be based on
domestic resources, the primary issue for nuclear hydrogen is the development of cost-effective
systems that produce hydrogen at a cost that is competitive with gasoline.
High TemperatureElectrolysis (HTE): HTE technology is presently being developed by DOE's
Office of Energy Efficiency & Renewable Energy (EE) and Office of Nuclear Energy, Science,
and Technology (NE). Electrolysis is the most straightforward approach currently available to
produce hydrogen directly from water. Conventional electrolyzers are available today with
electrical to hydrogen conversion efficiencies of 70% at a cost of about $400/kWe installed.
When coupled with conventional electricity production with an efficiency of 30% to 35%, the net
hydrogen production efficiency is of the order of 20% to 25%. HTE, or steam electrolysis, has
the potential for much higher efficiency. Thermal energy is used to produce high-temperature
steam, which results in a reduction of the electrical energy required for electrolysis and, therefore,
a reduction in the total energy required for hydrogen generation with the potential for net
hydrogen production efficiencies exceeding 50%. Electrolysis requires low-cost, efficient
electricity. Additionally, HTE requires an energy source that provides the highest possible
temperatures, consistent with materials capabilities. The temperature range currently being
considered is nominally 750 'C to 950 'C. HTE can be accomplished using similar materials and
technology to those used in solid-oxide fuel cells (SOFC). Large-scale applications would be
composed of many small electrolyzer modules. The cost effectiveness of scaling the modular
electrolysis process is the major technical challenge for HTE.
Thermochemical Cycle Technology: Thermochemical cycle technology is relatively immature
and only a few cycles have been demonstrated at the laboratory-scale. Although there is greater
uncertainty in the outcome of R&D, there is also potential for significant process improvement
based on advances in materials and chemical technology over the past two decades. Based on the
information that is available, promising cycles have been identified for further investigation based
on performance potential and demonstrated technical viability. Two "families" of
thermochemical cycles emerged as the most promising thermochemical options and have been
classified as baseline methods: the first priority is the sulfur-based family and the second priority
is the calcium-bromide family. These processes have potential for high efficiencies (greater than
50%), have process steps that have been demonstrated to show feasibility, and can be developed
by 2016.
The first priority baseline process is the sulfur-based family. Sulfur-Iodine, Hybrid-Sulfur, and
Sulfur-Bromine Hybrid cycles are sulfur-based variations that have demonstrated high
performance and are the focus of ongoing research in the United States, Japan and France. The
sulfur-based cycles are the first priority, because they are projected to have high efficiencies at
NGNP temperatures, are the most highly developed and supported, and much of the R&D is
potentially applicable to multiple cycle variations, thus reducing overall risk.
The process-specific R&D areas for sulfur-iodine and hybrid sulfur are summarized as follows
(see Figure 14-courtesy of Dr. Charles Forsberg of ORNL):
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Sufuir Iodine Cycle - This all-liquids-and-gases cycle involves three primary
thermochemical steps. Unique technical issues associated with this specific cycle include
efficient separation of hydrogen iodide, minimizing the recycle rates of chemicals within
the process per unit of hydrogen produced, and reducing the inventories of iodine within
the process, which, although not consumed, is expensive and toxic. Multiple alternative
technical solutions (primarily using membranes) have been proposed to address these
challenges. The distillation of HI from solution is the most difficult process issue for this
cycle. The NHI work will examine both reactive and extractive (H3PO4 ) distillation and
investigate recent Japanese proposals for the use of electrolysis as an alternative
technology.

* Suyifr-Bromine Hybrid -- The sulfur-bromide hybrid process is the sulfur family
contingency option. This all-liquids-and-gases cycle involves two thermochemical steps
and one electrolysis step. It was demonstrated in a laboratory-scale experiment operated
in ISPRA for 1.5 years producing 100 I/h. However, the projected efficiencies are
slightly lower than the hybrid sulfur cycle. The hybrid sulfur cycle is chosen relative to
this cycle because the process is more efficient, primarily because the electrolytic cell
power consumption is less (0.6V vs. 0.8V), and it is a simpler process. Reduction of
energy requirements for the electrolytic step is the most important R&D area. Initial
work on sulfur-bromine will focus on updated flowsheet analyses.
The second thermochemical baseline process is the calcium-bromine thermochemical cycles. The
calcium-bromine family (UT-3, Japan, Star, U.S.) involves lower peak temperatures and solid-gas
reactions, and all process steps have been demonstrated. This family is identified as third priority
(after the sulfur family thermochemical processes and HTE) because it is not projected to have as
high an overall efficiency as the sulfur cycles.
The nuclear generated hydrogen-specific R&D is aimed at focusing resources on processes that
have the highest probability of producing hydrogen at costs that are competitive with gasoline.
Both thermochemical and high-temperature electrolysis processes have been identified with the
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Figure 15. Nuclear hydrogen production scale-up requirements
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potential to achieve this objective and both may be powered by nuclear power.
Initially, a broad research effort is required. The planned R&D effort will include laboratoryscale demonstrations, where it is justified by the available information, in addition to analytical
evaluations of those processes with promise. This approach will provide a more consistent and
complete assessment to base future R&D funding and scaling decisions. NHI research will
follow a systematic approach to develop the required information for the sequence of scaling
decisions. Confirmation of performance potential based on consistent thermodynamic analyses of
candidate cycles will be confirmed in laboratory-scale tests to support pilot plant scaling
decisions (see Figure 15). Pilot plant demonstrations for the selected processes will confirm
engineering viability and establish a basis for process cost estimates. Pilot plant performance and
cost information will provide a basis for selection of the NGNP nuclear-heated engineering
demonstration. The plant, presently thought to be a 50 MW thermochemical and/or I MW to 5
MW HTE demonstration, would be located outside of the Emergency Planning Zone for the
nuclear plant driver although possible interactions between the hydrogen and nuclear plants will
be methodically analyzed.
SUMMARY
The Advanced Fuel Cycle Initiative and the Generation IV Nuclear Energy System R&D
Programs are underway. The two efforts are complementary and involve contributors at the
national laboratories, universities, industry, and international partners. Each Generation IV
system has a unique set of technical challenges that stem from fuels, materials, power conversion,
and system design & evaluation considerations. The AFCI and Generation IV programs are
confronting the interesting and challenging demands that must be overcome to meet the future
energy needs of the United States. All indicators are that a substantial fraction of the energy
needs for the U.S. in the 21' century can be met using advanced nuclear systems that are
economically competitive and that have a more than sufficient fuel supply for both this generation
of Americans and future generations-while using proliferation resistant fuel forms and while
operating more safely and reliably than ever before. The future for nuclear power in the U.S. and
the world is indeed bright.
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Abstract
The Office of Research (RES) is anticipating or is actively participating in the
review of several advanced reactor designs. Efforts have been more significant for
the APl000 and ESBWR designs, with the API000 under review for Design
Certification, and the ESBWR nearing the end of the pre-Design Certification
phase of its review. Other designs, including the ACR-700, IRIS, SWR-I000, GTMHR and PBMR, are also under consideration especially for those design features
and thermal-hydraulic processes that may require development of the research
infrastructure. Each of these designs appear to offer significant improvements in
safety by taking advantage of the prior testing, analysis, and operational
experience gained from existing plants. Most of these advanced reactor designs
rely on natural processes to insure that the core remains adequately cooled and
containment integrity is maintained in the event of an accident. This reliance on
natural processes and on unique and novel design features often requires new
experimental testing, model development, and enhancement of thermal-hydraulic
code capabilities.
This paper discusses each of these advanced reactor designs, and summarizes the
thermal-hydraulic processes of particular interest and indicates where additional
research may be necessary. Work performed in the Office of Research over the
last year with relevance to advanced reactors, and plans for continuing research
are outlined.
Introduction
Over the past several years, there has been a re-emergence in design and licensing activity for
advanced reactors. Currently, the staff is anticipating or is actively reviewing several new
designs; APIOOO, ESBWR, SWR-1000, 'ACR-700, IRIS, GT-MHR, and PBMR. Table 1
summarizes the general design of each. These designs offer significant improvements in safety by
taking advantage of prior testing, analysis, and operational experience gained from existing
plants. Advanced'reactor designs generally rely on' natural processes to insure that the core
remains'adequately cooled and containment integrity is maintained in the event of an accident. In
some of these designs, the large break loss of coolant accident (LOCA) is eliminated and the
limiting accident scenario becomes a small LOCA or transient.
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Each of these new designs promise significant safety benefits, however, their unique features create new challenges to thermal-hydraulic analysis. Physical processes such as natural circulation
with low driving heads, condensation in the presence of a non-condensable gas, and entrainment
and de-entrainment play an important role in several advanced plant accident scenarios. The following sections discuss the thermal hydraulic issues that are important to advanced light water
reactors and are being addressed as part of the staff's code development and review effort.
Table 1: Advanced Reactors for Design Certification Consideration
Design

Applicant

Type

AP1000

Westinghouse

Advanced Passive PWR

ESBWR

General Electric

Advanced Passive BWR

SWR-1000

Framatome-ANP

Advanced Passive BWR

ACR-700

AECL

Light-Water Cooled,
Heavy-Water Moderated PWR

IRIS

Westinghouse

Advanced Passive PWR

PBMR

Eskom

Advanced Gas Reactor

Gr-MHR

General Atomics

Advanced Gas Reactor

First, it is informative to consider the question, "Why are there thermal-hydraulic issues?" The
nuclear industry has invested considerable resources in experimental test programs and in the
development of advanced computational methods; One's initial expectation is that previous work
should be sufficient to resolve any thermal-hydraulic problem. With advanced reactors, however,
there are several reasons why new research may be necessary:
(1) Most of these advanced reactors utilize novel design features. While engineering judgement
leads to the conclusion that these new features are beneficial, they must be considered over a
broad range of conditions. Because of a lack of operational experience, it is not always clearly
evident that the performance of new devices and passive safety systems will be as intended.
(2) Some accident scenarios are eliminated by design. In some cases for example, the traditional
large break LOCA is not a possibility. As a result, the focus of attention shifts to a new critical
accident scenario. For designs in which the large break LOCA analysis previously limited the
core power, some other accident scenario must be identified and evaluated in detail. The most
critical accident scenario and limiting failure is not always readily identifiable.
(3) Passive safety features generally result in a dependence on natural circulation and small driving heads. While this is a major objective of these new safety systems, thermal-hydraulic codes
generally have difficulty in simulating transients that progress slowly and without large driving
potentials. Small uncertainties in thermal-hydraulic models when propagated over long periods of
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time can result in large differences in predicted system performance. Thus, thermal-hydraulic
code assessment needs may change for these new plant designs.
(4) The state of the art in boiling, condensation and two-phase flow remains weak for some
important physical processes. In spite of extensive research and development, it is difficult to
assess with certainty processes such as subcooled nucleate boiling, flow pattern transition in rod
bundles, condensation in the presence of a non-condensable gas, and two-phase separation. Many
correlations developed for boiling and two-phase flow are known to be geometry dependent and
as the geometry and surface conditions change, existing models and correlations may become
very inaccurate.
Status of RES Thermal-Hydraulic Activities
Of the designs under consideration, the API000, ESBWR, and ACR-700 have received the most
attention and have been the subject of the most development work. The AP1000 is in the Design
Certification stage of its review, and the ESBWR is well into its pre-Design Certification stage.
The ACR-700 is also in the pre-Design Certification stage. The AP1000 has been under review
for some time and the staff expects to complete its Final Safety Evaluation Report in 2004. The
remaining designs (SWR-1000, IRIS, GF-M}HR, and PBMR) have received relatively little in the
way of a formal review, but significant planning is underway in order to improve the research
infrastructure in anticipation of their submittal to the staff.
The following sections provide a brief description of the main thermal-hydraulic issues related to
each design, and a summary of research efforts directed at their resolution over the past year.
AP1000: The AP1000 is an advanced pressurized water reactor (PWR) that relies on passive systerns for emergency core cooling. Much of the basis for API000 performance was established in
the review of the previously certified AP600 design. Most the of the test and analysis programs
that supported AP600 also apply to the AP 1000, which incorporates several design modifications
to accommodate the 75% increase in core power. One of the key features of the API OOO design is
the Automatic Depressurization System (ADS), which rapidly reduces primary pressure so that
water from the In-containment Refueling Water Storage Tank (IRWST) can flow to the vessel in
case of a loss of coolant accident (LOCA). Thermal-hydraulic processes that affect performance
of the ADS, and are of significant research interest include the hot leg flow patterns, entrainment
from horizontal-stratified flows to the ADS, and entrainment and de-entrainment of water in the
upper plenum. Each of these phenomena affect the two-phase pressure drop through the ADS and
the net rate of mass loss from the primary system.
To investigate these processes, work has been conducted using the ATLATS facility at Oregon
State University to investigate phase separation and two-phase flow patterns for conditions similar to those expected in the hot leg of the AP1000. The ATLATS data provided information to
develop a new correlation for phase separation at an upward facing off-take, and showed that the
flow patterns were influenced by the steam generator inlet plenum and could not be characterized
by conventional flow pattern maps.
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The APEX facility, also at Oregon State University, was also used to investigate performance of
the AP1000 and to provide data on entrainment to the ADS4 system. This facility was upgraded
as part of a U. S. Department of Energy (DOE) grant to approximate the API000's higher power
and design modifications. NRC sponsored tests included several transients involving breaks of
the direct vessel injection (DVI) line with multiple failures in the passive safety systems. These
beyond design basis tests helped to identify safety margin limits and provided unique entrainment
data. Additional tests were conducted, sponsored by the DOE, to provide information on API000
performance under design basis accident conditions.
ESBWR: The ESBWR is an advanced boiling water reactor (BWR) that also relies on passive
systems to maintain adequate core cooling. The design is similar to the SBWR design that
received considerable attention from the staff in the early 1990's. While that review was not completed, it serves an important role in defining the major thermal-hydraulic phenomena for an
advanced BWR. Thermal-hydraulic research issues include performance of the Passive Containment Cooling (PCC) heat exchangers, which must condense steam in the presence of non-condensable gas. Long term containment pressure is also affected by the distribution of noncondensables and phenomena that affect the wetwell vapor pressure.
In order to provide an independent audit capability, and to improve the ability to model the close
relationship between vessel and containment thermal-hydraulics, the TRACE (TRAC/RELAP
Advanced Computational Engine) and CONTAIN codes were coupled. As part of the SBWR
review, the CONTAIN code had been improved in order to provide a more accurate representation
of advanced BWR containment processes and thus coupling the two codes took advantage of
prior development efforts.
The PUMA facility at Purdue University is being used to provide new data for code validation.
Several modifications have been made to the facility to better represent the ESBWR configuration. A series of integral tests are being conducted to provide independent information on
ESBWR performance.
SWR-I000: The SWR-1000 is also an advanced, passive BWR. It has numerous similarities with
the ESBWR, and as such, thermal-hydraulic phenomena with large uncertainties in ESBWR have
high importance in the SWR-1000. Thus, condensation in the presence of a non-condensable gas
and its impact on passive containment cooling is a candidate for additional research in SWR1000. Also important in the SWR-1000 are the performance of several novel design features such
as the Passive Pressure Pulse Transmitter, which is a novel device for actuation of various safety
signals.
Because of the similarities between ESBWR and SWR-1000, the code development and validation being performed for ESBWR applies to SWR-1000. Coupling of TRACE and CONTAIN is
considered necessary for independent audit calculations of the SWR-1000 as well as for ESBWR
Additional work will be undertaken to address SWR-1000 specific issues once the design is submitted for pre-Design Certification review.
ACR-700: The ACR-700 is an advanced CANDU reactor, with the important distinction that the
fuel is light water cooled. Moderation is performed by heavy water in the calandria, the volume of
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which is significantly reduced compared to previous CANDU reactors. The ACR-700 has a negative void coefficient, and a negative power coefficient over its operating'range. Of particular
challenge'to the staff in evaluating the ACR-700 thermal-hydraulics are post-critical heat flux and
quench in horizontal fuel channels, and modeling the two-phase distribution in the inlet and outlet
headers that supply water to the fuel channels. Eachbof these may require testing and model development. Because both light water and heavy water are used in the same system, there may be
unique challenges in modeling kinetic and thermal-hydraulic feedback.
Review of the ACR-700 presents a significant challenge to the NRC research infrastructure and
its development. Thermal-hydraulic codes such as TRACE and its predecessors, TRAC and
RELAP, were developed for light water reactors with vertically oriented rod bundles. Constituent
models and correlations, such as flow pattern maps, were specifically developed for this orientation. Because of this and other fundamental differences between the ACR-700 and other light
water reactors, a Phenomena' Identification and Ranking Table (PIRT) is being developed for critical accident scenarios. This will provide the basis for model development and experimental testing in the support of ACR-700 review.
IRIS: The International Reactor Innovative and Secure (IRIS) is an advanced pressurized water
reactor. Unlike other PWRs however, the reactor coolant pumps, the pressurizer, and steam generators are internal to the reactor vessel. As a result, typical Class IV accidents are either eliminated
or reduced in consequence. Several thermal-hydraulic issues may merit new research, including
two-phase performance of the integral helical coil steam generators and interaction between the
primary and a containment that is designed to withstand relatively high pressures.
Since IRIS documentation has only recently been submitted, specific research and code development plans have not been formulated. However, as with the ESBWR and SWR-1000, a close
coupling between in-vessel and containment thermal-hydraulics is expected and the coupling of
the TRACE and CONTAIN codes will provide benefits to the IRIS review.
GT-MHR: The Gas Turbine - Modular Helium Reactor (GC-MHR) is an advanced gas reactor
currently under development that couples a gas cooled reactor with a high efficiency Brayton
cycle gas turbine. Use of the direct Brayton cycle results in a net plant efficiency of approximately 48%. Helium flows downward through coolant channels in the fuel and then cross flows
to a separate vessel that contains the power conversion system. The TRISO coated particle fuel
used in the GC3-MHR consists of a spherical kernel of fissile material encapsulated in multiple
coating layers.
PBMR: The Pebble Bed Modular Reactor (PBMR) is also an advanced gas reactor which uses
helium as the coolant. The PBMR consists of a vertical steel pressure vessel lined with graphite
that serves as an outer reflector. Enclosed within the outer reflector is an annular fuel region
loaded with over 450000 fuel spheres. Helium flows downward through the porous matrix transferring heat to the direct gas cycle.
For both the GT-MHR and PBMR, an independent audit capability is considered necessary.
Because both systems utilize helium as the coolant and only single phase processes are possible,
the TRACE code, developed primarily for light water reactors and the two-phase conditions that
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occur in a hypothetical loss of coolant accident, is not considered the most suitable analysis tool.
Moreover, the distinction between "design basis" and "severe" accidents is not clearly defined for
gas reactors such that a new regulatory framework is necessary. Thus, a more suitable starting
point for development of a thermal-hydraulic analysis tool for advanced gas reactors is the MELCOR code, which can track multiple gas species and model fission product release and transport
Improvements anticipated for MELCOR to enable it to accurately simulate Gr-MHR and PBMR
transients include the addition of high temperature graphite material properties, modeling of flow
and heat transfer in a packed bed, conduction/radiation modeling in porous media and in spherical
fuel geometries, and coupling MELCOR with the PARCS kinetics code.
Conclusions
The advanced reactor designs represent significant advancements in nuclear power technology.
These designs offer improved economics and at the same time may provide enhanced safety margins. Verification of improved safety may require new research to investigate the performance of
some of the novel design features and to improve the understanding of complex thermal-hydraulic
processes. Research needs are expected to evolve and become better defined as these designs are
reviewed by the staff.
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Cladding Behavior during Dry Cask Handling and Storage
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Abstract
Cladding behavior during dry-cask handling and storage is being studied
with irradiated fuel rods from two pressurized water reactors - Surry at
36 GWd/MTU bumup and H. B. Robinson at 67 GWd/MTU burnup. The
Surry rods were stored in a dry cask for 15 years and experienced a range
of temperature histories during thermal benchmark tests, some of which
emulated vacuum drying. The Robinson cladding, owing to the high
bumup, has a significant oxide corrosion layer (x100 ,nm max.) and
hydrogen content (A800 wppm max.). Characterization of post-storage
Surry rods showed the effects of storage and thermal benchmark tests
were benign, with no evidence of cladding creep, hydride reorientation or
hydrogen axial migration in cladding. Thermal creep tests performed on
the Robinson and post-storage Surry cladding revealed respectable creep
ductility - in excess of 3-4% in the 400'C and 190-250 MPa hoop stress
test regime - for both cladding types. One Robinson creep sample
ruptured during shutdown under internal gas pressure; the cause of this
rupture is being investigated. Radiation-induced hardening in cladding
was found to be readily removed in annealing tests for the Robinson
cladding at 420-500'C. No deleterious hydride radial reorientation was
noted in the Robinson annealing tests as the samples were stress-free.
Additional annealing tests with samples under hoop stress are being
planned to evaluate factors that may result in hydride radial orientation.
1. Introduction
Because of the limited storage capacity in spent-fuel pools, discharged fuel assemblies are
increasingly being relocated into dry casks for interim storage until long-term geological repositories are
available. Some of the original licenses issued by the U.S. NRC for 20 years of dry-cask storage of spent
fuel up to.45 GWd/U burnup are coming up for renewal shortly. As the burnup for fuel assemblies
discharged from reactors increases, extending the database for high-burnup fuel cladding becomes
pressing for dry-storage cask licensing. High-bumup fuel rods are perceived to be more vulnerable
because of their greater water-side corrosion, hydrogen uptake, and radiation damage in the cladding.
Cladding behavior during dry cask handling and storage is being studied with irradiated materials
from two pressurized water reactors - Surry at 36 GWd/MTU bunup and H. B. Robinson at 67
GWdIMTU burnup. The scope of our study consists of characterization of the post-storage Surry rods,
thermal creep testing of both Robinson and post-storage Surry cladding, and annealing tests of the
Robinson cladding.
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The Surry rods in our work are unique in that they had been stored in a Castor-V/21 dry cask for
15 years and had experienced a range of temperature conditions as part of thermal benchmark tests while
in the cask [1, 21. The thermal benchmark tests were performed with the cask in horizontal and vertical
positions while filled with air, helium, nitrogen, or vacuum. For our study, we retrieved rods from an
assembly in the cask with the highest burnup and near-highest temperature. The peak cladding
temperature the rods experienced was -415OC when the cask was in vacuum; the duration for this peak
temperature condition was ;3 d. The retrieved rods were characterization in detail to determnine possible
degradation of fuel-rod condition due to the storage/benchmark test history.
During certain phases of cask operation, such as vacuum drying and transfer, temperature of
cladding may reach up to =400-500'C for hours [3]. Thermally-induced processes in' Zircaloy at these
temperatures may relieve some of the radiation-induced hardening, thereby improving the properties of
the material, including creep performance, in dry cask operations; To assess the degree of hardening
recovery at elevated temperatures, a series of annealing tests in the'range of 420-500'C were conducted
with the high-burnup Robinson cladding. A corollary objective of this work is to investigate hydride
redistribution and reorientation under stress-free conditions.
Thermal creep of spent-fuel cladding is an important consideration in assessing the viability of
extended dry-cask storage, as it is the dominant mechanism of cladding deformation under normal storage
conditions [4-8]. It is being investigated with defueled cladding segments from the Surry and Robinson
rods in hot cells. For the Surry cladding, in addition to generating creep rate data for predictive modeling,
a key objective is to evaluate residual creep ductility of the cladding after the 15-y dry-cask storage. A
significant residual creep strain (>t1O%) would suggest that the rods may be suitable for further storage in
the cask and may survive creep during transportation, reconsolidation and final repository conditions. For
the Robinson cladding, of particular importance is the determination of creep strain capacity and the rate
of creep deformation as affected by higher fluence and hydrogen content in the cladding. Avoiding
extensive cladding creep rupture in casks is important as these ruptures may lead to significant fissionproduct release, high surface dose rates, and assembly retrievability issues (3].
2. Effect of 15-y Dry-Cask Storage - Surry Rod Characterization
The Surry rods examined were from one of the 15x15 fuel assemblies loaded in a Castor-V/21
dry cask [1, 2]. After the thermal benchmarking tests, the cask was left undisturbed with an inert
atmosphere (He/cl% air) for 15 years until the rod retrieval for the present work. The retrieved rods have
an average burnup of 36 GWd/MTU (40 GWdIMTU peak pellet) and attained near the highest cladding
temperatures in the cask (=4150 C for z 3 d while the cask was in vacuum). The fuel enrichment is 3.1%
and the nominal fuel pellet dimensions'are 9.29 nm dia. x 15.2 mm height, with an active fuel height of
3.66 m. The cladding is a cold-worked and stress-relieved Zircaloy-4, with a dimension of 10.72 mm
OD x 9.50 mm 1D. The rods were pressurized with helium to 2.8 MPa during fabrication.
Profilometry of 12 of the post-storage rods shows the cladding creep-down to be =0.6%. As this
value is typical of PWR rods at this bumup [9,10], the result suggests no significant outward creep of the
cladding during the benchmarking tests or the extended cask storage.
Fission-gas release was measured for four rods and the results show release fractions ranging
from 0.4 to 1.1%. These values are within the data band for as-irradiated PWR rods of this type and
burnup without a dry-storage history [9,10].
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The condition of the post-storage Surry fuel is shown in Fig. 1 for one of the rods. All features
appear to be normal with no evidence of degradation from the extended storage. As expected for rods of
this bumup, fuel restructuring is only minor. The fuel/cladding gap is open and fuel/cladding chemical
interaction and fission product deposit in the gap are both minor.
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Cross-sectional photocomposite of a post-storage
Surry rod at the fuel axial midplane. No storageinduced effects areapparent in either the fuel or
the cladding.
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Average cladding oxide thickness in post-storage Surry rods was measured with optical
metallography. The thicknesses, ranging from z25 pm at the axial midplane, =33 Am at 0.5 m above the
midplane, "4O pm at 1 m above the midplane, t30 pm at 1.5 m above the midplane, and =12 pm at 2.0 m
above the midplane (i.e., in the plenum), are within the normal range [9,10] for PWR rods of this burnup
and suggest no additional oxidation occurred during cask loading or storage.
Measured hydrogen contents in the cladding are Q250 wppm at the axial midplane and s300
wppm at 0.5 m above the midplane. These readings are consistent with the observed oxide thickness.
Hydride morphology in the cladding was determined'at multiple axial locations. The results at
0.5 m above fuel midplane and in the rod plenum are shown 'in Fig. 2.. In spite of the cyclic temperature
during the benchmark tests, the precipitated hydride platelets are'aligned mostly in the circumferential
direction' with no evidence of harmful radial reorientation. (Hoop stress in the Sury cladding was
relatively low, <65 MPa at the "4151C peak temperature.) On the important issue of temperature-driven
hydrogen axial migration [7], which has the potential for causing embrittlement of the colder ends of the
fuel-rod cladding, there is no evidence that the migration, if any, is significant, as shown in Fig. 2. This
observation will be verified with quantitative hydrogen analyses, which will be performed. Probably
because of a lack of strong radial temperature gradient while in the -cask, the distribution of the
precipitated hydrides is fairly uniform across the cladding thickness. Microhardness of the Surny cladding was measured with a diamond pyramid indentation method
at multiple axial and circumferential locations across the cladding thickness. The Vickers hardness

73

readings, 235-240 DPH, are consistent with as-irradiated values, suggesting little or no annealing of the
cladding during the cask storage and thermal benchmark tests.

Fig. 2. Distribution of hydride precipitates in post-storage Surry rod in transverse cross-sectional view.
The axial elevations are (left) 0.5 m above the midplane and (right) in rod plenum. The gray
band on the outer surface of the cladding is the oxide layer from in-reactor corrosion.

3. Effect of Thermal Anneallng on Microhardness and Hydride Morphology
During the initial phases of cask operation, including vacuum drying and transfer, cladding
temperature of fuel rods may reach w400-500'C for several days [3]. These conditions may relieve the
radiation-induced hardening of Zircaloy, thereby restoring some of the lost ductility of the cladding [11].
With an implicit objective of generating data to help interpret thermal creep test results, a series of six
isothermal annealing tests was performed with the Robinson cladding to investigate this effect. The test
temperature range was 420 to 5001C and the test duration was 2 to 72 h.
The annealing tests were performed with short segments of defueled cladding from just above the
axial midplane of a Robinson rod. The rod is from a 15xl5 assembly with an averaged burnup of 67
GWd/MTU (72 GWdIMTU peak pellet). The cladding is a cold-worked and stress-relieved Zircaloy-4
with an outer diameter of 10.76 mm and a wall thickness of 0.762 mm. The local neutron fluence is 1.4 x
1026 n/m2 (E>l MeV) and the hydrogen content is =600 wppm at the fuel axial midplane.
The ends of the annealing segments were open and the samples were stress-free. Following the
heating tests, the Vickers microhardness of the samples were measured and compared with those of the
as-received and as-irradiated controls. Changes of hydride morphology from that in the as-irradiated
control sample were also evaluated.
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Table 1 shows the measured hardness and the calculated percent recovery defined as
Recovery

IHo

where H is the hardness after annealing, Ho is hardness before irradiation, and Hi is the hardness after
irradiation.

Table 1. Microhardness and percent recovery (in parentheses) after the annealing tests.
Microhardness of the as-received and as-irradiated controls are 203 and 252, respectively.
.

Temp. (-C)

Duration (h)
2

10

.20

48

72

420

-

-

226(54%)

-

215 (75%)

450

224 (58%)

217 (71%)

500

218 (69%)

-

-

206 (94%)

These results show that at 5001C for 2 days, much of the hardening due to radiation damage
could be removed. As expected, at lower temperatures, longer periods would be required to achieve the
same degree of recovery. The fact that irradiation-induced hardness can be annealed out for these timetemperature regimes suggests that creep ductility may also be restored.
The morphology of hydride precipitates after the annealing tests is shown in Fig. 3 along with
that of the as-irradiated control. In the as-irradiated sibling, there is a pronounced gradient of hydride
density from the outer to the inner surfaces of the cladding owing to the radial temperature differential in
the reactor shutdown. This gradient of hydride distribution is progressively reduced with time in the
annealing tests. This redistribution attests to the high mobility of hydrogen at these temperatures. In the
annealing tests, cool-down from temperature was relatively fast (minutes) and without a substantial
temperature gradient from the sample inside to outside surfaces.
Because the samples were stress-free, and because the Robinson cladding is cold-worked and
stress-relieved with grains, elongated predominantly in the circumferential and axial directions, the
reprecipitated hydrides after the annealing tests are still mostly circumferentially oriented. Little or no
radial hydrides are discernible. This finding is consistent with published data [12], which show a hoop
stress of w9O MPa would be required for reorientation to occur during cooling from these temperatures.
4. Thermal Creep
Thermal creep is the dominant mechanism of cladding deformation under normal cask-storage
conditions and is being invested with Surry and Robinson cladding. For the Surry cladding, in addition to
generating creep rate data for predictive modeling, a key objective is to evaluate residual creep ductility
of the cladding after the 15-y dry-cask storage. A significant residual creep strain, e.g., >-1%, would
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suggest that the rods may be suitable for further storage in the cask and may survive creep during
transportation, reconsolidation and final repository conditions. For the Robinson cladding with higher
neutron damage, greater waterside corrosion, and higher hydrogen content, the objective is to evaluate,
vis-a-vis the Suny results, whether these conditions associated with high fuel burnup significantly
degrade the creep performance of Zircaloy. The oxide thickness and hydrogen content for the Surry
samples are ;23-30 Im and 230-265 wppm, respectively. The corresponding values for the high-burnup
Robinson samples are =80-90 Jim and 650-700 wppm.

Hydride Morphology
t

,H.

B. Robinson

Cladding Annealing
Samples

'Test

611C2 A-4i

d Contro

G11C6 42VC, 20h

St1 Cr420-C, 72h

*11CO 451C. 2 h

6IIC? 45rC, 10 h

IICI 50C2h

6112C1

4h

Fig. 3. Changes in hydride morphology in the Robinson cladding due to the annealing.

76

The thermal creep tests are performed with 76-mm-long sections of defueled cladding from the
flat-power region of the rods above the midplane. The end fittings for the samples are welded for
reliability. Internal gas pressurization is achieved with a microprocessor-based pressure controller via a
line exiting the sample's top end fitting. Very stable pressure is maintained in this manner over extended
period of time for each sample. High-purity argon is used for both the sample pressurization and test
chamber purge (to protect the samples form oxidation). Periodically, the sample is removed from the test
chamber for diametral and length measurements performed at room temperature with a precision laser
profilometer. Because of the periodic shutdowns, each test consists of multiple'runs. To inhibit possible
hydride reorientation [13,14] in the sample, all shutdowns, with the exception of three, were performed
with the samples depressurized first before turning down the furnace. The exceptions were for three
samples in their final shutdown for the specific purpose of studying hydride reorientation. In these three
cases, full pressure was maintained during the sample cool-down to room temperature.
Eight creep tests have been conducted thus far, five on Surry cladding sanmples and three on
Robinson cladding samples, as shown in Table 2.

Table 2. Conditions of Thermal Creep Tests
Test
.SurryC3')
Surry C6t1 )

Temnp.
(0 C)
360
380

Surry C8

380

SuriyC9t2
Surry 2-C9
Robinson C14
Robinson C15(1)

400
400
400
400

Robinson C17

380

-

-

Hoop Stress
(MPa)
220
190

Duration
(h)
3305
2348

220

2180

1901250
160
190
190

1873/693
286, on-going
2427
2439

220

404, on-going

(1) Final shutdown under internal gas pressure to study hydride reorientation.
(2) Same sample but with the stress increased from 190 to 250 MPa at 1873 h.

4a. SUry Creep Test Results
All Surry samples were intact at the end of the tests, including the C3 and C6 samples that were
shut down while under internal gas pressure. Measured creep deformations as a function of time for the
five completed tests are summarized in Fig. 4. For the C8 sample (3800C, 220 MPa hoop), the measured
hoop strain was 1.1% at the end of test at 2180 h. For the 400°C C9 sample, after demonstrating '>%
creep strain at the end of 1873 h at 190 MPa hoop stress,'the pressure was increased to produce a hoop
stress of 250 MPa. The sample remained intact at the end of 693 incremental hours with a measured hoop
strain of 5.8%." Significant creep ductility was thus demron'strated for the post-storage Surry cladding in
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these tests. (It should be noted that the reported hoop stresses are engineering stresses, not true stresses.
No efforts were made during the tests to adjust the gas pressure to keep the hoop stress constant to
account for wall thinning and diameter increase. Rather, the internal pressure was maintained constant
over the entire test duration.)
Radial plots depicting the cross-sectional profiles of the samples were evaluated after every run.
The data are useful to detect localized bulging, which may be a precursor of imminent burst rupture. All
results indicate the deformation to be azimuthally uniform, even for the C9 sample, suggesting that the
sample may possess creep ductility beyond the measured 5.8%.
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Fig. 4.

Creep deformation histories for the Surry tests. For the C9 test, the stress loading was
increased from 190 to 250 MPa at 1873 h, resulting in the sharp change of the creep rate. Not
shown in this chart is the hoop strain of 5.8% at the conclusion of C9 test at 2566 h. The
sample was intact.

As can be seen in Fig. 4, at the time of termination, all Surry samples were in the secondary
(steady-state) creep regime. Calculated steady-state creep rates from the straight portion of the curves are
shown in Table 3. The data suggests a strong temperature and pressure dependency of steady-state creep
rates in the regime tested.
There were no discernible sample length changes in any of the tests, suggesting the creep
deformation was isotropic.
Samples C3 and C6 were shut down while under internal gas pressure for the purpose of studying
radial reorientation of hydrides. Figure 5 shows the morphology of the hydrides at room temperature in
these two samples. In comparison to the pretest sample (see Fig, 2), it is evident that reprecipitation
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occurred and that a significant fraction of the hydride platelets now has a radial component. Possibly
because of the moderate hydrogen content in the Surry cladding (m250 wppm), no long-range linkage of
the radial hydrides is evident.

Table 3. Creep Strain and Secondary Creep Rates of Surry Cladding
Sample

Temp.
(OC)

Hoop Stress
(MPa)

Duration
(' )

Hoop
Strain (%)

Secondary Creep
Rate (%/h)

Surry C3
Surry C6

360
380

220
190

3305
2348

0.22

,0.35

4.2 x 10'
8.8 x 10'5

Surry C8

380

220

2180

1.10

4.5 x 104

Surry C9

400
400

190
250

1873
693(l)

1.04
5.83

4.9 x 104
>4.9 x .10'3

160

2860)

0.22

Surry 2C9
400
(1) Incremental hours.
(2) On-going.

Fig. 5.

Morphology of reprecipitated hydrides in Surry creep samples C3 (left) and C6 (right) after
shutdown under internal gas pressure. There is a significant radial component in the hydrides
but not long-range linkage (see Fig. 2 for pretest morphology). Outside surface is to the left.

4b. Robinson Thermal Creep Results
Robinson creep testing is in its initial phase. Three tests have been conducted so far (see Table 2).
In the Robinson C17 test, presently at 404 hi the test conditions, 380'C and 220 MPa hoop, are
identical to that of the Surry C8 test. As shown in Fig. 6, creep deformation in the Robinson C17 sample
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is only ;4/3 of that in the sibling Surry C8 sample after r4O0 h. The lower creep rate is as anticipated and
illustrates the effect of the higher fluence (radiation damage) and greater hydrogen content in the
Robinson material.
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Fig. 6.
Comparison of creep strain between
high-bumup Robinson and lowerburnup Surry samples tested at 220
MPa hoop and 3800 C.
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The results of the two completed Robinson tests, C14 and CI5, provide a direct comparison with
the results of the lower-bumup Surry C9 at 400'C and 190 MPa hoop conditions. This comparison is
summarized in Fig. 7. Consistent with the greater irradiation hardening in the higher-fluence Robinson
material, the creep rate of the Robinson samples trailed that of the Surry in the first several hundred hours
of testing. After this initial period, however, the rate of creep deformation in the Robinson samples
surpassed that in the Surry. It is likely that the increased deformation rate in Robinson with time is
related to the thermal annealing effect discussed earlier. (It is possible that, over time, some annealing
effect may also occur in the lower-temperature Robinson Cl7 test at 3800C. The extent, to be determined,
is expected to be smaller.) The apparent higher steady-state creep rate of the Robinson cladding over that
of the Surry cladding may be due to alloy chemistry, grain size, dislocation densities, or other factors;
they are not explicitly studied due to the limited cladding types available.
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Fig. 7.
Comparison of creep strain
between high-burnup Robinson and
lower-burnup Surry samples tested
at 190 M~a hoop and 4001C. The
last segment of Robinson C15
deformation, shown in dashed line,
is the anticipated result, as actual
measurements have not been made
yet. See text.

The Robinson C14 sample was intact at the end of test at 2427 h. The measured hoop strain is
3.6%, which is significant for high-burnup fuel cladding. The sample was found to be in good condition
with no localized bulging, suggesting that additional ductility is likely in the sample.
The follow-up C15 test behaved similarly to that of the C14 test up to the next to the final
shutdown, with m1.8 % creep strain at 1650 h, confirming the good creep ductility of the Robinson
material measured in C14. With this confirmation objective satisfied, the final shut down of the C15 test,
at 2439 h, was administrated with the sample under internal gas pressure, in a manner comparable' to that
of the Surry C3 and C6 tests. The objective was to study stress-induced hydride reorientation irn the
higher-burnup, higher-H-content Robinson material. During the C15 shutdown, however, an abrupt
rupture was detected and the ensuing depressurization triggered a system scram. The temperature and
pressure history during the C15 shutdown is shown in Fig. 8. Because the internal gas pressure in actual
spent fuel rods would decrease as the cladding temperature drops, the C15 shutdown conditions with the
pressure held constant represented a significant overtest. The 190 MPa engineering hoop stress (at 4400
psi gas pressure) corresponds to less than 25% of the estimated yield strength of the cladding, indicating
the failure was possibly brittle.
The cause of the C15 rupture is under investigation as the sample is still in the enclosed test
chamber. It is possible that the rupture is hy'dride-related. It is also possible that the.-rupture is an
experimental artifact, for instance, caused by end-fitting weld failure. Effort is underway to retrieve this
sample to determine the cause of the rupture.
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Fig. 8.

Robinson C15 sample rupture during the shutdown at 205'C while under internal gas pressure.
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5. Conclusions
Medium-burnup Surry fuel rods were characterized in detail after the 15-y storage in a dry cask
Elevated cladding temperature, up to =4151C for several days, resulted from the cask thermal benchmark
tests prior to the long-term storage. In the post-storage characterization of the rods, little evidence of
deleterious effects, such as additional oxidation, fission gas release, or cladding creep, could be discerned.
There is no evidence of hydride reorientation in the cladding. These results bode well for the extended
storage of medium-burnup spent fuel rods.
Hardening occurs in Zircaloy cladding during reactor service due to neutron damage, which
produces point defects and dislocation loops. In a series of isothermal annealing tests performed with
high-burnup Robinson cladding, it was demonstrated that a significant fraction of the radiation-induced
defects can be annealed out at temperatures of 420-500 0C. The hardening recovery during the early phase
of cask operation, such as vacuum drying, may benefit subsequent long-term cladding creep behavior. In
the same annealing tests, it was found that hydrogen redistributes readily in the radial direction. No
deleterious hydride reorientation was experienced, as the annealing samples were stress-free.
Steady-state creep rate and residual ductility in temperature and hoop stress regimes of 360 400°C and 190 - 250 MPa have been measured for post-storage Surry cladding. None of the samples
ruptured in the tests. Significant residual creep strain was found in the Surry cladding: >1% at 3800 C
(220 MPa) and 400'C (190 MPa). A residual strain of >5.8% was achieved in the 400'C sample after
raising the stress level to 250 MPa for w700 h. No localized bulging, a precursor to burst rupture, was
observed in this 250 MIa sample, suggesting additional creep capacity is likely. Secondary creep rates
spanning two orders of magnitude were measured in the Surry tests. The data, showing strong
dependency on both temperature and stress, are valuable for code benchmarking and model improvement.
Two of the samples were shutdown under hoop stress. In these two samples, a significant component of
radial hydrides can be noted. However, the hydrides did not form long-range linkage as the hydrogen
content in the Surry cladding is relatively low (Q250 wppm).
In the limited creep tests conducted thus far with the high-burnup Robinson cladding, significant
creep ductility, in excess of 3 % at 400'C, was demonstrated. One of the samples apparently suffered a
rupture during shutdown under pressure. Whether this rupture is related to hydride reorientation or
caused by an experimental artifact is being determined. The findings from this investigation will be
factored into the future testing of high-burnup cladding materials.
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Abstract
The mechanical integrity of fuel cladding is essential for mitigating fuel
dispersal during pre-storage vacuum drying and transfer, during dry cask
storage, and during transfer from the dry cask to a permanent repository
site. Rupture may occur during handling or transportation accidents if
cladding ductility has been reduced due to the separate or combined
effects of preexisting flaws, hydride concentration and orientation,
radiation-induced hardening,' and creep strain accumulated during
vacuum drying and dry storage. Therefore, it is important to determine
the cladding mechanical behavior under a variety of mnicrostructural
conditions, temperatures, and strain rates. Axial tensile tests are in
progress at ANL to address part of the data needs for dry-cask storage.
This paper presents a preliminary database for the temperature-dependent
mechanical properties of non-irradiated, low-Sn Zircaloy4 (Zry-4);
irradiated-and-dry-cask-stored Zry4 at 36'GWd/MTU; and irradiated
Zry-4 at 67 GWdMTlU.
Introduction
The mechanical behavior of spent-fuel cladding during postulated transportation and handling accidents is
of considerable concern for the licensing of dry-cask-storage systems. Increasing this concern is the need
to store assemblies with discharge bumups up to 62 GWdIMTU and for extended periods of time (up to
100 years). For pressurized-water reactors (PWRs) utilizing Zry-4 fuel cladding, this high burnup and
extended storage times can result in a degradation of cladding mechanical properties; namely, a loss in
ductility such that cladding rupture may occur during cask handling or transport.
After years in dry storage, fuel cladding may undergo permanent plastic strains due to thermal creep
(applied stress < yield strength), which may reduce the residual ductility during high stress (> yield
strength) loading associated with handling or transportation accidents. Although'results from ANL
thermal creep 'tests indicate that cladding rupture does not occur even after 4% hoop strain [1], the
increase in defect density (from creep-induced dislocations) may further degrade the strain-hardening
properties or ability to plastically deform in a material already hardened by radiation-induced defects.
Therefore, it is important to understand the effects of creep deformation on the residual cladding ductility
during handling and transportation. '
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Moreover, the residual ductility after creep deformation may be further reduced due to pre-existing cracks
oriented along the radial direction of the cladding. These cracks may initiate within a layer of highly
dense, circumferentially oriented hydrides near the outer surface and may result in through-wall cracking
or limitation to the load-carrying capacity of the cladding [2,3]. In fact, licensees are required to account
for this layer of hydrides in cladding stress calculations for design basis accidents [4]. Furthermore,
radially oriented hydrides may precipitate in the cladding under certain temperature-stress history [5,61,
increasing the possibility for through-wall crack initiation and propagation under tensile states of stress.
From an environmental standpoint, temperatures of high-burnup spent fuel are currently not to exceed
4001C during vacuum drying, handling, and dry-cask storage [4] and are expected to decrease to about
150-200'C at the end of storage [6]. Furthermore, certain handling operations from storage in a spent fuel
pool to a dry cask correspond to temperatures <1000 C. Additionally, complex stress states, deformation
paths, and strain rates may potentially occur during handling and accident conditions [7]. Therefore, it is
important to determine the environmental effects on cladding mechanical properties, covering a
temperature range of 25400'C, a range of strain rates from quasi-static (=1071 per sec) to impact rates,
and loading conditions that cover uniaxial and biaxial tension, bending, and impact.
This paper presents the results of an effort to add to the mechanical properties database regarding
operating and accident conditions during dry-cask storage and transportation under these ranges of
temperature and strain rate. These results come from hydride characterization and uniaxial tensile tests.
Additionally, areas of future work concerning the separate and combined (Possibly synergistic) effects of
radiation-induced damage and hydrides will be discussed.
Test Materials
All of the Zry-4 materials for this study are from 15xl5 PWR fuel cladding that has been cold-worked
and stress-relieved and irradiated in:
*

Surry-2 reactor to a fluence of 7x1025 n/r 2 (E > 1 MeV) and an average fuel burnup of 36
GWd/MTU in which the cladding has a 40 urm oxide layer and contains 250-300 wppm
hydrogen. The clad spent fuel was placed in a dry-storage cask (Castor-V/21) for 15 years
with varying environmental and thermal histories during code benchmarking studies
conducted prior to storage.

*

H.B. Robinson (HBR) reactor to a fluence of 14x0O25 n/m2 (E > I MeV) and an average fuel
burnup of 67 GWd/MTU in which the cladding has a < 00 pm oxide layer and contains -OO
wppm hydrogen.

The histories of these cladding materials are discussed in more detail elsewhere [8]. It is worth noting
that the thermal history of Surry-2 cladding during the code benchmarking studies resulted in
temperatures of 350415'C for several hours and upwards of several days, which may have caused partial
annealing of radiation-induced damage. At the time of this paper, tensile specimens fabricated from HBR
cladding have yet to be tested so the results and discussion will concentrate on the characterization of
HBR cladding and the implications on mechanical properties. Unfortunately, archival cladding materials
(both as-manufactured and as-irradiated but prior to dry-cask storage) were not available for comparison
to the irradiated Surry from dry-cask storage. Instead, non-irradiated Zry4 cladding material with similar
thermomechanical treatment as the HBR cladding was obtained from the manufacturer and will be used
for baseline comparison of the irradiated materials.
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Fuel was chemically removed from the cladding by dissolution in a 70% nitric acid-30% water solution in
an ultrasonic bath. Additional cleaning steps using fresh solutions were conducted to further remove fuel
and fission-product deposits bonded to the inner surface of the cladding. The corrosion-induced oxide
layer on the outer surface of the cladding'was partially removed by iteratively applying a diamond file to
the outer surface for 5 sec while the cladding was rotated at high speeds, followed by checking the
electrical continuity across two probes on the outer surface until a resistance, was measured.
Metallography showed that a 5-10 um oxide layer remained. Subsequently, the gauge section of the
tensile specimen was machined to the dimensions shown in Fig. I by using a wire electro-discharge
machine with computer control. Endplugs made of Zircadyne-702 alloy were then arc-welded to the
specimen for connecting to the experimental load train, as shown in Fig. 2.
A loading analysis of this weld design has been performed. It was based on the fully annealed Zry-4
material properties in the weldment and the hiigh-fluence, irradiated material properties for the gauge
section in Fig. 1. The effects of hydrogen on these material properties were ignored. This analysis found
a safety factor of 1.5 for the required load to yield the weldment compared to the required load to fail the
gauge section given the specimen design tolerances. However, for cladding materials with a high level of
hydrogen, like that of HBR cladding, the grip design may have to differ from the welded one of this
study. Further details regarding the axial tensile specimen are discussed elsewhere [91.
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Figure I -Dimensions of axial tensile specimen prior to endplug welding (in mm)

Experimental Procedures
The dimensions of the specimen gauge sections were measured at three locations using a video
microscope and stereoscope and digital micrometers in order to calculate engineering stress. The length
of the gauge section was assumed to be equal to 25.4 mm for calculating engineering strain. The widths
and thicknesses of the gauge section at these three locations varied by less than 2% and 5%, respectively.
The measured thickness was found to be greater than the cladding thickness (as measured by
metallography), suggesting that' 'some oxide remains after the removal process.'
engineering stress values are a lower bound (assuming the oxide is not load-bearing), including error bars
associated with stress values'to represent the uncertainties in thickness.
'
.Therefore,'the
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The specimens were then placed in the experimental load train and were tested by using an Instron Model
8511 servo-hydraulic machine located within a radiological glovebox. The Instron permitted strain rates
of 0.1-100 0/olsec or an actuator displacement of 0.001-1 inch/sec (0.0254-25.4 mnlsec). Load and
displacement were monitored with a load cell having a capacity of 2200 lb-force (10 kN) and a linear
variable differential transducer (LVDT) with a stroke of 4 inches (10.2 cm), respectively. Two data
acquisition programs based on LabVIEW Graphical Programming Language acquired signals from the
load cell and LVDT at sampling rates of 1-3000 Hz.
Specimens were tested at room temperature and 400'C (293-673K) in an inert atmosphere (<0.6%
oxygen) to mitigate oxidation effects. A Model E4 quad-elliptical, radiant-heating furnace (Research,
Inc.) heated the specimen with a Eurotherm Model 1416 temperature controller. A thermocouplefeedback system controlled the heating rate and target temperature. Type K thermocouples were located
at fixed positions in the load train, and the temperature of the specimen gauge section was inferred on the
basis of previous furnace-calibration measurements. Temperature histories from these thermocouples
were recorded by a Cole-Parmer Model 80807-00 digital recorder. Tensile testing started after the target
temperature was stable, which was typically within 10 minutes of initiating furnace power.

_____________

(a)

_~477
...

.7-j-___
'

(b)
Figure 2 - Image of a Surry axial tensile specimen (a) before and (b) after tensile testing at room
temperature and 0.10/ols. Note graphite paint (dark surfaces) was applied to all specimen surfaces, except
the gauge sections, for contamination control.
Results
Microstructure
The microstructures of the irradiated cladding were examined using optical microscopy with particular
emphasis on hydride orientation and distribution. Figure 3 shows the transverse microstructure in an
etched condition of both Surry-2 cladding (36 GWdIMTU) and H.B. Robinson cladding (67 GWd/MTU)
at a location above the mid-plane of the fuel column in Grid Span No. 4. Hydrides are predominantly
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circuinferentially oriented with little or no radial orientation. Hydrides are located more toward the outer
or inner surface of the Surry-2 cladding with little hydride precipitation in the interior. The HBR cladding
has a higher density of hydrides near the oxide on the outer surface of the cladding. This finding is
consistent with the presence of a temperature gradient throughout the discharge history of these materials.
Total hydrogen content of Surry-2 and HBR cladding in Grid Span No. 4 was found to be 307±27 and
762h21 wppr, respectively.

(a)

Figure 3 - Transverse metallography in an etched condition showing hydrides in (a) Sunry-2 cladding at a
location 20 inches (50.8 cm) above the mid-plane of the fuel column and (b) H.B. Robinson cladding at a
location 27 inches (68.6 cm) above the mid-plane of the fuel colurmn.

The hydride area fraction (HAF) of H.B. Robinson cladding from Fig. 3b was measured using
differential-contrast techniques, and the results are given in Fig. 4; RAF was not measured for Surry-2
cladding. The error bars-in Fig. 4 represent the uncertainties'associated' with the etching process and
imaging techniques such ,that the relative values across the entire thickness are of interest. By area, the
cladding within 50 pm of the 'outer surface under the'corrosion-induced oxide consists of 50% hydride
precipitates and drops below 40% to a depth' of 300 uinm; This high-density rimoirlayer of hydrides may
be susceptible to crack initiation during creep deformation and/or the mechanical loading during handling
and transportation of spent fuel in dry storage. This point will be discussed further in this piper.
The local hydrogen concentration (JHkw) along the radial direction of the cladding is also shown in Fig.
4. /lf]¢, was calculated using HAF with' a correction factor to compensate for uncertirities associated
with the etching process and imaging techniques and assuming a 6-ZrH 2 hydride structure. The
correction factor was determined by equating the total hydrogen concentration to the numerical
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integration of the uncorrected [r'7jZ normalized over the thickness of the cladding. The hydride
distributions and calculated hydrogen concentrations are consistent with other studies of Zircaloy-4
irradiated to fuel burnups greater than 44 GWdIMTU [10].
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Figure 4 - Hydride Area Fraction (HAF) of the image in Fig. 3b and the corresponding local hydrogen
concentration (corrected) for H.B. Robinson cladding with radial average concentration of 762 wppm.

MechanicalProperties
The engineering stress-strain responses for non-irradiated and irradiated cladding materials are shown in
Fig. 5. A Surry specimen tested at room temperature and 120%/s resulted in premature deformation and
failure due to a flaw in the gauge section produced during specimen fabrication; therefore, the majority of
this test was invalid, and the stress-strain response is not presented in Fig. 5. The mechanical properties
for non-irradiated and irradiated-and-dry-cask-stored cladding are presented in Fig. 6 and Tables I and IL
Figure 5 shows the radiation-induced hardening of the Surry cladding material as compared. to nonirradiated HBR cladding. The data indicate that annealing of radiation-induced defects has not entirely
occurred during the thermal-benchmarking studies (see Test Materials). This observation will be
discussed later in this paper in light of the fact that the as-manufactured and as-irradiated (but prior to drycask storage) properties of Surry cladding are unknown.
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Figure'S - Engineering stress-strain curves for non-irradiated (Non-irr) and Surry cladding materials for
nominal temperatures of 26 and 400'C and nominal strain rates of 0.1 and 120%/s.

The differences of yield and ultimate stress in-Figs. 5 and 6 also indicate that Surry cladding has
remaining strain-hardening capacity like that of the non-irradiated cladding. However, because of the
relatively flat responses (i.e., constant stress over a range of strain in Fig. 5), it is difficult to accurately
calculate uniform elongation from Fig. 5 and to model the true stress-true strain curve to the Power Law
(or= Kc") for correlating uniform elongation to the strain-hardening exponent according to the Consider6
criterion. Figure 6c shows a decrease in uniform elongation with increasing temperature for g5000 C.
Both the non-irradiated and Surry cladding materials indicate slightly higher uniform elongations at
120%/s compared to 0.1%/s at 400'C and possibly as low as 325TC.
Although more testing is needed, the strain-rate sensitivity at 4000 C is found to be 0.01 4t 0.003 for Surry
cladding and 0.021 4 0.004 for non-irradiated cladding. These preliminary results also suggest that strainrate sensitivity decreases with temperature for both non-irradiated and Surry cladding materials.
Discussion and Future Work
As mentioned earlier, the hydride precipitation in high-burnup fuel cladding may affect the mechanical
behavior during severe mechanical stresses caused by handling and transportation accidents. Figure 3b
shows the hydride microstructure ofHBR cladding after irradiation to a high fuel burnup. .Under biaxial
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Figure 6 - Results from axial tensile testing of non-irradiated and irradiated-and-dry-cask-stored Surry
cladding materials showing the temperature and strain-rate dependencies of (a) 0.2% yield strength, (b)
ultimate tensile strength, (c) uniform elongation, and (d) total elongation.
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Table I - Axial tensile properties of non-irradiated Zry-4 cladding
SpcienED
Tep.(I
Sran at (Yos) 0.2% Yield
Slece
Tep.I 0C) |StrainRate (%/s)S tress
ax 1
ax 2
ax 20
ax 21
ax 22
ax 23
ax 24

26*1
2611
205*7
198U6
303+5
300*8
338+25

ax 26

3515

ax 27
ax 28

406*5
394*17

-

0.1
124
0.1
121
0.1
121
0.1

601.8
611.2
471.3
530.2
420.6
461.6
395.3

121

442.6

0.1
121

359.4
403.1

Ultimate
Stres Pa)

Uniform
Elong.(%)

Total
Elong.(%)

765.4
751.2
596.0
647.2
519.7
562.6
466.4
324.6
411.7
485.0

5.7
4.6
5.4
4.5
4.4
4.3
4.5

14.0
10.4
11.4
11.3
10.6
11.4
11.1

3.7

11.8

2.8
3.8

16.2
10.3

Table II - Axial tensile properties of irradiated-and-dry-cask-stored Zry4 cladding
0.2% Yield
(MPa)

26*1

0.1

679.5

868.2

4.6

23*1
406±6
401*6

119
0.1
124

-

894.8
512.2
561.5

-

-

2.1
3.5

10.2
5.0

Temp. (IC)

swy ax 1
surry ax-4*
surry-ax 3
surry ax 5
* - Denotes

432.7
455.8

Ultimate
StressTot.l
(Pa)

Uniform
long. (%)

Total

Strain Rate (%/s)

Specimen ID

8.2

majority of test invalidated due to preature failure from fabrication flaw in gauge section.

tension, this localization of hydride precipitates appears to be susceptible to surface crack initiation at
small plastic strains. Under more severe states of stress with highly localized deformation, likes those of
bending and impact during cask-drop accidents, hydrided cladding may be even more susceptible to
cracking. However, after vacuum drying and extended time in dry-cask storage, the distribution of
hydrides may evolve from this localization to a more-uniform distribution, which could increase cracking
resistance or toughness in high-burnup fuel cladding. Moreover, the potential for precipitation of radially
oriented hydrides in cladding like HBR increases the likelihood of low-plasticity cracking. To date, Tsai
and Billone (1] have exposed both irradiated-and-dry-cask-stored Surry and irradiated HBR cladding
materials to thermal transients with and without an applied hoop stress to investigate the evolution of
radial-hydride reorientation and hydride redistribution, respectively. These hydride precipitates may have
little effect on the ductility of Zry-4 cladding irradiated to low fuel burnup at the beginning of dry storage,
when temperatures may range between 350-400'C and a majority of the hydrogen is in solution.
However, as dry-cask-storage temperatures decrease over time, the fraction of hydrogen in the form of
hydrides (circumferentially and/or radially oriented) increases, making the cladding more susceptible to
low-ductility failure under severe loading. Increased hydrogen contents, like that of Zry4 cladding
irradiated to intermediate and high fuel burnup, further increases this susceptibility over a broader range
of storage temperatures. To build upon the results of Tsai and Billone, studies are planned to investigate
the mechanical properties of high-burnup fuel cladding with various hydride microstructures (i.e., total
hydrogen content and hydride distribution and orientation) under severe loading conditions at
temperatures of 25-400'C.
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The preliminary tensile results of this study indicate that irradiated-and-dry-cask-stored Surry cladding
exhibits higher yield and ultimate strengths and lower elongations as compared to the non-irradiated
cladding 2of this study. Published tensile results of cladding irradiated in HBR to a fast fluence of
4.2x10 n/rn2 (E > I MeV) by Bauer and Lowry [11] also show yield and ultimate stresses higher than
those of the Surry cladding (7x10 25 n/m 2 (E > I MeV)), which may be the result of different
manufacturing treatments. Likewise, MATPRO models [12]. indicate that the strength of post-storage
Surry is lower than that of the as-irradiated cladding. Although the cold-worked amount of the asmanufactured Surry cladding and the as-irradiated properties are not specified [13], these observations
suggest that post-storage Surry exhibits radiation-induced hardening, indicating that partial annealing may
have occurred during the thermal benchmarking studies of Surry fuel in dry storage.
As mentioned earlier, the benchmarking exposed the dry-cask-stored Surry cladding to a number of
temperature transients with a peak temperature (axially through the.cask) of 400 4150 C for approximately
144 hours [14]. Tsai and Billone [1] recently found that the microhardness of irradiated HBR cladding
(14.0x1025 n/r 2 (E > I MeV)) was recovered by approximately 54% and 75% compared to that of the asmanufactured HBR cladding after exposure to 420'C for 20 and 72 hours, respectively; the technique of
calculating this percentage of recovery is described in detail in [1]. Bauer and Lowry [11] also conducted
thermal annealing tests from which, using the technique of [1], we calculate that the recovered yield
strength is approximately 54% after exposure to *4270C for 1 hour. Likewise, microhardness
measurements of post-storage Surry compared to as-irradiated Turkey Point cladding (5.6x102 n/n 2 (E >
1 MeV)) suggest that slight annealing may have occurred [14]. At any rate, without true baseline
properties of as-manufactured and as-irradiated Surry cladding, it is difficult to definitively state whether
or not annealing of radiation-induced damage in post-storage Surry has occurred.
Lastly, the effect of creep deformation on the residual mechanical properties is not well understood.
Although the tensile results of this study indicate that post-storage Surry cladding (essentially, zero creep
strain) show relatively similar strain-hardening capacity as compared to non-irradiated cladding, it is not
clear what effect creep strains upwards of 4% would have on this capacity. Additional tests are in the
planning stage for performing mechanical tests on cladding that has experienced >1% creep strain.
Conclusions
Preliminary results are presented on the mechanical properties of as-irradiated and dry-cask-stored Zry-4
fuel cladding at intermediate-to-high fuel burnups. At the time of this paper, mechanical properties were
limited to Zry-4 cladding irradiated to 36 GWdIMTU in Surry-2 reactor and stored in dry-cask for 15
years. The following observations were made from our study:
1. Uniaxial tensile tests along the longitudinal direction of the cladding tube were conducted at room
temperature and 400'C and at strain rates of 0.1 and 120%/s. The properties of dry-cask-stored
Surry cladding showed slightly higher strength and reduced elongation as compared to nonirradiated cladding, consistent with radiation-induced hardening. Post-storage Surry cladding
exhibited strain hardening comparable to that of non-irradiated cladding.
2. It was not apparent whether thermal annealing of radiation-induced defects in Surry cladding
occurred during thermal benchmark tests or dry-cask storage. Future work is needed to expand the mechanical properties database and to investigate the effect of
hydride precipitation (i.e., hydride distribution and orientation and total hydrogen content). and preexisting creep deformation on the mechanical behavior of Zry-4 irradiated to high fuel burnups for
licensing of dry-cask-storage systems.
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LOCA RESULTS FOR ADVANCED-ALLOY AND EIIGH-BURNUP ZIRCALOY CLADDING
Y. Yan, T. Burtseva, and M. C. Billone
Argonne National Laboratory (ANL)
Argonne, Illinois, USA
Abstract
LOCA integral test results are reported for high-burnup BWR cladding
ramped in steam from 300'C through ballooning-and-burst to 1204'C,
oxidized at 1204'C for 5 minutes (=20%Wmaximum ECR), "and slow
cooled. The 300-mm fueled LOCA sample was sectioned for' fuel 'and
cladding metallographic imaging, as well as hydrogen and oxygen
determination. The measured cladding'oxide layer thicknesses in the
ballooned region were comparable to the ones measured for a
nonirradiated Zry-2 sample tested under the same conditions. Thus, the
10-pm corrosion layer, the fuel-cladding bond and the presence of fuel
do not protect the cladding from steam oxidation in the ballooned region.
However, the hydrogen pickup in the balloon neck region was low (-n200
wppm), as compared to measured peak values (=4000 wppm) for the
nonirradiated Zry-2 sample. Results are also presented for the oxidation
kinetics and post-quench ductility of nonirradiated ZIRLO and M5, as
compared to the performance of Zry-4.
Introduction
The LOCA licensing criteria (10 CFR 50.46) limit peak cladding temperature to 22000 F (12040 C)
and maximum oxidation (expressed as equivalent cladding reacted, ECR) to 17% to ensure cladding
ductility during the emergency-core-cooling-system quench and during possible post-LOCA events (e.g.,
seismic); In formulating these criteria, it was assumed that the detailed loading modes and magnitudes
experienced by the cladding, beyond the thermal stresses induced by rapid cooling, are not well defined.
Cladding that retains some plastic ductility hais more margin than brittle cladding for surviving quench
and post-quench loads without fragmenting Based on Appendix K of this regulation, the Baker-Just (BJ)
correlation is to be used to calculate the metal-water (i.e., steam) reaction. Regulatory Guide 1.157
(1989) allows the use of best-estimate correlations, such 'as 'Cathcart-Pawel (CP), to calculate the
oxidation rate in steam for T > 1900T (1038'C). At 1204'C, the ratio of the BJ-to-CP prediction is -1.3.
To compensate for the possible effects of high burnup operation (e.g., hydrogen pickup), NRC
Information Notice 98-29 (1998) defines total oxidation to include in-reactor corrosion (ECRU), as well as
transient steam oxidation (ECR,).
The LOCA integral tests at ANL, using high burnup BWR and PWR fuel-rod segments, are
designed to address the adequacy of the embrittlement criteria, of the correlations (CP vs. BJ) used to
calculate oxidation, and of the decrease in allowable transient oxidation (ECRt < 17% ;- ECRS,) to
compensate for the embrittling effects of hydrogen. .'In addition to 'this confirmatory aspect of the
research, the fundamental behavior of high-bumup fuel and cladding, exposed to a LOCA transient, is
investigated and characterized. For advanced cladding alloys, the post-quench ductility of nonirradiated
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samples is characterized vs. ECR and oxidation temperature (1000-1260'C) and compared to the behavior
of Zry-4 and Zry-2, for which an extensive database exists in the open literature.
LOCA-relevant research at ANL includes cladding high-temperature steam oxidation studies (1],
LOCA integral testing of fueled segments [2], post-quench ductility testing of LOCA integral specimens,
and post-quench ductility testing of nonirradiated zirconium-based cladding alloys (Zircaloy-2, Zircaloy4, ZIRLO, MS, and E IO). Two LOCA integral tests with high-burnup BWR samples (from a Limerick
fuel rod at 56 GWd/MTU) were completed in 2002: ramp-to-burst in Ar (ICL#I); and ramp through burst
in steam to 1204'C followed by 5 minutes of oxidation and slow cooling (ICL#2). Limerick cladding is
Zr-lined Ziy-2 (GE-I 1 9x9 assembly design) with m10 npm
of in-reactor corrosion, :0.7 wt.% oxygen and
-70 wppm hydrogen. Burst temperatures and pressures, fuel permeability results, profilometry, and
burst-opening characteristics were presented at NSRC-2002 [2]. The full LOCA integral test (ICL#3),
including quench from 800C, is scheduled for early 2004. This sequence is indicated schematically in
Fig. 1. After completion of the high-burnup BWR test matrix, high-burnup PWR rods (from the H. B.
Robinson reactor) will be subjected to the LOCA test sequence indicated in Fig. 1. In this paper, the
results of the destructive examinations of the ICL#2 sample are presented: fuel morphology, cladding
inner- and outer-surface oxidation within the ballooned region, and hydrogen pickup near the neck region.
Advanced-alloy weight gain data and post-quench ductility data are also presented and compared to the
performance of Zry4 for samples oxidized at I00(YC and 1IOOC to CP-calculated ECR values <20%.
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Fig. 1. Temperature histories for the LOCA integral tests: (1) ramp-to-burst test conducted in August
2002; (2) full LOCA sequence up through slow-cooling to 800'C followed by furnace cooling
(September 2002); and (3) full LOCA sequence including quench from 800C to lOO'C (2004).
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LOCA Out-of-Cell Integral Tests Results: OCL#11 Samule

The out-of-cell LOCA integral apparatus, contains the same features as the in-cell
apparatus: radiant furnace, argon purge system, high-pressure system to internally pressurize the
300-mm-long test sample, steam supply. system, and quench system. Both share the same
control and data acquisition systems. The out-of-cell apparatus has been used to generate
baseline data for nonirradiated Limerick archival cladding: 9x9 Zry-2, 11.1 8-mm outer diameter
(OD), and 0.71-mm wall thickness.- Results for the OCL#1 companion test to ICL#2 are
discussed here. Figure 1 shows "aschematic'of the temperature history for this test (5 minutes at
1204-C), with the dashed line indicating furnace cooling at the end of the test from 800C to
room temperature. Nondestructive results and some destructive results for the ICL#I I sample
are reported in Ref. 2.
Additional characterization of the axial distribution of oxygen and hydrogen was
performed. Figure 2a shows the concentrations of oxygen (Lo) and hydrogen (LH), measured by
the LECO method after the OCL#l 1 LOCA test. These concentrations are referenced to the
weight of the oxidized samples. The data need to be converted to concentrations referenced to
the pre-oxidized sample weight in order to determine pickup values during the transient.
Following the weight-gain correction, the as-fabricated oxygen (Coi = 0.11 wt.%) and hydrogen
(Cm = 5 wppm) contents are subtracted to give oxygen (ACo) and hydrogen (ACH) pickup,
referenced to the cladding prior to oxidation. The algorithms for calculating ACo (in wLt%) and
ACH (in wppm) from the LECO data (Lo and LH) are:
ACo = (Lo -Coi)/(l

Lo/ 00%)

(1)

ACH (I + ACO/l00%) LH-CH1

(2)

-

The ECR (in %) is determined from the oxygen pickup: ECR = 2.85 ACo. However,
based on benchmarkinfg tests, it has been shown that =10% of the oxygen is lost during LECO
sample.preparation.!. Thus, for the ECR calculation 'Lo' is'replaced by "l.l Le" in Eq. 1. In
addition, quantitative .metallography, along with -the, CP models 'for interface oxygen
concentrations and diffusion within the oxide, alpha and beta layers, was used to determine
oxygen concentration, weight gain, and the corresponding ECR. The axial distributions of ECR
and hydrogen pickup are shown in Fig. 2b. As expected, the oxygen pickup and ECR peak at the
center of the burst region where the cladding is 'thinnest and the oxidation is fully two-sided. The
ECR decreases away from the burst. center as the cladding wall thickness increases and the
degree' of 'inner-surface oxidation decreases. 'Also, as expected, the hydrogen pickup, due to
secondary hidriding, peaks near the-balloon neck-'regions. 'The magnitude of these hydrogen
peaks, however, ,is'larger' than previously reported [3] and may -depend on'the details of
ballooning strain'profile, burst opening, diameter of pellets (zirconia) inside the cladding, heating
method (internal vs.external vs. direct-electrical) and cladding type (lined Ziy-2 vs. Zry-4). As
these hydrogen peaks, as well as the hydrogen within the balloon region, are potentially
embrittling, it is important to determine the magnitude of such effects for high-burnup cladding.
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Fig. 2. Axial distributions of oxygen, hydrogen and ECR for out-of-cell test OCL#l I sample with
nonirradiated Zry-2 cladding: (a) LECO data for concentrations referenced to the weight of the
oxidized samples; and (b) data corrected for weight gain and pre-transient concentrations of
oxygen and hydrogen. Oxygen concentrations in the oxide and alpha layers are much higher
than the measured average value, while hydrogen concentration in the prior-beta layer is much
higher than the measured average value.
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LOCA In-Cell Integral Test Results: ICL#2 Test Sample

Background
The ICL#2 test was conducted in September 2002. Nondestructive characterization (photography,
profilometry, etc.) was completed shortly after the test. The results were reported at NSRC-2002 [2] and
are summarized in Table 1. During the post-test handling, some fuel particles (<0.3 mm in size) fell out
through the burst opening. The mass of particles collected represents <25% of one fuel pellet. In October
2002, the hot cells were closed for significant maintenance and repair. Movement of radioactive material
was required to do the repairs. In preparation for the movement of the ICL#2 sample, the burst area was
epoxied. As the epoxy was applied very quickly, some of it spread through much of the balloon region.
The consequences of the epoxy are twofold: fuel particles present about a month after post-test sample
handling were "frozen" in position; and no hydrogen analyses of the cladding could be performed within
the ballooned region because of the high hydrogen content of the epoxy and the difficulty of removing the
fuel-embedded epoxy.
Axial Locations of Samples Sectioned for Destructive Evaluation
Figure 3 shows the axial locations from which the fuel and cladding metallography samples and the
hydrogen-analysis samples were sectioned relative to the burst opening location and the ballooning strain.
Oxygen-analysis samples were also prepared next to the HI and H2 locations.
Fuel Moruhology
There is considerable interest in the behavior of high-burnup fuel during a LOCA transient. Prior to
the transient, the fuel is tightly bonded to the cladding. During ballooning, the cladding pulls away from
the fuel. This allows space for fuel particles (macro-cracked,, micro-cracked, and -very small particles
from the rim layer) to fall into the balloon region. If such movement were to result in a local increase in
fuel per unit length, then the higher decay heat per unit length would cause an increase in cladding
oxidation temperature and maximum ECR in the burst region. Also, if the fuel-cladding bond material
moves with the cladding, such a layer could slow down the initial steam oxidation rate and could protect
the cladding from the large hydrogen absorption observed in tests with bare-wall, nonirradiated cladding
(see Fig. 2). As methods that could be used to freeze the fuel particles in place (e.g., epoxy) conflict with
cladding characterization, the ANL program is more focused on the details of cladding oxidation,
hydriding, and ductility than on fuel behavior. This was certainly the case for the ICL#2 sample, as no
attempt was made to prevent fuel fallout during handling. In future tests, the burst area will be taped
following the test to minimize fuel fallout and the samples will be garnma-scanned - prior to other
nondestructive characterization - to determine the axial distribution of fuel in and beyond the balloon
region. For ICL#2 axial locations with little-to-no permanent strain, metallographic images of the fuel
most likely represent the condition of the fuel at the end of the LOCA test. For the ICL#2 balloon region,
it is likely that significant redistribution of fuel particles took place between the end of the LOCA test and
the filling of this region with epoxy.
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Table I Comparison of Results from In-Cell Test ICL#2 and Out-of-Cell Test OCL#l 1. Samples were
ramped from 300'C to 1204'C in steam, held for 5 minutes at 1204'C, cooled at 3VC/s to
8001C and furnace-cooled to room temperature.
Parameter

ICL#2

OCL#1 I

Environment

Steam

Steam

Hold Temperature, IC

1204

1204

Hold Time, minutes

5

5

(Po., MPa

8.87

8.61

728

680

Burst Pressure (PB), MPa

S8.01

•7.93

Burst Temperature (TB), 0C

>750

753E22

Burst Center Relative to Specimen

+25

+35

Burst Shape
Burst Length, mm

Oval
14

Dog Bone

Max. Burst Width, mm

3.5

1

Length of Balloon, mm

90

140

39b10

43:10

=0.514

=0.500

-20

z20

T at (P.),

C

Midplane, mm

(ADIDo).nt

%

Reference Minimum Wall Thickness
for ECR,

11

mmru

Maximum ECR, %
Calculated
Measured

aFrom profilometry at

-

O°

and 90° relative to,burst opening
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Hydrogen, as well as oxygen, measurements were taken at
Fig. 3. Sectioning diagram for high-bumup-BWR LOCA sample ICL#2.
locations HI and H2.

Figure 4 shows the fuel structure =130 mm below the burst center (45 mm above the bottom
endcap), as compared to the fuel structure of the as-received Limerick fuel. The structures are similar,
except that the post-LOCA fuel shows a ring of circumferential tearing about mid-radius. This tearing
may have occurred as the cladding tried to move a small distance (0-0.1 mm) away from the fuel and/or
because of the effects of fission-product gases on the fuel (see dark ring near mid-radius for the preLOCA fuel in Fig. 4a). Figure Sa shows a high-magnification of a small area of the mid-radius of the
Limerick pre-LOCA fuel with the high concentration of fission gas within the grains, as well as some
fission gas bubbles on grain boundaries. Figure 5b shows an enlargement of the region of post-LOCA
fuel with the circumferential tearing.
Figure 6 shows low-magnification images of the fuel structure at: (a) =50 mm above the burst (axial
.position A in Fig. 3) and (b) =12 mm above the burst center (axial position B in Fig. 3). At =50 mm
above the burst, the circumferential tearing is enhanced as compared to the =130-mm location, most
likely due to the larger cladding strain. Some fuel fallout, which may have occurred during cutting is
observed, although this region of the fuel column was embedded in a soft epoxy prior to cutting. Smaller
fuel particles are also observed. In Fig. 6b, a wide range of fuel-particle sizes is observed, although these
particles and fuel chunks are not co-planar. The particles and chunks are held in place by soft epoxy.
Because this photograph was taken after extensive handling of the sample, resulting in axial redistribution
of particles and fuel fallout through the burst opening, it does not represent the fuel condition near the
burst center during the LOCA test or after cooldown. The most that one can glean from such a picture is
that the wide range of fuel-particle sizes would allow some fuel to fall from <50 mm above the burst
center to the burst region.
Cladding Metallogravhv
Low-magnification photographs were taken at 10 circumferential locations of the burst midplane
and pieced together (see Fig. 7) to obtain an image of the metal (oxygen-stabilized alpha and prior-beta)
thickness vs. circumferential location. The inner and outer oxide layers are not visible in Fig. 7. Also, the
burst tips, which are very thin and heavily oxidized are likely lost in the cutting process. However, the
low-magnification image is consistent with the higher-quality images taken of the companion out-of-cell
sample (OCL#ll): thin metal wall near the burst opening, which increases in thickness as the
circumferential position increases to 180' from the burst opening. High-magnification micrographs were
obtained of the inner and outer cladding regions away from the burst tips. These are shown in Figs. 8a
(outer surface) and 8b (inner surface). The thickness of the outer-surface oxide layer is consistent with
CP-calculated oxide thickness and consistent with the results of oxidation tests conducted on undeformed
cladding samples [2]. The results demonstrate that the =10-pm-thick corrosion layer is not protective
with regard to steam oxidation. The inner-surface oxide layer is wavy in appearance, which may be due
to the high hydrogen-to-steam ratio within the burst region. It is comparable in thickriess to the outersurface layer, which suggests that the fuel-cladding bond layer is also non-protective with regard to steam
oxidation. Alpha incursions into the prior-beta layer are observed at this location, just as they were
observed in the oxidation tests [1,2]. These most likely formed during the 3C/s cooling from 1200'C to
800'C. They represent regions with higher oxygen content than the remaining prior-beta material and
lower oxygen content than the alpha layer formed at 1200'C.
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(a)

(b)

LOCA test
Fig. 4. Low-magnification images of the Limerick fuel prior to LOCA testing (a) and after The postsample.
LOCA
the
ICL#2 (b). The location of the pre-LOCA fuel is 180 mm fiom
LOCA fuel is -130 mm below the ICL#2 burst center and ;45 mm from the lower endcap - axial
:
location D in Fig. 3.
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(b)
Fig. 5. High-magnification of pre-LOCA-fuel mid-radius showing high concentration of fission gas
within the grains (a) and enlargement of the post-LOCA fuel mid-radius region showing
circumferential tearing (b) - axial location D in Fig. 3.
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(a)

(b)

A in Fig. 3 Fig. 6. Fuel morphology of ICL#2 sample at z50 mm above burst center (a) - axial location strains are 2diametral
Cladding
3.
and z12 mm above burst center (b) - axial location B in Fig.
4% for the Fig. 6a cross-section and 15-25% for the Fig. 6b cross-section.
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2.00 mm

Fig. 7. Low-magnification composite of the cladding metal (alpha and prior-beta) cross-section at the
burst midplane of the ICL#2 sample - axial position C in Fig. 3. Cladding diameter increase
from burst opening to 180' from burst opening is '50%. Diameter increase d9Ofrom burst
opening is =30%. Fuel particles embedded in epoxy can also be observed.
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(a)

(
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Fig. 8. Outer (a) and inner (b) cladding oxide layers =1 80- from burst center - axial position C in Fig. 3.
These etched samples show oxygen-stabilized alpha incursions into the prior-beta layer.
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More detailed metallography was obtained at axial position B (-12 mm above the burst midplane).
Figures 9a-b show the images of the arc segment after etching. Double-sided oxidation is evident at this
location, with the inner-surface oxide thickness > the outer-surface oxide thickness. Eight such regions
were imaged around the cladding at axial location B, and quantitative metallography was performed to
determine the distribution of cladding thickness, outer-surface oxide layer thickness and inner-surface
oxide layer thickness with respect to circumferential orientation. These results (b) are compared in Fig.
10 to the baseline results obtained for the nonirradiated Zry-2 sample used in the OCL#I 1 test (a). In
order to focus on the transient oxidation of the high-burnup LOCA sample (ICL#2), 10 pm was
subtracted from the total outer-surface oxide-layer thickness to generate the transient oxidation data.
Notice that the oxide layer thicknesses shown in Fig. 10 were multiplied by 7 to allow them to be plotted
on the same scale as the wall thickness. For the OCL#11 sample, the oxide layers formed on the innerand outer-cladding surfaces are consistent with respect to circumferential orientation. Average values for
outer- and inner-surface oxide layer thicknesses for OCL#l 1 are 59 pm and 56 pm, respectively. The
weight gain and ECR were determined to be 11.4 mg/cm2 and 15.7%, respectively, while the prior-beta
layer thickness was measured to be 398 pm. The high-bumup sample differs somewhat in that there is
more circumferential variation in the inner-surface oxide-layer thickness. The average outer- and innersurface oxide layers are 55 pm and 57 pm, respectively. The weight gain and ECR were determined to be
10.5 mg/cm2 and 14.9%, respectively, while the prior-beta layer thickness was measured to be 435 pm for
the ICL#2 sample at this location. Although the axial locations with respect to the burst center are
slightly different (18 mm above for OCL# 1 and 12 mm above for ICL#2), the values for oxide layer
thickness, weight gain, ECR, and prior-beta layer thickness are remarkably close. These results indicate
that close to the burst region the steam oxidation of nonirradiated and high-burnup Zry-2 samples is
essentially the same. No high-burnup effects were observed.
Secondary Hvdriding
Hydrogen is released during inner-surface oxidation within the balloon region, particularly near the
burst region. Because of the flow resistance of the small burst opening, a relatively high fraction of this
hydrogen remains within the sample and migrates up and down the sample towards the balloon neck-andbeyond regions. For the nonirradiated samples, there is little resistance to this migration and the bare
cladding inner surface absorbs a large amount of hydrogen (see Fig. 2). Qualitatively, the same behavior
would be expected for fresh and low-burnup fuel cladding. For high-buinup fuel, the axial extent of
hydrogen that could'come in contact with the cladding would be limited by the presence of the fuel, and
the local hydrogen absorption would be limited by the fuel-cladding bond layer. Although this layer has
been shown to be non-protective with regard to steam oxidation, it is of great interest to determine
whether or not it is protective with respect to hydrogen diffusion into the cladding. Hydrogen and oxygen
concentrations were measured for ICL#2 samples sectioned from -70 mm (axial position HI in Fig. 3)
and -90 mm (axial position H2 in Fig. 3) above the burst center. The raw data give oxygen and hydrogen
concentrations of LO = 2.92 wt.% and LH = 230 wppm, respectively, at HI and LO = 2.78 wt.% and LH =
284 wppm, respectively, at H2 . Using these data, hydrogen pickup and ECR values were determined to
be: ACH = 167 wppm and ECR = 7.4% at HI, and ACH = 220 wppm and ECR = 6.9% at H2. These
results are compared in Fig. 11 to the peak hydrogen-content locations and values for OCL#1 1,relative to
the average diametral strain. It is clear that the high-burnup-cladding values are significantly lower than
the nonirradiated-cladding values at comparable cladding strain values. This shows a significant
difference in the behavior of high-burnup-fueled vs. nonirradiated cladding More data are needed to map
out the axial distribution of hydrogen in post-LOCA high-burnup cladding.
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(a)

(b)

of the innerFig. 9. Metallographic images of the cladding =12 mm above the burst midplane. The micrograph (a) shows good definition prior-beta
large
and
1200C
at
formed
that
and outer-surface oxide layers; and the micrograph (b) shows well-defined alpha layers
grains surrounded by oxygen-stabilized alpha layers formed during slow cooling to 800C.
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(b)
Fig. 10. Circumferential variation in post-LOCA cladding wall thickness, outer-surface (OD) oxide-layer
thickness, and inner-surface (ID) oxide layer thickness for: (a) nonirradiated OCL#1 I Zry-2
sample 18 mm above burst center; and (b) high-burnup ICL#2 Zry-2 sample 12 mm above
burst center.
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Fig. 11. Hydrogen pickup and ECR distributions for post-LOCA ICL#2 high-burnup-f'ueled Zry-2 sample as compared to hydrogen peaks
in post-LOCA OCLfI' I nonirradiated Zry-2 sample (see Fig. 2).
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Advanced-Alloy Cladding Post-Ouench-Ductilitv Results

The purpose of this program is to determine the post-quench ductility of advanced cladding alloys
ZIRLO and MS, as compared to the post-quench ductility of Zry-4. While extensive literature data are
available for traditional Zircaloy claddings (Zry-4 and Zry-2), relatively little data have been published
for ZIRLO and M5. Also, the published data [4, 5] for advanced alloys were generated in different
laboratories by very different methods. In this program, all samples are oxidized in the same apparatus at
the same ramp rates, hold times, and cooling rates (slow-cooled to 800'C and water-quenched). The 25mm-long samples are exposed to two-sided steam oxidation prior to cooling. Also, the samples are
compressed in the same Instron machine, and the load-displacement data are analyzed by a common
method to determine ductility.
The Zry-4 and ZIRLO tubing (17X17 PWR) provided by Westinghouse has an outer diameter of
9.50 mm and a wall thickness of 0.57 mm. The M5 tubing (17x 17 PWR) provided by Framatome has an
outer diameter of 9.50 mm and a wall thickness of 0.61 mm Table 2 summarizes the test matrix for
oxidizing the samples prior to ring-compression, post-quench ductility testing. The times listed are the
equivalent isothermal times at the test temperature to give Cathcart-Pawel (CP) calculated ECR values of
5, 10, 15, 17, and 20%, for an assumed wall thickness of 0.57 mm Actual ECR values vary depending on.
the measured weight gain and non-oxidized wall thickness for each sample.
Following oxidation and quench, 8-mm rings are cut from near the middle of the 25-mm-long
samples. Ring compression tests are performed at room temperature and a cross-head displacement rate
of 2 mm/min. The load-displacement curves are analyzed by the traditional offset-displacement method.
The offset displacement, which is often used as the measure of permanent displacement, is nonnalized to
the outer diameter (9.50 mm) to give a nominal plastic hoop strain. Samples that exhibit offset strains
>2% are considered to be ductile. However, for samples with <2% offset strain, another method is used
to better determine permanent deformation and ductility. For this second method, the sample is unloaded
after the first significant load drop indicating through-wall failure along the length of the sample. The
post-test diameters along and normal to the loading direction are measured directly and compared to the
pre-test diameter to give a direct measure of permanent strain. For these low-offset-strain samples, the
permanent diameter chiange in the loading direction is used as the direct measure of ductility.
Oxidation and quench have been completed for Zry-4, ZIRLO and MS samples oxidized at 1000(C
and 1 OO'C. Weight gains were recorded for each sample, normalized to the oxidation surface area, and
compared to CP predictions (in mg/cm2 ). Ring-compression tests have also been completed on 8-mmlong rings cut from the oxidation samples. Metallography, microhardness, and hydrogen-content analyses
are in progress for the highest ECR samples for each alloy. This characterization is performed to allow
con-elation between the ductility observed in the ring compression test and the material structure (e.g.,
prior-beta-layer thickness, extent of alpha incursions into this layer, etc.) and the hydrogen content.
Results for El 10 oxidized at 1000'C are reported in Ref. 6.
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Table 2 Test Matrix for Oxidation of Samples for Post-Quench Ductility Tests. The times and ECR
values listed correspond to those calculated using the Cathcart-Pawel weight gain correlation, a
nominal wall- thickness of 0.57 mm, and two-sided isothermal oxidation in steam. The
relationship between ECR (°) and normalized weight gain (Aw in mg/cm2 ) is ECR = 1.538 Aw
for 0.57-mm-thick cladding samples.
Temperature

ECR
%

1000

5
10
15
17
20

1100

5
10
15
17
20

210
.841
1892
2430
3364

-

67
266
599
769
1065

1200

'
10
15
17
20

1260

Equivalent Oxidation Time
s

5
10
15

25
99
222
-285
394
14
58
130
167
231

172
20

Weight Gain Kinetics
The weight gain data for Zry-4, ZIRLO and MS, oxidized at 1100'C, were in excellent agreement
with each other and the CP-predicted weight gain values. These results are consistent with published data
for ZIRLO vs. Zry-4 [4] and MS vs. Zry-4 [5]. At the highest test time, measured values were 13.2
mglcm 2 (Zry-4), 13.7 mg/cm2 (ZIRLO), and 13.3 mg/cm 2 (M5), as compared to the predicted value of
13.0 mg/cm2 . Using the measured wall thickness for each alloy, these weight-gain values convert to
"measured" ECR values of 20.3% (Zry-4), 21.1% (ZIRLO) and 19.1% (M5).
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After oxidation at 1000lC, the weight gain of ZIRLO tracks well with the CP-predicted values up
through 17% ECR and is low by only 10% at the highest test time (-3400 s). Beyond l10% CP-ECR, the
Zry-4 weight-gain values are 9-13% higher than the CP-values. Consistent with previous work [5], the
M5 weight gain is =30% lower than the CP prediction and -36% lower than the Zry-4 data point at the
highest test time. The ECR values determined from the weight gains and the as-received cladding wall
thicknesses are: 22.4% (Zry-4), 18.0% (ZIRLO) and 13.3% (M5). In order to further explore these
differences in weight gain, metallography was performed on as-polished and etched samples oxidized at
1000-C for z3400 s. Figure 12 shows a comparison between as-polished samples of Zry-4 and ZIRLO
after this long test time. The inner/outer oxide layer thicknesses are 83-gmi/82-pm for Zry-4 and 57gm/66-pm for ZIRLO, based on quantitative analysis of eight arc segments around the circumference of
the samples. The ratio of total oxide thickness is ZIRLO/Zry-4 = 0.75, while the ratio of weight gains is
0.80. Thus, the higher weight gain of Zry-4 at 1000'C and -3400 s is a direct result of the thicker oxide
layers formed on the Zry4 inner and outer surfaces.
Figure 13 shows a comparison between as-polished Zry-4 and MS samples oxidized at 1000T for
=3400 s. Based on averaging the oxide layer thicknesses for eight circumferential arc segments, the MS
outer/inner oxide layer thicknesses are 36-pnm32-pm. The ratio of total oxide thickness is M5/Zry-4 =
0.41, while the weight gain ratio is 0.64. Thus, the primary reason for the lower weight gain of MS as
compared to Zry-4 is the relatively slow growth of the inner and outer oxide layers. However, these
results also suggest that the alpha and prior-beta regions of MS pick up more oxygen than Zry-4 for long
oxidation times at 1000(C. The results are consistent with the observation that thicker oxide layers are
more effective diffusion barriers than thin oxide layers.
Post-Quench-Ductility Results
The load-displacement curves from the ring compression tests were analyzed by the offset method.
Figure 14 illustrates this method for a Zry4 ring oxidized at I 100C to a CP-calculated ECR of 15% and
a measured ECR of =16%. The sample fractured into four pieces with the first though-wall fracture
occurring at the load or support point. The offset displacement (0.516 mm) prior to the first through-wall
crack is determined by mathematically by unloading the specimen at the elastic loading-stiffness rate.
Normalizing this offset displacement to the as-fabricated outer diameter (9.50 mm) gives an offset strain
of 5.4%. For samples oxidized at I 100-C to a CP-calculated ECR value of -17% (-21% BJ-ECR), the
ductility determined by offset strain was in the range of 4-5%. For samples oxidized at 1000'C to =17%
CP-ECR ('19% BJ-ECR), the offset-strain ductility was 4-5% for Zry-4 and ZIRLO and >5% for M5. It
is interesting to note that all three alloys oxidized at 1000 C to -20% CP-ECR (-22% BJ-ECR) had a
post-quench ductility of 3%, even though their ECR values determined from measured weight gain and
sample thickness range from 22.4% for Zry-4 to 18.0% for ZIRLO to 13.3% for MS. Thus, the postquench ductility of these alloys oxidized at 1000'C correlates better with time-at-temperature or predicted
ECR, which varies as the square-root of time, than with measured ECR.
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Fig. 12. Metallography of as-polished Zry4 (a) and ZIRLO (b) oxidized in steam at IOO0C for z3400 s, slow cooled to 800'C
water quenched. Measured ECR values are 22.4% for Zry-4 and 18.0% for ZIRLO.

(a) Zry-4

Fig. 13.
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(b) M5

Metallography of as-polished Zxy-4 (a) and M5 (b) oxidized in steam at lOOIC for ~3400 s, slow cooled to 800t and water
quenched. Measured ECR values are 22.4% for Zry-4 and 13.3% for MS.
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Fig. 14. Load-displacement curve for Zry-4 oxidized at i 100C to a CP-calculated ECR of 15%, slowcooled to 800'C and quenched to 100 C. The test was conducted on an 8-mm-long ring at
room temperature and a cross-head displacement rate of 2 mm/minute. The offset displacement
prior to the first through-wall crack is 0.516 mm

Conclusions and Future Work
LOCA Integral Test Results for High-Burup BWR Fuel
Metallography was conducted at several locations of the ICL#2 high-burnup LOCA integral sample
to determine fuel morphology and Zry-2 cladding layer (oxide, alpha, and prior-beta) thicknesses. This
sample had been pre-pressurized to =8.4 MPa at 300'C, ramped in flowing steam through ballooning and
burst to 1204C, held at 1204C for 5 minutes, cooled to 800'C at 3C/s and fuumace-cooled from 800'C
to room temperature. These destructive examinations were performed after significant handling of the
LOCA specimen during nondestructive examinations and after the ballooned region had been filled with
epoxy. Prior to this test, a companion out-of-cell test (OCL#l 1) had been conducted with nonirradiated
Zry-2 (filled with zirconia pellets) to provide baseline data for the in-cell test. The condition of the fuel
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below the balloon neck region appeared to be essentially the same as the pre-LOCA fuel structure of a
sample sectioned from near the LOCA specimen. Some circumferential tearing of the post-LOCA fuel
was observed at mid-radius, which may be due to the behavior of the high concentration of fission gas in
this fuel ring and to the small expansion of the cladding away from the fuel. Fuel morphology was also
imaged z50 mm above the burst center, =12 mm above the burst center and at the burst center. These
results are interesting, but they are not necessarily indicative of the fuel morphology during the test.
Essentially, these results demonstrate that the fuel cracks into small enough fragments that some axial
relocation of fuel may occur during and/or following ballooning and burst. However, there is no evidence
from the ICL#2 sample that the fuel mass per unit length increased within the ballooned region. In
subsequent LOCA integral tests - with quench - the burst area will be taped prior to movement and
handling to prevent fuel fallout. Also, gamma scanning will be performed to assess fuel relocation.
Based on measurements of cladding outer- and inner-surface oxide thickness at several axial
locations, it appears that the presence of =10 pm of corrosion does not inhibit or slow down outer-surface
oxidation and the presence of fuel and fuel-cladding bond does not retard inner surface steam oxidation.
With regard to steam oxidation, high-burnup-fueled Zry-2 behaved very similar to nonirradiated Zry-2
during the LOCA transient. The major difference observed between post-LOCA high-burnup-fuel
cladding and nonirradiated cladding was the degree of secondary hydriding in the balloon neck region:
z4000 wppm hydrogen pickup for both necks of the nonirradiated cladding and -200 wppm for one neck
of the high-burnup sample. A more detailed axial profile of hydrogen concentration and pickup will be
obtained from the next high-burnup LOCA integral test (ICL#3) scheduled for December 2003. An
additional test (ICL#4) with a high-bumup BWR fuel segment will be conducted - with quench - early in
2004 to generate a sample for post-quench-ductility testing. High-burnup PWR LOCA testing will be
initiated following the ICL#4 test and maintenance at the LOCA hot-cell work station.
Advanced-Alloy Cladding Post-Quench Ductility
Zry-4, ZIRLO and MS samples (25-mm-long) were oxidized at 1000'0 and 1100C to CathcartPawel (CP) ECR values of 5-20%, slow cooled to 800'C and quenched. Rings (8-mm-long) cut from
these samples were subjected to ring-compression testing at room temperature and a cross-head
displacement rate of 2 mm/minute. All three alloys oxidized at 11 00IC exhibited similar weight gains per
time, which were consistent with CP-model predictions. At 1000 C, the ZIRLO and Zry-4 weight gains
were within ±12% of the CP-predictions, with ZIRLO weight gain =10% lower and Zry-4 =12% higher
than predicted for the longest test time (=3400 s). These weight-gain differences scaled linearly with total
oxide layer thickness for Zry-4 and ZIRLO. At 1000{C oxidation temperature, the MS weight gain was
=30% lower than predicted and =36% lower than the Zry-4 weight gain at =3400 s. The low weight gain
of MS under these conditions is due mostly to the slower growth rate of the inner- and outer-surface oxide
layers. However, the M5/Zry-4 total-oxide ratio was less than the weight gain ratio, indicating more
oxygen pickup in the M5 alpha and prior-beta regions. The resulting ECR values at 1000'C, based on
measured weight gain, were 22% for Zry-4, 18% for ZIRLO and 13% for M5.
The results of the post-quench-ductility tests indicated that the three alloys oxidized at 1100 C had
offset strains >4% at <17% CP-ECR. It was interesting to observe that all three alloys oxidized at 100{IC
had =3% offset strain at 20% CP-ECR, even though the measured ECR values ranged from 13-22%.
These results suggest that, for alloys oxidized at 1000C, post-quench ductility correlates better with timeat-temperature, CP-calculated ECR and BJ-calculated ECR than with measured ECR. Microhardness and
hydrogen analyses of these alloy samples are in progress, along with preparation of samples oxidized at
1200-C and 1260'C.
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Abstract
Experimental studies of the mechanical behavior of E110 (Zr-l%Nb)
oxidized claddings were continued during 2003.. The previous
investigations performed during 2001-2002 allowed to determine the
zero-ductility threshold of the El 10 cladding as a function of a large set
of LOCA-related parameters. The major goal of the current stage of the
research was to evaluate the corrosion resistance and ductility margin
from the viewpoint of such selected manufacture factors as the cladding
surface treatment, method used to produce the Zr-I%Nb ingot,
microstructure of the alloy.
1.

Introduction

The Nuclear Safety Institute of the Russian Research Center "Kurchatov Institute" (NSI RRC KI), in
cooperation with the Russian State Research Center "Research Institute of Atomic Reactors" (RIAR) with
the support of the Joint Stock Company "TVEL". (Russian Federation), the U.S. Nuclear Regulatory
Commission (USA), and the Institute for Radiological Protection and Nuclear Safety (France), is
conducting a program to further study the mechanical behavior of Russian zirconium-niobium alloys
d under LOCA conditions. The first part of the program carried out during 2001-2002 was devoted to the
experimental study of the LOCA-related ductility in El 10 (Zr-l%Nb) cladding on the basis of ring
compression mechanical tests [1]. These studies have shown that (Fig. 1):
the zero ductilitythreshold of the'EI10 alloy is lowerthah that of Zircaloy4 alloy,
an earlier initiation of the breakaway effectmin nodular corrosion form and the intensive absorption of
hydrogen are the most significant differences in the LOCA behavior of these two alloys.
After that additional tests have demonstrated that there is'no correlatioi between the ductility threshold
and the alloying elements (0, Fe, Sn) in those alloys examined. This finding prompts more general
question: is this oxidation behavior typical of the whole family of zirconium-niobium alloys or only the
Russian cladding types?
Several approaches have been proposed to get the answer to this 'question.' The first of them was based on
the comparative analysis of two Zr-I%Nb alloys: El 10 and M5 (France). The comparison performed with
the using of the El 10 test results (obtained due to this work) and the M5 published data [2, 3] allowed to
note the following:

-

-

-

* unlike that of the El 10 cladding, the embrittlement thresholds of MS and Zircaloy4 claddings are
similar;
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unlike that of the El 10 cladding, the embrittlement of the M5 cladding is not accompanied by the
nodular corrosion and hydrogen uptake.
Double-sided oxidation at 1100 C, ring compression test at 20 C
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Fig. l. Comparative data to characterize residual ductility and hydrogen concentration as a
function of the ECR for E110 and Zircaloy-4 alloys
However, taking into account: a) the importance of the problem, b) the understanding that the noted
differences in the El 10 and M5 behavior could be caused by differences in experimental procedures and
methods of the processing of test results, c) the assumption (based on the literature data) that the oxidation
behavior of zirconium-niobium claddings is very sensitive to fabrication procedures, the participants
interested in the research developed a special plan to get a well-defined answer to the above mentioned
question. In accordance with the plan, it was decided:
* to perform comparative tests with M5, El 10, Zirlo, Zircaloy-2, Zircaloy4 alloys in Argonne National
Laboratory (ANL) in the same apparatus by the same technicians;
* to perform the coordinated RRC KI/ANL test programs to reveal the response of the El 10 cladding to
the variation of selected manufacture factors.
The development of the coordinated RRC KI/ANL program with the El 10 alloy was completed at the
beginning of 2003. The major focus of this program was concentrated on the issues listed in Table 1. The
experimental parts of this program were performed separately by ANL and by RRC KI (in the
cooperation with RIAR) during 2003. This paper contains the preliminary analysis of results obtained by
RRC KY/RIAR.

124

|

Table 1. Characterization of the Factors Selected for Studies
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1. Surface
effects
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Microstructure effects (grain size,
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cladding thickness of M5 cladding
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To machine the El 10 cladding to
the MS size
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Major Provisions of Test Procedures

The test apparatus and conditions were developed and validated during the previous stage of the research
[1]. Table 2 presents the schematic description of the experimental approaches used for the current work.
Table 2. Characterization of test procedures
nCharacteristics
~.
P
Double-sided oxidation
Cladding sample beating at a rate of 30-40 C/s in a steam flow, isothermal
oxidation of a sample, cooling with a rate of 30 C/s
3. Geometrical parameters of Sample length for oxidation tests: 100 mm
cladding samples
Sample length for mechanical tests: 8 mm
4. Type of mechanical tests
Ring compression tests at 20 C
Besides the characteristics listed in Table 2, Fig. 2 presents the additional information to understand the
procedure for processing of ring compression test results. It should be noted that a large scope of
individual effect tests was performed to validate general principles of this procedure.
; $sPosition
t
1. Oxidation type
2. Oxidation diagram

3.

- ;1

The Analysis of Experimental Results

3.). Surface Effect Studies
This stage of the work was devoted to the evaluation of the sensitivity of 110 corrosion behavior to such
factors as the surface chemistry and roughness. To clarify these effects, two types of El 10 claddings were
tested.
1. EllOetchedandanodizedstandardcladdings.
2. E110 standard as-received tubes after the following special procedure performed by RLAR: one-half
length of the inner and outer surfaces of each sample was polished to reduce the surface roughness
and surface contaminations.
Fig. 3 demonstrates the results of experiments with the first type of claddings.
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Fig. 2. The appearance of the oxidized sample #90-5 after mechanical tests and Interpretation of
ring compression test results on the basis of the load-displacement diagram
.Appearance of the cladding before (a) and after (b) the oxidation testEV,#
#87

.

a)

b)
Fig. 3. Demonstration of the oxidation behavior for the etched and anodized cladding after the
double-sided oxidation at 1100 C (ECR-9 %)
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The obtained results allow to conclude that:
* the breakaway effect is observed on the cladding surface;
* the cladding final chemical treatment of this type does not improve the El 10 corrosion resistance.
These conclusions fully agree with results of tests with the etched El 10 cladding performed by ANL [4].
The background for the next stage of the surface effect studies was based on the following:
* it is known, that a high level of the surface roughness and surface contaminations are favorable to the
generation of the nodular corrosion in zirconium alloys;
* during the previous RRC KI/RIAR tests with El 10 as-received tubes it was revealed that the nodular
corrosion was a typical component of oxidation;o* El 10 as-received tubes have a sufficient surface roughness because in accordance with the traditional
approach, the final etching of as-received tubes was employed to reduce a tube roughness and to
produce the El 10 standard cladding;
* the final polishing instead of etching will be used in the new generation of VVER claddings to reduce
the surface roughness.
Taking into account these considerations, ,it was decided to determine the sensitivity of the ElI 0
corrosion behavior to the surface roughness using specially prepared polished samples. One half of this
100mm sample was polished and the second one was remained in the as-received condition. This
interesting approach'proposed by the ANL specialists allowed to test: two cladding types under absolutely
the same experimental conditions. Fig. 4 shows some results of the test with polished/as-received
samples.
#92

polished

as-received

FIg. 4. Appearance of ElIO polished/as-received sample after the double-sided oxidation at 1100 C

during 555 s
As can be seen from Fig. 4, the as-received half of the sample is covered with local 'White spots" which
are the typical marker of the nodular corrosion. The surface of the polished half is covered with a more
uniform oxide layer. These observations were confirmed by the results of mechanical tests (see Fig. 5a).
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Fig. 5. a) Load-displacement diagrams for polished and as-received rings, b) sensitivity of residual
ductility of E1lO oxidized samples to roughness/contamination effects
The analysis of obtained load-displacement diagrams and of the data presented in Fig. Sb has shown that
polishing of the El 10 as-received tubes allows to increase the ductility margin of oxidized claddings. The
independent research of the same type performed in ANL confirms this conclusion [4]. But the following
question could be formulated on the more precise analysis of this issue: does the El 10 cladding polishing
allow to eliminate the nodular corrosion effect in the ECR range 0-13 % (as-measured) at the
representative range of the oxidation temperature (up to 1200 C)? The first investigations performed to
answer this question allowed to reveal that polishing of El 10 tubes leads to a significant improvement of
the cladding corrosion resistance. This conclusion is based on the following data:
* the hydrogen content in the cladding oxidized to as-measured ECR=8.5 % decreases from 690 ppm in
the as-received half down to 30 ppm in the polished half;
* the corrosion rate (weight gaOn at the same time) is reduced in the polished part of the cladding;
* the residual ductility increases from 1.4 % in the as-received segment up to 46 % in the polished part;

Fig. 6. Appearance of El1O polished/as-received cladding after the double-sided oI
(ECR=4.3 % for polished part, ECR=5.7 % for as-received part)
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These preliminary data have shown that the cladding polishing leads to a significant delay of nodular
corrosion in El 10 claddings but this procedure does not allow to get the absolute-effect. Therefore, the
next stage of the program was concentrated on the evaluation of the sensitivity of the El 1O corrosion
behavior to cladding bulk effects.
3.2. Bulk Effect Studies
32.1.

Effects of the Bulk Chemistry

The logical principles used while developing this line of the research are formulated in Table 3. The
background of the analysis was outlined with the following provisions:
* it was assumed that there is a real difference in the corrosion behavior of such Zr- I %YNballoys as the
EllOandM5;
* a muldfactor comparative characterization of these two types of the cladding was performed to reveal
possible reasons of their different behavior under the LOCA-relevant conditions.'
Table 3. Analysis of E IOand M5 differences
.

,<
answer'ts,;
1. Different oxygen concentration
in these alloys (0.0440.06% in
El1O, 0.13% in M5) leads to the
different oxidation behavior :
2. Different conditioning of the
cladding surface (polishing for M5,
etching for El 10) leads to the
different oxidation behavior
.t=;Platof

~i i

i

§-2

1

Special studies of El IOK alloy (oxygen concentration'O.13°%) have
demonstrated that the increase of oxygen concentration does not
change the oxidation behavior ofEI IO alloy

Surface effect studies of El 0O
polished specimens have shown that
the appropriate manipulation with cladding surface allows to slow
down the initiation of the nodular corrosion but this procedure does
not allow to avoid this type of the oxidation in the given range of
ECRs'(especially at 1000 C)
3. Differences in the chemical 1.All types of alloys developed for PWR reactors (including
composition of Zr-1%MoNb ingot
advanced zirconium-niobium alloys) are manufactured on the basis
of the sponge Zr. Therefore, the differences in the chemical composition of this family of alloys are determined by differences
in the alloying composition
2. Cladding alloys for the VVER reactor are manufactured on the
basis of the mixture of iodide and electrolytic Zr - '
3. Thus, the chemical composition of the PWR cladding and VVER
cladding with the same alloying components differ in the
composition of impurities
4. To verify the sensitivity of El 10 oxidation behavior to the '
chemical composition of impurities, it was decided to perform the
oxidation and mechanical tests with advanced types ofEl 10'
claddings manufactured on the basis of the modified process of Zr1VNb ingot fabrication
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cladding

1. It is known that cladding properties (mechanical and oxidation
parameters) are a strong function of the fabrication process
2. Besides, it is known that a strong correlation is observed between
the cladding microstructure and cladding oxidation behavior
3. Thus, if the differences in the oxidation behavior of zirconiumniobium alloys are determined by the cladding fabrication process,
the comparison of appropriate microstructures will allow to reveal
this effect
In accordance with the analysis results, different pilot samples of new El 10 claddings (manufactured by
the modified Russian fabrication processes) were selected for this stage of the work. Table 4 presents the
specification of these samples.

Table 4. Types of El 10 claddings material tested at the bulk effect studies
Notation conventions of. S

*

C';>.,

El 10
El 10 ,om
El °t03n)

Zr-1IoNb
Zr-l%Nb
Zr-1/Nb

EI I (3fr)

Zr-l%Nb

El lkowm

Zr-I%/oNb

'

Input'cpotsu
coiipooehit d.d

te:hican

'

igot.'

Iodide Zr, electrolytic Zr, recycled scrap, Nb
French sponge Zr (CEZUS standard)
Russian sponge Zr, iodide Zr, Nb and recycled scrap were
used to fabricate the sponge Zr-INb ingot

French sponge Zr, iodide Zr, Nb and recycled scrap were
used to fabricate the sponge Zr-INb ingot

Iodide Zr, electrolytic Zr with low Hf content, recycled
scrap, Nb

The first data to evaluate the sensitivity of the El 10 oxidation behavior to the bulk chemistry were
obtained for the El 0IIr,) type of modified claddings in accordance with the following program approach:
* to oxidize El 0I cladding samples to high ECRs (up to 13 % (as-measured));
* to examine the visual oxidation effects (see Fig. 7);
* to measure the hydrogen content (see Fig. 7);
* to perform the ring compression mechanical tests at 20 C (see Fig. 8);
* to compare Ell 0, El IOor,), Zircaloy4 residual ductility as a function of ECR (see Fig. 9).
Sample #89:

7

10*.5%ECR

* 22 ppm of H content

,

Sample #90
*

13% ECR

* 30 ppm ofH content

=

Fig. 7. Appearances of EIIOG(rr) samples after the double-sided oxidation at 1100 C
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The'obtained results have shown that:
*. El10 oxidized claddings manufactured on the basis of French sponge Zr have a black lustrous
protective oxide layer up to ECR=13 % (as-measured);"
* 'hydrogen absorption in prior 3-phase is very low (22-30 ppm);.
* prior to the oxidized cladding failure during ring coImpression tests,-the plastic deformation was
visually observed;
* oxidized claddings retain a significant margin of residual ductility up to 13 % ECR (as-measured).
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The comparative analysis of these data with the El 10 (standard) and Zircaloy-4 data allows to conclude
that:
a the El 10 cladding fabricated on the basis of sponge Zr-l%Nb demonstrates the same behavior as the
Zircaloy-4 cladding;
* there are general differences in the oxidation and mechanical behavior of this El 0 cladding and
standard El 10 cladding at the ECR higher than 6.5-7 % (as-measured).
To widen the test data base for the final analysis of revealed phenomena, the additional studies were
performed with two other El 10 claddings of the "sponge" type. Fig. 10 and Fig. I I present the results of
these studies confirmed the above listed conclusions.
'-aAppearance of the laddings after the double-ided oxidation atl10C

:,

El I0(standard), sample #96:
* 9.8% ECR
E I10G(lR
3 ), sample #95:
* 11.6% ECR
4 ppm of H content
*
.

El 10<3, sample #97:
16.7% ECR
17ppmofH content
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Fig. 10. Comparative data base characterizing the E110G3 l3,) oxlidationlmechanical behavior
Thus, all El 10 "sponge" claddings showed a high resistance to the nodular corrosion at the temperature
1100 C and the ECR up to 17 % (as-measured). But it is known that the most pronounced effects of the
nodular corrosion in the El 10 standard cladding occur at the temperature about 1000 C. Therefore,
several tests with El 10
Isponge" claddings were performed at this temperature (see Fig. 12, Fig. 13).
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El 1Oqf3, sample #99:
* 11.5% ECR
* 13 ppm of H content
El0IGp,,), sample #95:
* 11.6% ECR
* 4 ppm of H content

Fig. 11. Comparative data base characterizing the E11OGpr,) and E1OG(3,.) oxidation/mechanlcal
behavior
El 10 standard; #44
* ECR=7.7%

*

EI I0(f,); #91
ECR=6.5%
28 ppm ofH content

*o

ElI Oc(f,); #93
* ECR=8.5%
* 12ppm of H content
El 10G,); #98
* ECR=6.9%
:
1J6 ppm of H content
I
ElIOG(3,,,);#11

* ECR=8.9%o
* 11 ppm of H content

ts=8 6 S
tf=2016 s

NO

td=5013 s

W

I

t,=2519s
-

.
.

:

-

.

.

tf=5028 s

Fig. 12. Appearances of EiiO standard and EllO "sponge" claddings after the double-sided
oxidation at 1000 C
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The analysis of obtained results allowed to reveal the following new important findings characterizing the
general physical differences in the oxidation behavior of the "iodide/electrolytic" and "sponge" El 10:
* after 800-900 seconds of the oxidation at 1000 C, the El 10 standard "iodide/electrolytic" cladding
achieves the zero ductility threshold accompanied by the demonstration of classical break away
phenomena;
* after 2500 seconds of the oxidation at 1000 C, the El 10 "sponge" claddings have a high margin of
residual ductility (more than 40 %); the cladding surface is covered with the black uniform oxide and
the hydrogen content in the cladding is very low,
* after the 5013 seconds of the oxidation at 1000 C, the El lOo(r,) cladding achieves the zero ductility
threshold accompanied by the nodular corrosion but the hydrogen content in the cladding is very low;
* after the 5028 seconds of the oxidation, the El 0I,3,,,) cladding does not achieve the zero ductility
threshold.
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Fig. 13. Comparative data characterizing the residual ductility of claddings as a function of the
ECR after the double-sided oxidation at 1000 and 1100 C
These test data have shown that the oxidation rate of "sponge" Zr-1%Nb alloy is much less than that for
the Zircaloy-4 cladding. Moreover, the obtained results have demonstrated that El 1O "sponge" and MS
claddings have the same oxidation kinetics (see Fig. 14).
The following important conclusions can be formulated on the basis of these data:
* the oxidation duration of 2000, 5000 seconds is outside of the practical interest for the large break
LOCA safety analysis;
* general differences in the oxidation kinetics of "sponge" Zr-l%Nb claddings and Zircaloy cladding
lead to the development of a global question about the representativity of fixed critical ECR (1518 %/6)as the universal safety criterion for the LOCA-relevant conditions.
To summarize the knowledge base obtained due to this stage of bulk effect studies, several preliminary
considerations can be formulated:
* it has been revealed that the oxidation behavior of Zr-l%Nb alloy is strongly determined by the
method of Zr-1%Nb ingot fabrication;
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* experiments with the El10 alloy have shown that
> a traditional method of the fabrication based on the mixture of iodide and electrolytic
zirconium is accompanied with the tendency to the nodular corrosion;
> the alloy fabrication on the basis of the sponge zirconium allows to provide the uniform type of
the cladding oxidation;
* a high sensitivity of the Zr-1%Nb oxidation behavior to the alloy impurity composition is the most
probable explanation of fixed phenomena;
* it is of interest to note that the iodide/electrolytic alloy contains less impurities than the sponge alloy,
therefore the problem must not be outlined as "to free the alloy from impurities". The real formulation
of the problem is as follows: to reveal (from, the impurity compositions) chemical elements
responsible for the change of the oxidation mechanism (nodular/uniform) and to provide the given
concentration of these elements in the alloy (may be as the alloying components).
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Fig. 14. Comparative data to characterize Zlrcaloy4, E110, M5 oxidation kinetics at 1000 C
The first attempts to implement this approach were initiated by Russian specialists from the Institute of
Inorganic Materials (VNIINM, "Bochvar Institute", A. Nikulina etal.). After that the appropriate
investigations were continued up to now. Takdng into account the results of this RRC Klt/RAR research
and ANL research with El 10 and MS alloys, Dr. H. Chung from ANL proposed the theory of influence
impurities based on the effect of aliovalent elements [5]. But it is obvious that a more fundamental
research should be performed in the future to understand the nature of revealed differences in the behavior
of zirconium-niobium alloys.
3.22.

Effects of other fabrication processes

The analysis performed in the section 3.2.1 of the paper was based on the following assumption: the only
parameter (Zr-I %Nb ingot composition) was varied in these bulk effect studies. Nevertheless, numerous
investigations carried out during the recent thirty years have shown that other fabrication processes such
as hot work, cold work, heat treatment etc. affect the cladding oxidation behavior also. Moreover, these
investigations allow to establish the fact that the cladding material microstructure accumulates the whole
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run of the fabrication process. In particular, the experience of the M5 alloy development allowed to
formulate several requirements to the optimized microstructure of Zr-I %Nb alloy [6]:
* maximum degree of recrystallization;
* small size of a-Zr grain;
• fine size of P-Nb precipitates;
* uniform distribution of P-Nb precipitates inside the Zr matrix.
It should be noted that the similar requirements were developed earlier for El 1O alloy. Taking into
account this approach to the cladding microstructure characterization, the tested types of El 0O
claddings
(standard ElIO, EllOG(&f), EllO00(3f, ElO low Hf) were compared, using. the results of TEM
examinations. The analysis of the obtained data has shown that there are no general differences in the
microstructure parameters for these types of cladding. Table 5 illustrates the comparison of El 10 and MS
results of TEM examinations.
Table 5. Comparative data on the microstructure parameters for El 10, El 1Or(, M5 claddings
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The performed research allows to conclude that:
* appearances and parameters of microstructures "iodidedelectrolytic" and "sponge" El 10 alloy are the
similar, moreover, the microstructure of the El10 cladding material is 'similar to that of the M5
cladding material;
* it can be assumed that differences in the oxidation behavior and embrittlement threshold of all tested
alloys are not a direct function of the cladding fabrication process.
It should be also noted that many attempts were made to explain general differences in the oxidation
behavior of iodide/electrolytic and sponge Zr-lNb alloys by the differences in the iron content in the
ingots (the iron content in the iodide/electrolytic ingot is much less than the iron content in the sponge
ingot). In this context, it is interest to note that considered types of El 10 "sponge" claddings contained
different contents of iron. The maximum iron content was in El lO0Gr) cladding. The iron in this cladding
was present in the form of intermetallic Zr(Nb,Fe)2 precipitates. The similar intermetallic phase was not
revealed in other "sponge" El 10 claddings. But the oxidation behavior of all types of the "sponge" El 10
claddings was similar. Therefore, this issue (iron influence) is left open till to the future research.
4.

Summary

1. Experimental studies performed during 2001-2002 with the Russian Zr-l%Nb cladding manufactured
from the El10 alloy allowed to reveal -that the nodular corrosion accompanied by hydrogen
absorption is responsible for the earlier embrittlement of the El 10 cladding in comparison with the
Zircaloy-4 cladding under LOCA relevant conditions.
2. A thorough physical analysis of obtained results performed with the participation of JSC 7TVEL",
VNIINM (Russia), ANL, NRC (USA), IRSN (France) was used as the basis for the development of
coordinated programs of investigations of the El 10 alloy carried out by RRC KIIRIAR and ANL
during 2003.
3. The following phenomena were selected for these studies:
> surface effects;
> bulk effects associated with the chemical composition of impurities in the cladding material;
> bulk effects associated with variations in the fabrication process.
4. -The research performed by RRC Kl/RUAR allows'to conclude the following:
4.1. Different methods of the cladding surface conditioning lead to the different oxidation behavior
of the El 10 cladding:
> etching accelerates the nodular cirrosion effects;,
> polishing slows down the nodular corrosion and increases the critical ECR (ernbrittlement
threshold).
It should be noted that in accordance with the numerous Russian experience in this area, the
Russian' vendor of WVER fuel (JSC"'TVEL") eliminated the final etching of the El 10 cladding
from the current standard conditioning procedures. Coincidently with this action, the polishing of
the external cladding surface was introduced as a final conditioningprocedure.
42. The analysis of the'-TEM microstructure-database obtained to determine the post-LOCA
ductility as a function of current El10 cladding fabrication processes has shown that these
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procedures (hot work, cold work, heat treatment) are not responsible for the different behavior of
such zirconium-niobium alloys as El 10 and M5.
4.3. Several advanced types of El 10 claddings manufactured on the basis of sponge Zr (El I0G,
El IOC<3.), El 1G(3fr)) were tested to evaluate the sensitivity of the oxidation phenomena to the
bulk chemistry of the cladding material (chemical composition of impurities in the alloy). A
direct comparison of El 10 advanced claddings with the traditional one manufactured on the
basis of iodide/electrolytic Zr has shown that the embrittlement threshold and hydrogen
absorption of El 10 advanced claddings are the same as those for Zircaloy-4 and M5 claddings
(see Fig. 15).
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Fig. 15. Comparative data to characterize the bulk chemistry effects
4.4. In accordance with the obtained data, the chemical composition of impurities in the cladding
material is considered as a key factor responsible for the different oxidation behavior of different
zirconium-niobium alloys.
4.5. An additional confirmation of the importance of the bulk chemistry was obtained due to the tests
with El 10,o.Hr cladding. The traditional iodide/electrolytic Zr mixture was used to fabricate the
Zr-l%Nb ingot for this cladding. But a special procedure was applied to decrease the Hf content
in the electrolytic Zr. Oxidation and mechanical tests demonstrated that the corrosion resistance
of El I 010 .H cladding was better than that for the standard El 10 cladding (Fig. 15). However, it
is known that hafhium is the neutral element in the context-of the cladding oxidation behavior.
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Therefore, it can be assumed that purifying of electrolytic Zr from hafniumn was accompanied by
the change in the content of other impurities also.
4.6. It was revealed that the oxidation rate of the "sponge" El 10 cladding at 1000 C is much less than
that for the zircaloy cladding. After 5000 seconds of oxidation, the ECR in Zr-INb cladding
was about 11.5 % (as-calculated) only. These data allow to formulate the problem of the
representativity for the current safety criteria (18 %) under LOCA conditions. Moreover, these
data show that zircaloy oxidation kinetics correlations should not be applied for the zirconiumniobium cladding manufactured from the sponge material.
4.7. The integral analysis of this work results allows to conclude that the best way for the
improvement of the corrosion resistance of E 10 claddings is as follows:
> sponge Zr should be used for the fabrication of Zr-10/oNb alloy,
> polishing of the internal and external surfaces of the El10 cladding could be recommended as
the final conditioning.
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Abstract

Experience feedback from irradiation in PWRs has confirmned that'M5T possesses all the
properties required for upgraded reactor operation under normal conditions. Several papers
recently reported Nb based alloys may have worse behavior under LOCA conditions than
7ircaloy-4. To address this Issue, Framatome-ANP and EDF started In CEA labs a number of
full -scale tests and comprehensive analyses on both M5T' and SRA low-tin Zircaloy-4.
We will focus hereafter on the behavior of pre-hydrided M5T cladding in LOCA conditions as
compared to the Zircaloy-4 behavior.
We first present the recent research on phase transformation kinetics, mechanical behavior
(creep and temperature ramp tests), oxidation kinetics and quench behavior of pre-hydrided
samples as compared to as-received material.
It is noticed that the phase transformation kinetics and mechanical behavior of both virgin
alloys are very similar and are not affected by pre-hydriding for a hydrogen content (150
ppm) greater than the value obtained at EOL for elevated bumups for M5T.
At high-temperature the M5rm cladding exhibits oxidation kinetics and quench behavior at
least equivalent to 7ircaloy-4.
The oxidation kinetics fits well with the Cathcart-Pawel correlation'' and the' Baker-Just
correlation is still overly conservative. No breakaway'of the oxidation reaction has been
detected up to 1400°C for- LOCA prototypical time ranges. No effect of hydriding on the
oxidation kinetics of the two alloys is noted, In particular the Baker-Just correlation remains
conservative up to an hydrogen content of 450 ppm.
The M5Tm cladding failure threshold upon quench doesn't vary much from 1100 to 1300°C:
the physical failure limit upon quench Is greater than 27% ECR or 38% ECR when calculated
with the Baker-Just correlation. To take Into account the influence of high- bumup conditions,
quench tests were performed on pre-hydrided samples for a testing temperature of 12000C.
Hydrogen content has only a little influence on their resistance to quenching after oxidation at
1200°C.
The post-quench mechanical properties, for different high temperature oxidation levels,
between 1000 and 12000C, were then investigated for both M5™and Zircaloy-4 alloys. The
residual ductility properties at RT were determined using" impact, bending 'and compression
tests.
After single face 'oxidations' giving weight gains ranging from -4 mg/cm2 up to -38 mU/cm2
and according to the measured residual ductility/toughness properties at RT, we can observe
that the M57m and Zy-4 alloys have'comparable properties. Also, it Is worth noticing that,
even for the M5rm alloy, no hydrogen pick-up Is observed'after oxidation at 11000C and
1200°C. We only measured hydrogen pick-up at 1000IC for both alloys (Zy4 and M5w), after
the beginning of the break-away phenomenon occurring for times much higher than the
prototypical LOCA time'range (less' tha n 30 min).' Inraddition, it was found 'that there Is a
residual ductility for both alloys even at the maximum oxidation within the range of the tested
conditions. All these results are different from previously published data on Zr-1 %Nb alloy..
For Nb-containing alloys, recent studies suggest that the impurity content in the metal (Ca,Hf), the SPP (Secondary Phase Particle) 'size and distribution and the surface finish
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(chemistry and roughness) may play a significant role In the oxidation and the quench
performance.
In the second part of this paper, we present the study performed before 1996 by FramatomeANP within the scope of the optimization of the M5T'l cladding tubes. The various possible
factors and potential causes of variability have been thoroughly analyzed from the point of
view of their impact on the finished product properties (corrosion, phase transformation
kinetics).
In this way, all the chemical composition variabilities of the alloying elements and impureties
(Fe,O,S,HfAI,N,C, Ca,...) have been Investigated. Also, a number of manufacturing process
variants (Zircon, ore, Zr sponge, 63-quench, heat treatments, ID and OD surface preparations)
have been studied. Finally, the impact of the microstructure (SPPs chemical composition size
and distribution) on the heterogeneous corrosion has been investigated.
It has been shown that most of these parameters have little or no Impact on the high
temperature oxidation and quench behavior of the Nb based alloys tested and selected.
Key words: Nuclear fuel, M5, LOCA, experience
1. Introduction
Framatome ANP's products and services are targeted to meet the requirements for lower
operating costs and higher safety margins demanded by today's nuclear market. Low fuel
cycle costs help to ensure the competitiveness of nuclear power generation.
The opportunities for cost reduction, i.e.:
* bumup extension up to 70 GWd/tU and,
* the use of high duty fuel management schemes
are currently reviewed and analyzed by the utilities and implemented depending on licensing
requirements and conditions which vary in the different countries. Depending on their market
needs, some utilities require additional operational flexibility, I.e. for load follow operation [1J.
For the fuel supplier, the demands and expectations of the customer translate into product
requirements as follows:
* High reliability within a wide range of normal and hypothetical accident operating
conditions and, more specifically, with respect to fuel assembly design and cladding
material
* Dimensional stability
* High corrosion resistance and low hydrogen pickup
* Improved PCI (pellet-cladding-interaction) behavior
* Compliance with RIA and LOCA criteria.
Based on an extensive program of opUmisation and industrial development, Framatome ANP
is now offering utilities its M5Nalloy exhibiting the aforementioned properties for the
increasingly challenging operating conditions.
Within the scope of the optimisatlon of M5Tm as an industrial product, the chemical
composition including so-called Impurities as well as the fabrication process were varied in a
broad range [2]. Based on out-of-pile and in-pile results it can be stated that
5m
- aprocessed, fully recrystallized and containing a well-balanced amount of S, 0, Fe and C
besides the main elements Zr and Nb - exhibits low corrosion, low hydrogen pickup, low
growth and low creep required for bumup extension to values that are achievable with
today's licensed enrichment of 5% U235.
2. PWR performance of M5Tm under normal operating conditions
To date, more than 550,000 fuel rods with M5sTcladding are under irradiation or discharged
In 37 PWRs worldwide Including 44 full reloads [3,5].
Oxide data from fuel rods with M5™cladding clearly demonstrate the excellent corrosion
behavior up to a bumup of 71 GWd/tU (Fig.1). The irradiation In reactors worldwide covers a
wide range of different operating conditions: all fuel assembly arrays used in PWRs, I.e. 14x4
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through IBx18, Incorporating 'cladding with different wall thicknesses and U0 2 as well as
MOX pellets, different coolant chemistry regimes Including high U, different cycle lengths,
different fuel duties.
At the highest bumup achieved with M5m In commercial PWRs, the hydrogen content is still
below 100 ppm (Fig.2). The very low hydrogen level positively influences the dimensional
stability, the behavior under accident conditions, and the stability In long term storage.
-Compared to ZircaIoy;4, M5Tm exhibits a higher creep resistance' and lower growth. Even for
bumups as high as 71GWd/tU, no acceleration In fuel rod growth was observed with M5™
[3,5i.
Ramp tests Indicate a better performance of; M5T7 with- respect to power transients as
compared to Zircaloy-4, giving rise to additional margins in fuel manoeuvrability [3,5].
3. Performance of M5V under LOCA conditions
Full-scale-testing and comprehensive analyses were performed on'M5g for comparison with
SRA Low-tin Zrcaloy-4 In LOCA conditions [5,10].
3.1 - Approach adopted
The LOCA criteria adopted in the wake of the ECCS (Emergency Core Cooling System)
Rule-making Hearing in 1973 had the overall objective of guaranteeing core coolability. The
criteria for peak cladding temperature (PCT=1204'C/2200F) and maximum, equivalent
oxidation (17% ECR) are the physical and quantitative translation of this objective. These two
criteria were established on the basis of:
* oxidation and quench tests on single rods by Hesson-ANL'and by GE, which led to the
rupture'limits being defined as 18.4 and 17.6%'ECR respectively,''
315°C compression tests on rings sampled frorm oxidized tubes at high temperature
(1700 to 2400F) by Hobson and Rittenhouse of ANL, which led toa "zero ductilitym
lImit
being located at 24% ECR (Baker-Just) and at 2200F. This limit, based on the very
t , does not provide evidence that the geometrical integrity of
abstract notion of "ductility
the cladding Is preserved, as required by the aforementioned overall objective.
To sum up, the Commission:
* considered the cladding residual ductility after a LOCA transient as an Important factor for
quench and not for post-quench loadings. Further, it cites neither a scenario generating
post-quench mechanical loadings nor a stress/strain value that :the oxidized cladding
would have to withstand before or after quench; the only explicit loading Is therefore the
thermal shock related to the quench phase. -a
* preferred out of pragmatism and forethe sake of conservatism to avoid any threshold
effect by retaining only'the worst-case points In the database, by requiring compliance
with the criteria throughout the core (and therefore locally at the 'hottest spot) and by
retaining an overall parameter (ECR) rather than a metallurgical parameter (the p phase
fraction proposed by Hobson).
The experimental approach we have' adopted relies upon oxidation tests with steam
sweeping and instantaneous quench on empty' cladding sections, 'tests 'which are more
severe and performed more thomughly and analytically than those of -1973. Direct quench
performed from the oxidation temperature is a worse-case procedure with respect to the
reactor case of slow cooldown (1 to 1OC/s) preceding quench. To define the rupture, we
'have opted for loss 'of Integrity of the cladding tube subjected to a slight argon overpressure;
this' interpretation leads to an oxidation threshold equivalent'to the one deduced from 'postquench mechanical tests such as those of Hobson. This approach, In which the'thresshold is
defined by loss of Integrity, introduces a large conservatism with respect to material collapse,
which must be avoided to guarantee core coolability. '
We have adopted a broad experimental approach for differential analysis of M5T behavior
compared with Zircaloy-4 in fresh and pre-hydrided states, which relies upon:
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* high temperature oxidation tests to verify the conservatism of the Baker-Just correlation
* post-oxidation quench behavior tests to justify the ECCS criteria (PCT and ECR)
* post-oxidation and quench mechanical tests to confirm the quench behavior results.
To guarantee core coolability, it has to be shown that the cladding can be raised to high
temperature during a given period, which causes Its oxidation and therefore embrittlement,
without it leading to collapse under the effect of the mechanical loadings associated with
cooldown and quench. This is the time needed at a given temperature to reach 17%ECR.
The LOCA safety studies, irrespective of the type of reactor, management or transient under
consideration, show that the maximum duration during which the bounding cladding
temperature is beyond 6000C does not exceed 30 minutes, conservatively taking a factor 2.
Of the phenomena resulting from Irradiation (mechanical stresses, irradiation defects,
waterside corrosion and relative hydriding), only hydriding does not disappear during the
LOCA transient The high temperatures reached during a LOCA clear all memory of
irradiation in terms of annealing of defects, changes in precipitation and mechanical stresses.
A cladding. hydrided to a content bounding the one obtained in service will therefore
accurately simulate the behavior of an irradiated cladding.
3.2 - Phase transformation and mechanical behaviour
Figure 3 shows the effect of hydrogen content on the am-+ 6 phase change temperatures of
M5m measured at IOC/min by calorimetry [11]. This figure shows that the fl-gene effect of
the hydrogen is clearly evidenced by the significant drop In the transus temperatures,
particularly that of the low transus Taia+p, with an Increase In hydrogen content. This effect is
also observed, with the same acuity, for Zircaloy-4 both at equilibrium and in dynamic
conditions. Nevertheless, since the end of life (EOL) hydrogen content of M5Tm Is always
lower than 150ppm the effective impact of in-reactor hydrogen is less than about 30°C on the
T,,+ low transus at equilibrium for M5w.
Moreover, the effect of a hydrogen content of 150 ppm by weight on the mechanical behavior
of alloy M5Tm both in creep between 600 and 950°C (Fig 4: time to rupture and Fig 5:
ductility) and in temperature ramps remains within the scatter band intrinsic to the material.
As a result, at least for M5, the phase change kinetics and the swelling - rupture models,
built out of the virgin material, are applicable to the hydrided state, representative of the end
of life (EOL) in-reactor conditions.
3.3 - High temperature oxidation kinetics
The double-face steam oxidation tests carried out between 700 and 1400'C on fresh M5T
and low-tin Zircaloy-4 and at 1000 and 1200 0C on pre-hydrided samples up to 200 ppm
(envelope value of the EOL H content for elevated bumups for M5Th) and 450 ppm show that
*

*
*
*
*

the oxidation kinetics of M5r and low-tin Zircaloy-4, measured with an uncertainty of
10%, are parabolic in form between 700 and 1400°C for LOCA prototypical time ranges
(Fig.6a-b) [6]. For both materials the oxidation process, combined with a dense oxide, is
controlled by the same mechanism of oxygen diffusion through the oxide layer and in the
metal.
M59 and Zircaloy-4 exhibit similar oxidation kinetics except in the 950-1050@C range,
where M5Tm exhibits an oxidation kinetics significantly lower (about 30%) than for Zy4
(Fig 6c)
the Leistikow and Cathcart-Pawel laws appear to be "best-estimate" in the 1100-1400°C
range and are bounding below 1050'C (Fig 7)
the Baker-Just correlation is bounding throughout the temperature range (with a 50%
margin) and especially between 950 and 10500C (factor 2) and beyond 12000C (Fig 7).
no effect of hydriding on the oxidation kinetics of the two alloys has been observed, in
particular the Baker-Just correlation remains conservative (Fig 8).
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Given the actual oxidation kinetics of M5rm and the prototypical LOCA time frame, the timetemperature range of Interest to reach 17% ECR is restricted to [t<30min and T=10001204°C ] (Fig 9).
3.4 - Behavior upon quench
The water quench tests carried out after double-face oxidation between 1000 and 1300 0 C on
fresh M5T and low-tin Zircaloy-4, show that (Table.1):

*
*
*

*

-'

-

the times to rupture, corresponding to the value of the last specimen fourid leak-tight,
largely decrease with temperature showing embrittlement is'directly related to the
quantity of oxygen that penetrates into the metal
the times to rupture at 1000.C are far higher than th'e prototypical times to consider for
LOCA. This demonstrates, for M58 in particular, there Is no specific embrittlement Issue
at 1000¢C.
the quench'behavior thresholds between 1100 and 1300'C are relatively insensitive to
the oxidation temperature (Fig 10). They are similar for both alloys (27 %ECR 'realistic
and 38% ECR with the Baker-Just correlation): using the Baker.-Just correlation In the
design studies implies an effective 100'C marginvwith respect to'1204'C temperature
criterion.
no transient hydriding has- been observed after the' high temperature oxidation and
quench (less than17 to 25 ppm have been measured)'

Quench tests carried out after double-face oxidation"at 1000 and 1200'C on M5T and lowtin Zircaloy-4 pre-hydrided up to 450ppm, show that the rupture thresholds of both alloys are
similar and no significant effect of hydriding on quench behavior Is observed (Table 1).
However the quench failure'threshold of Zircaloy-4 at 1200°C, which is not'affected-by a
hydrogen content up to 450 ppm (26 to 38 % ECR) tends to decrease beyond this level when
the hydrogen content reaches 600 ppm. -*
This failure upon quench threshold drop could be related to an' Increase of the transient
oxygen Inthe prior-fl phase and to a higher initial and transient hydrogen contents combined
with an effect of the' stress state Inthe cladding.
Temperature (*C)
As-recelved (A)

1000
A

1100
A

1200
A

Pre-hydrided (ppm)
Time to failure (s) Zy4

6540

2970

13500

2950

-- 950
1200

Time to failre (s)M5Wm

-

ECR-BE limit'(%ECR) Zy4

ECR-BE limritECR) M5
ECR-BJlmite%ECR) Z-4
EcR-BJ lirnti(%ECR) M5 m

-

1300
A

1000
-

-390

1200

-

150to 250
.
4980

150 to 250
860

495

4980

30

28

28

-28

28

30

31

30

836
26
26

41
39

41
43

43
46

41
43

39
38

-

.
-

With: 1-Time to failure is corresponding to the shortest time before any of the samples failed
(conservative approach) -2-ECR-BE (Best-Estimate) and ECR-BJ (Baker-Just) limit corresponding to the last non failed
.
sample.
eTable 1-Quench test results on as-received and pre-hydrided M5rm and low-tin Zircaloycladdings.

-
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3.4- Post-quench mechanical behavior
3.4.1-As-received material
With the aim of acquiring additional data, we performed, with specimens made of fresh M5T
and Zircaloy-4, single-face oxidized at 1000, 1100 and 1200'C for several realistic ECR
values, three types of post quench mechanical tests at ambient temperature:
* ring compression tests, for the sake of consistency with the 1973 Hobson tests,
* 3-point bending tests which are more rigorous,
* impact tests.
Even for test times longer than that of interest for LOCA transients (t<30 min) no breakaway
of the oxidation kinetics was detected (Fig 11) and no spalling was observed as mentioned
by Yegorova et al. for E10 alloy [12].
For test time range of interest for typical LOCA transients, no failure upon quench has been
observed, in keeping with the quench test results previously mentioned, and no transient
hydriding has been observed after oxidation and quench (less thanl00 ppm H typically).
Figure 12 shows the ring compression load trend versus weight gain. On this figure we can
notice that the mechanical properties:
* decrease according to a Ix power law with the weight gain, which confirms the
embrittling effect of oxygen and the relevance of the ECR parameter,
* are equivalent for both alloys and the different types of test
* are combined with a residual ductility consistent with Hobson 1973,
* are only slightly diminished by the temperature rise from 1000 to 1200°C, particularly at
high ECR.
Also, it is worth noticing that, for both alloys, no hydrogen pick-up has been observed after
I
and 1200°C. We have only measured large hydrogen and nitrogen pickoxidation at 100"C
up at 10000C for both alloys Zlrcaioy-4 and M5Tm (Fig 13), after the beginning of the breakaway phenomenon occurring for times much higher than the prototypical LOCA times range
known to be lower than 30 mn (Fig 14).
After single face oxidations giving weight gains ranging from -4 mg/cm 2 up to -38 mg/cm 2
and according to the measured residual ductility properties at room temperature (R.T), we
51 and Zy-4 alloys have comparable properties.
can observe that the M5V
3.4.2- Pre-hydrided material
Using specimens made of M5Tm pre-hydrided at 200 ppm (conservatively bounding the inreactor EOL cladding H content) then single-face oxidized at 1200'C at several realistic ECR
values, the following mechanical tests have been performed:
* ring compression tests at room temperature and 31 5C
* 3-point bending tests at room temperature
At room temperature the compression tests show, for a given weight gain, that the M5Tm
residual ductility slightly decreases with H content but is still comparable to the one observed
on the as-received Zircaloy4 (Fig 15a).
At room temperature the bending tests show that the ductility of the M5T pre-hydrided up to
200 ppm is almost similar to the one observed on the as-received M5Tm and Zircaloy4
materials (Fig 16).
At 1350C the compression tests show that the ductility of the M5T m pre-hydrided at 200 ppm
is restored to the level of the as-received material (Fig 15b).
It is worth noticing that the pre-hydrided M57 samples still exhibited some residual ductility
even at the maximum oxidation levels that has been investigated.
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3.5 - Conclusions on the cladding behaviors under LOCA conditions
The phase transformation kinetics and the thermal-mechanical models developed for fresh
M5 can 'be used to predict'the behavior'of the material with a hydrogen content greater
than the~value expected at 75 GWJ/T.M5'U exhibits high-temperature oxidation kinetics similar or lower than those observed with
Zlrcaloy4. The Baker-Just correlation is always very conservative and no runaway of the
oxidation reaction has been detected up to 1400°C.
The' M5Tm failure threshold 'upon quench Is almost constant In the 1100-1300'C temperature
range; It is greater than 27 % ECR realistic or 38 % ECR Baker-Just.
There is no evidence of any hydrogen effect (stemming from In-service corrosion) on the
high-temperature corrosion kinetics or on the quench behavior.' These results justify the
validity of the 1204°C temperature criterion with a margin of at least 1000C.
-The post-quench mechanical propertes at 1000, 1100 and 120000 of fresh M5u are similar
to those of fresh Zircaloy-4, in contradiction with the results obtained with the' EIO alloy [12].
After oxidation at 12000C, the post-quench residual ductility at room temperature of prehydrided M5™ is slightly reduced to a level almost similar to the one observed on asreceived Zircaloy-4.
At 1350C, the post-quench ductility of M5 pre-hydrided to 200 ppm (i.e. almost 2 times the
H content level expected at 75 GWd/T) Is similar to the one obtained on the as-received
cladding.
The LOCA'criteria (Tmax aadding<12040C and ECR<17 %) are' therefore fully Justified and
'can be'used 'for M5 with a substantial margin of a factor 2 on the ECR threshold.
4. Optimisation of M5Th cladding tube vs. corrosion behaviour
'Recent studies suggest that the Impurity content in-the metal (Ca, Hf), the Single Phase
Precipitates (SPP) size and distribution or the surface finish (chemistry and roughness)'may
play a significant role on the oxidation and the quench performances of the Nb-based alloys.
Before 1996' Framatome-ANP conducted an extensive optimization program of the M5T
alloy. The various possible factors and potential causes of. variability were thoroughly
analyzed from the point of view of their impact'on the finished product properties.'
In this way, all the chemical composition variabilities of the alloying elements and impurities
(Fe, 0, S, Hf, Al,' N, C, Ca) have been investigated Also, a number of manufacturing process
variants (Zircon', ore, Zr sponge, fl-quench, heat treatments, ID and OD surface preparations)
were studied.
4.1- Influence of chemical composition

Although Zirconium alloys are always fairly lean, they rarely contain more than 3 weight % of
alloying additions.
A'large number of different elements can be used to Improve'the' properties of the -pure
metal. The choice of what 'Is considered as the major alloying elements Is; to' some extent,
arbitrary. However, only Iron,- chromium, nickel, vanadium, tin, niobium and oxygen are
added In significant amounts In industrial alloys. In contrast, elements such as carbon,
silicon, nitr6gen;'hydrogen, sulphur, chlorine, aluminium, etc., are usually present at levels of
no more than 100 ppm by weight.
In general, alpha-stabilizing'elements are relatively;soluble In alpha zirconium when they
produce little distortion In the hexagonal lattice. This Is true for tin, oxygen and nitrogen.
Conversely, beta-stabilizing elements are often 'poorly. soluble' in the alpha phase (they
Induce a strong lattice distortion), but are relatively soluble in the beta phase. Elements of
this type Include transition metals such as Iron, chromium, nickel, etc. Thus, nloblum Is a
beta-stabilizer, with a solubility In the alpha phase close to 0.6% In weight or atomic %,
whereas It forms a continuous series of solid solutions with beta zirconium.
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The influence of addition elements around the M5 composition is summarized below.
In the range 0.8% - 1.5%, Nloblum seems to have little effect on the corrosion, both In steam
and in lithiated water. For very low Nb contents (Nb < 0.4 wto, but depending on other
parameters like the iron content), there Is a dramatic Increase in the corrosion rate at 415 0C
or 500 °C in autoclave .
The role of Iron is not totally clarified. However, it does not seem to be very important in
autoclave under steam conditions. Its influence on corrosion in autoclave under steam
conditions (400, 415 and 5000C) is negligible up to 0.29 %. Iron reduces the sensitivity to
oxygen in 360 0C water conditions.
Up to 40 ppm, Sulphur has no impact on corrosion in autoclave (4000C, and 360'C 70 ppm
LI) .
Carbon has a strong deleterious influence on steam corrosion In autoclave at 400 and 415
0C, much more pronounced than for Zircaloy-4 or Zircaloy-2. An increase of 100 ppm in the
carbon content leads to 35 to 55% increase of the weight gain.
Aluminum between 20 and 150 ppm has a detrimental influence on corrosion in autoclave at
400 and 415 0C and in lithlated 360 °C water where the effect Is very pronounced.
Nitrogen has a detrimental influence on corrosion in autoclave at 400 and 415 0C.
A good correlation between corrosion results and the sum N+C+AI has been observed
(Figure17).
Tin has a detrimental influence on the corrosion in autoclave under steam conditions (500°C,
.415 and 400°C), which can be neglected below 100 ppm Sn. Tin Is undoubtly detrimental for
in-pile corrosion, at least for contents > 0.5%. However, for low levels up to a few 0.1%, it
does not seem to have a big influence.
Silicon is detrimental for the corrosion resistance in autoclave in steam at 400 and 415 -C
and in lithiated water at 360 "C from 80 to 110 ppm. For lower contents, its effect is
negligible. The existence of a threshold at about 80 ppm Si is confirmed after 4000C steam
corrosion test.
The influence of Oxygen on corrosion in steam in autoclave at 400 and 415 °C can be
neglected in the range 900 - 1800 ppm.

Hafnium possible impact is going to be investigated.
It appears that the M5r", with its well-mastered chemical composition, has a rather stable
behavior as regards to usual conditions. Variations of the main addition elements (Nb, Fe, 0,
S) in the specified ranges have little influence on the standard corrosion behavior. However,
some impurities such as Al, N, C must be carefully controlled. Improvements in oxidizing or
galvanic coupling conditions could be obtained by addition of iron.
4.2- Influence of the manufacturing process
The M5 manufacturing process was subjected to extensive investigations relatively to the
corrosion behavior. Number of variants has been tested beside the M5 low-temperature
process, with a fully recrystallised final state. We will try to identify the potential impact of
each process parameter, remembering, however, that interactions may exist.
The Impurity content in sponge Zr, coming from ore reduction by Kroll process
(Carbochloration of Zircon + Dehafniation + Carbochloratlon of Zirconia + Mg reduction) is
very low. Typically we obtain less than I ppm for Ca, Mg, Sn, S and a few ppm for Si, Zn, Al.
The number of melting (2 and 3) has no influence on 4000C steam autoclave corrosion.
The two usual quenching modes (log quench after heating in an electric furnace, and solid
billet quench after induction heating) have no influence on steam autoclave corrosion (400,
415 and 500 'C).
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The extrusion temperature, as well as the change Inthe billet dimensions has no Impact on
the corrosion in autoclave at 41 5C and at 360CC 70 ppm LI.
The number of pilgering steps has no Influence on the autoclave steam corrosion.
As a general rule, the mixed and high temperature processes lead to a very poor
corrosion resistance in water, and to a very high sensitivity to oxygen dissolved in water. This
bad behavior, due to non-optimized microstructure (Fig 18a), is observed also in 400 and
415°C steam medium. The low temperature process produces.an optimized and stable
microstructure (Fig 18b) with excellent corrosion behavior in all test conditions.
When the last heat treatment temperature Is raised from 580 .C to 625 °C, there Is a
pronounced degradation of the corrosion resistance. Increasing the temperature of the last
heat treatment from 580 *C to 700-1000°C degrades strongly the corrosion resistance in
steam In autoclave at 415 "C.
Several OD surface preparations have been Investigated (pickling, blasting, mechanical
polishing). This operation strongly Influences the corrosion behavior. We have selected the
OD polishing with grinding and scotch-brite wheels. This specific surface preparation exhibits
a low surface roughness with a Ra value of 0.15 pim (Fig 19 b), a low fluorine contamination
of 0.02 at%/ [Zr] at %,and excellent corrosion behavior. A higher OD roughness of 0.35 pm
(Fig 19 a) is associated with a poor high temperature corrosion behavior.
Etching the low-roughness outer surface with hydrofluoric acid removes a few pm layer of the
final cladding but does not affect the weight gain after corrosion test. However, the visual
aspect of the oxide layer is more uniform for the etched samples. The same etching,' followed with a poor rinsing will lead to a non-uniform oxide layer after
oxidation, due to surface fluoride contamination. A soft brush eliminates these fluorides. This
last operation Is very efficient to eliminate the possible residual fluorides.
4.3- Conclusion
The M5 corrosion behavior isfairly robust regarding:
-the variation of chemical composition, except the AI+C+N content that must be lowered as
much as possible,
-the manufacturing process variation, with the major exception of the annealing temperature
that must be carefully controlled below the eutectold temperature. All the processes leading
to the presence of 6-Zr (high temperature process, quenching as a final step) must be
avoided.
5. General conclusion
Alloy M5T Is fully optimised and Industrially mastered, its properties are stable and its
stability is maintained under Irradiation.
Experience feedback from Irradiation In PWRs clearly demonstrated that M5Th possesses all
the properties required for upgraded reactor operation under normal conditions.
Tests under LOCA conditions demonstrate that M5™ complies with all the design
requirements, including all the accident phases.
It has been shown that most of the M5™chemical composition variabilities and process
parameters have little or no Impact on the high temperature oxidation and quench behavior
of the Nb- based alloys tested and selected.
The authors thank Jean-Christophe BRACHET, Laurence PORTIER and Valerie MAILLOT
from CEA for their experimental works.
M5 Is a trade mark of Framatome ANP
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EFFECIS OF PELLET EXPANSION AND CLADDING HYDRIDES ON PCMI FAILURE
OF HIGH BURNUP LWR FUEL DURING REACTIVITY TRANSIENTS
Toyoshi FUKETA, Tomoyuki SUGIYAMA, Takehiko NAKAMURA,
Hideo SASAJIMA and Fumihisa NAGASE
Department of Reactor Safety Research
Japan Atomic Energy Research Institute Tokai-mura, lbaraki-ken, 319-1195 Japan'

-

To provide a data base for the regulatory guide of light water.reactors, behavior of
reactor fuels during off-nornal and postulated accident conditions such as
reactivity-initiated accident (RIA) is- being studied 'in the Nuclear -Safety Research
Reactor (NSRR) program of the Japan Atomic'Energy Research Institute (JAERI). A
series of experiments with high burnup fuel rods are being performed by using pulse
irradiation capability of the NSRR. This paper. presents recent results obtained from the
NSRR power burst'experiments with irradiated PWR fuels with ZIRLOlm and MDA
claddings, and discusses effects of pellet expansion -as PCMI '.(Pellet-Cladding
Mechanical Interaction) loading and cladding embrittlement primarily due to.hydrogen
absorption. Separate-effect studies including tube-burst and. ring-tensile tests on
artificially hydrided Zircaloy cladding are also described.,

I. INTRODUCTION
To promote a better understanding on fuel behavior under reactivity-initiated accident (RIA)
conditions, more than sixty experiments have been performed with irradiated LWR fuel rods by using a
pulse-irradiation capability of the Nuclear Safety Research Reactor (NSRR). Among twenty-four PWR
fuel experiments(') with Zircaloy claddings; four tests at burnups of 48 to 50 MWd/kgU resulted in fuel
failure and provided key information regarding' hydride-assisted PCMI (pellet-claading'mechanical
interaction) failure, fuel dispersal and mechanical energy generation. Fuel, failures -and fuel
fragmentation have been observed also in BWR fuel experiments°2 at burnups above 61 MWd/kgU.
II. NSRR EXPERIMENTS

-

Pulse-irradiation experiments in Nuclear Safety Research Reactor (NSRR)
The NSRR is a modified TRIGA-ACPR (Annular Core Pulse Reactor) of which salient features' are
the large pulsing power capability which allows the 10% enriched fuel to be heated by nuclear fission to
temperature above the melting point of U0 2 ; and large (22 cm in diameter) dry irradiation space located
in the center of the reactor core' which can accomnodate a sizable experiment. The coir structure is
mounted at the bottom of a 9 m deep open-top water pool, and cooled by natural 6irculaition'of the pool
water. The NSRR core consists of 149 driver uranium-zirconium hydride'(U-ZrH) fuel/moderator
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elements, six fuel follower regulating rods and two fuel follower safety rods. The pulsing operation is
made by quick withdrawal of enriched boron carbide transient rods by pressurized air. The pulsing
power escalation is controlled by spectrum hardening caused by the moderator temperature increase, and
the Doppler effect in the NSRR. During the maximum reactivity insertion of 3.4%/Ak/k ($4.67), the
pulse power reaches 21.1 GW with a corresponding core energy release (integrated reactor power) of 117
MJ with a minimum reactor period of 1.17 ms. The energy deposition in a test fuel rod is controlled by
the amount of reactor power and by the fissile content of the fuel. With the maximum pulse,
approximately 2100 J/g fuel (500 cal/g fuel) can be deposited in a 10% enriched fresh fuel rod contained
in a single-wall test capsule. Shape of reactor power history depends on the inserted reactivity, and the
smaller pulse becomes broader. While the full width at half maximum (FWBM) in $4.6 pulse is 4.4 ms,
that in $3.0 pulse is 6.9 mns.
The energy deposited to a test fuel during pulse irradiation, is a key attribute among test conditions,
which represents magnitude of power burst. To evaluate the energy deposition, the number of fissions
generated during the pulse irradiation is obtained from gamma-ray measurement of sample solution from
post-pulse fuel pellet. Because additional burnup during the pulse irradiation is much smaller than that
accumulated during irradiation in a commercial reactor, only short life fission products are used for
evaluating the number of fissions during the pulse irradiation. Fission product Ba-140, with a half life of
12.75 days, is selected for the evaluation. In order to reduce high gamma ray background from Cs-137
and other fission products, chemical separation scheme is applied to the sample solution. A ratio
between the number of fissions in unit mass of a test fuel and the integrated reactor power including
power during runout phase is constant in different experiments as far as the test fuel specifications, e.g.
fuel burnup, initial enrichment, dimension, etc., and test setup, e.g. irradiation capsule, coolant subcooling,
etc., are identical. Since the energy deposition includes an energy released during runout phase, one
should know an amount of energy promptly generated at pulse for assessment of fuel behavior. The
prompt energy deposition, can be calculated by using a ratio which is provided from the EUREKA
analysis(3) as a function of an inserted reactivity. Since the NSRR transient is extremely fast, the prompt
energy deposition becomes identical to peak fuel enthalpy under adiabatic assumption.
Test capsule and Instrumentation
The experimental capsule used in the pulse irradiation is a double container system for the irradiated
fuel rod test in the NSRR. The outer capsule is a sealed container of 130 mm in inner diameter and
1,250 mm in height, and the inner capsule is a sealed pressure vessel of 72 mm in inner diameter and 680
mm in height. The outer and inner capsules are illustrated in Fig. 1. In terms of the design of the
capsule, the easiness of assembling and disassembling works by the remote handling system is one of
primary concern as well as the structural strength. The capsule contains an instrumented test fuel rod
with stagnant water at atmospheric pressure and ambient temperature.
Cladding surface temperatures are measured by 0.2 mm bare-wire R type (Pt/Pt 13%Rh)
thermocouples (T/Cs) spot-welded to the cladding. Coolant water temperature is measured by sheathed
K type (CA) thermocouples (1 mm in diameter) near the cladding surface at top of the test fuel rod and/or
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center of the fuel stack. A strain gauge type pressure
sensor is installed at the bottom of the inner capsule to
measure the increase of capsule internal pressure. A foil
type strain gauge was attached at axial center on the outer
surface of the inner capsule wall to measure the deformation
of capsule. In some experiments, a float-type water column
velocity sensor is instrumented in order to evaluate
mechanical energy caused by post-failure events.

Cladding
surface T/C

Water
column
velocimc
Hoop sti
gauge

m. TESTS 01-10 AND 01-11
PWR 55 GWd/t lead-use fuels were subjected to the
Tests OI-10 and'-II. *The fuels had been irradiated in Ohi
Unit 4 reactor for four cycles from March, 1997 to March,
2002. A fuel of the Test 01-10 has an MDA cladding and
that of the Test OI-1I has a ZIRLOTh cladding.
Specifications of the tested rods and conditions -in power
reactor operations are listed in Table 1. The both tests were
-performed with a cooling condition of room temperature and
ambient pressure with stagnant water.

Coolant T/C.
.Rod
pressure
'-sensor

Pressure
sensor

-

Instrumentation
Fig. 1 NSRR test capsule

T

Table I
Test ID

ith .

a

Fuel type

-

-PWR17x17

-

Cladding material,
Initial enrichment (%)
Pellet grain size (gm);

'

.'

-

Test rod bu'n p (MWd/kgU)

MDA

ZIRLO

4.5

4.5

-25

-8

cycles from Mar. 97 to Mar. 02

_4

Test rod sampling position

2nd span from the top

- -

-

-

-

Average Max. heat rates in PWR (kW/m)
Heat rate in last cycle (kW/m)
Cladding oxide thickness (pm)
.

01-ll

OI-10

-

Operation period

011

Test fuelrods in the OI-10 and OI-11.,l

-

58

15.6 /19.5.

15.2 /20.3

13.0 -

-

-'

60

-- 30

- --

.163

*

13.2
--.

-30

Tests 01-10
MDA is an acronym of Mitsubishi Developed Alloy, and is a zirconium-based cladding alloy(4)
developed by Mitsubishi Heavy Industries, Ltd. for high burnup application. The alloy is designed for a
better performance in terms of corrosion resistance, and has a composition of
Zr-0.8Sn-0.2Fe-0.lCr-0.5Nb. A fuel rod of the 01-10 has the MDA cladding, has pellets with the larger
grain size of -25 lim, and has been sampled from the 2nd span from the top. The burnup is 60
MWd/kgU in an average of the test segment, and the cladding oxide thickness is -30 gim.
The test fuel rod was subjected to the pulse-irradiation in the NSRR on July 11, 2003 with conditions
of 0.44 kJ/g (104 callg) for a peak fuel enthalpy and 5.6 ms for a pulse-width. The fuel remained intact
in the Test OI-10, and the post-test rod deformation is significantly smaller than those observed in
previous tests in the NSRR. The cladding residual hoop strain in the 01-10 remained only 0.7% even at
a maximum location. On the other hand, approximately 5% is measured for the residual hoop strain in
high burnup PWR fuel rods with Zircaloy-4 cladding after pulses with similar peak fuel enthalpy
conditions. The residual strain of -5% cannot be generated only by solid thermal expansion of fuel
pellets, because the thermal expansion is only -1.6%/o(5) at the present fuel enthalpy condition. Previous
tests with Zircaloy-4 rods suggested that the large strain was caused by fission-gas-induced pellet
expansion in combination with thermal expansion during the post-DNB (departure from nucleate boiling)
phase (a stable film boiling) of transients with an elevated cladding temperature('). The cladding surface
temperature was not measured in the 01-10 because of unsuccessful attachment of thermocouples.
Although the previous experiments showed that the DNB could occur under the fuel enthalpy condition,
Vickers hardness measurements indicated that the cladding is not annealed in the 01-10. This suggested
that a duration of high temperature was very limited in the 01-10 even the cladding surface temperature
reached several hundreds degree C. The large grain size of the 01-10 pellets may affect fission gas
accumulation in grain boundaries during power-reactor irradiation (base-irradiation) and accordingly on
fission-gas-induced expansion during a transient (pulse-irradiation), but the effect is not cleared at this
stage.
Tests 01-11
A fuel rod of the subsequently performed OI-11 has a ZIRLO0m cladding and pellets with a
conventional grain size of-8 pim. The rod has been sampled also from the 2nd span, and has a burnup
of 58 MWd/kgU and cladding oxide thickness of-30 pIm.
The test fuel rod was subjected to the pulse-irradiation on July 28, 2003. The largest pulse available
in the NSRR with a width of 4.4 mns was used in this experiment. A combination of the 01-11 test rod
and the largest pulse gives a condition of 0.66 kJ/g (157 callg) for a peak fuel enthalpy. The peak fuel
enthalpy of 0.66 kJ/g is the highest among the NSRR experiments with LWR fuels irradiated in
commercial reactors. The Test OI-1l resulted in fuel failure, pellets fragmentation and mechanical
energy generation. Transient histories of the NSRR power, cladding surface temperature and capsule
internal pressure are shown in Fig. 2. The cladding failed due to the pellet-cladding mechanical
interaction (PCMI) when the fuel enthalpy reached 0.50 kJ/g (120 calg). The fuel enthalpy at a time of
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failure was much higher than those
observed in previously tested fuels with
Zircaloy-4 cladding. As shown in Fig. 3,
a long axial crack was observed in the
post-test cladding over the active fuel
length and the crack reached to the bottom
end fitting resulting in separation. The
cracking occurred along a position where
thermocouples were welded at surface of
the cladding. This fact indicated that the
crack initiated from the welding position
and a threshold of cladding failure in terms
of a fuel enthalpy could exceed 0.50 kJ/g
in the fuel rod.
Although mechanical energy generation was detected inmnediately after the
cladding failure, and all of fuel pellets
were collected from capsule water as
finely fragmented particles, it is premature
to discuss these in this paper.
The next experiment in the OI test
series, OI-12, will be performed year 2005
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m. PELLET EXPANSION IN rCNH
X

Transient cladding deformation of a
high burnup fuel was measured by strain
gages in NSRR tests. The tests revealed
that brittle cladding fracture occurred at a
small cladding strain of -0.4% during an
The
early phase of the transients.
transient measurement was made in two
BWR fuel tests, FK-10 and -12, and in a
PWR fuel test, TK-10. Figure 4 shows
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the data obtained in the FK-I0 and TK- I0,
Fig. 4 Transient records of cladding hoop strain
during the FK-10 and TK-10
respectively. Hoop strain at a time of
cladding failure was 0.33% and 0.37%
during the transients of the BWR fuel tests. Post test examination of the BWR cladding in earlier BWR
fuel tests indicated residual hoop strains below 0.1% at an enthalpy level of about 0.25 to 0.29 kJ/g (60 to
70 cal/g). The maximum elastic strain level was estimated to be about 0.5% from the residual strain
using cladding properties of MATPRO package(5 ). The elastic strain level is consistent with the
measured peak strains. A PWR fuel test indicated consistent peak strain of 0.37% 'at a fuel enthalpy of
0.29 kJ/g. Although cladding deformation due to thermal expansion of the pellets could vary depending
on the pellet-cladding gap condition and constraint by the cladding, the deformation would be -0.5% at
fuel enthalpy of 0.29 kJ/g according to the MATPRO. These results shown in Fig. 5 suggested that the
cladding deformation was caused primarily due to thermal expansion of pellets and fission-gas-induced
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pellet expansion was negligible in the early
phase of transients.

-2.0.

IV. MECHANICAL TESTS WITH
ARTIFICIALLY HYDRIDED CLADDING

Fuel enthalpy (J/g)
' 400
200.
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100
.rain
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* BWRpeakstrain

.

PWR peak

:
.

S BWR residual strain

0.

In order to promote a better
°-.
Calculated peakstraln
bythermalexpansion
_,$,
understanding on hydrides effect on cladding
n 1.0
integrity, artificially hydrided Zircaloy-4
T
A
r
Post-test
:-:feaksiurea.
0.5
samples are being ''subjected to several
Sir
of faged
mechanical'tests," including tube burst'and
'S
i' .
0.0
ring-tensile tests, at JAERI. Three types of
specimens consist of as-received siplej
'
20
*40
60 ' 80
100
120
Fuel enthalpy (calg)
(non-hydrided); -uniformly hydrided - sample;
and sample with hydride rim. Hydrogenation
Fig.5 'Cladding strain at failure
was performed in mixture gas of hydrogen and
argon at about 600 K, and samples with
hydrogen concentrations of 100 to 1100 ppm were produced. Variation in hydrogen concentration
throughout a sample was estimated to be within :430% from the analysis of reference sample. -In the
sample with hydride rim, hydrides are localized in 50 to 150 Jim of sample periphery. Hydrogen
concentration inside the rim increases with increase of average concentration of sample, 'and varies from
2000 to 3000 ppm. -The concentration outside the rim is 100 to 200 ppm. The hydrogen concentration
inside the rim is about three times higher than the average of the sample.
-

Tube burst test
Transient tube burst test has been performed simulating PCMI loading in the high burnup PWR fuel
rod during an RIA. The objective of the test is to understand failure behavior of embrittled cladding, in
particular, effect of hydride rim (radially-localized hydride layer). Uniformly hydrided specimens and
samples with hydride rim were tested at room temperature and at 620 K. The test set-up and results
from the test were already described in previous documents(9), but data at an elevated temperature were
newly obtained. In tests at high temperature the cladding sample was heated to 620 K at a rate of 1 K/s
with an infrared furnace and pressurization was initiated after 900 s duration. -Sample temperature is
measured with K type thermocouple attached to the surface. Radial temperature in the sample is nearly
uniform. - On the other hand, the cladding ternperature has an axial profile, and the profile has a peak at
60 mm below-the top end. -The temjerature difference between .the,peak position *and the top end is
within 10 K, while the. temperature decreases -continuouslyrto the -bottom end and the temperature
difference between the peak position and the bottom end is about 50 K. The temperature at the peak
position is maintained - at 620 -K during the experiment. :Test specimens are low-tin (1.3wt uSn)
Zircaloy-4 cladding tubes. The inner and. outer diameters of the sample are 9.50 mm and 8.36 mnm,
respectively, and the length is 160 nmm. .
.
.
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Figure 6 shows transient histories
of sample internal pressure measured
in the tests at room temperature.312
Hydrogen concentrations of uniformly
hydrided samples are 148, 172, 312
and 461 ppm, and average hydrogen
concentrations of the samples with
hydride rim are 302 and 305 ppmn.
X
CL
Samples with hydrided rim ruptured
E
18 to 25 ms after the onset of
pressurization, but uniformly hydrided
2
samples with
higher
average
us
concentrations were ruptured at later,
2
about 70 ms. Burst pressure of the msamples with hydride rim is slightly
2
lower than that of the uniformly
3

hydrided samples.
Residual hoop strain was
evaluated after burst at both the inner
and the outer surfaces through
photo-image analysis on radial
cross-section at the axial position
where the maximum deformation
occurred in post-test sample. The
residual hoop strain is shown in Figs.
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3
._

._.

p
_._.

Time

7 and 8 as a function of hydrogen
Fig. 6 Transient histories of sample internal pressure
concentration.
Data obtained 'at
during tube burst tests at room temperature
room temperature are shown in Fig. 7
and those at 620 K are in Fig. 8. The maximum and the minimum values of the error bar correspond to
hoop strains at the inner and the outer surfaces, respectively. Larger hoop strain was always seen at the
inner surface. Hydrogen concentration was measured with hot extraction method for the sliced piece
sampled from the vicinity of the position where the hoop strain was evaluated. In the tests at room
temperature, as shown in Fig. 7, the hoop strain decreases with the increase of hydrogen concentration,
and the reduction becomes remarkable in hydrogen concentration of 300 ppm or higher. The samples
with hydride rim failed with significantly low hoop strain, less than 1% in average between the inner and
outer surfaces. Figure 8 shows the residual hoop strain of the samples tested at 620 K. Non-hydrided
and uniformly hydrided samples ruptured with the strain of-7% or higher at the high temperature, and an
uniformly hydrided sample with 606 ppm hydrogen showed the strain of 12.5%. On the other hand, the
residual hoop strain decreased significantly in samples with hydride rim thicker than -100 gim.
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Fig. 7 Residual hoop strain as a function of
hydrogen concentration
(Burst tests at room temperature)

Fig. 8 Residual hoop strain as a function of
hydrogen concentration
(Burst tests at 620 K)

Thickness of hydride rim of each sample is indicated in the figure. The residual hoop strain is more than
10% in the cladding containing 250 ppm of hydrogen (50 pi hydride im), but is significantly reduced in
samples with hydrogen concentration above 400 ppm (with hydride rim thicker than -100 pn). Even at
620 K, the residual hoop strain becomes less than 1% in samples with hydrogen concentration above 500
ppm (with hydride rim thicker than 140 pm). The results from the tube burst test indicate an important
role of the thicker hydride rim in the process of PCMI failure of the high burnup PWR fuiels.
The recent results from tube burst test on BWR, Zircaloy-2 claddings showed evidently different
nature from the'PWR tests described here. The BWR test indicates that a combination of hydriding and
irradiation hardening has a particular importance in the PCMI failure of BWR fuels. The tube burst test
on BWR samples will be presented separately.
Ring tensile test
The artificially hydrided Zircaloy-4 claddings were subjected also to a modified ring-tensile test.
Specimens have a one-sided gauge section as shown in Fig. 9. The ring-tensile test was conducted with
non-hydrided and uniformly hydrided samples with different hydrogen concentrations at room and
elevated temperatures. Figure 10 shows plastic strain at fracture as a function of hydrogen concentration.
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Fig. 10 Plastic strain at fracture
as a function of hydrogen concentration
The strain represents ductility, and decreases
significantly
at
higher
hydrogen
concentration in each temperature. The
higher temperature results in the reduction of
the strain at the higher hydrogen
concentration. The temperature effect can
be more clearly seen in Fig. 11, which shows
the strain as a function of temperature. The
strain increases at elevated temperatures, and
the increase becomes negligible at above 473
K in samples with hydrogen concentration of
-700 ppm or lower.
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as a function of temperature

V. HIGH TEMPERATURE CAPSULE AND FUTURE TESTS IN THE NSRR
As indicated by the results from the ring-tensile test shown in Fig. 11, the effect of temperature on
cladding ductility is significant, in particular, at below 473 K. In order to perform the NSRR experiment
at an elevated temperature, a high temperature capsule is being developed. Figure 12 illustrates the high
temperature capsule. A design of the capsule was licensed last year, and out-of-pile tests with chemical
explosive were performed to confirm integrity of the capsule. Test conditions achieved with the capsule
are coolant temperature of 560 K and coolant pressure of 7 MPa. Due to the limitation of capsule
internal space, the size of test fuel rod is limited to -120 mm for total length, i.e. -50 mm for pellet stack
length. Cladding surface temperature, coolant temperature and capsule internal pressure will be
measured in tests with the high temperature capsule.
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Table 2 lists fuel rods to be tested in the NSRR
from Japanese fiscal year 2004 to 2007. Segment
averaged burnups for 01, Fugen and R2 and rod
averaged burnups for others are listed in the table.
RTP and HTP denote tests with room
temnperature/pressure capsules and tests with high
temperature/pressure capsules, respectively. From
these experiments, data for -80 MWd/kgU PWRIUO 2
and 66 MWd/kgU BWR/UO2 fuels become available
Those of 62 MWd/kgHM
until FY2005.

Pressure

suppression
N
-tank
Rupture disk,
heater

PWR/MOX will be also obtained by FY2006.

-Inner capsule

VI. SUMMARY

. Test fuel rod

=T Coolantwater
The results from two NSRR RIA-simulating
.L!
experiments, no failure in the test 01-10 and the
Vacuum
higher failure energy in the test.01-11, reflect the!
insulation
better performance of the new cladding materials in
terms of corrosion, the thinner oxides and accordingly
lower hydrogen content generated during irradiation
I
in the PWR. It can be accordingly concluded that
Fig. 12 High temperature capsule
these rods with improved corrosion resistance have
larger safety margin against the PCMI failure than
conventional Zircaloy-4 rods. The NSRR experiments and related separate-effect tests will be continued
for higher bumup fuels and MOX fuels.
Table 2 Fuel rods to be tested in the NSRR from FY2004 to FY2007
Specifications
Fuel
ificatio
i~Power

reactor (Country)

l7x.17

2

BWR- -Ox1O
ATR
MOX

PWR

14x14

BWR

8x8

Cladding

Number of tests
RTp o n

:
.71
71
66 - 69
63
43

NDA
MDA
ZIRLO
NDA
Ms
Zry-2
Zry-2

1
-2
2
I

1

0
1
1
0
0
1
1
0

Beznau (Switzerland)

59

Zry-4

1

1

Dodewaard (Netherlands)

46

Zry-2

1

0

-60

Oi (Japan)
PWR

Burnup

-74
Vandellos (Spain)

-

McGuire (US), R2 (Sweden)
Gravelines (France)
Leibstadt (Switzerland)
Fugen (JPN)
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CABRI CIPO-1 preliminary test results
3-C Mis, M. Faury, C Marqul4, J. Papin

IRSN
examinations, oxide thickness measurements, Eddy
current defect examinations, and gamma scanning.

Introduction

: The main observations related to cladding
concerned:
* An important oxide layer thickness (75 gm
average),
* The absence ofoxide spalling,
* The presence of significant hydride
concentration at the pellet-pellet interface and
a high level of mean hydrogen content,

Economic considerations lead most of the
electricians in the world to wish to increase of the
burn-up values of the nuclear fuel they use in their
powerplants.
For the future; maximum bum-up values of 60,000
MWdhtM or more are foreseen.
Some electric companies for more than 10 years,
have also used the MOX fuel concept (mixture of
uranium and plutonium oxides, U01, PuO2). The
average burn-up fraction of the MOX fuel is
currently limited to 45,000 MWd/tM according to
its use instructions. The increase of the MOX bumup fraction is also a short-term industrial objective.
In order to determine the behaviour of even higher
burn-up fraction-fuels, IRSN has launched in 2000
a new international program called CABRI Water
Loop, mainly conducted within the fraiiework of
the NEA of the OECD.
The tests in the CABRI reactor will be performed in
a pressurised water loop, more representative of the
thermohydraulic conditions characterizing the
PWRs than the sodium loop which has equipped
this reactor until now.
In November 2002, the two first tests of the
CABRI-Water -loop program -were performed.
These are reference tests, performed in the existing
loop cooled by liquid sodium, before the
replacement by the water loop and the reactor
upgrading. The first test (CIPO-2) using EDF fuel
with MS cladding showed no sign of clad failure:
the analysis of the experimental results is in
progress.
The second test (CIP0-1) using ENUSA fuel with
Zirlo claddinig is the subject of this paper.
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After transportation to France and before loading in
the CABRI facility, the satisfying state of the rodlet
was checked through: visual examination,
metrology and gamma scanning. The results were
consistent with the Studsvik measurements.
The CIPO-I rodlet was then loaded in the test
device and sent to the CABRI facility. There, X-ray
radiography, tomography and gamma scanning
were performed (IRIS facility).

CIPO-1 test: conditions and first results
The CIPO-1 was performed in the CABRI facility
on November 2 9tb 2002. During this test, the
CIPO-1 rodlet was submitted to a 32.4-ms half
width power transient starting from representative
hot shutdown conditions (zero power, about 4mls
fluid velocity and coolant temperature of.280'C).
The total energy deposit at PPN' was 98.2 calg at
the end of the transient.

Pre-test Examinations
The. CIP0-1 rodlet was re-fabricated in Studsvik
facility (Sweden) according to the StudsFAB
process from the fifth span of the A06 ENUSA rod
(mother rod).
The A06 rod was irradiated in Vandellos reactor
(Spain) up to 68 GWdhM (rod average) and the
mean burn-up of the CIP0-1 rodlet is 74.75
GWd/tM, according to Studsvik measurements. The
CIP0-I mother rod and, after re-fabrication, the
CIPD-1 rodlet were submitted to several
examinations: puncturing and fission gas analysis,
metrology,
neutron
radiographies,
visual

|
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PPN: Peak Power Node
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Late microphone event
The pressure transducers
recorded strong
oscillations with unusual behaviour. At the same
time, small oscillations are recorded by the upper
flowmeter. These signals occurred before the
microphone event (about 150 lis), which is the
reverse order of expected phenomenology in case of
failure: frst clad failure (acoustic event), and then
gas ejection (pressure / flow event).
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The microphones recorded a first event at an energy
deposit about 8.5 cal/g at PPN. This signal is
correlated to the clad elongation. This kind of
signal, with a characteristic signature, is usually
seen in all the previous sodium tests (REP Na).

-4

L.A

T

J±

..... .

__

.44

.11

TwM(crpOP

*1

First microphone event
C

--

No other event has been evidenced during the
transient. The rod elongation and swelling is similar
to other REP-Na tests results under similar
conditions.
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Pressure event

About 3 ma later, it is possible to see very small
perturbations on the upper void detectors,

After SCRAM, at TOP onset+ 1.26 s, an unusual
event is recorded on the microphones, pressure
sensors, flowmeters and void detectors.
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These signals exclude the possibility of significant
fuel ejection. But, those signals raised the question
of a possible clad failure.
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The acoustic event is mainly evidenced by the
upper microphone (M2). The M2 signal is similar
to usual "failure event". But the MI signal is barely
noticeable. Moreover, the tentative location led to
identify an event occurring Well above the tested
rod.
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and a sodium ejection (0.15 cm 3) is measured by
flowmieters.
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Flow event

Zlrcoula layer after test
The origin of this late event recorded by the
instrumentation is still under investigation.

In conclusion, from the set of examinations already
performed, there is an important presumption that
the cla'd did not fail. The next examinations in hot
cells (pin piercing) planedl in fall 2003, will allow to
confirm this assertion. .
The throughout analysis of the test signals should
be completed by January 2004.
The destructive examinations are scheduled before
the end of 2003.

After the test, a reasurement of the activity of the
Argon cover gas was performed. There was no 15Kr
inside, as we usually observed with a test leading to
failure, even without fiue! ejection as in REPNa-10.
The DND (Delayed Neutron Detector) signal,
which measures the neutron emission in the channel
just after the test section, gave no evidence of clad
failure.

Mechanical characterisation of the Zirlo
After the test, it was possible to precisely measure
the amount of "Kr in the upper plenum by
spectrometry in the IRIS facility. This amount is of
the same order of magnitude as the expected value
for a tight cladding (based on calculations).

cladding : the PROMETRA tests
In association with the CIP tests, a mechanical
characterisation program of the advanced claddings
has been defined (PROMETRA program). It
presently concerns the Zirlo and M5-6cycles
cladding materials related to the CIPO-I and CIPO-2
rods respectively.
The main objectives are to determine the stressstrain laws based on hoop tensile tests and their
interpretation and failure data based on plain strain
and burst tests. For each tested material, the test
matrix is the following, using doubled tests:

2.OE+03

O.OE+OO 46500

EI

4800

l

t- 0.01 e

T(C)

The visual examinations performed in hot cell
showed an extended clad spalling but did not
evidence any clad failure.

Hoop
tensileII

The CIPO-l was submitted also to non-destructive
examinations: gamma-scanning, profilometry and
zirconia layer measurements.
The profilomnetry showed a slight clad deformation
as expected from precalculations.
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The zirconia measurements confirmed the extended
spalling due to the transient, with a remaining oxide
layer thickness as low as 10 ,um.

For the Zirlo material related to CIPO-I, samples
from the zones close to the S span of the ENUSA
rods A06 and A12, have been deflieled at Studsvik.
The first six ring tensile tests have been performed
using samples from the 6* span of the A12 rod
exhibiting 80 zm corrosion thickness.
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The following figure shows the ultimate tensile
strength versus temperature, compared to the
standard Zr4-5 cycles values.

available soon. The following
programme is planned in 2004.

part of the

Conclusions
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The CIPO-I test has been successfully performed in
the Na loop of the CABRI reactor. A careful
analysis of the experimental signals and nondestructive examinations lead to the conclusion that
the rod survived the transient overpower. A final
confirmation of the rod tightness will be obtained
after the rod piercing and gas analysis.
This test was the very last one performed in the 25
years old CABRI Na loop. The reactor is now shut
down to allow the upgrading and the pressurized
water loop instalment. The first test in the new
configuration is scheduled in 2006.
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Compared UTS of ZWrlo 75 GWd/tM and Zr4 -Scyci es
These results underline a similar behavior of tdla
Zirlo and Zr4 Scycles in the temperature domain cof
280 to 480 OC. The other hoop tensile tests at higher
temperature have been realised and results will 1be
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Overview of Research Findings on the,
Mitigating Systems Performance Index (MSPI)
D.A. Dube
Operating Experience Risk Analysis Branch
Division of Risk Analysis and Applications
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Abstract
The Reactor Oversight Process currently uses performance
indicators that quantify system unavailability for four important
nuclear power plant systems. A number of. Issues have been
Identified with these Indicators, including the fact that they do not
account for component unreliability. Also, the indicators use
generic thresholds irrespective of the relative risk importance of
the particular systems at each nuclear plant. A more risk Informed
performance indicator, the Mitigating Systems Performance Index
(MSPI), has been proposed that addresses most' of the concerns
with the current Indicators. A twelve-monti pilot program to
assess the feasibility of the MSPI was completed in September,
2003. The Office of Research substantially verified the results of
that effort, while identifying a number of technical issues that
needed further evaluation. Recommendations to address all major
technical issues have been proposed.''
Backaround
The Reactor Oversight Process (ROP) currently uses' performance indicators that'quantify
system unavailability. There are certain issues associated with these indicators, including (a)the
use of generic thresholds, (b) the way. In'which fault exposure time' associated with'failure
events affects the values of the current indicators, and (c) the method of cascading failures' of
cooling water support systems.
Phase 1 of theRisk-Based Performance. Indicator (RBPI) Development program (Ref. 1)
explored several possible enhancements to the ROP performance Indicators. A key aspect of
the Ref. i approach was the use of plant-specific models (the Standardized Plant'Analysis Risk
or SPAR models) to assess the risk significance of .changes in unreliability'(UR) and'
unavailability (UA). Based on these models, it was possible to develop candidate'RBPls that
separately- quantify UR and UA within a common model framework. It was also possible to
determine plant-specific thresholds for these indicators. These enhancements help'to address
the issues mentioned above for current ROP indicators. In the Phase 1 RBPI effort, these
enhancements were shown to be generally feasible, although for some UR indicators, statistical
uncertainty is an issue.
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Although these candidate Indicators have certain benefits compared to the performance
indicators (Pis) currently in use, they also have certain drawbacks. In particular, implementing
separate train-level UR and UA indicators leads to a substantial increase in the number of
indicators. This increase in the number of indicators raises concerns regarding their effect on
the action matrix. In addition, including a larger number of indicators increases the likelihood
that at least one indicator will give a false indication.
The MSPIs are intended to reap the benefits of the improved treatment developed in the RBPI
program (improved quantification of UR, using plant-specific thresholds) while resolving the
issues associated with proliferation of Indicators. The MSPI approach separately quantifies the
significance of changes in UR and UA, but then rolls up these contributions into a single systemlevel indicator. The MSPI approach does this using a simplified calculational approach based on
importance measures, thereby avoiding the need for ongoing manipulations of the entire
probabilistic risk assessment (PRA) model. This approach Is quantitatively adequate until
changes in UR and UA become very large, at which point the numerical inaccuracy does not
matter, because licensee and regulatory attention has already become focused on these
contributions.
Formulation of the MSPI

The purpose of MSPI's (Ref. 2) is to amonitor the performance of selected systems based on
their ability to perform risk-significant functions..." If Implemented, the MSPI would replace some
or all of the existing Safety System Unavailability Performance Indicators in the ROP, and would
continue to complement the Significance Determination Process (SDP). In so doing, the MSPI
would address many of the known issues with the current Indicators including: the use of fault
exposure hours In the SSU, the omission of unreliability elements in the indicator, the use of
mostly one-size-fits-all performance thresholds irrespective of risk-significance of the system,
and the cascading of support system failures onto mitigating system unavailability.
The systems to be monitored under the MSPI include emergency AC power, residual heat
removal, and safety-related support system cooling such as service water and component
cooling water. Furthermore, for Boiling Water Reactors, high pressure coolant injection and/or
core spray are included, along with reactor core isolation cooling. (There were no Pilot plants
with isolation condensers, but these would be included as well). For Pressurized Water
Reactors, the additional systems to be monitored consist of high pressure safety injection
including Chemical and Volume Control System valves and centrifugal pumps, along with
auxiliary (or emergency) feedwater.
As currently formulated, the MSPI of a system Is a simplified and linearized approximation to the
change Incore damage frequency (CDF) due to changes in reliability and availability of risksignificant elements of that system. The calculation focuses on key components, and quantifies
the change in CDFusing a simple formula based on Importance measures.
The MSPI Is formulated as a sum of changes related to UA and changes related to UR:
MSPI = UAI + URI
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Unavailability-Related Contributions
UAI, the UA-related contribution, is a sum of contributions from different trains:
n

UAI =>UAIL

(Equation 1)

l-1

The summation runs over trains, and UAI, is the contribution of the jth train to the change in
CDF due to changes in unavailability of this train.
If contributions to a given train's unavailability can be collected into a single PRA basic event
having unavailability UA, then the change in CDF associated with a change in train UA can be
written as (Ref. 2):
UAIt = B(UA) * AUA

UAIt = B(UA) *(UA - UABU)

PUAI - UABj),

UAI, =CDF& ['

where B(UA) is the Bimbaum importance for UA, FVUA Is the Fussell-Vesely importance for'UA,
and UABU Is the baseline unavailability. Items carrying a "p" subscript are understood to be
calculated using the "P"RA values, while items on the right-hand side tjot carrying a "p"
subscript (carrying instead a "t"subscript) are derived either from current operating data or'from
baseline data. In the NEI formulation, the tr subscript just refers to "train." This formulation
divorces the calculation of B(UA) from the calculation of 'AUA. In other words, B(UA) Is
independent of the value of UA. Given B(UA), the terms whose difference yields AUA need only
to be calculated on a mutually consistent basis - not necessarily consistently with the PRA - in
order for the formula to yield a good estimate of the change in CDF. Of course, if CDF and FV
are calculated'and combined as above, then in order to yield B(UA) as desired, CDF and FV
both need to be based on the same Value'of UA that appears in the denominator of the formula.
In practice, UA data are collected on a train basis. This avoids the potential for the
overestimation of train unavailability that could result if individual components' unavailabilities
were collected and summed as If they were independent:' If one has separate terms In Equation
I that cannot be collected into a single basic event, then each element of the sum can still be
calculated using the above approach.
.

The Unreliability-Related Contribution'
The treatment of the UR-related contribution generally follows the above treatment of UAI.
However, the elemental contributions to train unreliability need to be assessed separately, and
partly as a result of this, there are additional considerations in URI.'
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The following quantity is used for the UR-related contribution:
URI= CDFp

-UR] (URBI -URBLCJ),

where
the summation is over those active components and failure modes in the system that
can by themselves fail a 'train,"
CDFp is the plant-specific internal events, at-power core damage frequency,
FVuR, is the component-specific Fussell-Vesely value for unreliability,
URRp, is -the plant-specific PRA value of component unreliability,
UR., is the current estimate of ("Bayesian corrected") component unreliability for the
previous 12 quarters,
URBU is the historical baseline unreliability for the component.
Max refers to using the highest FV/UR from all the basic events (i.e. failure modes) for a given
component (see Ref. 2). Note also that the current formulation considers only the internal
events initiators, and does not include internal flooding events or external events initiators.
MSPI values belowv 1E-6Iyr would be designated as a GREEN indication, consistent with the
current ROP guidance. Values between 1E-6/yr and IE-5/yr would be designated WHITE;
between 1E-5/yr and 1E-4/yr would be YELLOW; and above I E-4/yr would be considered RED.
Description of the Pilot Proaram
The MSPI Pilot Program was initiated in the summer of 2002. The Pilot consisted of a sixmonth data collection phase by twenty nuclear power plant units, followed by a six-month
analysis phase. At the onset of the Pilot Program, there were three primary objectives:
1) Exercise the MSPI Guidance
2) Perform Validation and Verification
3) Perform Temporary Instruction Inspections.
The first objective was performed primarily by the licensees of the twenty nuclear power plant
units in the Pilot. With Reference 2 as guidance, this activity included:
*
*
*
*
*
.

Identifying risk significant functions for the six systems of interest
Identifying success criteria
Identifying data sources
Identifying system boundaries
Identifying active components to be monitored
Tabulating Fussell-Vesely importance measures and basic event probabilities for all
components to be monitored
* Collecting relevant unavailability and unreliability data
180

Providing input to the pre-formatted NEI electronic worksheets
Computing UAI, URI, and MSPI results on a quarterly basis, and submitting on-going
results to the NRC on a monthly basis (for this Pilot only)
* Identifying possiblerinvalid Indicators"
* Assessing the reasonableness of results.

*
•

The second objective was carried out by the NRC Office of Research. It included a plant-byplant performance data cross-comparison, use of SPAR models to validate Importance
measures, and identification and resolution of significant issues with the MSPI methodology. In
order to reconcile differences between the Plant PRA and the SPAR models, a major effort was
undertaken to make further enhancements to the SPAR models to make these models
compatible for MSPI applications.
Finally, the third major objective was to exercise Temporary Instruction inspections via TI
2515/149 (Ref. 3). This'task was undertaken by the site Resident Inspectors/Senior Resident
Inspectors and Region Senior Reactor Analysts. This activity included an Item-by-item
verification of many of the tasks performed by the licensees. The reader is referred to
Reference 4 for a full description of inspection activities and findings.
As noted above,- twenty nuclear power plant units participated in the Pilot Program. The list
below identifies the Regions and plants in the Pilot. The plants represent a-reasonable crosssection of U.S. plant type, age and design, and reactor manufacturers. No Babcock & Wilcox
reactors.were In the Pilot. However, of perhaps equal If not greater Importance tothe program
demonstration was the availability of internal events, level-1 at-power plant PRAs and the varied
experience of the licensees' staffs to exercise the models. NEI has stated that, in this regard,
the Pilot participants were a reasonable representation of industry capabilities.

Region I
Hope Creek
Limerick 1 & 2
Millstone 2 & 3
Salem 1 & 2

Region II
Surry 1 & 2

Region IlIl
Braidwood I & 2
Prairie Island 1 & 2

Region IV
Palo Verde 1, 2 & 3
San Onofre 2 & 3
South Texas 1 & 2

The data collection phase ended In February, 2003. The NRC and its contractors analyzed the
results over the following six months,'-resulting in -a preliminary draft report on the MSPI
verification effort in September, 2003. After Internal review, the draft report will be issued for
public review and comment 'in early 2004. ' 'Additional issues mostly related to MSPI
implementation continue to be addressed as well.
Overall MSPI Results
The purpose of the MSPI verification effort was to obtain reasonable assurance of the adequacy
of the inputs Into the MSPI calculation, and reasonableness of Pilot Plant results. This was
accomplished, by assessing the individual inputs to the MSPI calculation on a plant-by-plant,
system-by-system, and In many instances component-by-component basis. In addition, a
comparison of MSPI results using the plant PRA models and the SPAR resolution-models was
performed. The detailed tasks performed in this activity Included:
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*
*
*
*
*

Baseline data verification
Current performance data verification
Verification of FV/UA and FV/UR importance measures
Electronic spreadsheet calculation verification
Overall MSPI results verification.

The major findings of the verification effort are as follows:
1. The generic failure rate values in Table 2 of Appendix F of Reference 2 are not truly
representative of 1995-1997 performance as originally assumed, and are not appropriate
for use in the MSPI.
2. The verification effort generally showed the Pilot Plant submittals for train-specific
Unavailability baselines to be reasonable. However, the verification did identify several
baseline UAs that were lower than the unplanned UA values, which is erroneous. More
guidance and perhaps internal software checks need to be provided by the licensees.
Current UA results for the three-year period were tabulated and compared across plants
and with baselines. No current UA entries were identified as outliers.
3. The verification effort did Identify Pilot Plant data entry issues. These included cases of
double or "multiple countingu of failures or demands. The discovered issues were
brought to the attention of the licensees, and most were corrected by the final data
submittals in March 2003.
4. In general, it was found that the existing SPAR Rev. 3 models were not adequate to
verify risk model importances at the component level for MSPI purposes. A major effort
to enhance the SPAR models was successful in identifying and resolving many issues
related to component FVs. Using the geometric mean as the figure-of-merit, the SPAR
resolution models agreed with the eleven unique plant PRA FV/URs within a factor of
two on average.
5. The MSPI calculations performed within the NEI spreadsheet were verified by comparing
results from an independently developed spreadsheet. Results from both sets of
spreadsheets agreed.
Overall, the MSPI results from the Pilot Plant models and from the SPAR resolution models
were found to be in very good agreement. The Pilot Plant model and SPAR resolution model
results for the 4e Quarter 2002 matched color indication for all one hundred systems using a
consistent set of assumptions such as Year 2000 industry baseline failure rates. Both models
identified WHITE conditions for two systems at two pilot plants. Numerical results for MSPI
values above I E-7 (the practical limit of significance) generally agreed within a factor of three.
Key Technical Issues

In- the course of the Pilot Program, a number of significant issues arose regarding the
fundamental methodology of the MSPI as described In Reference 2. Resolution of these items
first required a thorough understanding of how the issue affected MSPI results plant-by-plant,
within the group of Pilot Plants, and across the industry as a whole. These issues relate to:
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* The appropriateness of generic baseline reliability data.
* Invalid Indicators whereby one -failure --beyond baseline performance results in
exceeding the WHITE threshold.
* Insensitive Indicators whereby a very large number of similar component failures within
a system would be necessary to reach the WHITE threshold.
* The recognition that an increase In Unreliability increases delta CDF both through the
independent failure contribution and through a common'cause failure contribution.
* The' concern that because of the deterministic nature for Inclusion of components within
the program, some plants may need to uiionitor an inordinately large number of low risk
significance valves.
* The concern that there is an Inconsistency in the treatment of support system initiators
for safety-related service water and component cooling water from plant-to-plant.
Six major recommendations to improve the MSPI as currently formulated in the Reference 2
guidance have been made to' address the above issues. '
(1)

The proposed generic failure rate data (Ref. 2) should be revised to use industry failure
rates derived for the period 1999-2001. The 1999-2001 data sources have a higher
degree of quality, and are representative of 1995-1997 industry performance.

(2)

;*A 'frontstopl should be' used as the meains of addressing the Invalid Indicator issue. The
frontstop would take the form of a limit on the delta URI associated with the single
most risk significant failure, so long as the delta URI is less than 1E-5. The frontstop
would only be' applied to the GREENIWHITE threshold.

(3)

The variable backstop should be employed as the means'of addressing the Insensitive
Indicator Issue. The backstop Is a Perf6rmance and statistically-based limit to the
-number of failures of a component type within a system before indication is declared
WHITE."

(4)

The Common Cause Failure contribution to Fussell-Vesely Importance should be
included Inthe MSPI formulation. The preferred approach would be to add the FV owing
to common cause directly to the -FVs for the Independent basic events. Several
alternatives to this approach continue to be investigated.

(5)

Licensees may opt to exclude' low risk valves from the list of monitored components
based on Bimbaum importance measures less than I E-6Iyr.

(6)

The contribution of cooling water support system Initiators to Fussell-Vesely importance
must be included. The preferred approach is to add cooling water support system
initiator fault trees to the linked PRA models. A simpler although 'slightly more
conservative approach also would be allowed.'

Additional Issues mostly related to the Implementation of the MSPI, such as the relationship to
the Significance Determination Process and the possible extension of the treatment to external
events, continue to be addressed.
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Conclusions
The Mitigating Systems Performance Index is a risk-informed indicator using plant-specific
design configuration and equipment performance data. Both equipment unreliability and system
unavailability are factored into the index Risk importance measures are used to weight the
importances of the components in the six monitored systems.
A twelve-month pilot program to assess the feasibility of the MSPI was completed in September,
2003. The Office of Research substantially, verified the results of that effort. As part of this
verification, a major effort to enhance the eleven unique SPAR models for the twenty pilot plants
was undertaken to update the models for MSPI application. In addition, the verification effort
identified a number of major technical issues with the originally proposed approach to the MSPI.
Based on analysis and simulation, recommendations to resolve all major technical issues have
been proposed. This includes a "frontstop" and Obackstop" that essentially provide minimum
and maximum limits to the number of component failures before the system is deemed
degraded (i.e. performance Is assessed non-GREEN). Additional research will continue through
early 2004 to address Implementation issues with the MSPI.
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Boron Dilution Tests / PKL
Klaus Umminger, Bernhard Brand
Framatome ANP, Germany
Abstract
For many years'the integral test facility PKL has been used for extensive
experimental Investigations to study the thermal hydraulic system behavior of
pressurized water reactor plants under accident conditions. Since April 2001 the
PKL project has been included in an international program set up by the OECD.
PKL replicates the entire primary system and most of the secondary system of a
1300-MW PWR plant with elevations scaled 1:1 and diameters reduced by a
factor of 12.
The current test series PKL IlIl E is focused on boron dilution events following
small break loss of coolant accidents and on accidents occurring during shutdown conditions at mid-loop-operation. All these tests have been performed with
original boric acid and suitable measurement devices for the detection of the
boron concentration Inthe primary system.
This presentation will summarize the most Important findings from the current
PKL test program and the topics of further'Investigations of a planned new
PKIJOECD program will be outlined.

1

Introduction

The integral test facility PKL (Fig. 1) Is a mock-up of a pressurized water reactor (PWR) of the
1300 MW class and Is operated In the Technical Center of Framatome ANP in Eriangen/Germany. It replicates the entire primary system and most of the secondary system with a volume
and power scaling of 1:145 (elevations 1:1). Modeling of the primary system with 4 identical
reactor coolant loops arranged symmetrically around the reactor pressure vessel permits
accidents to be investigated under realistic conditions, Including those accidents characterized by
non-symmetrical boundary conditions. Modeling of a 3loop or 2-loop plant Is possible by simply
Isolating one or two loop(s). As the functions of all major primary and secondary operational and
safety systems are also modeled In the test facility, Integral system behavior as well as the
Interaction between Individual systems can be Investigated under a wide variety of different
accident conditions and the effectiveness of either automatically or manually Initiated actions can
be examined. With its total of around '1300 measuring points, the PKL'facility Is extensively
Instrumented, a feature that allows detailed analysis and Interpretation of the phenomena
observed in the tests.'
The experiments conducted at the PKL test facility, which has now been In operation for about
25 years, cover a broad spectnim of topics, ranging from the tests performed to study large-break
loss-of-coolant accidents (LB-LOCAs) when the facility was first built, up to the simulation of
transients, Including, especially, the'effects of beyond-desIgn-basis events and the measures to
prevent a severe accident situation.
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The PKL Ill tests performed to date have altogether contributed to a better understanding of the
sometimes highly complex thermal-hydraulic processes Involved In various accident scenarios
and to a better assessment of the countermeasures Implemented for accident control. In addition,

Fig. 1: PKL III Test facility
they have supplied valuable information regarding safety margins available In the plants In the
event of beyond-design-basis accidents and have experimentally verified the ermergency
operating procedures specified for such accidents. Another important benefit of the PKL tests is
that they provide an extensive database for use In the further development and validation of
thermal-hydraulic computer codes, so-called system codes. These codes employed In designing
and licensing nuclear power plants have to be validated beforehand.
Since the early 90s interest has Increasingly been focused Iri reactor safety research on the topic
of boron dilution. The Irnportance to safety of boron dilution scenarios lies In the possibility of
unborated or boron-depleted water entering the core region, thus leading to recriticality and
consequently to a power excursion. A number of experimental and analytical Investigations have
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been performed by different organizations, and Joint international programs (OECD/NEA;
EURATOM) have been initiated to address this issue /2/. To evaluate the consequences of baron
dilution events, different Initiating scenarios have to be taken into account. Several investigations
performed up to now have been dealing with the restart of a reactor coolant pump In presence of
a low or unborated water slug in the primary system 13/.
The assessment of various accident scenarios that might give rise to boron dilution shows that, In
particular, small-break -loss-of-coolant accidents (SB-LOCAs) should be investigated in this
respect. Such events combined with limited availability of the emergency core cooling system
(ECCS) can lead to a temporary reduction of the coolant Inventory, resulting In reflux-condenser
conditions and hence in Inherent boron dilution /41. When the reactor coolant system (RCS) Is
refilled later on during the course of the accident, low borated masses of water may be
transported Into the core with the restart of natural circulation. Inherent boron dilution after SBLOCA Is a main topic In the current test series PKL IlIl E. The tests are'conducted utilizing boric
acid and boron measuring Instrumentation technique. They provide an Important contribution for
the evaluation of boron dilution events and represent a valuable data source for the validation of
'
computer codes used for the analytical handling of this subject.
Besides inherent boron dilution, accidents In shutdown states are also Investigated in PKL IlIl E. In
recent years, increasing attention has been devoted to such Incidents as various probabilistic
safety assessments have shown that the contribution of these accidents to core damage
frequencies Is'much larger than would be commensurate with the outage times. In addition,
accidents under shutdown conditions can also lead to situations similar to reflux-condenser and
thus Inprinciple to local boron dilution.
2

Current PKL I OECD Project

In 1997, the Committee on the Safety of Nuclear Installations (CSNI) of the OECD's Nuclear
Energy Agency (NEA) set up an international working group whose aim was to identify how
existing expertise in the field of reactor safety and an appropriate experimental infrastructure
could be sustained in the future. One of the main tasks of this Senior Group of Experts on Nuclear
Safety Research Facilities and Programmes (SESAR/FAP) was to Identify those test facilities and
research programs which were threatened by closure in the next two to three years and to select
facilities and -programs which, if. they were able to continue through involvement in -OECD
projects, would beeof particular benefit to the member countries. In selecting these experimental
facilities, the, group not only based their decisions on the technical capabilities provided by a
specific facility but also assessed the competence of the team working there, Including the way In
which use was made of test results for analytical applications; e.g. for code validation.
At Its annual meeting In December 1999, CSNI issued the recommendation that an International
collaborative project be set up Inthe field of thermal hydraulics to implement the recommendation
made by SESAR/FAP. A proposal for a project called SETH (a SAR Ihermal-Liydraulics) was
elaborated In consultation with the NEA Secretariat and was submitted to the member countries
in mid-2000. This proposal was based on experiments to be conducted In the PANDA and.PKL
test facilities..ln the large tanks of the PANDA facility, for example, mixing and stratification of
steam, and air - such as can occur In a containment'atmosphere under accident conditions were to be Investigated. For the'PKL facility,'Integral system tests for studying boron dilution
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events as well as accidents occurring when the reactor has been shut down were proposed. The
SETH project started In April 2001.
As Is customary with OECD projects, half of the funds necessary for financing the project are to
be provided by the host country in which the tests are performed. The other half is to be provided
by those OECDINEA member countries participating in the project (Belgium, Czech Republic,
Finland, France, Hungary, Italy, Japan, Korea, Spain, Sweden, Switzerland, Turkey, United
Kingdom, USA).
3

PKL Tests on Boron Dilution

3.1 General Background
Boron-10 Is added to the reactor coolant of a PWR to control reactivity. The forced coolant
circulation during normal operation or natural circulation ensures that the boric acid Is
homogeneously distributed in the reactor coolant system so that the boron concentration is
practically uniform. Under certain accident conditions there is a potential risk that low borated
water can enter the reactor core leading to a local recriticality and thereby to a power excursion. A
necessary prerequisite for this to happen Is the formation of low borated water slugs and their
transport to the core without sufficient mixing.
The possibility of coolant with a relatively low concentration collecting In localized areas of the
RCS has been under discussion for several years now. Causes might be Injection of coolant with
less boron content from Interfacing systems (external dilution) or separation of the borated reactor
coolant Into highly concentrated and diluted fractions (inherent dilution). Examples of external
dilution are the injection of coolant of reduced boron concentration by the makeup system, and
injection of low-boron pump sealing water Into the primary system. Inherent dilution can occur
after reflux-condenser heat transfer or back flow from the secondary system In case of primary-tosecondary leakage accidents.
The PKL experiments, which are discussed In the following, are exclusively dealing with Inherent
boron dilution events after reflux-condenser heat transfer. Operation in the reflux condenser mode
over a lengthy period of time could occur In the event of SB-LOCAs concurrent with limited
operability of the emergency core cooling systems. It Is also conceivable that operation In the
reflux condenser mode could occur In the event of a complete loss of residual heat removal
(RHR) via the redundant RHR system during the period of time that the RCS is at % level and still
closed.

3.2 Small Break Loss of Coolant Accident
Backaround and Tooics of Investiaation
If, in the event of an SB-LOCA, the primary system contains different water inventories at different
times (these depending on the size of the break and the number of available emergency coolant
injection systems), then different heat transfer mechanisms will be encountered according to the
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water inventory present at that time. If the primary system is nearly ofuir and the water is in a
subcooled condition, heat transfer to the secondary system occurs through single-phase natural
circulation. As soon as saturation conditions have been attained, steam starts to be produced in
the core and two-phase natural circulation becomes established. As more and more coolant Is
lost via the break, phase separation occurs at the apexes of the steam generator U-tubes,
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Fig. 2: Transport of Low Borated Slugs of Water after SB-LOCA
(Schematically, Without Taking Credit from Mixing)
causing natural circulation to stop. Heat transfer from the core then takes place - presuming that
one or more steam generators are still available as primary heat sinks - through operation in the
so-called reflux-condenser mode (see schematic illustration In Fig. 2a).
The steam produced In the core flows to the steam generators where It is condensed. The
condensate flows back to the reactor pressure vessel (RPV) through both the hot legs and the
cold legs of the loops. During this operating mode, removal of decay heat to the secondary
system Is assured as long as the two-phase mixture Inthe RPV can be kept at least at the level of
the top edge of the' core. It must, however,'be 'noted that the steam produced In the core and
therefore also the condensate arising in the steam generators will be largely boron-free. if this
phase continues for a prolonged period of time, the condensate arising In the steam generators
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could lead to large quantities of low-boron water accumulating In the so-called loop seals
(suction elbows of reactor coolant pumps) and, If water levels are above the elevations of the
reactor coolant lines, also In the steam generator Inlet plena. If the water level drops during the
reflux-condenser phase down to or below the elevations of the reactor coolant lines (as illustrated
In Fig. 2a), the condensate arising in the hot legs of the steam generator tubes will flow out
through the hot legs of the loops - I.e. in a direction opposite to that of the steam - and back to
the RPV where it will mix in the upper plenum of the RPV with water that has a higher boron
content.
For operation in the reflux-condenser mode to start, the two-phase mixture must drop below the
apex of the steam generator U-tubes by a substantial amount. Furthermore, prolonged operation
in the reflux-condenser mode, which Is a prerequisite for any accumulation of significant
quantities of condensate, would only be possible If parts of the emergency core cooling systems
were not available.
If, as primary system pressure continues to drop, the amount of coolant being discharged through
the break becomes smaller than the makeup coolant being Injected by the emergency core
cooling systems, the primary system will refill and natural circulation may, under certain
circumstances, restart. While refilling of the primary system is in progress, first the condensate
contained In the loop seals will be transported (in a direction opposite to that of Onormaln flow)
towards the cold legs of the steam generator U-tubes (see schematic Illustration In Fig. 2b).
Together with any (unmixed) condensate present in the hot legs of the tubes, slugs of condensate
are then transported In the direction of the RPV when natural circulation begins (see schematic
illustration In Fig. 2c).
Whether and how much low-boron water actually reaches the reactor core is determined by the
following factors:
- Quantity of condensate formed and stored during the reflux-condenser phase
- Characteristics of onset of natural circulation (e.g. simultaneously In all four loops)
Mixing of borated emergency coolant and low-boron condensate on its way to the core.
The PKL experiments are focused on the transport of low borated water slugs within the primary
system and their displacement into the RPV. Of special Interest are the amount of low borated
water entering the RPV from the Individual loops, the minimum boron concentration and the velocities of such low borated water slugs as well as the differences between the loops. The mixing of
differently borated water flows In the annular gap of the RPV downcomer is not subject of the PKL
experiments. To realistically simulate the mixing processes taking place In the RPV downcomer
and lower plenum, test facilities that are especially designed for the Investigation of phenomena in
these components are more suitable. Mixing experiments of this kind have been performed as
part of the UPTF TRAM project using a full-scale mock-up of the RPV downcomer and the
connected primary system piping and In the scaled test facility ROCOM /5, 61.
-

Overall Test Conditions
In the case of the SB-LOCAs concerned here, the above mentioned factors, i.e. the question, if
and to what extent minor boronized water would enter the RPV, depends on the boundary
conditions such as:
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Size and location (hot or cold leg) of the break
- Availability of the emergency coolant Injection systems and location of injection
- Rate of cooldown of the steam generators (secondary sides).
Experiments to investigate all possible break and Injection configurations while at the same time
using various break sizes and also taking other parameters of Influence into account are not
justifiable for cost reasons. However, in order that a good Idea can nevertheless be obtained
regarding the relevant break spectrum, generic tests covering the following aspects have been
defined:
-

* Maximum possible symmetry
* Maximum amount of condensate

With respect to a possible reduction In boron concentration at the core Inlet, an important point Is
whether the natural circulation starts simultaneously in all loops or with some delay between the
loops. In the latter case the condensate slugs from the individual loops would reach the RPV at
different times that In turn would promote the mixing of condensate and highly borated water in
the downcomer annulus of the RPV. On the other side a simultaneous restart of natural
circulation would increase the likelihood of a decrease In boron concentration at the core Inlet. A
simultaneous restart of natural circulation again can more likely be expected under symmetrical
boundary conditions, e.g. when all loops are evenly supplied with ECC water.' Al tests with
symmetrical ECC Injection Into all four loops (hot leg or cold leg) showed a very effective mixing
of differently borated water during the refilling of the RCS and after restart of natural circulation.
Consequently only a slight decrease In boron concentration was observed at the RPV inlet.
The test results described in the following concern experiments performed under boundary
conditions that lead to maximum amounts of condensate. RELAP calculations for the complete
size spectrum of'small break LOCAs Indicated that the largest condensate Inventories In the
event of a cold-leg break are to be expected If emergency core coolant Injection'takes place by
two SlPs Into the cold-leg piping and, on the one hand, the break Is just large enough for a
lengthy reflux-condenser phase but, on the other, not so large that the primary-side water/steam
mixture falls below the top of the (hot-leg) piping at any time during the reflux-condenser phase.
Because of the high liquid level the calculations and estimates predict that low-boron water will
collect not only In the loop seals but also In the hot-leg piping and SG plena. Precisely this
scenario was modeled In experiment E2.2, which will be described In the following.
Test Initial Conditions
Since the maximum operating pressure of the PKL facility Is 45 bar, It Is not possible to simulate
the high-pressure portion of such accident sequences starting from a PWR's, actual operating
pressure (160 bar). Hence, Inthe tests, the accident "starts" at a primary system pressure of less
than 45 bar and with Initial conditions corresponding to those that would prevail In a real plant at
this time (i.e. when the primary system pressure Is at this level). These Initial conditions were
obtained from analyses conducted using the computer code S-RELAP5 for a real PWR geometry
and corresponding boundary conditions. The remainder of the accident sequence was then
simulated In the tests using real PWR pressures.:'That the high-pressure, portion of these
accidents cannot be simulated has no significant effect on the meaningfulness of the test results
since the processes that are relevant with respect to boron dilution (refilling, onset of natural
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circulation and transport of low-boron water in the direction of the RPV) also take place in a real
PWR in the low-pressure range.
The initial conditions for experiment E2.2 in respect of RCS inventory, flow conditions and spatial
variation in boron concentration were specified in such a way as to maximize condensate pockets
at the (later) start of natural circulation. Since the RELAP analyses performed show that the
reflux-condenser phase starts at RCS pressures above 40 bar, condensate would start to
accumulate in the real-life PWR transient before 40 bar is reached. In an experiment, which starts
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Fig. 3: PKL Ill E2.2 - Initial Conditions of Test E2.2
at 40 bar, the appropriate quantity of condensate has to be produced in a conditioning phase
before the start of the test.
In this conditioning phase, after establishing reflux-condenser conditions, proportionately at least
as much (or more) condensate was to be produced in the SGs as would be expected Inthe PWR
on reaching 40 bar. In order to ensure that the experiment would envelop the adverse case that a
particularly large proportion of the produced condensate would collect unmixed, the primary-side
levels were set as high as possible. In the initial condition of experiment PKL Ill E2.2, the RCS
coolant inventory was partly depleted (Fig. 3) with energy being removed symmetrically via the
SGs in the reflux-condenser mode at a primary pressure of 40 bar. The coolant in the loop seals
was largely deborated, that In the SG inlet plena partially deborated. The SIPs injecting into
loops I and 2 had already been cut in shortly before the start of test. From this condition the test

192

was initiated by opening the break in cold leg I and starting 100 K/h cooldown via the SGs. For
the subsequent course of the experiment E2.2 it had been postulated that the accumulators
(ACC) were Inoperable. The accumulators were therefore not used in this experiment.
Boron Concentration Measurement
A system operating according to the principle of neutron absorption - COMBO (Continuous
Measurement of Boron Concentration) - was Installed at the RPV inlet of all four loops to
continuously measure the boron concentration of the water. This system, developed by Siemens
(now Framatome ANP), Is also successfully used as a process monitoring system in nuclear
power plants for measuring the boron concentration In systems conveying reactor coolant. The
measuring principle is based on the absorption of neutrons by the isotope boron-10, which varies
according to the boron content of the coolant. The COMBO system, which basically consists of a
neutron source (positioned underneath the reactor coolant line) and two counter tubes (installed
close together above the line), is mounted on the outer wall of the reactor coolant pipe so that it
has no effect on the fluid being measured. As a result of using this irradiation method, the
measurements covered the entire flow cross section in the pipe.
The test facility was not only equipped with the COMBO system for continuous on-line
measurement of the boron concentration, but sampling points for removing grab samples of the
water were also provided at several locations In the primary system, such as In the loop seals, In
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Figure 4. PKL IlIl E - Equipment for Boron Concentration Measurement
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the SG inlet and outlet plena, in the RPV downcomer and in the region of the core. The
instrument locations for the boron concentration measurements are shown in Fig. 4 exemplarily
for test E2.2 and test E 3.1 (see chapt. 3.3).
Test Results
Experiment E2.2 was performed Inorder to determine empirically the worst-case condensate slug
in terms of size in the event of cold-leg ECC injection. The most important results relating to this
specific aspect can be formulated as follows:
The condensate slugs which could accumulate were smaller than those which were to be
postulated on the basis of conservative thermal hydraulic analyses (RELAP, etc.), namely for two
reasons:
* As a result of mixing processes due to the steam flow from the core to the SGs it is not
possible for pockets of water to remain diluted during the refilling of the SG inlet plena and the
hot-leg piping.
* In contrast to the conditions in the thermal hydraulic analyses, mechanisms occur in the steam
generators that cause flow through Individual SG tubes as soon as the SG outlet plena are
filled as far as the tube sheets with coolant. These flow mechanisms prevent or disrupt the
accumulation of low-boron water pockets in the outlet plena and loop seals. Consequently
condensate can only accumulate in the cold-leg piping when the SG tubing on the outlet side
has emptied. This constitutes a significant restriction of the volume in which condensate could
possibly accumulate. This is all the more true of the partly filled reactor coolant system In
which level fluctuations repeatedly occur in the SG outlet plena during refilling. Because of
these level fluctuations a stable accumulation of condensate can only occur In the cold leg if
the time-averaged level Is a certain distance from the tube sheet.
Fig. 5 shows for the first and most relevant part of the test, which Includes the refilling process,
the primary and secondary side pressures as well as the levels in the steam generators. The
levels on the SG inlet are always - even when the water inventory is at its minimum - significantly
above the elevation of the hot legs.
The coolant and condensate distribution in the RCS short time before natural circulation start up
(t=2900 s) makes apparent that high-boron water had already reached the SG outlet plenum in
some of the SGs. Evidently entrainment (water carryover In a high-velocity flow of steam through
individual SG tubes) had caused this transport of water with a relative high boron content from the
SG inlet side to the outlet before natural circulation set in. For this to happen, highly borated water
must have been previously transported from the core to inside the SG Inlet channels. Therefore it
may be considered proven on the basis of the measurement results that mixing of low-boron
water potentially present In the SG inlet channels with higher-boron water from the core region
takes place in the SG inlet channels. At least in the refill phase the two-phase flow in which steam
passes from the core to the SGs evidently entrains highly borated water from the core to the SG
inlet plena.
In all SGs the short tubes were refilled before the long ones. Refilling of the short tubes occurred
more quickly in loops 3 and 4 that were without Injection than In loops I and 2 with injection. The
steam still being generated and flowing from the core to the SG tubes caused the levels In the
SGs to rise. At t = 3020 s the mixture levels reached the apexes of the short tubes of SG 4 so that
coolant transport from the SG Inlet to outlet sides took place In loop 4 and therefore - Initially twophase - circulation set In. The initiation of natural circulation and the effects on the boron
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concentration at the RPV Inlet are presented in Fig. 6. Natural circulation commenced in loop 3 at
t = 3180s (somewhat later than In loop 4). At this time steam production in the core was
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Fig. 5: PKL IlIl E2.2 - Cooldown and Refill
terminated and circulation In loop 3 started under single-phase' conditions. The natural circulation
beginning at t = 3180 s In loop 3 and Its effects on the boron concentration at the RPV Inlet are
also apparent from Fig. 6.
Circulation begins at a later point In loops I and 2. It did not result in a decrease in boron
concentration at the RPV Inlet. In loop I circulation began at different times In different SG tubes
with ECC being Injected Into the cold leg. Furthermore the circulation rate was at first so slow that
the water that had accumulated Inthe loop seal and in SG I was discharged through the break. In
loop 2 alternating forward and reverse flow occurred before a definite circulation set in so that the
low-boron water previously In the SG was already well mixed with highly borated water that had
penetrated Into the SG inlet channels during the refill phase.
A further Important result Is that the condensate slugs In the loops without ECC Injection were
located at the start of natural circulation not In the SGs but in the loop seals'and SG outlet
channels. The slugs were not displaced upwards Into the SGs before being transported towards
the RPV and therefore the supposed prior mixing with more highly borated water did not take
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place. Nevertheless the boron concentration at the RPV inlet did not fall on initiation of natural
circulation to the levels previously measured in the loop seals. As the condensate slugs were
considerably smaller than the produced ones, mixing with high-boron coolant during refilling and
during transport from the loop seals to the RPV caused the minimum boron concentration in the
two slugs to Increase.
Conclusive Findings UD to now and further Investigations
The formnation of low borated water slugs under reflux condenser conditions following SB-LOCAs
has been experimentally confirmed. Hereby, it could be demonstrated that any condensate
slugs are limited to the volume of the loop seal and part of the SG outlet channel. This
maximum slug volume is therefore significantly smaller than the magnitude that would
have had to be postulated for safety-related considerations for PWRs prior to the
performance of the PKL Ill E experiments. A significant but short term reduction in boron
concentration in case of ECC injection Into 2 of 4 loons (cold leg) in the loops which are not
supplied with ECC-water. has been observed. However, no pronounced decrease in boron
concentration at the RPV inlet has been observed in the loops with ECC injection
Another important fact is that all PKL experiments performed up to now have in common,
that the various mixing mechanisms resulted in the measured minimum boron
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concentration at the RPV inlet always being higher than the minimum present, originally
in the condensate slugs formed In the loops.
In so far the PKL tests performed within the OECD/SETH program have already provided
valuable findings on boron dilution events after SB-LOCAs. In order to complete these
experimental investigations and to answer some still open questions mainly on the effect
of different plant configurations, further tests on this topic are planned within a new PKL
program. One important question here is how far the observed phenomena can be
applied and extrapolated to other plant configurations (e.g. ECC injection location and
rates, cooldown rates). Another important point is to better understand and analyze the
physical phenomena when the SG levels are maintained in the SG U-tubes. The key
output is there which maximum condensate accumulation is possible in this situation
considering that the minimum boron concentration may be higher than 50 ppm.
3.3 Loss of Residual Heat Removal System
Backaround and General Tooics of Investigations
The PKL test E 3.1 which was dealing with loss of residual heat removal was based on the
following accident scenario: The PWR has already been shut down (p = I bar, T = 60 "C), e.g. In
preparation for refueling and the reactor coolant Inventory (boron concentration 2200 ppm) has
been reduced to the level for % loop operation. The space above the water Inventory is filled with
nitrogen that was injected Into the reactor coolant system as the level was being reduced. The
reactor coolant system Is still closed and decay heat Is initially still being removed through the
residual heat removal system. With the reactor coolant system in this condition, complete failure
of the residual heat removal system Is now postulated.
Loss of the heat sink causes core temperatures to rise with resultant void formation once
saturation conditions have been reached; void formation Is in turn associated with an increase in
primary-side pressure. For the purpose of the present test it was postulated that two SGs are
filled with water on their secondary sides (H = 12 m with air above) at onset of accident conditions
(loss of residual heat removal). The other two SGs were completely filled with air. All four SGs
were Initially depressurized arid Isolated on their'main steam sides. It was also postulated that
one of the two water-filled SGs (SG 1) was maintained at a constant pressure of 2 bar and a
constant level of 12 m by the main steam pressure and feedwater control system following a rise
In secondary-side pressure as heat Is absorbed from the reactor coolant system (RCS). The other
water-filled SG (SG 2) and SGs 3 and 4 likewise were Isolated on their main steam (MS) and
feedwater sides for the entire duration of the Incident.
The test was designed to Investigate the following main questions:
- To what extent the water-filled SGs assume the task of removing heat from the core following
fallure'of the residual heat removal system and what heat transfer mechanisms become
established when nitrogen Is present In the SGs.
- At what pressure on the primary side'do stable equilibrium conditions result with secured heat
removal to the secondary side.
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Given that the anticipated void formation In the core and condensation processes In the SG(s)
are Invariably linked with the production of weakly borated water (condensate) other questions
related to possible deboration processes, i.e. In which components and to what extent Is the
boron concentration reduced. To this end, the test was performed with borated reactor coolant
and special test Instrumentation to measure boron content.

Test Conditions
In order to simulate the described accident scenario the main test boundary conditions were
specified as follows:
* PWR has been cooled down for refueling
* Reactor coolant system is still closed and filled with water ([B] = 2200 ppm) up to 3/4 loop level,
with nitrogen above
* Failure of the residual heat removal system (RHRS)
* The secondary side of one SG is available to take over residual heat removal (two SGs are
filled with water on the secondary side).
The initial conditions specified for the test (Fig. 7) were set during a preliminary test phase before
the start of the test. At the start of the test reactor coolant system pressure was approx. I bar and
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core power (decay heat) was 217 kW (equivalent to 0.7 %), with a core outlet temperature of
61 °C. The reactor coolant system Inventory had been reduced to % loop level with nitrogen (N2 )
above. The water in the pressurizer (PRZ) was at the level of-the surge line connection. For the
purpose of this test It was postulated that the pressurizer had already been largely cooled down
when "Loss of residual heat removal In 3/4 loop operation" occurred (about 50'C).

The start of the test, which also represented onset of accident conditions, was initiated by shutting
down the residual heat removal system causing a rise In core temperatures and void formation In
the core with an associated increase in primary-side pressure. The transfer of heat from the
primary to the secondary side heats the water Inventory on the secondary side of SGs I and 2 to
saturation conditions causing a concomitant rise In pressure on these secondary sides. Once
pressure on the secondary side of standby SG 1 had reached 2 bar it was controlled at that level
so that the heat generated in -the core was transferred to the secondary side. As the test
proceeded with quasi-steady-state conditions established on the primar'y side, a series of passive
injections was performed from the accumulators (ACC). After the accumulator Injections the
residual heat removal system was postulated to be available again and was switched on In one
loop; the test ended with a core outlet temperature of < 100 'C.
Boron Concentration Measurement
Especially for test E3.1 one of the four COMBOs, which are usually located In the cold legs at the
RPV inlet (see chapt. 2.2), has been displaced into the loop seal I below the steam generator
outlet channel. The reason for this was to detect the spill over of almost boron-free condensate
from the Inlet to the outlet side of this steam generator and to' register the accumulation of a low
borated slug in the pump seal. The additional grab sampling systems allowed to keep track of the
locally different boron concentration throughout the RCS during the test (see Fig. 4).
Test Results
Due to the postulated failure of the residual heat removal system at the start of the test the core
temperatures rose leading'to void formation in the core after approx. 12 min. This led to raised
pressure In the reactor coolant system resulting In compression of the nitrogen volumes.
Reflux-condenser conditions became established In SGs 1 and 2 (filled with water on their
secondary sides to a level of 12.2 m) with condensation of steam on the SG Inlet side Inthe lower
areas of the U-tubes. Thesteam produced in the core and consequently the condensate
accumulating In the lower~areas of the SG'U-tubes and also in the upper area of the SG Inlet
channels was almost boron-free. With secondary pressure In.SG I constantly controlled at 2 bar
and with primary-sidepressure-continuing to rise In the first Instance, this'SG became the main
heat sink. The following heat removal conditions became established during this heating phase.
' with the reactor 'coolant system pressure still rising: The steam generated In"the -core flowed
mainly Into SG I where' t condensed on the Inlet side Inthe lower U-tube areas' Above this the Utubes contained a stable column of cold water at secondary-side temperature. The remaining Utube area was filled with nitrogen also at secondary-sIde temperature.
A continuous Increase in the volume of steam entering SG I from the core was observed In
comparison with that entering SG 2. The swell level In the U-tubes of SG 1 continued to rise as a
result of this and eventually reached the top of Individual U-tubes. This caused the reactor coolant
to spill over from the Inlet to the outlet side, displacing the nitrogen contained In these U-tubes
Into the outlet channel. The almost boron-free condensate that had formed In the U-tubes and In
the upper area of the SG Inlet chamber was then transported to the SG outlet side and onward
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through the loop seal, In the direction of the reactor pressure vessel (RPV) inlet. Figure 8 shows
the distribution of Inventory after 7-8 hours. With respect to both the distribution of Inventory and
the flow pattern It Is the same situation like after the first spill over of reactor coolant from the Inlet
to the outlet side In U-tubes of SG 1 (approx. 3.5 h after the failure of the RHRS).
As the test proceeds to the time of the first accumulator Injection steady-state conditions prevail
with two-phase circulation In individual U-tubes and reflux condenser conditions in the remaining
U-tubes in SG 1; reactor coolant system pressure becomes stabilized at around 5 bar (Fig. 9b).
During this period most of the heat Is removed to the secondary side from the U-tubes with twophase circulation. SG 1, In which secondary-side pressure Is controlled at 2.0 bar, continues to
act as the main heat sink with a primary to secondary-side temperature gradient of 30 K under
steady-state conditions.
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Fig. 9: PKL III E3.1 - Pressures and Boron Concentrations
'As regards the boron distributlon'in the&reactor coolant system, the boron concentration in the
reactor coolant in the Inlet channel of SGs I and'2'decreased on attainment of reflux condenser
conditions'and increased in the reactor coolant in the core.
Low.borated water was also accumulated In the upper downcomer region and in the pump seal
under the reactor coolant pump because'steam flowed out of the upper plenum and through the
closure head bypass onto the cold side and small amounts of steam condensed Inthe area of the
cold legs as a result of heat losses.
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A significant change in the reactor coolant boron concentration In loop 1 was observed 13500 s
after start of the test. As indicated In Fig. 9b, there was a rapid reduction in the boron concentration readings obtained from loop seal I under the SG outlet channel using the continuous
COMBO measuring Instrument. The boron concentration drops from an Initial value of approx.
2150 ppm to approx. 830 ppm.
The rapid, transient reduction in the reactor coolant boron concentration under the SG outlet
channel occurred because the entrainment of reactor coolant from the Inlet to the outlet side of
SG I allowed water with a low boron concentration to be transported from the Inlet area of the
U-tubes and subsequently from the Inlet channel to the outlet side of this SG where it became
mixed with the water already there, so reducing the boron concentration of the reactor coolant.
Reactor coolant continued to be transferred from the Inlet to the outlet side of SG I so that
coolant with a low boron content was consequently transported through the loop seal and onward
in the direction of the RPV Inlet The samples taken from the whole of loop I and at the core Inlet
also revealed certain changes Inthe boron concentration relative to the samples taken previously.
The boron concentration recorded by the COMBO measuring instrument then started to rise just
as rapidly as it previously dropped, finally attaining a value of approx. 1900 ppm. This Is because
water with a low boron content had been replaced with more highly borated water from the lower
part of the SG Inlet channel or from the hot leg and the upper plenum. This more highly berated
water was likewise transported to the outlet side of the SG.
During the further course of the test until the first accumulator Injection the boron concentration
decreased slowly but continuously with a gradient of approx. 400 ppm/h (Fig. 9b). Water was still
being transported intermittently from the Inlet to the outlet side of Individual U-tubes in SG I but at
a slower rate than the initial overspill. As a consequence low borated water was also continuously
transported from the outlet side of SG 1 onward through the loop seal in the direction of the RPV
Inlet. This process continued until completion of the first accumulator injection.
During the accumulator injections (into the cold legs) mass flow Increased Inthose U-tubes, which
previously exhibited positive, flow conditions and from which the nitrogen had been displaced.
This allowed slow continuous natural circulation to become established in loop 1. As a result of
this, reactor coolant with an initially low boron concentration entered the core from the RPV
downcomer. Reactor coolant boron concentrations in the whole of loop 1 and In the RPV then
leveled out at around 2400 ppm. Forward flow conditions through the N2-free U-tubes were
maintained and even increased.
Reactivation of the residual heat removal system in one loop returns the reactor coolant system to
a subcooled condition and the test Is ended at a core outlet temperature of < 100 "C.
Conclusive Findings up to now and further Investigations
The test described above can be stated to have produced two imoortant findings. Under the
selected boundary conditions, controlling secondary-side pressure In one SG at 2 bar limited the
Increase In RCS pressure following loss of the residual heat removal system to around 5 bar: A
quasi-steady-state condition became established although there was a continuous reduction In
the boron concentration In the reactor coolant on the cold side of the loop with the active SG. If
the ACC Injection is very -delayed while the plant Is In this condition, i.e. as In the test
approx. 9 hours after loss of the residual heat removal system, the boron concentration on the
cold side Including the RPV downcomer was reduced. An ACC Injection then has the effect of
transporting water with a low boron concentration, particularly from the RPV downcomer, to the
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Fig. 10: E3.1 (Commissioning Test): Pressures on primary and secondary sides
core. An early'accumulator injection is therefore preferable to a delayed one because a reduction
in the boron concentration on the cold side of the loop with active SG is avoided in this case.
in connection with a co'mmissioning test, it became apparent that the heat transfer mechanisms,
i.e. primary-to-secondary energy removai, and the mechanisms that cause boron dilution are
highly sensitive to the distribution of the primary inventory. In this commissioning test, the
assumption of a hot pressurizer at the occurrence of the accident led - due tolower amount of
water displaced into the pressurizer - to a situation with higher water Inventory in the primary
system compared to the above described experiment E 3.1. This again'resulted In significant
differences with respect to the evolution of the ~primary pressure and boron dilution phenomena,
e.g.:
- Primary pressure stabilization at about 5 bar, however significant reduction of the boron
concentration on the 'cold side' In tests E3.1. No significant reduction of the boron concentration, however increase of the primary side
pressure over 10bar in the commissioning test (Fig. '10)..'
It Is also evident that the 'above-mentioned phenomena are also dependent on the number of
operable steam generators; Systematic investigations concerning the Influence of the primary
side Inventory (e.g. influenced by state of the pressurizer) and the number of available steam
generators on primary pressure and boron concentration are planned to be performed within a
new PKL program. The objective of these Investigations Is to generate a sound basis for the
*evaluation of such'events With respect to heat removal Inthe SGs and boron dilution processes. It
Is of -special Interest to analyze those boundary conditions that will secure decay'heat removal
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and rule out the possibility of primary-side over - pressurization after loss of RHR and also to rule
out unacceptable decreases in boron concentration due to boron dilution as a result of the
associated energy and material transport mechanisms.
3.4 Extrapolation of Test Results to PWR Plants
Because of its design (all elevations are scaled 1:1 and the four reactor coolant loops are
arranged symmetrically), the PKL integral test facility is well suitable for resolving questions
related to natural circulation. Due to is exact replication of the steam generators as a whole and
especially of the steam generator tubes (including, for example, their differing heights) the
processes observed in these regions can be well applied to real power plant configurations.
Hence, heterogeneous behavior in the steam generator U-tubes can likewise be assumed for an
actual PWR- plant under similar boundary conditions. Therefore, important considerations regarding the formation, the maximum volume, the displacement, the dilution and dynamics of low
borated water slugs can be extrapolated to real plants, at least in qualitative terms.
The quantitative extrapolation of specific test results such as the minimum boron concentration at
the reactor pressure vessel inlet or the rate of the local boron dilution after the loss of residual
heat removal system Is only possible with the help of validated thermal hydraulic system codes. In
this respect the PKL results represent an important database for validating the models employed
in thermal-hydraulics codes, thus enabling these validated codes to extrapolate the experimental
results for application to the full-scale geometry of a real PWR.
Conceming the mixing processes taking place In the RPV downcomer and lower plenum, test
facilities that are especially designed for the Investigation of phenomena in these components are
more suitable. Mixing experiments of this kind have been performed as part of the UPTF TRAM
project using a full-scale mock-up of the RPV downcomer.end the connected primary system
piping and in the scaled test facility ROCOM /5, 61. The mixing of differently borated water flows in
the RPV downcomer and In the lower plenum is likewise analyzed by 3-D computational fluid
dynamics (CFD) codes. In this context, the PKL test results also constitute an Important source of
data for supplying boundary conditions for these codes.
4 Conclusions and Outlook
Within the Intemational project SETH, set-up by the OECD with 15 participating countries
Framatome ANP has conducted system experiments at the PKL Test Facility to look Into issues
including inherent boron dilution during small-break loss-of-coolant accidents and after loss of
residual heat removal under shutdown conditions. Berated coolant and Instrumentation for
detecting boron concentration has been being used in these experiments.
The formation of the condensate slugs In the reactor coolant system of a PWR under refluxcondenser conditions was empirically confirmed In the experiments. The tests on SB-LOCA
demonstrated that the maximum slug volume is significantly smaller than the magnitude that
would have had to be postulated for safety-related considerations for PWRs prior to the
performance of the experiments. Another important fact derived from the experiments is that
the various mixing mechanisms results in .the measured minimum boron concentration at
the RPV inlet always being higher than the minimum present, originally in the condensate
slugs formed in the loops.
A test, on loss of residual heat removal under shutdown conditions showed that with closed
primary system and at least one steam generator available, the increase in primary pressure is
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limited. Quasi steady state conditions with secured heat transfer to the secondary side under
reflux condenser conditions are established. However a slow but continuous reduction in the
boron concentration on the 'cold side' can occur.
In so far the PKL experiments provide a valuable database for the validation of thermal hydraulic
system codes and an Important contribution to the resolution of safety issues of PWRs In context
with boron dilution events. To perform a final evaluation on this Issue further integral tests are
needed In which the boundary conditions will vary. These complementary investigations, together
with new topics such as loss of residual heat removal with open RCS and boron dilution after
steam generator tube rupture are planned to be performed in the course of a new PKL 'project
starting at the beginning of 2004. Thereby KltIs foreseen to continue the approved and very
efficient co-operation in an International frame within a new OECD program.

Nomenclature
ACC
Accumulator
COMBO
Continuous Measurement of Boron Concentration'
CSNI
Committee on the Safety of Nuclear Installations
ECC
Emergency core coolant
High pressure
HP
LB

Large break

LOCA
LP
NEA
OECD
PKL
PWR
RCS
RELAP
RHRS
RPV.
ROCOM
SB
SESAR
SETH
SG
SIP
UPTF

Loss of coolant accident
Low pressure
Nuclear Energy bgency
Organlzation for Economic Co-operation and Development
Primireisraufe-Versuchsanlage (Integral test facility, Germany)
Pressurized water reactor
Reactor coolant system
Reactor excursion teak analysis program (computer code)
Residual Heat Removal System
Reactor pressure vessel
Rossendorf Mixing Model
Small break
Senior Group of Experts on Nuclear Safety Research
SESAR Thermal Hydraulics
Steam generator
Safety Injection pump
Upper Plenum Test facility
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NDE for Reactor Pressure Vessel Head Replacements'
Steven R Doctor and George J. Schuster
Pacific Northwest National Laboratory
Rlichland, WA

., ABSTRACTr

The recent experience of cracking in control rod drive mechanism (CRDM) penetration
tubes and the associated J-groove welds has led to several utilities replacing their vessel
heads and many other reactor owners are considering replacement of their vessel heads in
the near future. The bulk of evidence supports the position that Primary Water Stress
Corrosion Cracking (PWSCC) is causing the observed degradation. But further work is
,being conducted on CRDMs that have been cut from vessel heads that have been
removed from service. The work will investigate the effectiveness of the NDE and
further, an understanding of the degradation process. In trying to. prevent future
degradation, the industryhas chosen to have replacement heads fabricated using alloys
more resistant to PWSCC. There remain many questions concerning how. to put in,
service the highest integrity components, which would then hopefully have the' longest
service life. What NDE should be employed during construction, what construction
activities need to be fully documented and what pre-service NDE should be performed
for the baseline are all questions that need to be addressed. This paper will examine these
questions based on related research and what insights this research provides.
INTRODUCTION
Inconel Alloy 600 along with weld Alloys 182 and 82 were selected and employed in a variety of
nuclear power plant components because of their attractive properties which include high strength,
ductility and corrosion resistance. In pressurized water reactors (PWRs) these applications include the
steam generators, pressurizer heater sleeves, instrumentation and sampling nozzles, control rod drive
mechanism (CRDM) vessel head penetrations, and dissimilar metal piping weldments. Unfortunately
these Inconel materials have been found to be susceptible to degradation by a mechanism known as
primary water stress corrosion cracking (PWSCC). PWSCC has breached the reactor coolant pressure
boundary resulting in degrading plant safety. Because of costs and radiation exposure to personnel, the
industry has decided in a number of cases that the best solution is to replace the reactor pressure vessel
head using materials more resistant to PWSCC. This paper examines the nondestructive examination
(NDE) programs being employed to reliably inspect the replacement reactor vessel heads with the major
emphasis on their penetrations.
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DEGRADATION in INCONEL
The first significant leak in a CRDM occurred in September 1991 at the French plant Bugey 3 (Shah
et al 1994, Buisine et al 1993). This was detected during a 10 year hydrotest and was detected with an
acoustic emission technique. The leak rate was 0.003 gpm (0.7 1/h). There were two through wall ID
axial cracks confirmed by destructive testing (DT) and found to be PWSCC. There were also two
circumferential cracks on the outside diameter (OD) of the penetration tube that were confirmed by DT.
One crack was a hot crack located in the weld that had been created during fabrication. The other was in
the base metal and connected to the through wall axial crack on the down hill side of the nozzle and just
above the l-groove weld. As a result the French made the decision to replace all of their reactor heads
using more resistant materials. The French have conducted dye penetrant tests (PT) of the J-groove weld
crowns and buttering from 11 replaced vessel heads. Of the 754 PT inspections reported by Amzallag et
al 2002 no cracks have been found.
The vessel head penetration degradation became a significant problem in the U. S. with the PWSCC
degradation detected at Oconee. From 11/2000 to 2/2003 there have been ten plants that have detected
PWSCC requiring repair. There were 79 CRDMs that required repair and 13 thermocouple nozzles.
Twelve had circumferential cracking and this is of concern because this cracking is above the J-groove
weld where the potential of a CRDM ejection is increased. Of course, the worst problem was the severe
wastage that was found in the vessel head at Davis Besse.
In April 2003, boric acid deposits were detected on the lower head of the reactor pressure vessel at the
South Texas Project (STP) Unit 1. Two bottom mounted instrumentation penetrations had small boric
acid deposits (3mg and 150 mg) that was estimated to be 3 to 5 years old. NDE tests were conducted and
confirmed the presence of axial cracking along the weld fusion zone between the penetration tube and the
J-groove weld and extending into the penetration tube wall. The cracking was confirmed by ultrasonic
tests (UTs), eddy current tests (ETs) and a helium bubble test. A boat sample was taken and documented
the cracking with the DT results reported in a supplement to the LER 03-003. The surprising thing about
this PWSCC was that it occurred in a zone where the temperature is low and was not expected to crack.
The DT results show that a contributing factor was the presence of a lack of fusion flaw at this location.
Based on the preponderance of PWSCC occurrences in these Inconel. materials, it has been concluded
that this is a generic problem. A recent review paper by Bamford and Hall 2003 documents the history of
cracking in these alloys. In addition, the NRC Davis Besse Lessons Learned Task Force Report 2002 has
analyzed the licensee event reports (LERs) from 1986 through 2002 in Appendix E. There were a total of
89 LERs and leaks were found to occur in most locations where Inconel had been employed. Seventeen
percent of the leaks were associated with CRDMs and most of these had taken place since 2000.
OVERVIEW of NRC FUNDED NDE RESEARCH ACTIVITIES for VESSEL HEADS
There are a number of research activities being conducted by the NRC that relate to the NDE of
replacement reactor pressure vessel heads. The efforts are identified in the following by the NRC job
code number (ICN) and a brief overview of each is provided.
JCN Y6604
The objective of this work was to address the issue of volumetrically inspecting the J-groove weld
and all of the buttering. A CRDM specimen was obtained that had been cut out of a head from the
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cancelled Midland nuclear power plant. This specimen was received from Oak Ridge National
Laboratory who originally obtained it from Framatome. The specimen which was received had been
flame cut from the head. PNNL chose to machine the ferritic material to obtain the largest cylinder of
ferritic steel that could be machined and be concentric with the centerline of the penetration tube as
shown in Figure 1. A typical result that was obtained by UT from the outside ferritic machined surface at
10 MiHz using synthetic aperture focusing technique (SAFT) is shown in Figure 2. Four product forms
are being imaged. The goal was to look for the presence of welding flaws and of course all welds are
imperfect and contain fabrication flaws. Based on previous studies most of the welding flaws are located
along the fusion zones and these have most often been found to be lack of fusion. In this case there were
a number of I to 2 mm flaws detected. The response of these weld flaws was about -35 dB while the
response from the weld grains was typically -42 dB while that from the ferritic base metal was -57 dB
when compared to the reference standard. Figure 3 shows a typical example of a fabrication flaw that is
along the fusion zone between the buttering and the J-groove weld metal.
What we found in this study was that fusion zone fabrication flaws could be detected using normal
incidence. However, these could only be detected for the near fusion zone. If the sound field had to pass
through the weld, then it was not successful in detecting these small fabrication flaws on the far side
fusion zone. Future work will evaluate the capability of UT to detect and to characterize fabrication flaws
on all of the fusion zones as a function of the flaw size.

Figure 1. Midland CRDM after machining and located in water Immersion tank prepared for
inspection.
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Figure 3. Shows a fabrication flaw at the fusion zone between the buttering and the J-groove weld
metal.

JCN Y6534
One of the main objectives of this program is to develop an international cooperative to address the
issues of PWSCC and NDE reliability of dissimilar metal welds (DMWs) and nickel based alloys.. PNNL
is providing support to the NRC in this effort. All interested parties both nationally and internationally
are being contacted and offered the opportunity to participate. -A presentation on this cooperative was
made during the conference. An evening meeting was held to go into more details regarding ideas about
the activities that might be addressed during this cooperative. A follow-up was proposed with a mailing to
all interested parties to solicit interest and suggested priorities so that a proposed program could be
developed based on this input for the cooperative. There are so many issues related to PWSCC in all of
the Inconel applications that are not understood, thus, it is important to identify those of highest interest to
the participants in the cooperative so that a program can be planned to address them.

211

One task that was proposed would involve producing an atlas of metallography documentation on
PWSCC cracks and NDE responses. This information is needed to understand the variability as well as to
understand how one might be able to simulate PWSCC with other flaws.
Another proposed task would be to organize and conduct a round robin study to assess NDE
techniques for their reliability in detecting and characterizing PWSCC. The challenge here is identifying
which of the many Inconel applications that should be studied so that appropriate mock ups can be
designed and fabricated with realistic PWSCC.
Other activities that have been suggested for the cooperative include the assessment of NDE
modeling for Inconel applications. This might be one way of extending the studies that are being
proposed to those applications that were not studied. There are a number of conditions such as surface
preparation that can impact NDE effectiveness and laboratory parametric studies that might be performed
to address these issues.
The plan is to have the parties identified, agreements in place, and a plan refined to begin conducting
the work by mid 2004.
JCN Y6909
Part of this work is a joint program with EPRIIMRP to decontaminate CRDMs that have been cut
from the North Anna 2 head which has been removed from service. These CRDM nozzles were cut and
shipped to PNNL where they are being decontaminated while maintaining as best we can, their pristine
condition both for NDE studies and destructive characterization of the PWSCC including chemical
analysis over the entire crack depth. The CRDMs will be decontaminated in early December 2003 in
preparation for NDE vendor inspections. There will be four vendors that will conduct NDE inspections
during December and January. Two of the CRDMs are scheduled for destructive testing.
Figure 3 shows a CRDM that has been decontaminated and is being readied for transit to a stand
where it will reside during NDE inspections. Four CRDMs will be inspected by the commercial NDE
vendors. The really fantastic opportunity that the North Anna 2 CRDMs offer is realistic NDE studies on
service induced PWSCC coupled with flaw validation. This will allow us to fully understand how
effective the NDE is in detecting PWSCC at all of the locations found in these samples. For the first
time, we will also know what was found and what was not found. In addition we will for the first time
understand how accurate the NDE techniques are in sizing the PWSCC.
PNNL plans to fabricate some research grade scanners and conduct NDE studies on the remaining
North Anna 2 CRDMs that are not sent off for DT. The remaining NRC activity that is now in the
planning stage is to conduct studies on material that was received at PNNL from Davis Besse. It is
expected that there will probably be both NDE studies and DT studies conducted on this material over the
next two years.
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Figure 4. North Anna 2 CRDM that has been decontaminated and is ready for moving to a stand
for NDE inspections.

IDENTIFIED FACTORS In DEGRADATION of INCONEL
The degradation of Inconel by PWSCC is a very complex process. There are many factors that
appear to influence the initiation and growth rate of PWSCC. There appears to be a correlation between
the number of years of operation and the temperature that the Inconel sees during service. But then the
failure at STP of the lower head penetrations where they see a much lower temperature was a total
surprise. The failure of the dissimilar metal weld at V C Summers'has been determined to be caused in
part by the extensive weld repairs that were made. `Review'of construction records on Oconee CRDMs
has found no correlation between the locations where PWSCC was found as a function of whether there'
were repairs to the J-groove weld or straightening of the CRDMs. CRDMs and BMIs are welded into the
heads via J-groove welds. The only NDE that is performed is PT after the root pass, when the weld is 1h
completed and after full completion of the weld. The PT test only assures that there are no surface
breaking flaws but may allow subsurface fabrication flaws to go into service. -This was the case for STP
where a lack of fusion flaw was found to be a contributor to the BMI failure.
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Clearly, PWSCC is a very complex process and the data is sparse regarding all of the factors that
appear to influence it. This is part of the problem and is the reason why more research is needed in order
to understand the significance of each factor so that these conditions can be assessed for each application
and failure predictions can be made.
FABRICATION FLAWS
PNNL has conducted studies to develop engineering databases on fabrication flaws that were created
at the time of fabrication. These databases provide valuable data on the density and distribution functions
as a function of the product forms. A number of reports have already been published concerning reactor
pressure vessel materials (Schuster et al., 1998, 1999, 2000) and work is in progress for similar studies on
austenitic stainless steel, cast stainless steel and dissimilar metal piping welds.
PNNL found that for welding processes in ferritic steel, 95% of the fabrication flaws were found to be
located along the fusion zones of the welds. Most of these fabrication flaws were lack of fusion and thus
are "crack like." All of the largest flaws were associated with repairs. These repair flaws tended to be
clustered at the ends of the repair areas and the flaws were very complex and had 3-D properties. The
flaws were uniformly distributed as a function of depth.
PNNL has underway a similar study on piping materials where very sensitive NDE inspections have
been conducted and flaw validation is in progress. Preliminary results for some dissimilar metal piping
welds have found that 398 fabrication flaws have been detected with 96 of these along the fusion zone of
the buttering to carbon steel, 34 are in the buttering, 139 are along the fusion zone of the buttering to the
SMAW structural weld, 122 are along the fusion zone of the SMAW structural weld to the safe end and 7
are in weld repairs. These three dissimilar metal welds are in 91.5 cm (36 inch) diameter pipe with an 8.9
cm (3.5 inch) wall thickness. The buttering has a volume of 8000 cm3 , the volume of the SMAW
structural weld is 13,000 cm3 and the volume of the repairs is 150 cm3 .
Figure 5 is an example of ultrasonic inspections results conducted using a weld normal
inspection with a high resolution ultrasonic transducer and synthetic aperture focusing technique
(SAFI) processing. There is a weld repair shown at the pipe ID and there is also a weld repair
on the pipe OD. These repair zones are defined by a large number of fabrication flaws in the
form of a "boat" shape in the figure. Figure 6 is a typical UT image showing fabrication flaws
along the buttering to SMAW fusion zone.
Figure 7 is an example of the fabrication flaws in the bottom mounted instrumentation nozzle
penetration #46 that leaked at the South Texas Project Unit 1 (STP presentation to the NRC on
6/5103 can be found at NRC website http://www.nrc.gov/reactors/operating/ops-experience/bottomhead-penetration-leakaee.htmlt). These fabrication flaws are along the fusion zone between the OD
of the penetration tube and the J-groove weld. Based on the work at PNNL it is expected that
these are lack of fusion flaws. There are two lines traversing across the J-groove weld in this
figure and these are the locations of the two PWSCC that were detected with TOFD UT. A boat
sample was removed from BMI penetration #1 and a cross section through this sample is shown
in Figure 8 (LER 03-003 Supplement). There is clearly a tight crack that exists at the surface of
the J-groove weld crown and there is a large lack of fusion fabrication flaw along the fusion line
between the J-groove weld and the OD of the penetration tube.
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Figure 5. UT C-scan image of a pipe segment containing a repair on the pipe ID and a repair on the
pipe OD.
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Figure 7. UT weld normal Inspection results on BMI nozzle penetration #46 from STP Unit 1 and
TOFD PWSCC superimposed (two lines traversing the J-groove weld).
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Figure 8. STP boat sample from BMI nozzle #1 showing the crack and fabrication flaw along the
fusion line between the J-groove weld and the OD of the penetration tube.
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NDE of REPLACEMENT HEADS

The new replacement heads have been improved through designs which reduce the number of welds
in the head and the selection of less susceptible materials - Alloys 690/152/52. The heads should be
designed to provide good access for VT examinations that will be conducted during service and this
involves getting VT equipment onto the head and adequate annulus clearance between the head and the
thermal insulation. This access has been improved. The crown of the J-groove weld and the buttering
should be prepared to provide optimum inspection surfaces for NDE (at a minimum smooth and regular).
It is not clear that this has been done since these surface preparations are performed manually and there
are no standards that can be referenced for the surface conditions needed. Welding with weld alloy
152/52 is not easy as has been experienced by the replacement spool piece at V C Summer where it took
several months and many weld repairs in order to get a weld that would pass ASME Section Ifl Code
requirements.
Because of the complex nature of PWSCC failures in Inconel, it is important to fully document all of
the important fabrication processes including all repairs (drawings of all repair cavities, their location,
description of flaws removed and the NDE performed to assure that an effective repair had been made)
and full details of any straightening of the penetration tubes.
As the majority of the failure problems have been associated with CRDMs, the inspection of these
will be the focus of this section. Construction practice is based on ASME Section m Code. This
involves the application of PT of the root pass, PT every two weld passes or every 12 mm- A final PT is
performed of the ground crown of the J-groove weld and buttering. This final PT is either being
documented with camera pictures of every indication to form a permanent record or to work to achieve a
"PT White" (no surface breaking flaws) result. Care must be exercised if the PT white condition was
achieved by using weld repair and remembering the above cited work by PNNL. This work showed that
all of the largest flaws in reactor pressure vessel welds were associated with repairs. The repaired weld
may not have surface breaking flaws, but may contain subsurface flaws of importance to component
integrity. The pre-service NDE is based on ASME Section XI Code and normally involves the use of ET
of the penetration tube ID, UT of the penetration tube (2-5 MHz) using TOED longitudinal mode and
pulse echo shear mode and if there is no thermal sleeve a 0° inspection of the penetration tube.
Since fabrication flaws tend to form along the fusion zones, there is a need to detect, characterize and
assess these flaws before service so that appropriate repairs can be made. Currently, only surface
breaking flaws are addressed and as the events of the BMIs at STP have shown, these fabrication flaws
can be important to their integrity during service. There is a need to reliably inspect the fusion zones of
the J-groove welds and buttering. This should be done for all replacement heads and for all current heads
that are in service. This is not an easy inspection - it is the classic far side coarse grained inspection
problem. Research is needed to assess various NDE technologies for determining how effectively they
can detect and characterize flaws with each of the three fusion zones of the J-groove weld and buttering.
Eddy current (ET) technology needs to be assessed for conducting effective surface examinations for
the crowns of the J-groove welds and buttering. Surface condition standards need to be developed in
order to insure that effective ET examinations can be conducted. This standard needs to be developed
now so that ET inspections of high quality can be conducted to form a baseline for comparison with
inservice inspection data.
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CONCLUSIONS
There are a number of changes to replacement heads that should lead to putting a higher quality
component into service. Many of these improvements were placed in service beginning with the
replacement heads that the French started using in the early 1990s. Thus, there is only 10 years of service
experience and since the degradation of Inconel by PWSCC has a long incubation time, it is unknown if
the improvements are really long term solutions. PWSCC is a complex process and many factors affect
the initiation time and the growth rate. NDE is used to assure that a high quality product is being
produced and placed into service and that it is being monitored to insure that if any degradation occurs
during service, it will be detected before component failure occurs.
The biggest shortcoming in the NDE being conducted during fabrication and pre-service is that the
NDE program is not designed to detect fabrication flaws in the fusion zones of the J-groove welds and the
buttering. Clearly this is important because of the failure that has occurred at STP. The use of PT to
inspect the J-groove weld and buttering is necessary but not adequate. The other problem is that there are
many important factors that may influence the initiation and growth of PWSCC but they are not being
documented. In addition, standards for surface finish conditions are needed to insure that ET examination
can be reliably performed. Considering the vessel heads are being replaced, it would be beneficial to
examine the vessel head design to determine if they could be designed to enhance the NDE inspections.
Reducing the number of the welds is a start but what else can be done to improve the J-groove weld and
buttering design to improve the inspection of them? That is a challenge that is not be addressed.
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Abstract
The importance of pro-active research to predict corrosion-related failures in
nuclear power plants is emphasized in view of plants now extending their lives
through license renewal and of increasing their power capacity. The probability
of future failures and reasons for considering them to be highly probable are
discussed. The fact that failures of some advanced designs and materials have
yet to occur does not provide any certainty that such failures cannot occur in the
near future. Possible failures and the need for specific pro-active research on
Alloy 6901T is discussed.
Introduction
The purpose of this discussion is to emphasize the importance of pro-active prediction of
performance of materials and components used in nuclear power components and uses Alloy
690TT as an example. Such predictions are now increasingly-important in view of the longer life
times expected of nuclear power plants through the license renewal processes that are now,
underway.. Further, electric utilities are interested in increasing the performance of existing
plants. The combination of increased life and increased performance challenge the materials and
components now being used.
Achieving goals of increased life and performance requires careful attention at least for the
following reasons:
1. The number of experienced professionals and the resources to support programs of prediction
is greatly diminished.
2. Deregulation continues to press engineers at utilities to place production of power at the
highest priority.
3. While the capacity factor of plants has increased, the occurrence and seriousness of major
failures or "almost failures" has not diminished. A recent example is the Davis Besse (a
PWR) incident involving the extensive corrosion at the head of the vessel and the extensive
stress corrosion cracking of core shrouds (BWR).
While there is great concern about whether potential failures can be pro-actively predicted as well
as concerns with the capacity to do so, the nuclear industry has achieved major progress:
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1. There is effective and extensive cooperation internationally.
2. Water chemistry in plants has been improved.
3. Methods of inspection have been improved.
4. Methods of mitigation have been improved including zinc inhibition, hydrogen water
treatment, improved materials, and improved designs.
This discussion first reviews some of the major failure patterns of the past. Next, obstacles to
developing programs to pro-actively predict failures are identified and discussed. Then, the
essence of a program to predict future failures pro-actively is described. Finally, the already
existing warnings of possible problems with Alloy 690 are discussed and approaches to
evaluating these failures are discussed.
Patterns of Major Failures in the Past
Extensive failures have occurred since the middle 1960s in both BWR and PWR plants:
1. BWR plants
The most significant corrosion problems in BWR plants have been related to the
radiolytically induced oxidizing nature of their environments and the sensitization of stainless
steel either as a furnace sensitization or weld sensitization with accompanying residual
stresses. This has lead to the more recent problems with shrouds.
The earliest observation of SCC in BWR applications occurred in about 1966 in a cold leg of
the Dresden plant. At the time, conventional "wisdom" attributed the SCC to a "bad heat,"
which is the usual response to early failures-and almost always in error. This early
observation was the precursor to observations of extensive SCC in small and large diameter
pipes, stub tubes for control rods, and then in reactor internal components such as the
shrouds. Over these years, extensive SCC occurred in both furnace and weld sensitized
materials.
In response to the oxidizing/sensitizing problem, BWR technology has developed water
chemistries that lower the oxidizing potential, alloys that are minimally prone to sensitizing,
and mechanical design improvements that reduce the tensile stresses that cause SCC to
progress.
2. PWR plants
The most significant corrosion problems in PWR plants have been related to steam generators
on both the primary and secondary sides in connection with the Alloy 600MA. On the
primary side, LPSCC has occurred especially at locations of high stresses at U bends,
denting, and tube expansion at the tubesheet. (Note that the term "LPSCC"-low potential
stress corrosion cracking is used in place of the misleading term, "PWSCC," since the latter
implies that the phenomenon can occur only in primary systems; whereas "low potential!'
correctly describes the chemical region of SCC as does "alkaline SCC.") On the secondary
side a variety of SCC processes has occurred mainly in heat transfer crevices, as they exist at
tube supports and the top of the tubesheet. This array of failures by various modes and at
various locations is shown in Figure 1.
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The LPSCC in Alloy 600MA first occurred in SG tubes. With time, LPSCC began to occur
in instrument noz zles in pressurizer and the RCS piping, in pressurizer heater sleeves, and in
reactor vessel head CRDM nozzles and instrument penetrations. With the occurrence of
complete perforation to the outside of the primary boundaiy, dep6sits of boric acid were
observed.- These actually served as good indicators of the perforations.
However, if the leak was not corrected shortly after visible accumulations of boric acid at the
OD surface began to accumulate, it was possible that rapid general corrosion or wastage
could occur of carbon or low alloy steel parts that were impinged by the steam from the leak.
This accelerated general corrosion reached its peak in the Davis Besse incident where the
entire thickness of the RPV head was corroded over an area of 20-30 in2 .
In response to the SCC on both primary and secondary sides, the PWR technology has
improved water chemistry, improved designs, and changed materials, e.g. from Alloy 600MA
to Alloy 690TT.
Thus, in both BWR and PWR technologies, the failures occurred more frequently and in more
components as time progressed until very serious failures occurred. In no case were the more
serious failures "surprises"'-they were predictable based on previous research and occurrences of
early failures in the industry.
Problems In Pro-Active Prediction
Probably the biggest deterrent to pro-active research directed toward predicting failures is the
inclination that such work is not necessary because "it has not been observed in the field." On the
contrary, there are many social aphorisms in common knowledge that such a position is
erroneous, e.g. "closing the barn door after the horses are out." Nonetheless, the resistance to
pro-active work persists. Other deterrents to proactive predictive research include:
1.Alloy 690TT resists LPSCC and is therefore considered resistant to all SCC. (However, in
fact, Alloy 690T1 has exhibited extensive SCC in laboratory tests using aggressive caustic
and mildly acidic environments.)
2. Early failures result from "bad heats." (In virtually all cases, such early failures have been
shown to be the early failures in statistical distributions.)
3. Very pure water maximizes corrosion resistance on the secondary side of SGs. -(However,
the presence of very pure water could possibly dissolve compounds that immobilize lead
and low valence sulfur, thus making local environments more aggressive.)
4. Leak before break is a reliable assumption. (There are important exceptions, including the
Duane Arnold safe end event where SCC had progressed around the full circumference of
the safe end, raising the possibility of a guillotine break)
5. If experiments were conducted properly, they would all produce the same results. (Not
correct. There is high inherent variability in corrosion.)
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Figure 1 Array of modes of corrosion and locations where failures have occurred in
PWR steam generators using Alloy 600MA. From Staehle and Gorman.'
The claim that "it has not been observed in the field" does not recognize that some failures have
required long times before they have been observed:
I. The LPSCC in CRDMs required a mean time of about 20 years before occurring.
2. The SCC in the upper bundle of OTSGs required about 15 years before being significant as
shown in Figure 2.
3. The SCC at Duane Arnold required about 10 years.
4. Flow assisted corrosion requires 10 to 20 years to become significant.
5. The SCC of bolting, such as 17-4PH and X750 has often required 10 to 20 years.
6. SCC of girth welds in SGs required 10 to 15 years.
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Figure 2 Tubes plugged in upper bundle of steam generator vs. time for Oconee-IB. As
presented in Staehle and Gorman'; Original from Rochester and Ealker.
These long times for the occurrence of corrosion failures result from many different influences
such as:
1. The rate of initiation (increase in depth per unit time) for SCC is in the range of 100 times
slower than the propagation phase.
2. Deposits on surfaces that are necessary to produce corrosion require significant times to
accumnulate and to produce chemistries that are aggressive, especially as the water in the
plant systems becomes more pure.
3. Accumulation of the number of stress cycles, which are required to cause initiatio~n
requires long times especially for the low cyclic frequencies that are the most aggressive.
4. Changes in the local metallurgy of metal surfaces, such as alloy enrichment/depletion,
require long times.
The failures that have occurred have never been "unannounced." They have not been real
surprises. Examples of warnings that could and should have been heeded include the following:
1. LPSCC was first identified and published by Coriou of CEA in 1959.
2. PbSCC was first identified in a paper by Copson and Dean in 1965.
3. Effects of reduced sulfuir species on the SCC of Fe-Cr-Ni alloys had been studied
extensively since the 1950s.
4. The intergranular corrosion of Fe-Cr-Ni alloys in oxidizing environments had been studied
extensively since the 1950Os.
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5. Processes involved in denting had been studied by Pickering and Fontana of The Ohio
State University in 1959.
6. Bases for the concentration of chemicals in heat transfer crevices of PWR SGs were clearly
identified by Lindsay of Westinghouse in 1968.
General Characteristics of Pro-Active Prediction
The general approach to pro-active prediction has been described by Staehle 3 in terms of the
"corrosion based design approach (CBDA)" combined with the "locations for analysis approach."
These combined approaches provide an organized stepwise approach to predicting corrosion
failures.
The significant steps in the CBDA are the following:
1. Environmental definition-Includes local chemical species and concentrations, stresses,
thermal, radiation, and flow. The local chemical conditions on the surfaces are the most
important.
2. Materials definition-Includes grain boundary composition, cold work, anisotropy, surface
treatments, alloy composition, impurities, second phases and their distribution.
3. Mode definition-Includes the modes and submodes of corrosion and their dependencies
on the seven primary variables of pH, potential, species, alloy composition, alloy structure,
temperature, and stress.
4. Superposition-Includes the intersection of steps 1-3 to assess possible occurrences of
accelerated corrosion.
5. Failure definition-Includes the conditions or circumstances that define when failure
occurs and what constitutes failure. The incentive for developing a statistically based
description of failure is illustrated by Figure 3 from the work of Scott where the fraction of
failures from sequentially prepared heats is shown to be highly variable for both primary
and secondary sides.
6. Statistical definition-Includes the statistical definition of the environments, modes, and
materials.
7. Accelerated testing-Includes testing that uses stressors such as stress, temperature, pH,
potential, and metallurgical conditions in testing to estimate the performance under design
conditions.
8. Prediction-Includes steps 1 through 7 to predict the probability of failure as a function of
time in operation.
9. Feedback-includes results from monitoring and inspection to identify unexpected
failures.
10. Fix-responds to the combination of feedback and prediction to mitigate failures through
changes in design, water chemistry, materials, and/or operations.
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In addition to the rigorous implementation of these steps, pro-active prediction considers
warnings that have already been observed in the data from laboratories and operating plants.
Exmple of Alloy 690 for predicting failure
Warnings for the possible failures of Alloy 6901T in some circumstances of field applications are
implicit in the past patterns of warnings relative to subsequent failures that these other warnings
predicted.- Alloy 6907T has already exhibited failures in the laboratories in circumstances that
can occur in the field. Such warnings make it clear that lack of a well-defined program of
prediction of the behavior of Alloy 690TT is unwise.
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Specific laboratory data that indicate the potential failure of Alloy 6901T are the following:
1. SCC at low concentrations of Pb in strongly alkaline conditions at operating temperatures
and low stresses as shown in Figure 4.
2. SCC and corrosion scaling at mildly acidic chloride conditions at 340 0 C as shown in
Figure 5.
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Figure 4 SCC of Alloy 6901T as a finction of lead, stress and temperature exposed to 1
M NaOH for 4000 hours. From Sarvers as modified by Staehle and Gorman'.
3. SCC in the range of low potentials for Alloy 800 and scaling at high potentials of Alloy
6901T in alkaline solutions as shown in Figure 6.
4. SCC of Alloys 690 and 69017 in low valance sulfur in strongly alkaline solutions as
shown by Briceno and Castano, and King 9 as referenced by Staehle and Gorman'.
5. Low temperature brittleness of Alloy 690TI as shown in Figure 7.
6. Intensive SCC of Alloy 6901T in the steam phase of strongly alkaline bulk solution.
7. There are unpublished data for the SCC of 6901T in neutral solutions.
8. The use of hydrazine on the secondary side produces low valence sulfur from sulfates.
Such low valence sulfur would be aggressive to Alloy 6901T.
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Figure 5 SCC of Alloy 600MA and Alloy 6901T in chloride solutions at 340"C. From
Sakai et al.6 as modified by Staehle and Gorman'.
Work that should be undertaken to assess the future behavior of Alloy 690'T includes at least the
following:
1. Develop a model boiler program for studying the corrosion of Alloy 690T1
sulfur environments separately and together.

in lead and

2. Assess the properties of crevices formed by deposits in line-contact crevices on the
secondary side.
3. Determine the dependencies for Alloy 690T17 in lead and sulfur environments in terms of
pH, potential, species, alloy composition, alloy structure, temperature and stress.
Conclusions
1.A pro-active approach for predicting failure is necessary as plants age and as they are
pressed to increase performance. In view of the periodic occurrence of serious failures over
time, there is no basis for assuming the absence of similar unexpected events in the future.
A safety net is required in case failures are observed..

229

Alloy 800 mod.
C-Ring Specimens
1M NaOH + 0.1% PbO
pH 13.7
3000C for 336 hrs.
a = 200% RpO.2 LoM

SCC Alloy

SCCAII
800 mod.
(99oPm)

800 mod.
rp
I}

/SCCAloy

~

1000

-

~800

01
Matial,

icORSiooo
10n

mod.

1000 '

;10(150m)

I

1

U

10
AHOY
mod.

1

SCC
Pt, Ll

(035 mm loss)
Alloy690Tr ,

it

SCCA1I-'

r25mI0.1

e(033ml

80
(2slmpH 3

10.0

smI

Alloy 690TT

C-Ring Spcimens
I MNaOH+0.1%PbO

13.7
1.0
300'C for 504 hrs.

I

a=200% RpO.2
Q1200

-1 t

,

lO0-80004W
-

0-200

0

200

Potential, mVH

Figure 6 Current density and corrosion vs. potential for Alloys 800 and 690TT exposed
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2. Past research has been mostly re-active. Taking a pro-active approach is necessary to
provide margins for safe operation.
3. The absence of early service failures in modem plants does not imply lack of degradation;
history based on relevant laboratory research indicates that failures eventually occur.
4. Most of the warnings that have developed from laboratory work have subsequently occurred
in the field.
5. Economic pressures especially mitigate against pro-active research, and such pressures
engender numerous rationalizations to justify avoiding predictive work; such
rationalizations are generally incorrect and are evidence of bad judgment.
6. With time, the number of experienced professionals at utilities, vendors, EPRL national and
university laboratories, other international programs and NRC and the resources for their
support are decreasing. With such continuous decreases in capacity, it is inevitable that the
subtle events that lead to serious problems can be missed.
7. Numerous physical processes cause degradation to be slow and cause failures to occur later
rather than earlier. Extensive evidence, even now, indicates that some failures do not occur
until times of 10-20 years.
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8. Pro-active prediction of failures can be confidently pursued by using collaborative and
interdisciplinary interactions to organize hypotheses and to organize and conduct
experiments and analyses. Such a program can be expected to provide useful predictions of
expected failures.
9. There is a rigorous method to prediction in the corrosion based design approach (CBDA).
10. There are sufficient data already to indicate that Alloy 6901T can fail in service. Work to
evaluate and refine the implications of the present data needs to be undertaken in order to
assess the conditions under which such failures can occur.
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Anticipating materials problems; field experience and laboratory studies
W. J. Shack, 0. K' Chopra, and H. NM Chung
Argonne National Laboratory
Argonne, IL'60439

This paper reviews some aspects of ongoing USNRC Office of Nuclear Regulatory
Research sponsored work on materials degradation at Argonne National Laboratory.
Three topics will be presented. The first is concerned with environmental effects on'
fatigue life of reactor pressure boundary materials such as austenitic stainless steels and
carbon and low-alloy steels, and the potential implication of the results for the fatigue
design rules of the ASME Boiler and Pressure Vessel Code. The second topic relates to
some aspects of the probabilistic model that is being developed to describe the cracking
of control rod drive mechanism (CRDM) nozzles. In particular the use of Bayesian
updating to reduce some of the uncertainties associated with the prediction of CRDM
cracking in individual plants or in groups of plants from'the same fabricator or material
supplier is considered. Tbhe third topic relates to studies on irradiation assisted stress
corrosion cracking and'some of the open issues that can affect understanding and
management of irradiation assisted stress corrosion cracking (LASCC).
Environmental effects on fatigue life
Fatigue'strain life (c-N) data developed in laboratories in Japan and the US demonstrate that under
some conditions there can be significant effects of LWR coolant environments on the. fatigue life of
reactor coolant system structural materials02-12 The degree of degradation in fatigue life depends on the
values of a number of critical'parameters: strain amplitude and rate, temperature and dissolved oxygen,
and flow rates and sulfur content for carbon and low alloy steels. The conditions that produce significant
environmental enhancement are reasonably 'well defined in laboratory situations. However, evaluating
the corresponding conditions in the field for some of the parameters such as strain rate can be challenging.
The ASME Code fatigue design curves, given in Appendix I of Section III, are based on
strain-controlled tests' of small polished specimens 'at room temperature in air. The design curves have
been developed from fits of the experimental c-N data expressed interms of the Langer'equationl3
ca - A 1(N)'I +A 2 ,

(-)

where Ea is the applied strain amplitude, N is the fatigue life, and Al, A2 , and n, are coefficients
determined by the curve-fit. Equation 1 may be written in terms of stress amplitude Sa instead of Ca.
The stress amplitude is the product of Ca and elastic modulus E, i.e., 'Sa .E
a. The Code fatigue
design curves are obtained from the best-fit curves to the experimental data by first adjusting for the
effects of mean stress on fatigue life, and then reducing the fatigue life at each point on the adjusted curve
by a factor of 2 on strain (or stress) or 20 on cycles, whichever is more conservative.
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As discussed in the Section III criteria document,' 4 the factors of 2 and 20 were intended to account
for data scatter (including material variability) and differences in surface condition and size between the
test specimens and actual components. The factors are not safety margins but rather adjustment factors
that must be applied to the small specimen data to obtain reasonable estimates of the lives of actual
reactor components. Although the Section IlI criteria documentl 4 states that these factors were intended
to cover such effects as environment, Cooper,15 in his comments regarding the initial scope and intent of
the Section III fatigue design procedures, states that the term "atmosphere" was intended to reflect the
effects of an industrial atmosphere in comparison with an air-conditioned laboratory not a reactor coolant
environment. Subsection NB-3121 of Section III of the Code explicitly notes that the data used to
develop the fatigue design curves did not include tests in the presence of corrosive environments that
might accelerate fatigue failure. Article B-2131 in Appendix B to Section III states that the owners
design specifications should provide information about any reduction to fatigue design curves that is
necessitated by environmental conditions.
Recent wvork on fatigue at Argonne National Laboratory has focused on reassessment of the
margins in the- ASME code curves.1 This work tries to address the question of whether there some
"spare" conservatism in the current Code margins that can be used to account for environmental effects.
Effect of Surface Roughness
Fatigue tests have been conducted to establish the effects of surface finish on the fatigue life of
austenitic SSs and carbon and low-alloy steels in LWR environments. Tests were conducted on Types
304 and 316NG SS, A106-Gr B carbon steel, and A533-Gr B low-alloy steel; the chemical composition
and heat treatments of the steels are given in Table 1.
Table 1.

Chemical composition (wt.%) of austenitlc and ferritic steels for fatigue tests

Material

Source

c

P

s

Si

Cr

Ni

Mn

Mo

0.290
0.290

0.013
0.016

0.015
0.015

0.25
0.24

0.19
-

0.09
-

0.38

0.93

0.05
-

0.220
0.200

0.010
0.014

0.012
0.016

0.19
0.17

0.18
0.19

0.51
0.50

1.30
1.28

0.48
0.47

0.060

0.019

0.007

0.4O

18.99

8.00

1.54

0.44

Carbon Steel
A106-GrBa

ANIL
Supplier
Low-Alloy Steel
A533-GrBb
ANL
Supplier
Austenitic Stainless Steel
Type 304c
Supplier

Type 316NGd
Supplier
0.015
0.020
0.010
0.42
16.42
10.95
1.63
2.14
508-m O0.. Ahc 140 pipe fabrncated by Cameron lron Work,. Heat 1-7201. Actul bea treatment not known.
b 62-mm thick hote-pred plate ftrm Midland reactor lower head Austenitzed at B71-899C for 5.5 h and brioe quenched; then tempered at
649-663C for 5.5 h and brine quenched The plate waa machined to afinal thickness of 127 mm. The inside surface was inlaid with 4.8-mm weld
cladding and
stresrelieved at 607C for 23.8 h.
C76 x125mm bat stock. Heat 30956. Solution annealed at 1050C for 0.5 h.
d 25-mm-thick plate. Heat P91576. SolutkO annealed at 1050C for 0.5 IL

The gauge length of all specimens was given a 1-jm surface finish in the axial direction to prevent
circumferential scratches that might act as sites for crack initiation. Some specimens were intentionally
roughened under controlled conditions, in a lathe, with 50-grit sandpaper to produce circumferential
scratches. The average surface roughness (R.) was 1.2 jim, and the RMS value of surface roughness (Rq)
was 1.6 Urm (61.5 micro-inch).
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The results of the tests are shown in Fig. I. For both Types 316NG and 304 SS the fatigue life of
roughened specimens is lower than that of the smooth specimens in air and low dissolved oxygen (DO)
water environments. In high DO water, the fatigue life is the same for rough and smooth specimens. For
Type 304 SS, fatigue life of rough specimen is factor of 3 lower than that of smooth specimen both in air
and low DOwater.
The fatigue life of roughened Al06-Gr B specimens is a factor of 3 lower in air, but in high DO
water it is the same as that of smooth specimens. In low DO water, the fatigue life of the roughened
Al06-Gr B specimen is slightly lower than that of smooth specimens.

Effect of Material Variability & Data Scatter
The effects of material variability and data scatter must be included to ensure that the design curves
not only describe the available test data well, but also' adequately describe the fatigue lives of the much
larger number of heats of material that are found in the field.
The effect of material variability and data scatter has been determined by considering the results
from tests on individual heats of materials or loading conditions as samples of the much larger population
of heats of materials and service conditions of interest. The fatigue behavior of each heat or loading
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conditions is characterized in terns of a statistical model that includes the effect of strain rate, oxygen,
and temperature and by the value of the constant term in the model, denoted as A.16.17 The values of A
for the various data sets are ordered, and median ranks are used to estimate the cumulative distribution of
A for the population. This distribution can be fit reasonably well by a lognormal distribution. Results for
low-alloy steels in air and water environments are shown in Fig. 2. The error bars in Fig. 2 denoted the
uncertainty in the value ofA for a specific heat
The values of A that describe the 5th percentile of these distributions give fatigue s-N curves that
are expected to bound the fatigue lives of 95% of the heats of the specific steel. There are two sources of
error in the distributions shown in Fig. 2. The mean and standard deviation of the population have to be
estimated from the mean and standard deviation of the sample. Confidence bounds can be obtained on
the population mean and standard deviation in terms of the sample mean and standard deviation.18 Even
this, however, does not fully address the uncertainty in the distribution, because of the large uncertainties
in the values of A for individual heats themselves as indicated by the error bars in Fig. 2.
Monte Carlo analysis was used to address both sources of uncertainty. The results of the Monte
Carlo analyses are values for A that provide bounds for the portion of the population and the confidence
that is desired in the estimates of the bounds. For low-alloy steels, the 5th percentile value of parameter
A at a 75% confidence level, is 5.6 in air and 4.7 in LWR environments. The mean value of A for the
sample is 6.4and 5.8, respectively, in the two environments. Thus, for low-alloy steels, the 95n5 value
of the margin to account for material variability and data scatter is 2.1 and 3.1 on life in air and water
environments, respectively. The corresponding margins in air and water environments for carbon steels,
and SSs are 2.3 and 2.9 and 2.5 and 3.5, respectively,. Thus, average values of 2 and 3 on life in air and
water environments, respectively, may be used to account for uncertainties due to material variability and
data scatter. These margins are needed to provide reasonable confidence that the resulting life will be.
greater than that observed for 95% of the materials of interest.
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. Other Factors
The effect of specimen size on the fatigue life has been investigated for smooth specimens of
various diameters in the range of 2-60 mmn19 The results indicate that the number of cycles to form a
3-mm-deep crack in a 19-mm-thick shell may be 30-50% lower than those in a small test specimen.
Thus, a factor of =l.4 on cycles and a factor of =1.25 on strain can be used to account for size and
geometry.
The effects of variable amplitude loading of smooth specimens are well known.2 o. 21 The presence
of a few cycles at high strain amplitude in a loading sequence causes the fatigue life at smaller strain
amplitude to be significantly lower than that at constant amplitude loading. In general, the mean fatigue
E-N curves are lowered to account for damaging cycles that occur below the constant-amplitude fatigue
limit of the material. A factor of 1.5-2.5 on cycles and 1.3-1.6 on strain may be used to incorporate the
effects of load histories on fatigue life.
Fatigue Design Curve Margins
The subfactors 'that are needed to account for the effects of various material, loading, and
environmental, variables on fatigue life are summarized in Table 2. As shown by the "total adjustment,"
a factor of at least 12.5 on cycles with respect to the mean E-N curve for laboratory test specimens in air
is needed to account for the effects of data scatter, material variability, component size, surface finish, and
loading history. In LWR environments, a factor of at least 19 on cycles with respect to the mean c-N
curve for laboratory test specimens is needed for austenitic SSs and at least 10 on cycles for carbon and
low-alloy steels.

The factors on strain are needed primarily to 'account for the variation in the fatigue limit of the
material caused by material variability, component size and surface finish, and load history. Because
these variables affect life through their influence on the growth of short cracks (<100 plm), the adjustment
on strain to account for such variations is typically not cumulative but is controlled by the variable that
has the largest effect on life. Thus, in relating the fatigue lives of laboratory test specimens to those of
actual reactor components, a factor of-1.7 on strain with respect to the mean c-N curve for laboratory
test specimens is needed to account for the uncertainties associated with material variability, component
size,'surface finish, and load history.
These results suggest that the current ASME Code requirements of a factor of 2 on stress and 20 on
cycle to account for differences and uncertainties in fatigue'life that are associated with material and
Table 2.

Factors on cycles and strain or stress to be applied to mean
Factor on Life (Air)

Parameter
Material Variability &
2.0
Experimental Scatter
1.4
Size Effect
Surface Finish

Loading History
TotalAdjustment:

-

E-N

curve
Factor
on Strain

Factor on Life (Water)
CS/LAS
SS
3.0
1.4

3.0
1.4

3.0

3.0

1.6

1.5 -2.5
12.5-21.0

1.5 -2.5
19.0- 31.0

1.5 -2.5
10.0-17.0
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.

1.2 - 1.7
1.25
.

1.6

1.3- 1.6
1.6-1.7

loading conditions are quite reasonable and'do not contain excess conservatism that can be assumed to
account for the effects of LWR environments. They provide appropriate design margins for the
development of design curves from mean data curves for small specimens in LWR environments.
Models for Cracking of CRDM Nozzles
The industry and the USNRC have developed probabilistic models to describe cracking and failure
of CRDM nozzles. In these models, the initiation of leaks and cracks are described in terms of Weibull
statistics. The Weibull parameters are determined from laboratory and field experience with SCC steam
generator tubing (the Weibull slope) and empirical fitting of inspection and failure data for CRDM
nozzles. (the Weibull scale factor).
Once a crack has initiated the growth of the crack is described by linear elastic fracture mechanics.
Until a crack becomes large (> 1800), the stress intensity K, which drives circumferential crack growth, is
dominated by the residual stresses due to welding, and the axial load on the nozzle due to the pressure
load is relatively unimportant. Solutions for K have been developed by Engineering Mechanics
Corporation of Columbus (EMC 2 ) under USNRC sponsorship. Data on the CGR of Alloy 600 materials
relevant to CRDM nozzles (ie. not SG tubes) have been collected and analyzed.22 This data represents a
substantial database, although there is, for example, significant uncertainty in the dependence of the crack
growth rate on K for K < 20 Mpaml'2.
The largest uncertainties in the models are associated with the initiation parameters and the
correlation of the initiation parameters with the crack growth rates.' The most substantial changes in the
models are likely to arise due to changes in these parameters due to additional information from ongoing
inspection programs. It is also apparent from inspection data that there are significant differences in
susceptibility between vessel heads from different fabricators.b
A generic distribution for the Weibull scale factor for initiation has been determined by maximizing
the likelihood of the observed numbers of leaking nozzles for the whole fleet of plants for which reliable
inspection data are available." The resulting distribution is shown in Fig. 3along with an estimate of the
uncertainty in the distributions due to the broad nature of the maximum of the likelihood function.
With these distributions of the Weibull scale factor, the resulting distributions of the probability of
failure for a vessel head can be calculated. Some typical results are presented in Figs. 4a and b. The
distributions for the probability of failure shown in Figs. 4a and b can be interpreted as describing the
range of behavior expected in the whole population of nozzles or heads or as the uncertainty in the
prediction of the failure of a specific nozzle or head assuming that we know only its operating
temperature and the number of years of operation. The results are believed to be conservative - e.g., the
true 95th percentile of probability of failure is lower than the estimates presented here.

a W.

J. Shack, 'Parametric Studies of the Probability of Failure of CRDM Nozzles." in Proceedingsof the
Vessel PenetrationInspection, Crack Growth and Repair Conference, Gaithersburg MD, Sept 29-Oct
2003, to appear.
b G. White, N. Nordmann, L. Mathews, and C. King, "Summary of U.S. PWR Reactor Vessel Head Nozzle
Inspection Results" in Proceedings of the Vessel Penetration Inspection, Crack Growth and Repair
Conference, Gaithersburg MD, Sept 29-Oct 2003, to appear.
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The distributions are broad, spanning about 3 orders of magnitude at any given time. However, in
practice, for the analysis of a specific plant, we would expect to have additional knowledge, e.g., the plant
has operated n years without nozzle leaks or that it had in leaks after n years of operation. We would also
know the fabricator of the head. Methods are needed to best incorporate ongoing inspection results in
models. Because of the limited amount of failure data available, the most effective means of updating the
distributions for the initiation parameters may be through the use of Bayes theorem.
-Ifwe assume a prior distribution for 0. p(O) and if there are M heats of material in a head that has
been operating for t years when it is inspected and found to have n leaking nozzles, then Bayes theorem
says that a posterior distribution for 0,O(6) is given by:'
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(O )P(OD)..f(0M) X [

L W(tom)nm(i-

W(t,Orm))(Nm -m)Ip(

l)P( 8 2)...P(M)

(2)

m-l

where n.m is the number of leaking nozzles in heat m and Nm is the total number of leaking nozzles from
heatm. Forthe case where 0l = 0 2=*.*.*=M

j(O3) 0C1W(tl)n(l-W(t'O))(N-n)

_Mp(O)

In Eqs (2) and (3), it has been assumed that all the nozzles come from the same distribution, i.e., we
are updating the generic distribution for nozzles. Alternatively we could seek to find an updated
distribution for a particular heat by considering only the nozzles belonging to that heat
tW(tO)nm(i- W(tO))(Nm-,m) }p(y)

Pm(0)

(4)

This second viewpoint [Eq. (4) ] would be appropriate for example when considering the case of a
head which has all its nozzles from a single heat and has operated for time T with no failures. The first
viewpoint [Eq. (1) I is more appropriate when considering a collection of heads with a large number of
heats or when dealing with a plant for which the number of heats and the number of nozzles per heat is
not known.
Eq. (3) can be generalized to a collection of K heads:
K

j]W(t,3) n k(I-W(t

p(0). x

0) )(N k- nk ) |

ml+m2+....fmM

Z

mM

)

(5)

where Nk is the total number of nozzles and nk is the number of leaking nozzles in the kth head and ml,
M2, ... are the numbers of nozzles from heats 1, 2, ... Because we often do not know the actual numbers

of nozzles per heat in a head, it is convenient to write ml +m2+...+mm as Knmav where ma, is the average
number of heats in a head which can be estimated. Introducing a normalization to ensure that P(8)
integrates to 1, we get

H W(t,0)nk (I_ W(t,0))(Nk -k
f(0)

)}Kmavg

(6)

f rj:W(t,3)

0

nk (1-W(t

A) )(N k-nk))Kfnavg,

k- I

In Fig. 5 the generic distribution of the Weibull scale factor calculated from the data from all
inspections at all plants is compared with the updated distribution for a plant that has operated for 20
years at 31 6'C (600TF). Results are given both for the case when nozzles are from a single heat and for
the case when the head contains equal numbers of nozzles from five different heats.
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In Fig. 6 the generic distribution is compared with distributions for plants from different fabricators.
The least susceptible heads seem to be those fabricated by Combustion Engineering with nozzle materials
from Huntington or Sandvik. 'The most susceptible heads seem to be those fabricated by B&W with
nozzle materials from B&W. The heads fabricated by B&W with nozzle materials from Huntington are
intermediate in susceptibility.'
Irradiation assisted stress corrosion cracking (IASCC)
Exposure to high levels of neutron irradiation produces changes microstructure (radiation
hardening) and material microchemistry (radiation induced segregation). 2 3 24 These microstructural
changes result in increases in yield strength, reductions in ductility and fracture toughness, and
susceptibility to stress corrosion cracking. 2 42 6 At low fluence susceptibility is apparent in environments
with high dissolved oxygen levels; at higher fluencec susceptibility can 'occur at both'high and low
dissolved oxygen levels. 23,28,29
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Crack Growth of Irradiated Austenitic SSs
The crack growth test program for irradiated austenitic SS is carried out on specimens irradiated in
the Halden boiling heavy water reactor at 2881C in a helium environment. Both base metal and heat
affected zone (HAZ) materials are being tested.
The results indicate significant enhancement of crack growth rates of irradiated steel in a high
dissolved oxygen BWR environment corresponding to operation without hydrogen additions. The crack
growth rates of irradiated steels in these environments are a factor of 5 higher than the disposition curve
proposed in NUREG-0313 for sensitized austenitic SSs as shown in Fig. 7. The crack growth rates of
Type 304 SS irradiated to 0.9 and 2.0 x 1021 n cm- 2 (E > I MeV) [-1.35, and 3.0 dpa] and of Types 304
and 316 SS irradiated to 2.0 x 1021 n cnr 2 , are comparable.
In low DO BWR environments corresponding to operation with hydrogen addtitions, the crack
growth rates of the irradiated steels decreased by an order of magnitude in some tests, e.g., Heat C3 of
Type 304 SS irradiated to 0.9 x 1021 n cnr 2 and Heat C16 of Type 316 SS irradiated to 2 x 1021 n cm72
(Fig. 7). The beneficial effect of decreased DO was not observed for Heat C3 of Type 304 SS irradiated
to 2 x 1021 n cnr 2 . It is possible that this different behavior is associated with the loss of constraint in the
specimen due to the high applied load, although it is known that the beneficial effects of lower potential
are lost at sufficiently high fluence levels. 3 0
Although it is now well established that crack growth rates can be very high in irradiated stainless
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30

steels, there are a number of open issues that need to be addressed. Our recent data confirm that at
2 lower potentials result in substantialtreductions in crack growth
fluence levels less than 2.0 x 1021 ncnrm
rates, but the high fluence threshold at which the beneficial effects of lower potential are lost is not well
defined. It is not clear, for example, whether the threshold will be high enough to ensure that lower
potentials will be an effective' method to mitigate cracking in irradiated stainless steels through the
operating life of current BWRs. Conversely, it is not clear, that there can not be significant enhancement
cm- 2 conventionally used as a
of crack growth rates in some cases at fluences below the 0.5 x 1021 nc
threshold for IASCC.
Effects of composition on iASCC susceptibility
Although it is possible to mitigate IASCC by control of water chemistry and electrochemical
potential, it is desirable to find materials that are more inherently resistant to LASCC. In the early 1990s,
high-purity heats of Type 304L SS were actively investigated in the hope of developing a more IASCCresistant material than commercial-purity Type 304 SS. However, contrary to initial expectations, results
from laboratory tests and in-BWR experience showed that IASCC resistance of many high purity heats
was worse or no better than that of commercial purity heats of Type 304 SS.
As part of the research program on IASCC being carried out for the USNRC, irradiations of a wide
variety of SS compositions in the Halden boiling heavy water reactor were undertaken to try to identify
critical material chemistry variables that can affect LASCC.
A major finding of this work is the identification of the deleterious effect of sulfur even at what
would norrhally be considered low levels. As shown in Fig. 8, even sulfur levels as low as 0.003 wt.%,
have a strongly deleterious effect at fluences of 2.0 'x 1021 n cnr 2 . Higher sulfur levels result in
susceptibility at even lower fluence levels. Such effects are also seen in the work of other investigators as
shown in Fig. 931-34
A related result is the effect of carbon concentration on IASCC susceptibility of low-S SSs.
Figure 10 shows a summary comparison of IASCC susceptibility (i.e., percent IGSCC from SSRT test) of
low-S (S •).002 wt.%) high-C heats of Type 304 SS relative to those of their low-S low-C counterparts of
Type 304L SS. A similaplotforlow-Sheats of Types 316 and316L SSs is showninFig.11.31.32.35
A similar trend was also observed for Type 348 and 348L SS tested under PWR conditions as
shown in Figs. 12 and 13 in a series of swelling-tube-failure tests36 .37 where the resistance to IASCC is
expressed in terms of the maximum average diametral strain. In the results' shown in Fig. 12, the diarnetral
strain was measured in intact tubes and cracked tubes of the same heat following one-cycle irradiation
(2.3 x 1021 n cm-2, E > 1 MeV). 'This data for materials irradiated to the same fluence in the same reactor
is considered to provide a more direct comparison of the effect C in low-S heats (see Fig. 12).
Examination of the data indicates that Type 348 SS heats containing 0.005-0.007 wt.% S and 0.027-0.031
wt.% C were more resistant to IASCC than lower sulfur Type 348L SS heats containing 0.002-0.004
wt.% S and 0.003-0.015 wt.% C even though the fluence of the former was significantly higher than that
of the latter. Figure 13 shows an essentially similar trend when additional data obtained for a wider range
of fluence are compared.
It appears that the beneficial effect of carbon is manifested more strongly at very low
concentrations of S. At high S concentrations, the deleterious effect of S seems to be so dominant at
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about 2 dpa or higher that LASCC susceptibility is high anyway regardless of high or low carbon
concentration.
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Strategic Planning for RPV Head Nozzle PWSCC
Glenn White and Steve Hunt
Dominion Engineering, Inc., Reston, MA

Abstract: Utilities are faced with difficult economic choices in managing.
PWSCC of RPV head penetrations. Inspections are expensive, especially if
required on a frequent basis; if leaks are discovered during an outage when
no inspections are performed, and no provision to perform repairs has been
made, repairs can lead to significant lost production; repairs and remedial
measures are expensive and, depending upon conditions, may result in future
cracks or ' leaks; and head -replacements are expensive. .Life cycle
management planning has been performed for a moderate susceptibility plant
-to determine the most attractive'long-term strategy. 'This work has been
based on predictive modeling and net present value economic analysis. The
approach described can help a utility determine the best management strategy
for its plant.
.BACKGROUND

Nickel-chromrium-iron Alloy 600 material has been used in all PWR plants in the United States. The
main reasons for originally selecting this material were its corrosion resistance and close match in
coefficient of thermal expansion to the low-alloy steel pressure vessel materials. Figure 1 shows
typical locations of thick-section Alloy 600 materials. The exact locations vary between the plants
and are primarily a function of the designer of the nuclear steam supply system (NSSS). While
Alloy 600 material has good general corrosion resistance to PWR plant primary and secondary water
chemistry, experience has shown that the material is susceptible to primary water stress corrosion
cracking (PWSCC) given the operating environments and stresses in PWR applications.
The most significant consequences of Alloy'600 PWSCC to date have involved the reactor pressure
vessel (RPV) closure head nozzles which are attached to the inside suiface ofthe head by J-groove
welds. Shrinkage of the J-groove welds during cooling applies strains and resultant high stresses to
the nozzles and welds. As shown in Figure 2, the resulting cracks have been both axial and
circumferential with some of the cracks propagating through the nozzle wall and J-groove welds to
produce leaks.
The' economic consequences of managing RPV head nozzle PWSGC can be significant. For
example:
* The French nuclear utility EdF is replacing all of its RPV heads.
* Cracks and leaks'in nozzles in several domestic plants have resulted in significant outage
extensions and repair costs.
* Boric acid corrosion resulting from a PWSCC leak at the Davis-Besse plant has led to over a
'
22 month outage.
Cracks in large numbers of welds' at North Anna 2 led to about a four month outage while
the head was replaced.
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*
*

Industry findings and NRC guidelines/requirements have led to many expensive inspections.
31 of 69 plants in the US have announced plans to replace heads as of December 2003.

PURPOSE

The purpose of this paper is to review issues associated with developing a strategic plan for
managing RPV head nozzle PWSCC including the basis for setting the re-inspection interval for
nonvisual examinations. The strategic plan must:
* Ensure a low risk of leakage.
* Ensure an extremely low risk of core damage. For purposes of this paper, it is assumed that
this objective can be met by meeting the core damage risk criterion of NRC Regulatory
Guide 1.174.
* Result in the lowest net present value (NPV) cost consistent with the above criteria.
Three types of analyses will be described. First is a deterministic approach to demonstrate that
nozzle ejection and significant head wastage are unlikely to occur given the assumed re-inspection
interval. Second, a probabilistic approach is described where Monte Carlo analyses are performed to
demonstrate that the calculated increase in core damage frequency (CDF) due to potential nozzle
ejection and boric acid wastage is within acceptable limits. Acceptable limits for the probabilistic
analysis are defined based on the criterion of NRC Reg. Guide 1.174, which sets an acceptable
increase in core damage frequency as l x 104 per year. The probabilistic assessments are also used to
verify that the inspection strategy used results in a low probability of penetration leakage. Third, an
example net present value economic analysis is presented for a typical moderate susceptibility plant.

TIME TO PWSCC
Many
*
*
*
*
*

factors are believed to contribute to PWSCC, including:
Material chemistry (primarily carbon content)
Material thermal/mechanical processing (annealing)
Cold work prior to and after welding (straightening, machining, grinding, reaming, etc.)
Operating stresses including welding residual stresses
Water chemistry and operating temperature

Unfortunately, there is no proven model for predicting the time to PWSCC for a given nozzle based
on these parameters. In some cases, important details such as the annealing conditions, welding
details, repairs, etc. are not known. Given these uncertainties, recent work in the industry has
focused on ranking plants based on their operating time and temperature. The measure used is
effective degradation years (EDYs), which represents the plant operating time adjusted to a common
reference temperature of 6001F based on an activation energy of 50 kcal/mole for crack initiation.
For plants that operate with a head temperature of 6000F, the EDYs is equal to the effective full
power years (EFPYs). For plants with head temperatures higher than 600'F, the number of EDYs
will be greater than the number of EFPYs.
While the simple time-temperature model has been used to rank plants by susceptibility, recent
nondestructive testing results are showing that there are at least two other factors that can be used to
assess susceptibility. These are the head fabricator and the nozzle material supplier. Inspection
results in support of this finding are shown in Figures 3 and 4, respectively. These data were
compiled by the EPRI Materials Reliability Program (MRP).
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As more inspection results become available it is possible to refine predictions of time to PWSCC or
time to leaks. These predictions can be performed using a Weibull statistical model as shown in
Figure 5. Since there are seldom repeat inspections, the slope is often assumed to be 3 based on
other Alloy 600 PWSCC experience such as with steam generator tubing. For lead plants which
have performed a nonvisual nondestructive examination of all nozzles without finding indications of
PWSCC, it can be conservatively assumed that there is one nozzle with a PWSCC crack at the limit
of NDE detectability immediately upon plant startup.
RisK OF LEAKS

-

The risk of leaks is calculated assuming that a preexisting flaw at the limit of NDE detectability
grows by PWSCC. Figure 6 shows the types of flaws that are modeled. The crack growth is
calculated using the current NRC guidance. This model involves calculation of the crack tip stress
intensity factor from finite element stress analysis results and crack growth rates for Alloy 600
established by an industry expert panel. 2 The crack growth rate curves used are shown in Figure 7,
including the curve for Alloy 182 weld metal presented in report MRP-21.? The data in Figure 7
show that the crack growth rate through the J-groove weld can be higher than through the base metal.
However, field experience has shown that most cracks are in the base metal rather than the welds.
Deterministic calculations show that cracks growing through the base metal that are just detectable
by NDE can develop into leaks after 3.5-10 years and that cracks growing through welds that are
just detectable by NDE can develop into leaks after 1-3 years of operation, depending upon
assumptions.
Pr6babilistic calculations show the risk of leaks for an example plant operating near 600"F to be
about 5% during the third year after completing a nonvisual nondestructive examination of all
nozzles and welds. This risk is based on the conservative assumption that there is a nozzle with a
growing weld crack just below the limit of detectability at the time of the inspection.
FLAW TOLERANCE

Figure 8 shows the tolerance of a typical CRDM nozzle to axial flaws above the J-groove weld,
circumferential flaws above the J-groove weld, and axial-circumferential (lack of fusion type) flaws
between the nozzle and J-groove weld. These calculations show that axial flaws of about 5 inches
length and circumferential through-wall or loss-of-fusion type cracks of about 270-280° total arc can
be tolerated with a safety factor of 2.7 on the pressure load. This factor of safety is based on the
level specified by Section XI of the ASME Boiler & Pressure Vessel Code for continued service
with actual flaws.
I

.

-

.

-.

Figure 9 shows that, for corrosion progressing from the outer head surface downward such as might
have occurred at Davis-Besse, large volumes of low-alloy steel material in the RPV head can be lost
'Letter from R. Barrett (NRC) to A. Marion (NEI) dated April 11, 2003, Flaw Evaluation Guidelines.
2MaterialsReliabilityProgram(MRP) Crack Growth Ratesfor EvaluatingPrimaryWater Stress Corrosion

Cracking (PWSCC) of Thick-Wall Alloy 600 Materials (MARP-55) Revision 1, EPRI, Palo Alto, CA: 2002,
1006695.
3 Crack Growth of.Alloy 182 Weld Metal inPWR Environments (PWRMRP-21), EPRI, Palo Alto, CA: 2000.
1000037.
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without exceeding ASME Code allowable stress values in the remaining ligament. For the case
evaluated, about 150 in3 of material can be lost without exceeding ASME Code allowable stresses.
In summary, these analyses show that the RPV head and nozzles are quite flaw tolerant.
RISK OF RUPTURE AND CORE DAMAGE DUE TO NozzLE EJECTION

The main concern regarding nozzle ejection is the potential for a circumferential crack through the
nozzle wall above the 3-groove weld to grow to a critical length. There is less concern with ejection
due to a "lack-of-fusion" type flaw since this flaw would have to be perfectly concentric for the
nozzle to eject. Any deviation from a pure cylinder would create protrusions that would tend to
"pin" the nozzle in place and prevent ejection.
It is conservatively assumed that a 300 through-wall circumferential crack exists in the nozzle above
the J-groove weld immediately after a leak occurs. As shown in Figure 10, this flaw can grow to
about 330° prior to the nozzle being ejected from the vessel head. The crack is assumed to be driven
by the stresses in the nozzle perpendicular to the crack plane, which are also shown in Figure 10.
Development work has recently been completed to integrate a fracture mechanics model into the
welding residual stress model. The objective of this approach is to be able to account for relaxation
of the welding residual stresses as cracks grow in length. Figure 11 shows a typical model with a
180° crack above the J-groove weld, and Figure 12 shows the effect of the crack in reducing axial
stresses.
The fracture mechanics module calculates the J-integral using numerical volume integration. This
approach captures the effects of Modes I, II and m crack opening displacements. The J-integrals are
averaged across the nozzle wall and the equivalent stress intensity factor (K) is calculated from the
J-integral using the following expression:

Kq= fTwhere E is Young's modulus and vis Poisson's ratio for the Alloy 600 material.
Figure 13 shows a comparison of these calculations relative to other references sources for the case
of a through-wall circumferential crack above the J-groove weld on the downhill side of an outer row
CRDM nozzle. It should be noted that the results are similar to results obtained by EMC 2 , and
reported in NUREG/CP-0 180.
Figure. 14 shows example results of a deterministic calculation for growth of a circumferential
through-wall crack above the J-groove weld from the assumed 30° starting flaw. The allowable size
of approximately 2800 includes a factor of safety of 2.7 on rupture as specified in Section XI of the
ASME Code. This type of calculation provides assurance that rupture is unlikely.
The actual risk of rupture is quantified using a probabilistic analysis as shown in simplified form in
Figure 15. Additional details regarding this model were described during the recent NRC workshop
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on Alloy 600.4 This model includes distributions on each of the main analysis input variables. For
example, Figure 16 shows the distribution of heat-to-heat crack growth rate variability for Alloy 600
base metal based on the industry expert panel work (MRP-55).
The acceptance criterion of an increase in the core damage frequency (CDF) of 1x 104 per reactor
year is taken from Reg. Guide 1.174. The increase in CDF is determined by multiplying the.
probability of nozzle ejection times the conditional core damage probability (CCDP) for the
appropriately sized loss of coolant accident (LOCA). For one example plant with'about 20 EDYs
that performed nonvisual nondestructive examinations that'revealed no reportable indications, Monte
Carlo calculations showed that the increase in CDF remains below I x 10 per reactor year for more
than three years after the baseline inspection. This supports inspection intervals every second
refueling outage for this plant.
Sensitivity analyses are run to show that the results are not too dependent upon the particular input
assumption and distributions. Parameters assessed in the sensitivity studies include:
* Inspection probability of detection (POD) curves
Crack geometry and location
* Weibull. crack initiation reference
* Crack growth rate (CGR) assumptions including weld CGR
* Credit for bare metal inspections to show leaks at outages when NDE is not performed
RISK OF RUPTURE AND CORE DAMAGE DUE TO BORIC ACID WASTAGE

In addition to the risk of nozzle ejection due to a circumferential flaw above the J-groove weld, there
can be a risk of rupture and core damage due to boric acid wastage of the type seen at Davis-Besse.
Probabilistic analyses for wastage have been performed using the methodology given in Appendices
C, D, and E of MIRP-75 5 (see Figure 17), which considers relatively wide tolerance bands for the key
model parameters of
' Point within the operating cycle that wastage begins
* Stress intensity factor driving crack growth
* Crack growth rate distribution
* Leak rate as a function of axial crack length
* Wastage rate as a function of leak rate
* Sensitivity of the bare metal visual inspections
The analysis results in Figure 18 show that the probability of a leaking nozzle producing wastage
greater than the typical 150 in3 allowable volume is less than Ix10'4 given bare metal visual
inspections performed during each refueling outage. The effect on CDF may be estimated by
multiplying the probability of the wastage volume exceeding the allowable size given a leaking
nozzle times the probability of leakage per year times the CCDP for the appropriately sized LOCA.
G. White, S.Hunt, and N.Nordmannu, "Risk-Inforned Evaluation of PWR Reactor Vessel Head Penetration
Inspection Intervals." Vessel Head PenetrationInspection, CrackingandRepairs Conference, U.S. NRC and
4

ANL, September 29- October 2, 2003.
5
-PWR
ReactorPressureVessel (RPIl Upper HeadPenetrationsInspection Plan (MRP-75): Revision I, EPRI,
Palo Alto, CA: 2002. 1007337.

255

CONCLUSIONS REGARDING INSPECTION INTERVALS

The above described approach provides a rational basis for setting re-inspection intervals that result
in a low probability of leakage and an extremely low probability of core damage as defined by Reg.
Guide 1.174.
Because the nozzles and vessel head are rather flaw tolerant, typical results show that re-inspection
of nozzles and J-groove welds every second or third refueling outage, in combination with bare
metal visual inspection for leaks every refueling outage, maintains the requisite level of nuclear
safety with a low risk of leakage.
INPUTS AND CONSTRAINTS TO SELECTING AN OPTIMUM STRATEGIC PLAN

There are a number of constraints that apply to establishing a cost-effective strategic plan. Issues
that should be addressed include:
* The current condition of the vessel head must be established by non-destructive examination.
The head must be free of cracking to remain in the moderate susceptibility category.
* The rate of future PWSCC initiation and growth should be predicted based on industry
experience and modeling that accounts for differences between the subject plant and relevant
industry peers.
* Non-destructive examination intervals should be selected such that there is a low risk of
leakage and extremely low risk of core damage.
* Planned refueling outage durations can have a significant effect on establishing a strategic
plan. For example, plants with short refueling outages will have little time for inspections or
repairs without extending the outage, and plants in a long outage, such as for steam generator
replacement or 10 year ISI, may have longer time available for inspections or repairs.
* The time and cost for nozzle inspections and repairs.
* The time and cost for replacement head procurement and installation. For example,
inspections may show the need for immediate replacement while there may be a long delay
to obtain a suitable replacement head.
* Potential remedial measures, including an assessment of their cost and effectiveness.
* Special attention'should be given to the possibility of discovering leaks from a nozzle at an
inopportune time such as during a mid-cycle outage conducted for another purpose, during
system leak checks at the end of a refueling outage, or during a regular outage when a leak is
discovered but no provisions have been made in advance for inspections or repairs.
NRC inspection requirements such as EA-03-009, Issuance of OrderEstablishingInterim Inspection
Requirementsfor Reactor PressureVessel Heads at PressurizedWater Reactors, are obviously
significant inputs to strategic planning. It is necessary to comply with the order or to obtain
relaxation from the requirements based on appropriate technical assessments.
ALTERNATIVE MANAGEMENT APPROACHES

There are four main alternative management approaches for RPV heads. These are:
* Continue to inspect and make repairs as necessary to ensure a low risk of leakage and an
extremely low risk of core damage.
* Perform remedial measures to reduce the risk of PWSCC and possibly to increase the
inspection intervals.
* Replace the head as soon as possible after discovery of the first PWSCC.
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*

Replace the vessel head as quickly as possible and perform NDE at longer intervals based on
the materials in the new head.

Comments on each of these approaches are as follows:
Inspect and Repair as Necessary
Inspection and repair methods are currently available to support the first alternative. The main
nondestructive examination methods are volumetric NDE (LJT) of nozzles plus volumetric
examination for leakage paths through the annulus, or eddy current examination of the entire wetted
surface of the nozzle and weld to show absence of cracks. Repair methods that have been used
include removing shallow surface flaws, embedding deeper flaws, and removing the lower part of,
the nozzle and rewelding the bottom of the remaining nozzle to the head using a temper bead
technique.
Remedial Measures
A number of remedial measures have been proposed for RPV head nozzles including:
* Modification of the internals flanges to increase bypass flow and thereby reduce the
temperature of the vessel head. Some utilities have already performed this modification.
* Surface treatment of the nozzle and weld surfaces by shot peening or water jet conditioning
to reduce the tensile stresses and, in the case of water jet conditioning, to remove small
preexisting flaws.
* Nickel plating the nozzle and weld surfaces to keep the primary water coolant from
contacting the Alloy 600 materials.
* Applying Alloy 152 weld overlays on the nozzles and welds.
* Roll expanding the nozzles into the vessel head to provide a redundant load path above the
J-groove weld, and then conditioning the rolled sirface to reduce the potential for new
cracks.
* Application of a new structural weld between the nozzle and low-alloy steel vessel head,
either on the top surface of the head or after boring out the lower part of the nozzle.
* Mechanical stress improvement.
* Zinc injection.
EPRI has sponsored testing of many of these remedial measures.' Upon completion of the testing,
the remedial measures were ranked in terms of effectiveness. The three main categories were:
* Most Effective
- Waterjet conditioning

- Electro mechanical nickel brush plating
- Shot peening

*

Intermediate Effectiveness
- Electroless nickel plating
- GTAW weld repair
- Laser weld repair

-

6MaterialsReliabilityProgram:An Assessment of the Control Rod Drive Mechanism (CRDMA Alloy 600
Reactor Vessel HeadPenetrationPWSCCRemeidial Techniques (MRP-61), EPRI, Palo Alto, CA: 2003,

1008901.
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* Least Effective
- EDM skim cutting
- Laser cladding
- Flapper wheel surface polishing

To date, the main remedial measure applied in the field has been modification of the internals to
increase the bypass flow and thereby reduce the head temperature. The lower head temperature
should reduce the rates of crack initiation and growth based on the thermal activation energy.
However, experience in France suggests that PWSCC may occur at head temperatures close to the
reactor cold leg temperature. This is especially significant given the PWSCC at the South Texas
Project Unit I bottom mounted instrument nozzles at a temperature of about 5650 F. The South
Texas Project experience shows that poor material properties and weld defects can result in PWSCC
at temperatures lower than otherwise expected.
Finally, while remedial measures may reduce the rates of PWSCC initiation and growth, and thereby
reduce the cost of future repairs, it may be difficult to take credit for the improvement in the form of
increased inspection intervals.
Head Renlacement
Installation of a new RPV head with improved nozzle and weld materials is a clear success path that
has been taken in France and has been announced by many plants in the United States. The
Alloy 690 nozzles and Alloy 523-groove welds in these heads should provide better service life than
the original heads with Alloy 600 nozzle base material and Alloy 182 welds. In addition to the cost
of the new head, consideration must be given to:
* Access provisions for getting the new head into containment.
* Whether the head will be installed with new CRDM drives.
* Disposal of the old head.
One variation on head replacement is to use this as an opportunity to replace the original design
reactor head service structure with an improved service structure that requires less effort to
disassemble and reassemble every outage. Figure 19 shows a typical original design head service
structure and one possible configuration for an improved head service structure. As shown, the
original design requires disassembly and removal of the following parts at the beginning of every
refueling outage:

*
*
*
*
*

Head insulation
Head cooling ductwork
CRDM cables
Head cooling fans
Head missile shield

An integrated head service structure, such as shown in Figure 19, can be developed for most plants.
In this arrangement, most of the above listed components are integrated in such a manner that only
one main lift is required after disconnecting the electrical cables to the CRDM drives.
While an integrated head service structure can reduce the required manpower, it may not result in a
reduction of refueling outage critical path time since other constraints can establish the point in time
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at which the head pan be removed and replaced. Nevertheless, there are a number of significant
benefits of an integral head service structure including:
* Freeing up labor and crane time inside containment during normal refueling outages.
* Reducing the risk of personnel injury by eliminating many crane lifts.
* Cutting several days off of the time required to perform a rapid head disassembly and
reassembly such as for a leaking RPV flange o-ring seal or internals inspection after a slow
rod drop test, etc.
ECONOMIC EVALUATIONS

In most cases, strategic plans will include some level of economic evaluation. A deterministic "bestestimate" approach can be used for these evaluations, provided the analysis includes sufficient detail
and includes costs over the remaining plant life. In some cases, utilities may elect to perform a
Monte Carlo type probabilistic analysis to provide better information of the range and probability of
possible costs.
Regardless of the type of economic evaluation, the analysis should include the following:
* The risk of future cracks and leaks for each alternative considered.
* The cost of performing planned (preventive maintenance) work.
* The cost of making repairs (corrective maintenance).
* The value of lost production.
* The value of consequential risks.
* The potential risk that leaks will be discovered at inopportune times such as during a midcycle outage or during a system leak check at the end of an outage.
* The planned operating life, including life extension.
* The discount and inflation rates.
Guidance on developing strategic plans is provided in EPRI report 1000806, DemonstrationofLife
Cycle ManagementPlanningforSystems, Structures, and Components with PilotApplications at
Oconee andPrairieIslandNuclearStations. Deterministic type economic analyses can be

performed using the Lcm.VALUE version 1.0 software prepared as part of the EPRI LCM
demonstration program:
Figure 20 shows typical results of net present value calculations for a moderate susceptibility plant.
The figure shows the discounted net present value cost over the remaining plant life including
preventive maintenance, corrective maintenance, value of lost production and consequential costs.
CONCLUSIONS

For the sample strategic planning case presented, the optimum alternative appears to be bare metal
visual inspections of the RPV head every refueling outage with nondestructive examinations of the
nozzles and J-groove welds every second refueling outage.
* As future inspection data become available and predictive models are refined, there may be a
technical basis for retaining inspections every second outage when the plant enters the high
susceptibility category based on EDYs.
* Volumetric examination every outage and immediate head replacement appear significantly
more expensive.
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*
*

Remedial measures such as reducing head temperature or waterjet conditioning may be
attractive provided inspection intervals can be increased as a result of the effort.
A reasonable longer term plan is to replace the vessel head the second outage after
identifyKing PWSCC.

These results are plant specific, and other plants may have different constraints that would affect the
optimum solution.
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Figure 1
Locations of Thick Section Alloy 600 Materials

Figure 2
Typical PWR Reactor Vessel Head (RVH) Nozzle PWSCC

:261

Nozze

Is

CRMCD

----

V'60------2W

tO000

*w

npeto

..

_

.___

3W~wfl~O~iW
.

a

mecl
m

-7

_

I

------

I

_______.

_.________.__

500 .;

.

--

eut

w*Laa

- 400.

LT* of ftn.

_o

aspb h

b-sUan Om W~o EsDYatW
.-t-

Ve

V

u

7

- - - - - - - --- - -

All Plants

rlr Vls

selks
C Veso

Plants >12 EDY

L Mathes and C. K;Dg Summay of U.S. PWR
* Result compiled under EPRI sponso.s..p (see G. White, N. N.r
Reactor Vessel Head Nozzle Inspection Results," NRC-ANLS Coiifemienson r~uJHe PcntadonInspzon, Crackfng ,daz
RZOair, SePtmer29- October 2, 2003, Gaithenburg. Mssylno)

Figure 3
Inspection Results by Vessel Head Fabricatore
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Inspection Results by Nozzle Material Supplier
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Figure 6
Modeled Flaw Geometries
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Figure 15
Simplified Monte Carlo Probabilistic Model for Nozzle Ejection
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Latest Results of the United States Nuclear Regulatory Commission
Pressurized Thermal Shock Rule Re-evaluation Project'
T.L. Dickson, Computational Science and Engineering Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, USA
M.T. Kirk, C.G. Santos, Office of Nuclear Regulatory Research,
U.S. Nuclear Regulatory Commission, Washington, DC

ABSTRACT
The current federal regulations to insure that nuclear reactor pressure vessels (RPVs)
maintain their structural integrity when subjected to transient loading conditions such
as pressurized thermal shock (PTS) events were derived from computational models
developed in the early-mid 1980s. Since that time, there have been advancements in
relevant technologies associated with the modeling of PTS events that impact RPV
integrity assessment. These updated computational models have been implemented
into the FAVOR (Fracture Analysis of Vessels- Oak"Ridge) computer code. An
objective of the United States Nuclear Regulatory Commission (USNRC) PTS rule
re-evaluation project is to determine if application of improved technology can
provide a technical basis to reduce the conservatism in the current regulations while
continuing to provide reasonable assurance of adequate protection to Jpublic health
and safety. A relaxation of PTS regulations could have profound implications for
plant license renewal considerations. As part of the re-evaluation project, the FAVOR
code has been applied to three domestic commercial pressurized water reactors
(PWRs). This paper discusses the application of the updated integrated computational
methodology to the three PWRs and discusses the results arid interpretation of those
results.
PROBLEM DEFINTION, CURRENT REGULATIONS, AND PTS ANALYSIS RESULTS
The issue of pressurized thermal shock (PTS) arises because cumulative neutron irradiation exposure
makes the reactor pressure vessel (RPV) more brittle (i.e., reduced ductility and fracture toughness) and,
therefore, increasingly'susceptible to cleavage (brittle) fracture over its operating life. The degree of
embrittlement of RPV steel is quantified by changes in the reference nil-ductility transition temperature,
RTNDT. The radiation-induced shift in RTNDr is a function of the chemical composition of the steel, the
neutron irradiation exposure, RPV operating temperature, and the initial unirradiated transition
temperature, RTNDTO.
l
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In PWRs, transients can occur that result in severe overcooling (thermal shock) of the RPV concurrent
with or followed by high repressurization. Thermal transients in which the temperature of the coolant in
contact with the inner surface of the RPV decreases with time results in time-dependent gradients and
resulting tensile stresses across the RPV wall. Both pressure and thermal stresses are tensile stresses that
tend to open existing cracks located'on or near the inner surface of RPV. If an aging RPV is subjected to a
PTS event, flaws on or near the inner surface could potentially initiate in cleavage fracture and propagate
through the RPV wall, thus introducing the possibility of RPV failure.
In the early to mid 1980's, working from the state-of-the-art technology at that time, the nuclear industry,
the NRC staff, and others performed a number of investigations aimed at assessing the risk imposed by
PTS; These efforts led to the publication by the staff of SECY 82465 [1], which provided the technical
basis for what has come to be known as the PTS rule [2]. Results from these analyses, combined with the
judgement that a 5 x 10' yearly probability of developing a through-wall crack due to PTS is acceptable,
led to the establishment of the current screening limits or maximum values of RTNDT permitted during the
operating life of the plant. The maximum values of RTNDT allowed by the current PTS rule are 270 IF for
axial welds, plates, and forgings and 300 F for circumferential'welds. The PTS rule requires plants that
desire to operate beyond the screening criteria to submit an integrated plant-specific safety analysis to the
NRC three years before the PTS screening limit is anticipated to be reached for any material in the RPV
beltline. The NRC subsequently developed Regulatory Guide 1.154 [3] regarding the format and content
of analyses that could be used to demonstrate the continued safe operation of RPVs that exceeding the
PTS screening criterion.
Figure 1 is a curve from SECY 82-465, from which the current PTS screening criteria was derived, which
established a correspondence between a value of RTpTS of 270 0 F and a thru-wall crack frequency of 5 x
106 failed RPVs per year. Here, RTpma is the metric currently used to quantify the embrittlement of the
RPV and is defined as the maximum value of RTNDT in the entire RPV beltline plus a margin term to
account for uncertainties. Figure 1 also includes the results of PTS analyses recently performed for three
commercial PWRs as part of the PTS re-evaluation study, i.e., the mean value of the thru-wall crack
frequency (TWCF) as a function of increasing RTpm. These TWCF are considerably less than those
generated in SECY 82465. Specifically, figure 1 illustrates that the values of TWCF corresponding to the
current screening criteria of 270 0 F are approximately 7.0e-09, 7.0e-08, and 5.0e-07 for the Beaver
Valley, Oconee, and Palisades plants, respectively. The results of these analyses will be discussed in
more detail below.
When a flaw is predicted to initiate in cleavage fracture, it has two possible outcomes during the duration
of the transient. It either propagates through the RPV wall thickness causing RPV failure, or it
experiences a stable arrest at a location in the wall. In either case, the advancement of the crack tip
through the RPV wall may involve a sequence of initiation / arrest/ reinitiation'events.The failure
criterion used in the analyses discussed in this paper are that a RPV is considered as failed if a flaw
propagated through 90 per cent of the wall thickness or fails due to plastic instability of the remaining
ligament.
OVERVIEW OF PTS RE-EVALUATION PROJECT
Preliminary studies (4] performed in 1999 suggested that the application of improved technology could
reduce the conservatism in the current PTS regulations while continuing to provide reasonable assurance
of adequate protection to public health and safety. Based on the above, in 1999, the USNRC initiated a
comprehensive project, with the nuclear power industry as a participant, to develop an improved
integrated computational methodology that eliminated known conservatisms and provides a more realistic
characterization of risk associated with PTS. Figure 2 illustrates elements of the improved fracturerelated technology that have been integrated into the FAVOR computer code [5].
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Analogous to the Integrated Pressurized Thermal Shock studies [6-8] performed in the 1980s, the PTS
Re-evaluation Project plan included the analysis of a number of commercial PWRs with the objective to
cover the range of various system designs, operational procedures, and training programs. To date,
analyses have been performed for the Westinghouse-designed Beaver Valley plant, the Babcock and
Wilcox designed Oconee plant, and the Combustion Engineering designed Palisades plants. Additional
analyses will be performed as necessary to insure that any revision to the PTS rule may be applied
generically to all commercial PWRs. The PTS analysis results presented in this paper were generated by
the 02.4 version of FAVOR.
DETAILED NEUTRON FLUENCE MAPS AND RVIE)
In the PTS analyses performed in SECY 82-465, from which the current PTS regulations were derived, a
single value of neutron fluence and chemistry were assumed to apply to the entire RPV beltline, which
conservatively assumes that all of the RPV materials were made of the most brittle of its constituent
material.
FAVOR utilizes a methodology that allows the RPV beltline (defined to include the RPV material from
one foot below the active core to one foot above the active core) to be divided into major regions such as
axial welds, circumferential welds, and plate regions. These major regions may be further discretized into
subregions to accommodate very detailed neutron-'fluence'maps provided by Brookhaven National
Laboratory (BNL) that include the azimuthal and axial variations in neutron fluence. Detailed neutron
fluence maps were provided for each of the three plants corresponding to 32 and 40 effective full power
years (EFPY).
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program.
As an example, the fluence map provided by BNL for the Oconee plant contained 13,080 discrete values
of neutron fluence (60 azimuthal x 218 axial) corresponding to one-eight of the RPV azimuth (45 degree
sector); therefore, the entire 360 degree beltline region would have to be discretized into 104,640
subregions to accommodate the level of detail provided by the BNL. In practice, one may take advantage
of symmetry to include this amount of detail with a considerably smaller number of subregions. The
discretization used to model the level of detail of neutron fluence for Oconee, Beaver Valley, and
Palisades was 19651, 15280, and 67076 subregions.
The modeling and procedures used in generating these neutron fluence maps were based on the guidance
provided in the NRC Draft Regulatory Guide DG-1053 [9]. The calculations were performed using the
DORT discrete ordinates transport code [10] and the BUGLE-93 [11] forty-seven neutron group
ENDF/B-VI nuclear cross sections and fission spectra.
The Reactor Vessel Integrity Database, RVID [12], developed by the NRC, provides a key source of input
data for FAVOR. RVID summarizes the properties for the RPV beltline materials for each operating
commercial nuclear power plant. The chemistries (copper, nickel, and phosphorus) and values of RTNDTo
(initial unirradiated values of RTNDr) for each of the RPV major regions used as input to FAVOR were
taken from RVID.
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IMPROVED FLAW CHARACTERIZATION
The single largest improvement in the updated computational methodology is the establishment of a
technical basis for the postulation of flaws. The probabilistic fracture mechanics (PFM) model utilized in
SECY 82465 conservatively postulated all fabrication' flaws to be inner-surface breaking flaws.
Specifically, the model assumed the RPV had six axially oriented infinite length inner-surface breaking
flaws with their size distributed according to the OCTAVIA distribution.
The USNRC-sponsored research at Pacific Northwest National Laboratory (PNNL) has resulted in the
postulation of fabrication flaws based on the non-destructive and destructive examination of actual RPV
material.'Such measurements have been used to develop characterizations of the number, size, and
- location of flaws in various types of weld and base metal used to fabricate vessels. This has provided a
technical basis for'the flaw data that is critical input data into FAVOR. These measurements have been
supplemented by expert elicitation [13]. Separate distributions have been developed to characterize the
number and size of flaws in weld and plate regions. The reader is referred. to References 14-16 for the
details of this research. The flaw depth distributions used in these analyses were truncated at 23 per cent
and 5 per cent of the RPV wall thickness for flaws in weld and Plate regions, respectively.
A major result of the PNNL flaw characterization research is that RPV material has a much higher density
of flaws than was postulated in the model utilized in the PFM analyses from which the current PTS
regulations were derived; however, all of the flaws detected thus far have been embedded. Application of
the improved PNNL flaw characterization results in an average of 7937, 4848, and 5772 postulated flaws
for Oconee, Beaver Valley, and Palisades, respectively, in each stochastically generated RPV modeled in
the Monte Carlo PFM analysis. Nearly all of the postulated flaws are embedded flaws distributed
uniformly through the first 3/8 of the RPV wall thickness.
During the Monte Carlo PFM analysis, the fracture response of each postulated flaw in a RPV is assumed
to be physically and statistically independent of all other flaws postulated in that RPV.
IMPROVED EMBRITTLEMENT CORRELATION
Embrittlement correlations are used to predict the neutron-irradiation-induced increase in embrittlement,
as characterized by a shift in the nil-ductility transition temperature (ARTNDT), over the operating life of
the RPV. The current regulatory correlation, described in Regulatory Guide 1.99, Revision 2 [17] is based
on analysis of Charpy V-notch impact-energy test data available in 1984. Since then, a significantly
larger body of Charpy surveillance data has become available, and the understanding of embrittlement
mechanisms has advanced. The result is that improved embrittlement correlations have recently been
developed by research sponsored by the NRC. These improved correlations have been published by
researchers from Modeling and Computing Services and the University of California at Santa Barbara
[18).

IMPROVED THERMAL HYDRAULICS AND PRA
The PTS analyses performed in SECY 82-465 were based on a highly simplified treatment of plant
transients (very coarse groupings of many operational sequences), necessitated by limitations in
computational resources required to perform multiple thermal hydraulic and PFM analyses. Also, no
significant credit was' given for operator action.
For the current PTS analyses, a comprehensive search was performed for each plant for transients that are
both probabilistically credible and physically significant. The base case transients were identified by
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development of a PRA model for each plant that addressed possible over-cooling transients that could
occur. The identification of the possible over-cooling scenarios for each plant consisted of a review of the
current plant design, recent operating history, latest procedures, present-day operator training, and
feedback from the ongoing thermal-hydraulic analyses. The PRA model development for each plant
involved two visits to the plant, where plant staff input was obtained and plant staff comments on the
PRA, including the human reliability assessments, were received and incorporated. Additionally, during
the first visit, over-cooling events were simulated on the plant simulator to gain insights about operator
responses to such events.
Sandia National Laboratory generated a probability distribution of the transient frequency (events per
reactor operating year) for each of the base case transients. The SAPHIRE Version 7 [19] code was used
to generate the probability distributions. Hence, the scenarios modeled in the PRA and quantified using
the SAPHIRE code, included a cooperative effort with plant staff to ensure that the model reflected
current design and practices, and appropriate estimates for the means and uncertainties for the initiator
frequencies as well as equipment and human failure probabilities.
Information Sciences Laboratories (ISL) provided thermal hydraulic boundary conditions for the 55, 61,.
and 29 base case transients for Oconee, Beaver Valley, and Palisades, respectively. The selection of these
transients was based not only on thermal hydraulic and anticipated fracture mechanics considerations, but
also on PRA input regarding scenarios of sufficient likelihood to be of potential concern to PTS. The
thermal-hydraulic calculations were performed using the RELAP5/MOD3 code [20].
IMPROVED FRACTURE TOUGHNESS MODEL
The computational model for quantification of fracture toughness uncertainty is improved in two ways:
(1) the fracture initiation toughness (Kid and crack arrest (Kid databases were extended by 83 and 62 data
values, respectively, relative to the databases in the EPRI report [21] and (2) the statistical representations
for K1, and Kla were derived through the application of rigorous mathematical procedures. Bowman and
Williams [22] provide details regarding the data and mathematical procedures. A Weibull distribution, in
which the parameters were calculated by the Method ofMoments point-estimation technique, forms the
basis for the new KI, statistical model. The new K1. model is based on a lognormal distribution.
IMPROVED FRACTURE MECHANICS
One particularly significant improvement in fracture mechanics modeling capability is the addition of the
phenomena known as warm-prestress (WPS) which is now available in FAVOR as a user-option. The
concept of the WPS effect is that a crack tip cannot initiate in cleavage fracture in a stress field that is
decreasing with respect to time. TMe results reported in this paper for Oconee, Beaver Valley, and
Palisades included warm-prestress. The analyses performed in SECY 82-465, from which the current
PTS screening criteria was derived, did not include WPS. A limited number of sensitivity analyses were
performed for Oconee and Beaver Valley to quantify the impact of WPS on TWCF. The impact of the
inclusion of WPS was to reduce the TWCF by between a factor of 2 and 5. The impact decreases over the
operating life of the plant.
IMPROVED PFM METHODOLOGY
The PFM model in SECY 82465 [1] utilized a methodology that produced a Boolean result for cleavage
fracture initiation and RPV failure, i.e., the outcome for each RPV in the Monte Carlo analysis was
fracture or no fracture and failure or no failure. The conditional probability of crack initiation (CPI) was
calculated simply by dividing the number of RPVs predicted to experience cleavage fracture by the total
number of simulated RPVs. Similarly, the conditional probability of RPV failure CPFwas calculated by

278

dividing the number of RPVs predicted to fail by the total number of simulated RPVs. The final results
were discrete values for CPI and CPF, without any quantification of the uncertainty in the solution. The
improved PFM model provides for the calculation of probability distributionsof CPIand CPFand thus
for the quantification of uncertainty in the results. The reader is referred to reference 23 for a more
detailed explanation of the improved PFM model.
The overall PRA methodology for PTS integrates these probability distributions of CPI and CPFwith
distributions of transient initiating frequencies (events per reactor year) derived from plant system and
human interaction considerations. Output from this process includes probability distributions for CIF and
TWCF. It is the mean of these distributions that are illustrated in Figures 1 and 3.
PTS ANALYSIS RESULTS, TRENDS, AND INSIGHTS
As previously discussed, Figure I illustrates the mean value of TWCF for each of the three US
commercial PWRs plotted as a function of RTprs. The improved embrittlement correlation discussed
above was used in the calculation of RTm for the three plants. The neutron fluence maps utilized for the
higher levels of embrittlement were obtained by extrapolating beyond the two maps provided by BNL
corresponding to 32 and 40 EFPY. Some of these extrapolations are far beyond the range of EFPY for
which these plants would ever actually operate. These analyses were performed at the higher levels of
embrittlement to establish the relationship between TWCF and values of RTpn at and above the current
screening criteria.
Figure 3 illustrates the TWCF for each of the three PWRs plotted as a function of operating life. Tables I
and 2 contain results that would be relevant as these three PWRs approach the end of their 40-year
operating licenses and consider requesting a 20-year license renewal.
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Figure 3 - Results of current PTS re-evaluation program as a function of reactor operating life
Tables 1 and 2 contain results that would be relevant as these three PWRs approach the end of their 40year operating licenses and consider requesting a 20-year license renewal. Table 1.expresses the
relationship between operating life and the current embrittlement metric RTprs. Based on these results,
Oconee and Palisades are not expected to exceed the current PTS screening criteria within 60 EFPY.
While Beaver Valley is projected to exceed the current PTS screening criteria, at 60 EFPY, the integrated
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risk analysis illustrates that TWCF at 60 years is considerably less than the currently acceptable 5.0 x 104.
In addition to illustrating that these three PWRs satisfy the current PTS criteria for a license extension
from 40 to 60 years, the results of the analysis provide a technical basis for a. relaxation to the current PTS
screening criteria.

Table 1 - Relationship between RPV operating life and RTpls
Oconee

Beaver Valley

Palisades

EFPY

RTpTs
(OF)

RT°
(OF)

RTpTs
(0 F)

32
40
0

175.3
181.9
192.6

242.4
251.8
271.1

212.5
218.5
230.5

Table 2 - Results from PTS analyses relevant to license extension considerations

EFPY
32
40
60

Beaver
Oconee Beaver Valley Palisades Oconee
Valley Palisades
CIF(')
CIF(l)
CIF(') TWCF(2 ) TWCF(2 ) TWCF()
2.80E-09
5.12E-09
1.23E-08

5.15E-08
8.05E-08
1.93E-07

1.04E-07 4.29E-10 9.49E-10 2.18E-08
1.38E-07 6.86E- 10 2.31 E-09 3.17E-08
2.33E-07 1.61E-09 6.98E-09 5.94E-08

(1) mean value of probability distribution of crack initiation frequency (cracked RPVs per EFPY)
(2) mean value of probability distribution of thru-wall crack frequency (failed RPVs per EFPY)
Operationally, the events that dominate TWCF are all associated with primary coolant system failures.
These include both loss of coolant accidents (LOCAs) and stuck open safety relief valves that produce a
sudden repressurization when the valve does close. By far the greatest contribution to PTS risk arises
from loss-of-coolant accidents (LOCAs).
In each of the three PWRs analyzed, the dominant contributing material to PTS-induced risk of failure
was axial welds. Postulated flaws in plate regions contributed one per cent or less to the PTS-induced
risk of failure owing to the smaller flaw size distribution of plate flaws relative to weld flaws.
For Oconee, a circumferential weld is the most embrittled material, i.e., has the highest value of RTps.
The most embrittled material for Beaver Valley is a plate and for Palisades is an axial weld. The fact that
the dominant contributing material to PTS-induced risk of failure was axial welds, which are not
necessarily the materials with the highest values of RTpls, suggests that an improved embrittlement metric
can possibly be defined that more directly correlates with the factors affecting the likelihood of PTSinduced failure.
SUMMARY

In 1999, the USNRC initiated a comprehensive project to establish an updated technical basis for PTS
regulation and to determine if it would lead to a relaxation in the current regulations. An updated
technical basis has been established within the framework established by modern probabilistic risk
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assessment techniques and the advances in technologies associated with the physics of the PTS. During
this project, an improved risk-informed computational methodology was developed that provides a more
realistic characterization of PTS risk. This updated methodology has been applied to three commercial
PWRs. The results of these analyses provide encouragement that a technical basis can be established to
reduce the conservatism in the current regulations while continuing to provide reasonable assurance of
adequate protection to public health and safety. Work is continuing to insure that that any proposed
revision to the PTS rule may be applied generically to all commercial PWRs.
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The Effects of Aliovalent Elements on Nodular Oxidation
of Zr-Base'Alloys
H. M. Chung
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Argonne, IL 60439, USA
Abstract*
Under loss-of-coolant-accident situations, -postquench mechanical properties of fuel
cladding are profoundly influenced by oxidation and concomitant H uptake. Unlike
Zircaloys, under high-temperature LOCA situations, some Nb-containing alloys are
susceptible to nodular oxidation, which leads to excessive H uptake and premature
embrittlement at oxidation significantly below the 17% oxidation limit. Other Nbcontaining alloys, of nominally the same or similar compositions, are'resistant to nodular
oxidation under similar conditions. To provide'insight useful to the understanding of
this strange behavior, a mechanistic model has b'een developed. The model is based on
the effect of aliovalent elements (i.e;, alloying or impurity elements that exhibit a
valency that differs from the valency of tetravalent Zr in Zr oxide) on charge balance, 0
ion vacancy, stoichiometry, crystal structure, and fracture toughness of Zr oxide.
Because of the overvalent nature of Nb, oxide formed on a Zr-Nb alloy at high
temperatures is more susceptible than -Zircaloy to lower oxygen vacancy, higher
stoichiometry, monoclinic structure, lower toughness, -and tendency to develop
microcracks. 'The model predicts that susceptibility of a Zr-Nb alloy to high-temperature
nodular oxidation is suppressed by pickup of undervalent impurities, such as Mg, Ca,
and Al, during Hf purification and Zr metal production. In some fabrication processes,
pickup of.such impurities is inherently absent, and significant F contamination occurs.
Such processes are predicted to lead to higher susceptibility to nodular oxidation.
Introduction
For loss-of-coolant-accident (LOCA) situations, Code of Federal Regulation 10CFR50.46 specifies 'a
peak-cladding-temperature limit of 12041C and a maximum-cladding-oxidation limit of 17% [1]. In
establishing these criteria in 1973, excessive degradation' of postquench ductility of Zircaloy-4 due to
high-temperature oxidation, as reported by Hobson 'and Rittenhouse [2], was the key' consideration [3,4].
In addition to the oxidation-related embrittlement, it was found in later investigations [58] that excessive
H uptake also leads to significant degradation of postquench ductility [6-8] and impact properties [5,6].
The large H uptake in these investigations was due to eiposure' of the inner surface of the short sections
near the burst opening to H-rich gas that is produced in the small gap between the fuel pellet and the
cladding inner diameter. This type of H embrittlement was, therefore, limited to the relatively short
"necks" immediately above and below the burst opening. Most cladding sections 'that were further from
the burst opening are protected from excessive H uptake because an adherent compact oxide layer forms
on the outer surface and the inner surface is exposed to fission gas. Neither nodular nor breakaway'
oxidation relevant to LOCA situations, which could lead to exces'sive H uptake in general from the outerdiameter surface, was reported. These properties, cliaracteristic of Zircaloy'cladding, are addressed in
detail in Refs. 6 and 9.
-
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Inasmuch as the current trend in the industry is increased use of advanced cladding fabricated from Nbcontaining alloys, such as El 10 (Zr-lNb), M5 (Zr-lNb), E-635 (Zr-lNb-I.2Sn-0.4Fe), Zirlo (Zr-lNblSn-0.lFe), and MDA (Zr-O.5Nb-0.8Sn-0.2Fe-0.lCr), performance of these alloys under LOCA-like
situations has been investigated in an increasing number of laboratories [10-21]. Although corrosion
resistance of these alloys under normal operating conditions is excellent or superior to that of Zircaloy-4,
some of them have been known to be susceptible to nodular oxidation in steam at 850-1 1000C under
LOCA-like conditions. Such nodular oxidation leads to excessive H uptake and premature loss of
postquench ductility [10-1 8]. For example, E 10 Zr- lNb [10-1 8] and E635 [16] have been reported to be
susceptible to nodular oxidation and premature loss of ductility under LOCA-like conditions, even
though the oxidation environment was steam containing negligible amount of H gas. In contrast, despite
the fact that M5 cladding is fabricated from nominally the same '.ype of Zr-INb alloy, it has been
reported to be resistant to nodular oxidation under similar conditions, and neither excessive H uptake nor
premature ductility loss was observed [20]. Test. results reported for Zirlo indicate behavior similar to
that of M5 [21].
Because excessive H uptake associated with nodular oxidation at high temperatures is the primary factor
that leads to premature embrittlement, susceptibility to high-temperature nodular oxidation is the key to
understanding the contrasting performance of E IO and E635 on the one hand and M5 and Zirlo on the
other. In particular, the contrasting behavior of Ell0 and MS has been a mystery to the fuel community,
because both are fabricated from nominally the same and seemingly simple alloy Zr-lNb. An intuitive
consideration suggests that the fabrication procedure used to produce the two types of cladding may play
an important role. Therefore, an investigation was performed to carefully evaluate the contrasting
fabrication characteristics and to develop a mechanistic model of the effects of aliovalent elements on the
susceptibility of Zr-based alloys to high-temperature nodular oxidation. Based on the model and through
an understanding of the contrasting fabrication characteristics, this paper is intended to provide insights
that are useful to identify the root causes that lead to high-temperature nodular oxidation in Nbcontaining cladding.
Characteristics of Nodular Oxidation In EIIO
It is helpful to gain an overview of the characteristics that are important for the high-temperature nodular
oxidation for El10. Similar oxidation in E635 has also been reported [16,17]; however, information on
this alloy is rather limited.
Occurrence of high-temperature nodular oxidation in E110 can be deduced from the observation of
premature embrittlement caused by excessive H uptake. Boehmert reported such a phenomenon in steam
at 850, 900. 950, 1000, 1050, and 1100 0C [10]. Similar observations have been reported by Griger et al.
[12] and Maroti [13] at 900, 1000, 1100, and 12000C; by Vrtilkova et al. [15] at 1000C; by Aslomov et
al. [16] at 1100lC; and by Yegorova and Lioutov [17] at 1000 and 11000C.
Premature embrittlement due to nodular-oxidation-induced excessive H uptake was also reported by
Aslomov et al. [16] for irradiated El 10 fuel during oxidation in steam at 1000, 1100, or 12000C. This
indicates that irradiation does not mitigate the susceptibility of El 10 to nodular oxidation.
Visual appearance [14,16-18] and morphology [18] of nodular oxide produced on EIO have been
reported. In the early stage of oxidation, separate white or grayish-white nodules of various size form
more or less randomly on the cladding surface. Subsequently, the nodules coalesce to form a continuous
white oxide layer. Eventually, the continuous white oxide layer delaminates and flakes off. These
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characteristics, reported recently by Billone and coworkers [18], are shown in Fig. 1. Frequently,
nonuniform color and partial flakeoff of the oxide layer lead to a messy-looking surface [14,16].
Modeling the Effects of Aliovalent Elements
Maior Undervalent and Overvalent Elements
An aliovalent element refers to an element with a valency that differs from the valency of tetravalent Zr
(Zr4 +), as in ZrO2 . Some undervalent elements that are important in the consideration of the properties of
Zr oxide are double-valent elements, e.g., Ni+, Ca+, Mg+ as in NiO, CaO, MgO. Some are triplevalent elements, such as Fe+, Crf, and Al' as in Fe2 O3 , Cr2 03, and A120 3 . An important overvalent
element in all Nb-containing 'cladding alloys is the pentavalent element Nb5+, as in Nb2 O5 .
Oxide Charge Balance. Valeno. Defects, and Stoichiometrv
It is well known that the rate-controlling step of the oxidation of Zr-base
alloys at high temperatures (>8001C) is the transport of 0 ions through Zr dioxide from the outer
diameter (OD) or steam side toward the. Zr metal. Because 0 ions transport is controlled by their
diffusion in the oxide via a vacancy-exchange mechanism at high temperatures, several factors play
important roles: concentration of 0 vacancies, temperature, diffusivity of 0, crystallographic structure
of the oxide unit cell, and microstructure of the oxide layer (e.g., cracks, pores, columnar grain of oxide,
equiaxed grain, and the state of grain boundaries).' A fundamental assumption in this model is that,
during such high-temperature oxidation, the overall electric charge of an oxide unit cell remains balanced
(neutral). A direct inference from this assumption is that the number and valency of substitutional cation
elements in the oxide unit cell (e.g., Nb or Mg) determine.the population of anion (O) vacancy in the
unit cell, and hence, the stoichiometry of the oxide. This concept was originally proposed by Wagner as
early as 1943 [22,23].
An overvalent element (i.e., Nb5) in the oxide unit cell leads to less 0 vacancy, and therefore, makes
the oxide more stoichiometric. In contrast, an'undervalent element (such as, Ca, Mg, Al, Fe, Cr, or Ni) in
the oxide unit cell leads to a higher density of 0 vacancy and keeps the oxide understoichiometric.
These characteristics of a Zr oxide unit cell are shown schematically in Fig. 2.
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Figure 1.
Morphology of nodular oxides formed on unirradiated El 10, from Billone
[18]: (A) separate nodules, (B) oxide delamination and flakeoff, and (C)
nodule cross section.
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Figure 2.
Unit cell of Zr dioxides and occupation sites of 0, 0 vacancy, and
some aliovalent elements.
Properties of Zr Dioxide Formed at 800-15001C
The crystallographic structure of Zr dioxide produced in steam at 800-1490'C, is either monoclinic,
tetragonal, or mixed monoclinic-tetragonal.
Under otherwise similar conditions (i.e., similar
temperature, stress, and impurity concentration), the relative stability of the monoclinic (vs. tetragonal)
structure is strongly influenced by stoichiometry of the oxide.
To keep the charge balance in the oxide unit cell neutral, an undervalent element incorporated in the unit
cell increases the concentration of 0 vacancies, therefore, the oxide unit cell is maintained
understoichiometric. This in turn promotes a higher volume fraction of tetragonal oxide in the growing
oxide layer. As a consequence of the higher volume fraction of tetragonal oxide, the fracture toughness
of the oxide layer remains higher. In this situation, microcracking in the oxide layer is more difficult, the
oxide maintains its compact adherent structure, and the cladding is resistant to nodular oxidation.
In contrast, an overvalent element (e.g., Nb) incorporated in the unit cell promotes a lower concentration
of 0 vacancies, and therefore of stoichiometric oxide. This promotes a lower volume fraction of
tetragonal phase in the oxide layer. Because of the lower volume fraction of tetragonal oxide, the
fracture toughness of the oxide layer becomes significantly lower. In this situation, the oxide layer is
susceptible to local. microcracking, the oxide loses its adherent protective structure, and the cladding
becomes susceptible to nodular oxidation.
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Effective Undervalent Impurities in Suppressing Nodular Oxidation
In light of the fundamental properties of Zr dioxide described above, it is possible to deduce that pure
binary Zr-Nb alloys are inherently more susceptible to nodular oxidation at high temperatures than
Zircaloys that contain Sn (instead of Nb) as the major alloying element. However, all Zr-Nb alloys
contain various impurities that may help to either offset the effect of Nb or exacerbate the susceptibility
to nodular oxidation.
Based on the same consideration, it is deduced that an undervalent impurity effective in suppressing the
susceptibility to nodular oxidation is an element that exhibits the following properties:
(1) Double or triple valency.
(2) Affinity to 0 that is stronger than that of Zr.
(3) Diffusion to the metal/oxide boundary that is fast.
To evaluate these properties, the free energy of oxidation (per mole of 02 gas) was plotted in Fig. 3 for
various elements as a function of oxidation temperature. The figure shows that oxidation of Ca and Mg
atoms is preferred to oxidation of Zr atoms and that the affinity of Al for 0 is similar to that of Zr in the
range of temperatures of our interest. At the same time, considering that the atomic sizes of Ca, Mg, and
Al are significantly smaller that that of Zr, diffusion of these impurities in the beta or alpha phase of the
cladding metal will be sufficiently fast in the range of temperatures of our interest.
Therefore, Ca and Mg, and to a lesser extent, Al are predicted to be the most effective impurities in
promoting formation of tetragonal oxide, and hence in increasing the resistance to nodular oxidation.
The role of double-valent Ca or Mg will be especially important, because they produce more 0 vacancies
per atom in the oxide unit cell, thereby being more effective in keeping the oxide understoichiometric
and tetragonal. This view is consistent with the well-known role of Ca and Mg as the most effective of
the doping elements used to produce stabilized zirconia in the ceramic industry.
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Figure 3.
Free energy of oxidation (per mole of 02 gas) of impurity and
alloying elements as function of oxidation temperature.
Alloy Fabrication and Impurity Pick-Up
The primary time for pickup of beneficial or deleterious impurities is during fabrication of the cladding
tube, i.e., production of nuclear-grade Zr metal, production of Zr-lNb ingot, fabrication of cladding tube,
and final surface finishing of the tube. It was noted that the methods of producing nuclear-grade Zr used
for El 10 and M5 claddings greatly differ, therefore, details of both processes were critically examined.
Production of nuclear-grade Zr metal involves more than 25 steps but is divided basically into four
stages [24-28]:
(1) Decomposition of zircon ore.
(2) Production of feedstock compound for Hf purification, i.e., (ZrCI4 + HfC14) or (K2 ZrF6 +
K2 HfF6 ). Before purification of Hf, the feedstock typically contains =l5,000 - 25,000
wppm Hf.
(3) Separation of the Zr and Hf compounds, i.e., production of low-Hf ZrCI 4 or low-Hf
K2 ZrF6 -

(4) Reduction of the low-Hf compounds into low-Hf Zr metal. After this step, the Hf
content is typically reduced to <500 wppm.
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Individual steps in these processes may change with time, driven by a desire to reduce production cost or
to simplify the operation. Therefore, the type and quantity of impurity pickup associated with alloy
production could change with time, and then influence the high-temperature oxidation behavior.
Impurity Pickup during Decomposition of Zircon Ore ZrO, SiO,
The basic process for the decomposition of zircon ore used to produce nuclear-grade Zr metal for E1 10
cladding, involves F chemistry, i.e., conversion of the ore to potassium fluozirconate via the reaction [26]
ZrO 2 SiO2 + 2KF-SiF 4 = K2 ZrF6 +2SiO2 .
This operation, typically carried out at 700-800'C, is conducive to eventual contamination of Zr metal by
F, most likely in the form ZrF 4 residue in the metal.
In contrast, in western countries, the basic process for the decomposition of ore, used to produce Zr metal
for Zircaloys, MS, and Zirlo, involves Cl chemistry [24,25]. In this process, a mixture of ZrO 2 SiO 2 and
graphite is chlorinated with SiCI4 , TiCl4 , or AIC14. The ore is converted to ZrCI4 and SiCI 4 , typically at
>1 150'C. This zirconium-chloride product contains minor amounts of HfCI4 . Then, the ZrCI4 and HfCI4
are separated, mostly by the MIBK process described below.
Impurity Pickup during Hf Separation
Because the thermal neutron cross section of Hf at 105 barn is almost 600 times greater than that of Zr,
separation of Zr and Hf is essential for the production of low-Hf nuclear-grade Zr metal. The three
processes most commonly used for this purpose are the methyl isobutyl ketone (MIBK) process [24],
extractive distillation [25], and fractional crystallization of Zr and Hf salts [28].
The fractional crystallization method is used to produce low-Hf nuclear-grade Zr destined for El 10 and
E635 cladding. The feedstock potassium fluozirconate (K2 ZrF6 ) obtained from decomposition of zircon
ore typically contains 1.5-2.5 wt.% potassium fluohafniate (K2 HfF 6 ) as impurity. The fractional
crystallization process takes advantage of the fact that the solubility of K2 HfF6 in distilled water is
slightly higher than that of K2 ZrF 6 . When the mixture is dissolved in water at <90°C, a slight
accumulation of Hf occurs in the mother solution and the Hf content is slightly decreased in the
undissolved feedstock mixture of K2ZrF 6 and K2 HfF6 . The mother solution is then cooled slowly, and
fractional crystallization of the compounds occurs at differing rates. After 45 steps of fractional
crystallization, the concentration of K2 HfF6 in the final mixture is reduced to :400-500 wppm. Then, the
low-Hf K2 ZrF6 compound is reduced to Zr metal by an electrolytic process.
The most common and the most traditional method of Hf purification used to produce Zircaloys, M5, and
Zirlo in western countries, is the MIBK process. This process starts with the ZrCI4 +HfCI 4 mixture
obtained from decomposition of the zircon ore; it involves many steps that are summarized as follows:
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(1) Convert the ZrCl4 +HfCl 4 mixture to ZrOC12+HfOCl 2 in demineralized water.
(2) Convert the oxychloride compounds to ZrO(SCN)2 +HfO(SCN) 2 using thyocianate
SCNNH4 .
(3) Remove HfO(SCN) 2 by liquid-liquid extraction using methyl isobutyl ketone (MEBK).
(4) Treat remaining ZrO(SCN) 2 with HClI to convert it to ZrOC12.
(5) Convert ZrOCl 2 to Zr(OH) 4 using NH440H and H2SO4.
(6) Calcinate the Zr hydroxide to produce ZrO 2 via the reaction
Zr(OH) 4 + Ca = ZrO 2 + Ca(OH)2.

(7) Chlorinate the ZrO 2 to convert it to ZrCI 4 .
(8) Reduce the ZrCI 4 to Zr metal by the Kroll process.
Once treated by the MIBK process, the final low-Hf ZrCl4 product picks up Ca, the most efficient
aliovalent element that helps stabilize tetragonal or cubic form of Zr dioxide.
Another method of Hf purification is the extractive distillation process, developed relatively recently [25]
and probably used extensively in the production of more recent heats of M5. The feedstock mixture of
ZrCl 4 and 4-2.5 wt.% HfCI4 is separated by extractive distillation with a solvent of molten KCI and
AICl3. The final product from this process (ZrCIs) typically contains <100 wppm Hf. which is then fed to
the Kroll process to reduce the ZrCI4 to Zr metal. This anhydrous process does not involve a calcination
step, and the low-Hf ZrC14 produced by this process does not pick up Ca. The Hf-purified ZrC4 product,
instead, picks up Al, which is an efficient aliovalent element that helps stabilize tetragonal oxide.
Impurity Pickup durinz Zr Reduction
Zirconium metal used in the production of El 10 and E635 cladding is typically a mixture of electrolytic
Zr and iodide Zr, e.g., in 60%-40% proportion. Iodide Zr is produced by decomposition of Zr 4 on a hot
tungsten filament heated to 4500°C, a process known as the van Arkel and de Boer process. Largescale production by this process is difficult, but the purity of the Zr metal is high. Electrolytic Zr is
produced by electrolysis of Hf-purified K2ZrF 6 in a molten bath of KC1, NaCl, mixed KCI-NaCl, or other
halides [24, 281. Zirconium metal produced by this process inherently contains F impurities that were
picked up during ore decomposition and Hf purification.
Practically all Zr metal used to fabricate Zircaloy, Zirlo, and M5 in western countries is produced by the
Kroll process [24]. In this process, Hf-purified ZrCI 4 in gaseous form is reduced by molten Mg to
produce "sponge" Zr, i.e.,
ZrCL4 (g) + 2Mg (1)= 2MgCl2 + Zr (sponge).
The sponge Zr contains MgCl 2 residue and excess Mg. The concentrations of MgCI 2 and Mg are reduced
by vacuum degassing or vacuum distillation; however, complete removal of the residues is difficult.
Therefore, Zircaloy, Zirlo, and M5 produced with sponge Zr contains, as an important impurity, Mg, one
of the most efficient aliovalent elements that help stabilize tetragonal Zr dioxide.
Discussion'
It appears clear that the processes of alloy fabrication (i.e., decomposition of zircon ore, Hf purification,
and Zr metal reduction) used to produce El 10 and E635 on the one hand and Zircaloys, M5, anid Zirlo on
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the other differ substantially. Of particular importance is the contrasting type and nature of impurities
that are picked up during fabrication of the two groups of cladding alloys. Information about the
fabrication-related impurity pickup is summarized in Table 1.
Also described in Table I are the type and nature of impurities that can be picked up during surface
finishing of cladding tubes, i.e., final cleaning and surface polishing with hard oxides. However, during
surface finishing, impurities are picked up near room temperature; therefore, their presence is limited to a
thin layer near the surface. Consequently, the effect of surface-finish-related impurity pick up is limited
to the delay of the onset of nodular oxidation.
The primary findings from the analysis of fabrication processes of the two groups of alloys, i.e., El 10
and E635 on one hand and Zircaloys, M5, and Zirlo on the other, can be summarized as follows:
(1) The fabrication procedures used to produce Zircaloys, Zirlo, and M5 alloys inherently promote
pick up of two strongly beneficial impurities, namely, Ca and Mg, in one procedure (i.e., Hf
purification by the MIBK process followed by sponge Zr production by the Kroll process), or
Al and Mg in the other (i.e., Hf purification by the extractive-distillation process followed by
sponge Zr production by the Kroll process).
(2) Pickup of beneficial impurities such as Ca, Mg, or Al is inherently absent during fabrication of
El 10 and E635 alloys.
(3) The fabrication procedure used to produce El 10 and E635 is inherently susceptible to pickup
of the deleterious impurity F.
(4) Pickup of the deleterious impurity F is inherently absent in the fabrication of Zircaloys, Zirlo,
and M5.
Table 1.

Summary of presence and absence of deleterious or beneficial impurity picked up
during major fabrication steps.
Process

Decomposition of zircon ore, conversion to K2 ZrF6
Hf separation, fractional crystallization of K2 ZrF 6 and K2 HfF6
Zr reduction, eletrolysis of K2 ZrF 6 , eletrolytic Zr
Zr reduction, iodide Zr
Decomposition of zircon ore, conversion to ZrC14
Hf separation, MIBK process, calcination of Zr(OH) 4 to convert
to ZrO2
Hf separation, extractive distillation
Zr reduction, Kroll process, sponge Zr
Degreasing or cleaning in HF-containing solution
Surface finishing with A1203 , Fe2O3 , or Y2 03

Important
Impurities
Present
F
F
F

Deleterious or
Beneficial

Ca

beneficial

Al
Mg

beneficial
beneficial

F
Al, Fe, Y

deleterious
beneficial

deleterious
deleterious
deleterious

The behavior of F atoms is similar to that of 0 in some respect. Fluorine is readily incorporated in a
metal oxide, and once incorporated, it can migrate rapidly through the oxide. Such behavior, which is
consistent with the fact that the size of F ions is significantly smaller than that of 0- ions, has been
reported for Ta oxide by Shimizu et al. [29] and for Zr oxide by Welton [30].

292

Shimzu et al. [29] analyzed the distribution of F atoms in their Ta oxide by secondary ion mass
spectroscopy (SIMS) and showed that the concentration of F is high in the oxide and that the F atoms
tend to accumulate at the metal/oxide boundary. This behavior is consistent with the fact that the
solubility of F is extremely small or negligible in most metals [31]. Because of the negligible solubility,
F atoms can be incorporated in most metals only in the form of metallic fluorides, whose melting points
are relatively low, e.g., 390 C for RbF, 843 0 C for YbF 2 , 10861C for SmF2 , 2320 C for SnF 2 , 11000 C for
MoF3 , and 640'C for ZrF4 [31].
The boiling point of ZrF4 is 405TC. Because of this low boiling point, localized ZrF4 residues that were
picked up during fabrication (i.e., decomposition of zircon ore for E110 and E635 alloys) become
unstable and breakup during oxidation at high temperatures. Consequently, rapid diffusion of the
unstable F atoms occurs in the alloy matrix at temperatures higher than =900°C, i.e., the temperatures of
importance under LOCA conditions. Under such conditions, the F atoms supersaturated in the metal
diffuse toward the surface oxide layer in which they are thernodynamically more stable, and eventually
are incorporated in the oxide unit cell or degassed out of the cladding. Fluorine ions incorporated in the
oxide occupy 0 vacancy sites (see Fig. 2), therefore, they promote more stoichiometric oxide, in effect
decreasing the stability of the tetragonal oxide. This process, consequently, exacerbates the
susceptibility of some local spots to nodular oxidation, as is illustrated scheniatically in Fig. 4. Similar
illustrations in Figs. 5 and 6 show how the beneficial aliovalent elements Ca, Mg, and Al work to
suppress the susceptibility to nodular oxidation.
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Figure 4.
Schematic illustration of formation of monoclinic nodular oxide
promoted by F contamination.
Vrtilkova et al. reported that susceptibility of E110 to nodular oxidation in steam is insignificant at
oxidation temperatures <750TC [15]. Consistent with this observation, Boehmert reported that
embrittlement of El 10 was insignificant after oxidation at 700 and 8001C, indicating that the material
was not susceptible to nodular oxidation or large H uptake at these temperatures [10]. Vrtilkova et al.
also reported that susceptibility of E 10 to nodular oxidation becomes high at oxidation temperatures in
which the beta phase is stable, i.e., >8601C [15]. These observations seem to agree well with a
prediction based on the model described above.
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Figure 5.
Schematic illustration of fabrication-related pickup of Ca, Mg, or Al
suppressing nodular oxidation of Zr-lNb.
Effects of F contamination on the properties of oxide layers formed on austenitic stainless steels have
been reported by several investigators in conjunction with studies on F effects on stress corrosion
cracking of steel weldments [32-35]. A peculiar phenomenon observed in these investigations is that the
oxide layers formed on the F-contaminated steels tend to delaminate and flake off, in a manner similar to
that shown in Fig. I for ElIO. In the former investigations, this phenomenon was known as "oxide
slough off." Shimzu et al. reported a similar phenomenon in their investigation of F effects on Ta oxide
[29]. The phenomenon is explained well by a process in which F atoms accumulate at the boundary
between the metal and the oxide, subsequently forming a thin film of low-melting-point metal fluoride.
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Figure 6.
Schematic illustration of surface-finishing-related pickup of Al, Fe, or Y
suppressing nodular oxidation of Zr-lNb
Following the same ore-decomposition and Hf-purification processes summarized in Table 1, raw Zr
metal for fabrication of El 10 could be produced by the Kroll process instead of the electrolytic process.
In this route, it would be necessary to convert K2 ZrF 6 to Zr(OH)4 and then calcinate the Zr(OH) 4 to obtain
ZrO2 . Then, the nuclear-grade raw Zr metal would have picked up Ca and Mg as well as F. In this
situation, it is expected that Ca and Mg trap F atoms in the metal to form clusters of Ca-O-F, similar to
those reported in stainless steel welds [36], or Mg-O-F.' It is also likely thatfthe oxide unit cells contain
some Ca or Mg as substitutional impurities (as depicted in'Fig. 2). Then', the end effect would be that the
deleterious effect of F is suppressed by the beneficial effect of Ca and Mg.
Because the typical fabrication procedures used to produce Zircaloys, Zirlo, and M5 inherently promote
contamination by Ca and Mg but prevent F pickup, it is predicted that susceptibility of these alloys to
high-temperature nodular oxidation is inherently suppressed.
Conclusions
A mechanistic model was developed that can explain the contrasting susceptibility of Zr-lNb class El 10
and M5 fuel cladding to high-temperature nodular oxidation in steam in LOCA situations. The model is
based on effects of aliovalent elements on the properties of Zr oxide.
The model predicts that Ca and Al pickup, related'to Hf purification by the process of methylisobutyl
ketone and extractive distillation, respectively, and Mg pickup, related to the production of sponge Zr by
the Kroll process, are beneficial, because they lead to suppression of the susceptibility to nodular
oxidation. Absence of such pickup is predicted to be deleterious.
Fluorine pickup, related to zircon ore decompiosition by use of potassium fluozirconate, Hf purification
by the fractional-crystallization process, and Zr reduction by the electrolytic process, is predicted to be
deleterious, leading to increased susceptibility to nodular oxidation. Such F pickup, combined with the
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absence of fabrication-related pickup of Ca, Mg, or Al, is predicted to conjointly exacerbate the
susceptibility to nodular oxidation.
It is recommended to verify the above predictions by testing oxidation behavior of several model Zr-lNb
ingots. Such ingots can be fabricated with non-nuclear-grade iodide Zr that was produced without going
through an Hf-purification process and can be doped with various combinations and amounts of Ca, Mg,
Al, and F.
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LOCA Testing at Halden,
Trial Runs in IFA-650
V. Lestinen, E. Kolstad, W. Wiesenack
OECD Halden Reactor Project
ABSTRACT
The current safety criteria for loss-of-coolant accidents (LOCA) are based on the earlier
LOCA experiments in the 1970s, which were largely conducted with fresh fuel. Changes
in fuel design, introduction of new cladding materials and moves to high burnup fuel
have generated a need to re-examine safety criteria and their continued validity. For this
purpose, hot cell research programs have been started in some countries. 'These
investigations are concentrating on embrittlement and mechanical properties of high
burnup cladding. The LOCA experiments in Halden are integral single pin in-pile tests-on
fuel behaviour under simulated LOCA conditions. It is planned to use high and medium
bumup fuel rods irradiated in commercial reactors. The HaIden experiments will focus on
effects that are different from those studied in out-of-reactor tests.
The first LOCA trial test runs were carried out in the Halden reactor in May 2003 using a
fresh, tight-gap and unpressurised PWR rod with Zr-4 cladding. The main objective was
to gain experience in the operation of the rig and to- determine how to run the later
experiments with the pre-irradiated rodlets. The target peak cladding temperatures (PCT)
were successfully achieved and the test gave a good basis for further experiments. Some
pre-test calculations of the first LOCA trial test runs were performed by outside
laboratories and by the Halden project. The codes produced fairly good simulations of the
cladding temperature measurements. These calculations will be continued and developed
for planning of further LOCA tests.
1. INTRODUCFION
The move to high burnup fuels, new fuel designs and introduction of new cladding materials have
generated a need to re-examine and verify the validity of the safety criteria for LOCA accidents. LOCA
tests in the Halden reactor will be integral in-pile tests using high burnup fuel rods irradiated in
commercial reactors. The experiments will be single pin tests. Participating organisations in the Halden
Project have offered both PWR and BWR fuels with the desired high burnup. Preparations for
transportation of the fuel segments to the Kjeller hot laboratory are ongoing. It has also been proposed to
include medium burnup (40-45 MWd/kg) fuel in the test series in order to bridge the gap between the low
and high burnup fuel. Future testing of VVER-fuel is being considered.
The test conditions are planned to meet the following primary objectives:
- to maximise the ballooning size to promote fuel relocation and to evaluate its possible effect on
cladding temperature and oxidation.
- to investigate the extent (if any) of "secondary transient hydriding" on the inner side of the cladding
around the burst region.
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Target peak clad temperatures (PCTs) for the pre-irradiated rods have been set at 800'C and 11001C for
high and medium burnups. The lower temperature is used because high burnup fuel is not expected to
reach higher clad temperatures in a LOCA. The higher temperature is close to the current LOCA
temperature limit prescribed by regulations.
Some pre-test calculations were performed by outside laboratories and by the Halden project. The codes
used were FRAPTRAN/GENFLOW (VTT), TRAC-BF1 (PSI), ALGOR, SCTEMP and FTEMP3
(Halden). The codes CATHARE and ICARE by IRSN are to be used in the second phase of the
experiments.
2. EXPERIMENTS
The first LOCA test was performed in the Halden reactor in May 2003. A tight-gap, unpressurised PWR
fuel rod with Zr-4 cladding was used. The aim was to gain experience in the operating the rig and to test
and instrumentation. The configurations and conduct of further experiments will be based on experience
gained from the first test.
2.1 Fuel and rig
In the IFA-650 rig the 50 cm long fuel rod was located in the center of an insulated standard highpressure flask. The rig with the rod was connected to a high-pressure heavy water loop and a blow-down
system. The fuel rod had an outer diameter of 9.50 mm and a wall thickness of 0.57 mnL The filling gas
was helium at 2 bar. The fuel rod was surrounded by a heated flow separator and the flask. A shroud with
a He 3 -coil was also incorporated in the rig. The rig structure is presented in Figure 1, and Figure 2 shows
the cross-section of the test channel.
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Figure I

Schematic of test rig for LOCA experiments.
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Figure 2

Cross section geometry of the LOCA test rig (scale 1:1).

Heating is provided from the fuel pellets and the heater. The cladding temperature can be controlled by
the rod and heater power. The rod power can be controlled by varying the He3 -coil pressure and by
changing the reactor power.
The test rig instrumentation consists of two heater thermocouples, two inlet and outlet coolant
thermocouples, a flow meter, three self-powered vanadium neutron detectors (ND) and two fast response
cobalt NDs. The two embedded heater thermocouples are located above and below the axial mid height of
the fuel rod. The volume flow rate is measured in the external loop. The axial power distribution can be
observed by the three vanadium NDs, which are located at three elevations. Rapid power changes are
monitored using the two fast responding cobalt NDs.
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The rod instrumentation includes three cladding surface thermocouples and one fuel thermocouple, a
cladding extensometer and a pressure sensor. In the first trial test (IFA-650.1) the cladding thermocouples
were located at the upper and lower ends and in the middle of the fuel segment. In the next experiments
with ballooning, the cladding temperature will be measured at the upper and lower ends of the fuel rod
only. The fuel temperature was measured at the top of the fuel. The cladding extensometer and the
pressure sensor are located at the top of the rod.
2.2 Test runs and results
A total of six trial runs were carried out in the first LOCA experiments. The peak cladding temperatures,
rod linear heat generation rates (LHGR) and heater powers are presented in Table 1.
Table I
Run
[No.]
1.
2.
3.
4.

5.
6.

Peak cladding temperatures with the rod LHGRs. and the heater nowers.
Rod LHGR
Heater Power
Peak Cladding Temperature
Note
[W/cm]
[W/cm]
[oCi
12
6
840
12
6
-840
12
12
890
spray used
18
6
930
23
20
1050
28
22
1140
spray used

The measured fuel temperatures during the test runs are shown in Figure 3 and the corresponding
cladding temperature histories in Figure 4.
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The target maximum cladding temperature was 800'C in first two test runs. In the subsequent four runs
the cladding temperatures were gradually increased to about 1100 0C by raising the rod and heater powers.
The transient temperature responses can be seen in more detail in Figure 5 - Figure 7, where fuel center,
cladding and heater temperatures are presented along with heater power for all runs.
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Cladding surface, heater and fuel temperatures during the trial test runs 1 and 2. The
effect of heater power is seen. Nomenclature:F = fuel temperature, Q = linear heat
rate, lines 1-3 = cladding temperatures (from bottom to top of the rod), dashed lines
1-2 = heater temperature.
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Cladding surface, heater and fuel temperatures during the trial test runs 3 and 4. The
effect of heater power is seen. Nomenclature: F = fuel temperature, Q = linear heat
rate, lines 1-3 = cladding temperatures (from bottom to top of the rod), dashed lines
1-2 = heatertemperature.
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In runs 1 and 2, the linear heat rate (LHR) of the fuel was about 12 W/cm and of the heater about 6 W/cm.
The peak cladding temperature (PC'T) in both cases was about 845°C. In run 2 the heater was shut off
during the test. Reduction of the heat input reduced temperatures by about 20-30'C.
In run 3 the LHR of the rod was kept at about 12 W/cm, but the heater power was now higher, about 12
W/cm. The PCT was about 8861C. The spray system was used and it is seen that the temperature of the
upper cladding thermocouple decreased, while the other two thermocouples remained almost stable. The
fuel temperature measured at the top of the fuel, decreased by the same amount. In run 4 the LHR of the
fuel was increased to 18 W/cm and that of the heater decreased to 6 W/cm. The resulting PCT was 932 0 C.
In run 5 the LHR of the fuel was about 23 W/cm and the heater about 20 W/cm and the PCT was 10520C.
In the final run (6), the LHR of the fuel was 28 W/cm and the heater power 22 W/cm, resulting in a PCT
of 11420C, slightly above the target cladding temperature of 1 0IOC. The spray system was tested also in
run 6. The effects were very similar to run 3, the temperatures of the cladding and fuel thermocouples at
the top of the fuel rod tended to decrease, but the other two thermocouples did not spontaneously react to
the injection of a small amount of water (6 I/h). The spray valve was opened gradually and the heater was
totally quenched about 300 seconds after starting of the spray. At that point the spray valve was about 5060% open.
The results show that the target cladding temperatures of 800N and 110000 were achieved in the tests.
Comparing test runs 3 and 4, it can be seen that both the fuel and the heater LHRs were different, but the
PCTs were quite similar. The total LHR (fuel+heater) was about the same, which explains the similarity
of the temperatures. In test run 5 both fuel and heater LHRs were raised. The effect on the cladding
temperatures is clear, they increased with increasing LHRs. In the last run (6) the fuel power was
increased further, but the heater LHR only slightly. The measured cladding temperatures increased by
almost 10000. The influence of spraying can be seen from the test runs 3 and 6. The temperatures of the
uppermost thermocouple and the fuel decreased immediately upon spraying, while the effect on the
cladding lower thermocouples was smaller and delayed.
In the second experiment the test rig design will be similar to the first test apart from a few changes. The
enrichment of the fuel will be 2 wt% U235 instead of 4 wt0/o U235 in the first test. This gives a possibility to
use higher and more stable reactor powers. The filler gas will be argon instead of helium. The filler gas
pressure will be about 40 bar at room temperature and about 75 bar in hot condition. Because ballooning
is expected in test 2, fuel or cladding thermocouples will not be located at the rod mid-height. A six cycle
PWR fuel rod with Zr-4 cladding will be used in the third experiment. The burnup of the fuel will be
about 70 MWd/kgUO 2 . The target PCT will be 800N and the test run will be terminated by a scram, not
by full quench.
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3. CODE ANALYSES
Some pre-test calculations were performed by outside laboratories using the codes
FRAPTRAN/GENFLO (VTI) and TRAC-BFI (PSI). FRAPTRAN/GENFLO is a coupled code where
FRAPTRAN calculates fuel performance and GENFLO thermal-hydraulics. TRAC-BFI is the LOCA
code developed for BWR simulations.
FRAPTRAN/GENFLO calculations are in a good accordance with the measurements. Both the shape of
the curve and the maximum temperatures are reasonable and the code will utilised for analyses of future
LOCA tests.
Calculations were also performed by the Halden project using the codes FTEMP3, SCTEMP3 and
ALGOR. These codes are relatively simple in-house codes, which calculate transient thermal behaviour
of fuel using different heat transfer correlations. With FTEMP3 steady-state analyses can be performed.
During the power ramp up to about 18 MW, predicted fuel temperatures were in a good agreement with
the measurements. Also SCTEMP3 gave useful results. The commercial finite element analysis (FEA)
code ALGOR is capable of calculating heat conduction, but radiative and convective heat transfer must
be calculated semi-manually.
The codes have a tendency to overestimate the cladding temperatures to some extent during the transients.
All the codes do have several input parameters, which separately and in combination (e.g. emissivity
factors) have a strong influence on the calculated results. They gave fairly good simulations of the clad
temperatures recorded in the six runs and provided valuable input for planning this first test serie.
5. SUMMARY
The first LOCA test runs were performed in the Halden reactor in May 2003 using a fresh small-gap and
unpressurised PWR rod with Zr-4 cladding. Totally six test runs were carried out. The target PCTs of
800-1 100'C were successfully achieved.
The cladding temperatures were increased by raising the power of the fuel and the heater. From the
results it can be seen that the total LHR (fuel + heater) is the major factor determining the clad
temperature transients. The spray was successfully tested at the end of the two test runs. The effect of the
spray is limited to the thermocouples located at the upper end of the fuel. The spray can't be used for
controlling the cladding temperature precisely and its main purpose will be to ensure right conditions for
oxidation. The rig and the loop as well as the instrumentation and the data collecting systems worked
well. No fuel failure occurred. The first LOCA trial runs gave a good basis for the further tests to be
conducted in 2004.
In preparation for the initial tests several code calculations were performed by the outside laboratories as
well as by the Project. FRAPTRAN/GENFLO (VI`T) and TRAC-BFI (PSI) calculations were made by
the outside laboratories and ALGOR, SCTEMP and FTEMP3 calculations were made by the Halden
project. The code calculations gave good overall simulations of the clad temperatures and they will be
continued in the future.
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- A Scaling Method for RIA'Data
R. 0. Meyer

U.S. Nuclear Regulatory Commission
Background
Most of the test data for reactivity-initiated accidents (RIAs) with high-bumup pressurized water
reactor (PWR) fuel rods have been obtained in the Cabri test reactor in France and the Nuclear
Safety Research Reactor (NSRR) in Japan. Both test reactors have provided data on the fuel
enthalpy required to produce cladding failure, which is important in some safety analyses.
However, neither of these facilities reproduces conditions'in a'commercial reactor, so it is
desirable to scale these data to PWR conditions to obtain relevant results.
There are several ways to use test reactor data for RIA analysis for commercial reactors. The
traditional way is to use the data to validate a transient fuel rod code and then perform the
commercial reactor analysis with that code. The difficulty with this indirect use of test reactor
data is that it assumes that an appropriate failure model is available in the code and all code
modeling assumptions and materials properties data are adequate for RIA analysis. Modeling
assumptions (e.g., symmetric fuel pellet loading of the cladding, homogeneous and isotropic
cladding mechanical properties) are not very accurate, and the mechanical properties data base for irradiated cladding is quite limited at this time. But the biggest difficulty is with the
failure model; a broadly accepted understanding of RIA failures is not yet available. Infact, the
failure modes observed to date range from brittle to mixed to ductile. Also, the presence of
non-homogeneous hydride precipitates and blisters may have a significant impact on the failure
mode.
To minimize these uncertainties, a more direct way to use test reactor data for RIA analysis has
been chosen. This method uses code stress and strain predictions at the time of cladding
failure in the test reactor to determine critical values associated with the fuel rod segment used
in the test. Inorder to apply these results to predictions for the behavior of the test rod
segments in a PWR environment, it is necessary to estimate how these critical values would
change with test conditions - principally test temperatures and pulse width. An algorithm is
described here for scaling RIA test reactor data to the RIA history relevant to a PWR. Such an
approach can be refined as more material property and test reactor data become available.
Failure In the elastic region
For failures that occur in the elastic region, cladding hoop stress Is probably the most important
parameter. Brittle failure occurs at a critical stress intensity factor (i.e., fracture toughness),
which is proportional to the product of the nominal applied stress and the square-root of the
flaw size. For scaling purposes, the flaw sizes and distribution of flaws are assumed to be
identical for a given specimen under test reactor or commercial reactor conditions. Using
FRAPTRAN, the hoop'stress is calculated as a function of time for the actual test reactor
pulse.' The calculated hoop stress at the time of failure is taken as the critical failure stress.
The calculation is then run again, but this time pulse shape, coolant temperature, coolant
pressure, and rod internal pressure are changed to those that would be expected in a PWR.
The previously determined value of critical failure stress is adjusted for resulting temperatures
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and is then located in the new calculation of hoop stress as a function of time; the
corresponding time is taken as the time of expected failure during the hypothetical PWR pulse.
Cladding in the REP-Na10 test in Cabri appears to have failed in or near the elastic region, and
this test is used to illustrate the scaling method for such a failure. Measured test parameters
for REP-Na10 are shown in Table 1.2

Table 1 Measured Parameters for REP-NalO
Total Energy Input

107 calig

Time at Failure (arbitrary zero)

0.456 s

Pulse Width (Full Width at Half Maximum)

31 ms

Initial Coolant Temperature

553 0K

Calculations performed by IRSN with the SCANAIR code show that failure in REP-Na10 occurs
near the end of the elastic region.3 Our own calculations with FRAPTRAN show that plastic
deformation has already begun at that time. Therefore, we used a gap size that was larger
than expected and assumed that failure occurred at a slightly earlier time to ensure failure in
the elastic region for the purpose of this illustration. Resulting calculated parameters for the
REP-Nal 0 test at the assumed time of failure are shown in Table 2.
Table 2 Calculated Parameters for REP-Nalo
Fuel Enthalpy Increase at Failure

59 calIg

Cladding Hoop Stress = Failure Stress

450 MPa
740 0K

Cladding Average Temperature

Rough validation of the strain predictions made by FRAPTRAN can be made by looking at
measured plastic hoop strains for tests with non-failed cladding in Cabri's REP-Na test series.4
(Strain could not be measured for tests with cladding failure because sodium ingress caused
additional swelling and cladding strain.) These measured values are shown in Fig. 1.
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Figure 1 Permanent hoop strain as a function of enthalpy increase for Cabri data
The intercept is not well defined because it is not known if the data form a single population or
should be segregated by pulse width or by fuel pellet type. Nevertheless, it is clear that
between' 50 and 75 cal/g are 'required to close any gaps and go through the elastic region such
that plastic strain can begin. Our calculated value of 59 callg is in this range.
The deduced failure stress from Table 2 is 450 MPa at a temperature of 7401K. However, the
Cabri test pulse was broad and equivalent stresses will occur at lower temperatures in a
narrower PWR pulse. It was assumed that failure stress is proportional to independently
measured fracture toughness, which exhibits a temperature dependence. Using such a
temperature dependence (assumed for this calculation), we estimated the failure stress for this
fuel rod specimen as shown in Fig. 2.
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A second calculation was run with a pulse shape corresponding to PWR conditions, but having
the same total deposited energy as the REP-NalO test pulse. Both power traces are shown in
Fig. 3.
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Figure 3 REP-Na1O pulse shape and corresponding PWR pulse shape
The effect of pulse width on cladding temperature can be seen clearly in Fig. 4. This figure
shows average cladding temperature as a function of fuel enthalpy. Fuel enthalpy can be
considered approximately equivalent to fuel pellet expansion, which Is the source of both stress
and strain in the cladding. Thus, a given stress or strain occurs at a higher temperature in a
broader pulse.
800

750 E700 -

31 m

tX

650 -

//

1Ms

600

550
0

10

20

30

40

50

60

70

80

Enthalpy Rise (callg)

Figure 4 Average Cladding Temperature as a Function of Enthalpy Rise
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A time can be found in this second calculation for which cladding temperature and applied
stress fall on the failure line shown in Fig.-2. The results are given in Table 3.

Table 3 Calculated Parameters for the REP-Nal0 Specimen
with PWR Test Conditions
Fuel Enthalpy Increase at Failure

40 cal/g

Cladding Hoop Stress

350 Moa
660K

Cladding Average Temperature

The conclusion is that, if this fuel rod specimen had been subjected to a narrow PWR pulse,
cladding failure would have occurred at a somewhat lower stress and lower temperature
corresponding to a fuel enthalpy about 20 cal/g lower than that observed in the Cabri test.
Failure in the plastic region
For failures that occur with some plastic hoop strain, ductility is probably the most important
parameter. Strength is no longer Important because the loading is displacement-controlled and
cladding deformation progresses beyond the plastic yield strain (yield strength) and beyond
uniform elongation (ultimate tensile strength) Inmany cases. Using FRAPTRAN, the plastic
hoop strain is calculated as a function of time for the actual test reactor pulse and for a
corresponding PWR pulse. The method of comparison is the same as above except that a
failure strain is determined instead of a failure stress.
Cladding in the HBO-1 test in NSRR appears to have failed in the plastic region, and this test is
used to illustrate the scaling method for such a failure. Measured test parameters for HBO-1
are shown in Table 4.
Table 4 Measured Parameters for HBO-1

|

Total Energy Input

93 cal/g

Time at Failure (arbitrary zero)

0.2045 s

Pulse Width (Full Width at Half Maximum),

4.4 ms

Initial Coolant Temperature

291.K

In NSRR, not only are the pulses atypical (too narrow), but the test temperature is also atypical
(too low). Both atypicalities can be addressed with this method. Calculated parameters for the
HBO-1 test pulse are shown in Table 5.
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Table 5 Calculated Parameters for HBO-1

Fuel Enthalpy Increase at Failure

60 callg

Cladding Plastic Hoop Strain = Failure Strain

0.62%

Cladding Average Temperature

340 0K

Rough validation of the strain predictions made by FRAPTRAN can again be made by looking
at measured plastic hoop strains for tests with non-failed cladding in NSRR's HBO test series.5
These measured values are shown in Fig. 5. Strain was not measured for tests with cladding
failure.
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Fig. 5 Permanent Hoop Strain Versus Enthalpy Rise in NSRR
The intercept is better defined for this test series than for Cabri's REP-Na series. The plastic
strain corresponding to 60 cal/g is seen to be about 0.7%, in good agreement with our
calculation.
Since both pulse width and test temperature are atypical, they can be examined separately.
The pulse width can be examined first by comparing calculations for the HBO-1 test pulse and a
pulse of the same deposited energy and the same test temperature, but having a broader
width. These two pulses are shown in Fig. 6.
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Inthis case the second pulse is broader and will produce equivalent strains at somewhat higher
temperatures. It was assumed that failure-strain is proportional to independently measured
total elongation values, which exhibit a temperature dependence. Using such a temperature
dependence (assumed for this calculation), we have estimated the failure strain for this fuel rod
specimen as shovn in Fig. 7.

i2.0

Assumed
Temperature

_

Dependence

In.
E 1.0

0.5

340K, 0.62%
300 400 500 600 700 800
Temperature (K)

Figure 7 Estimated failure strain for HBO fuel rods
No time could be found in this calculation for which the cladding temperature and the plastic
strain fall on the failure line shown in Fig. 7. The reason for this is interesting and has
significant consequences. Figure 8 will illustrate this situation with a plot of cladding
temperature and permanent strain on the same figure.'
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Fig. 8 Cladding Permanent Hoop Strain Versus Temperature
After exceeding the yield stress, the plastic strain increases at a rapid rate until the fuel
enthalpy approaches its maximum value. While the rate of increase in strain is slowing down,
the rate of increase of cladding temperature is not, because heat is continuing to flow from the
pellet through the cladding. Thus, a point of no return is reached, beyond which failure cannot
occur because cladding temperature is increasing the failure strain (total elongation, Fig. 7)
faster than pellet expansion is increasing the cladding strain. This has two closely related
consequences. One is that a pulse of greater total deposited energy will have to be used in our
scaling calculations to determine the effect of pulse width. The other is that HBO-1, which
failed at 60 cal/g with a pulse that had a total energy input of 93 cal/g, would not have failed
with a pulse that had a total energy input of 60 cal/g. This is a general result and gives a
source of margin that can be taken into account in applying the scaling method.
Three other 10-ms pulses were calculated to find a time at which the cladding temperature and
plastic strain would fall on the failure line shown in Fig. 7. The pulse with 110% of the total
energy deposition did not produce a failure either, but the pulses with 120% and 130% of the
total energy deposition both produced the same result within 1 cal/g. These results are shown
in Table 6.

Table 6 Calculated Parameters for the HBO-1 Specimen
with a IO ms Pulse and 291'K Test Temperature
Fuel Enthalpy Increase at Failure

69 cal/g

Cladding Plastic Hoop Strain

0.75%

Cladding Average Temperature

3800K
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Similarly, a pulse with a much larger (twice in this example) total energy deposition was used to
estimate the effects of both pulse width and test temperature together. Power traces for this
pulse and the HBO-1 test pulse are shown together in Fig. 9. 40000 ,
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.10000

0o
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Figure 9 HBO-1 pulse shape and PWR pulse with twice the total energy
Results from comparing these calculations are given in Table 7. The combination of pulse
width and test temperature atypicalities lead to a 40 cal/g Increase in the expected failure
enthalpy.

Table 7 Calculated Parameters for the HBO-1 Specimen
with PWR Test Conditions

J

Fuel Enthalpy Increase at Failure
Cladding Permanent Hoop Strain

.

Cladding Average Termperature

[

100 cal/g
1.7%
71 0K

Notice that the 1.7 percent calculated strain at 100 cal/g also agrees with the experimentally
determined plastic strains for the HBO series as shown in Fig. 5.
Summary
For the assumed temperature dependence of failure stress, the Cabri REP-Nal0 test would be
expected to fail at a fuel enthalpy 20 cal/g lower than that observed with the 31-ms pulse, if the
test had been conducted with 10-ms pulse that is typical of a PWR. Although the temperature
dependence assumed here was arbitrary, it was somewhat lower than the temperature
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dependence of fracture toughness that we inferred from the data of Bertolino et al.6 For the
assumed temperature dependence of failure strain, the NSRR HBO-1 test would be expected to
fail at a fuel enthalpy 40 cal/g higher than that observed, had the test been conducted with 10ms pulse and a temperature that are typical of a PWR. Of this amount, 10 cal/g is due to pulse
width effects alone. Although the temperature dependence assumed here was arbitrary, it is
consistent with unpublished data that are just emerging. If a much larger temperature
dependence for failure strain (total elongation) were assumed, the ductility of this moderately
corroded HBO rod could increase so much that cladding failure by pellet-cladding mechanical
interaction (PCMI) might not occur at all. Cladding failure should not be expected to occur at or
near the peak fuel enthalpy in a test reactor or in a power reactor, and this margin can be taken
into account in applying the scaling method.
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Recent results from LOCA study at JAERI
Fumihisa NAGASE and Toyoshi FUKETA
Department of Reactor Safety Research
Japan Atomic Energy Research Institute
Tokai-mura, lbaraki-ken, 319-1195, Japan
Abstract
With a view to obtaining basic data to evaluate high burnup fuel behavior under loss-of-coolant accident
(LOCA) conditions, a research program is being conducted at the Japan Atomic Energy Research Institute
(JAERI). The program consists of integral thermal shock tests and other separate tests for oxidation rate
and mechanical property of fuel claddings. Prior to the tests on irradiated claddings, the tests have been
conducted on non-irradiated claddings to examine separate effects of corrosion and hydrogen absorption
during reactor operation. Hydrogen effects have been especially examined because hydrogen absorption
has an great impact on cladding embrittlement.

The tests on irradiated claddings have recently been

started and preliminary results have been obtained. The present paper summarizes recent results from
those studies.

I. Introduction
Current safety criteria for LOCA were established during the late 60's and early 70's in most countries.
These criteria are mainly based on experiments conducted with fresh Zircaloy fuel claddings. Although
burnuijp effect was generally taken account of the criteria, the level of fuel burnup was rather low at that
time. With bumup extension, corrosion and hydrogen absorption during the reactor operation become
more significant in the fuel cladding, which causes degradation of the mechanical properties.

In safety

analysis for a postulated loss-of-coolant accident (LOCA) in a LWR, the fuel cladding would be exposed
to high-temperature steam for several minutes and quenched by the emergency core cooling water. The
cladding embrittled by severe oxidation would be subject to fracture, due to thermal shock during the
quench. Therefore, it is one of the most important issues to clarify the thermal shock resistance of the
pre-corroded and pre-hydrided high bumup' fuel rod in order to confirm the safety of LWRs in a LOCA,
though peak clad temperature becomes lower with the burnup extension. The influence of bumup
extension on high-temperature oxidation kinetics, rupture behavior, and mechanical properties of severely
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oxidized cladding are also subjects of great concern. Under this circumstance, a systematic research
program is being conducted at JAERI, which aims at a wide range database for evaluating the influence of
burnup extension on fuel behavior under LOCA conditions. The program consists of integral thermal
shock tests and separate effect tests such as oxidation tests and mechanical tests. In the integral thermal
shock tests, short test rods were heated up, ruptured, oxidized in steam and quenched by flooding water in
order to evaluate the rupture behavior and thermal shock resistance of oxidized cladding under simulated
LOCA conditions.
An increase in hydrogen concentration generally reduces the ductility of the cladding at relatively low
temperatures. Therefore, hydriding before LOCA transient should be the most important factor on the
cladding embrittlement under LOCA conditions.

The present paper describes the effects of pre-hydriding

on oxidation kinetics, rupture behavior and thermal shock resistance,. which have been investigated with
non-irradiated cladding tubes. The integral thermal shock tests with irradiated claddings have been
started since January 2003 after test apparatus was successfully equipped in the Reactor Fuel Test Facility
at JAERI. The present paper reports preliminary results from those tests as well.
2. Experimental method
2.1 Sample
Non-irradiated low-Sn (1.3wt%) Zircaloy-4 claddings were used in the tests to examine the separate
effect of pre-hydriding. The initial outer diameter and thickness were 9.50 and 0.57 mm, respectively.
Hydrogen concentration of the as-received cladding was about 10 ppm. Artificial hydriding was done at
about 620 K in mixture gas of hydrogen and argon.

Four claddings of 200 mm or 580 mm long were

hydrided in one batch of the hydriding and one of the claddings was subjected to hydrogen analysis to
estimate the hydrogen concentration of the other three. The hydrogen analysis was also performed on
tested claddings to confirm the concentration of each cladding.
Two PWR fuel rods, irradiated to 39 and 44GWd/t (rod average) at Takahama unit-3 reactor, are
currently subjected to the thermal shock tests. The cladding material is low-Sn Zircaloy-4.
rod is cut into 190 mm segments and defueled claddings are subjected to the tests.

The fuel

Three tests have been

conducted and information of the cladding tubes used is summarized in Table 1. The initial oxide layer
thickness ranged 18 to 25 rni and hydrogen concentrations were estimated to be about 200 ppm though
the analysis has not been performed yet.
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Table I PWR fuel segments subjected to Integral thermal shock test
Sample No.

1

2

Fuel Type

3

17x17

Rod Average Burn up (GWd/t)

43.9

Fuel Cladding

39.1

Low tin Zircaloy-4

Sampling Span No. from Top

4

2

2

Corrosion Layer Thickness (pm)

20

25

18

Zircaloy Thickness Remained (tam)

558

554

629

2.2 Oxidation test
As-received and pre-hydrided claddings were cut into 15-mm ring-like specimens and were
isothermally oxidized in flowing steam at temperatures ranging from 773 to 1573 K for the duration
between 30s and 2.16 x 106 s in a test apparatus. The test apparatus consisted mainly of a 38mm ID.
quartz reaction tube, an electrical resistance furnace or an infiared furnace, and a steam generator. The
ring-like specimen was hang inside the reaction tube and heated in steam flow. The steam supply rate to
the cladding surface was 11 glm2 /s and it was sufficient to oxidize the specimen without steam starvation
[1]. The specimen was heated up to target
temperatures at a rate of about 20 K/s. The
electrical resistance furnace was used for

Crass head
.,

outlIet X .

oxidation temperatures lower than 1373 K and

otet

the infrared furnace was used for temperatures
higher than 1373 K. Weight measurement and
microstructure observation were done after
cooling, and oxidation rate was evaluated for

E

every tested temperature.

l

-l

into a 580mm-long cladding tube, and
Zircaloy-4 end caps were attached to the
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23 Integral thermal shock test
Figure I shows a schematic of the test rod
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Fig. 1 Test apparatus for integral thermal
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W641

cladding using Swageloc tube fittings.

The rod was pressurized to about SMPa with Ar at room

temperature to cause cladding rupture with an increase of temperature. The test apparatus consists of an
Instron-type tensile testing machine, a quartz reaction tube, an infrared image furnace with four
tungsten-halogen lamps, a steam generator and a water supply system for flooding. The test rod was
vertically mounted in the center of the reaction tube. Figure 2 shows an example of temperature history
during the test. The rod is heated up at a rate of 10 K/s. Stea introduction is started prior to the
heat-up, and the steam flow is maintained at a supply rate of about 36mg/s during the oxidation. The
steam supply rate is sufficiently high to
oxidize

cladding

tubes

without

steam

starvation. During the heat up, the cladding
tube balloons and ruptures at temperatures

1500

~Double-side

io
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in rod internal pressure and a decrease in

:

cladding strength.
The rod is isothermally oxidized after the
rupture. Isothermal oxidation temperature
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Three
Pt-Pt/13%Rh thermocouples were spot-welded

Fig. 2 Cladding temperature change during test.

on the outer surface of the cladding to control and measure the cladding temperature. As shown in Fig. 2,
the rod was cooled in the steam flow to about 970 K and finally quenched with water flooding from the
bottom after the isothermal oxidation. Raising rate of water surface during quenching was 30 to 40
mmIs.
The test rod was quenched under
non-restrained or restrained conditions.
Under the restrained condition, both
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Fig. 3 Tensile load changes during cooling and
quenching under axially restrained conditions
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restrained condition, the rod was quenched under the intermediate restrained conditions. The maximum
load was controlled at 390, 540 and 735 N with automatic load adjusting operation of the tensile testing
machine.
For the irradiated cladding tube, A1203 dummy pellets were loaded in the 190mm-long defueled
claddings, and Zircaloy end-plugs were welded at the both ends of the claddings. The test method was
almost the same as that for the non-irradiated cladding, except for the restrained condition. The test rods
were axially restrained at the maximum load of 540 N (30 to 35MPafor initial metal cross section).. The
maximum restraint load was conservatively 'determined referring to previous reports regarding the
restrained conditions'in bundle geometry [2-4].
3. Results and discussion
3.1 Hydrogen effect
3.1.1

Oxidation rate

The iifluence of pre-hydriding on the oxidation rate varies depending on temperature as well as
-hydrogen concentration.

The weight gain ratio of pre-hydrided cladding to as-received cladding is

plotted as a function of hydrogen concentration in Fig. 4. Pre-hydriding enhances oxidation above 1223
K and it ismore remarkable at higher hydrogen concentrations.

The largest influence is observed in the

oxidation at 1223 'and 1273 K. 'On the other hand, smaller enhancement and suppression effect of
pre-hydriding are seen under specific hydrogen concentration ranges below 973 K. The phase structure
of ZrO2 formed on the Zircaloy changes from monoclinic to tetragonal between 1173 and 1273 K.
Growth of oxide layer,
i.1i

namely diffusion of oxygen,

. ,-

is affected by the phase structure change of oxide °5
layer.
Therefore, -'the phase structure change of
ZrO2 might be connected-

with the different hydrogen
effect on the oxidation.'

About 9% increase in
oxidation rate at maximum'
was

measured

for

the
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Fig. 4 Comparison of weight gain after high temperature
oxidation between pre-hydrided and as-received cladding
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examined ranges of hydrogen concentration and oxidation time. However, the hydrogen concentration is
lower and oxidation time is shorter under the realistic conditions.
enhancement of oxidation rate due to pre-hydriding is very small.
3.112

Consequently, it can be said that

Rupture behavior

Circumferential strain due to ballooning and rupture was estimated by comparing the circumferential
before and after the test The correlation between the circumferential strain and the rupture temperature
is shown in Figure 5. Data points are categorized into three groups for hydrogen concentration. The
figure indicates that the circumferential strain reduces with an increase in the hydrogen concentration.

,,

a
+
Phase structure change for 300ppm H

However, this is unlikely to be a
general trend. It is known that the
circumferential strain is strongly

t

4
xOx o o0

dependent on the phase structure of
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Fig. 5 Correlation between circumferential strain
and
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tubetemperature for pre-hydrided Zlrcaloy-4
cladding

phase boundary to the P phase region.
Phase structure changes, based on the ternary phase diagram of the Zr-H1-

system studied by Yamanaka

et al. [8], are representatively shown in the figure for zirconium containing 300 (upper in the figure) and
1000 ppm hydrogen (lower in the figure).

Oxygen concentration is assumed 1200 ppm. Zirconium

containing 300ppm of hydrogen transforms from a to c+P at about ll00 K. The figure shows that the
claddings containing 100 to 350 ppm of hydrogen rupture in the temperature range near the phase
boundary. This is the cause of the higher circumferential strain of those claddings.

The a/a+p phase

boundary drastically shifts to a lower temperature and the range of the a+p phase region expands with
increase of hydrogen concentration. As a result, the rupture temperature of the claddings containing a
larger amount of hydrogen is in the middle of the cx+p phase region where the Zircaloy exhibits lower
circumferential strains.

The rupture temperature changes with the initial rod pressure. If the initial rod

pressure increases and the rupture temperature of the highly hydrided cladding increases to the a/ar+p
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Consequently, the present result shows that

phase boundary, the circumferential strain would increase.

changes of phase transformation temperature with hydrogen concentration should be taken into account
for estimating circumferential strain due to rupture.
3.1.3

Thermal shock resistance

Figure 6 shows the failure maps relevant to equivalent cladding reacted (ECR) and hydrogen
concentration for four restrained conditions. The Baker-Just equation for oxidation rate [9] was used to
It was assumed in the estimation that the

estimate the amount of oxygen absorbed during oxidation.

cladding was oxidized equally from the outer and the inner surfaces only during isothermal oxidation.
The failure/non-failure threshold generally decreases with an increase in the initial hydrogen concentration
for each restrained condition. Comparison of the maps indicates that the threshold obviously decreases
with an increase in the restrained load. The threshold is very low for a wider range of hydrogen
concentration above 300ppm under the fully restrained condition. Because cladding wall thickness is
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reduced most at the rupture position and stress by axial restraint is concentrated at the rupture opening, the
cladding tubes fail at the position under the restrained conditions very often. Since no additional
hydrogen absorption is observed at the rupture position, the initial hydrogen concentration is kept there.
Thus, cladding embrittlement at the rupture position is more pronounced is by both oxidation and
hydriding in the pre-hydrided cladding.

This explains reduction of the failure threshold with an increase

in the initial hydrogen concentration under the restrained conditions. On the other hand, the claddings
fail away from the rupture position, where plenty of hydrogen up to about 3000ppm is analyzed, under the
non-restrained condition. Therefore, pre-hydriding has negligible effect on the failure threshold [10].
3.2 Irradiation effect on thermal shock resistance
Conditions of the integral thermal shock tests for three 48GWd/t PWR claddings are summarized in
Table 2. One cladding oxidized at 1453 K to about 30% ECR during the isothermal oxidation failed
during quench. The post-test appearance is shown in Fig. 7. It is considered that cracking initiated at
the rupture opening and propagated circumferentially. The oxidation condition is plotted in the failure
map for non-irradiated claddings containing similar hydrogen concentrations (Fig. 8).

Since the failure

boundary of non-irradiated claddings with similar hydrogen concentrations, lies at about 28% ECR, the
Table 2 Summary of integral thermal shock test on 48GWd/t PWR cladding tubes
TestNO.
Samnple No.
Burst Temperature (K)
[(C ) I_]
Burst Strain (%)
Oxidation Temperature

1
A 3-1
1053 [780]
_

_

_

_

2
Al-2
1053 [780]
_

__---_

143
1453 [1180]

_

_

486
30.0*
Failed
498 [50.8]

[aximumr
load

_

_

27.7
1465 [1192]

(K)[F(C)1I_

Oxidation Time (sec)
ECR
Failed / Survived
Load at Failure (N)

_

_

24.3
1430 [11571
_

120
17.9*
Survived

200
16.4*
Survived

-

540I540

Maximum restraint load
(N )_

_

3
B L-3
1083 [810]

540
_

_

_

_

_

540

__

failure of the irradiated cladding agrees with the failure criteria for non-irradiated claddings.

Two

claddings oxidized at 1465 and 1430 K to about 16 and 18% ECR, respectively, survived the quench.
This indicates that failure boundary is not reduced so significantly by irradiation to the examined burnup
level.
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4. Future plans
The JAERI plans to perform LOCA-related studies with PWR and BWR claddings (MDA', NDA 2 ,
ZIRLO'r,

and Zircaloy-2) highly irradiated to about 70GWd/t
extension and new alloys will be investigated in detail.

The influence of further bumup

5. Conclusion
*Witha view to accumulating database for evaluating high burnup fuel rod behavior under LOCA
conditions, a systematic research program is being conducted at JAERI with non-irradiated and
irradiated claddings.
* Hydrogen effects on fuel behaviors under LOCA conditions have been especially examined and
clarified.
* The tests have been started with irradiated claddings and preliminary results were obtained for
48GWd/t PWR fuel claddings.
* More tests are planed to investigate the influence of further burnup extension and new alloys on
the fuel behavior under LOCA conditions in detail.
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Key Input Variables for RIA Simulations:
A Study Based on FRAPCON and SCANAIR Codes
F. J. Barno, L. E. Herranz. CIEMAT-Spain
ABSTRACT

Accuracy of a transient code response during a RIA (Reactivity Insertion Accident)
depends largely upon input variables, some of which come from the output of an
irradiation code. In this paper the influence of the uncertainties affecting the FRAPCON3 output variables that are transferred to SCANAIR 3.2 is analyzed. The experimental
scenario taken as a reference has been the CIP02 test of the CABRI project.
The sensitivity of SCANAIR 3.2 results has been explored by examining output
magnitudes of both a thermal nature (i.e., coolant and fuel temperature and enthalpy) and
a mechanical one (clad elongation, hoop strain and strain energy density). The study has
indicated that input variables might be split in two groups: "hard" and "soft" ones. Hard
variables do affect drastically code estimates, either thermally and/or mechanically;
hardness parameter, gap width and the so-called rim burst option are good examples of
this group. Soft variables slightly affect code predictions; some of them are burn-up, EOL
temperature, porosity, gas concentration and oxide layer width.
As a final remark, it should be underlined that the validity of the results here outlined are
subject to the code interface analyzed, the present status of the codes and the
experimental scenario taken as a reference.

1.- INTRODUCTION
The intention of nuclear industry to reach a higher burnup in the nuclear fuel has reopened some safety
issues that were already solved for current burnups. This fact, together with some rod failures recorded in
experimental programmes on RIA (Reactivity Initiated Accidents), has emphasised the need to carry out a
comprehensive investigation of high burnup fuel response to a sharp energy deposition. One of these
experimental set-ups is the CABRI project, where fuel rods irradiated to high burnup in commercial
reactors are submitted to power pulses.
One important task linked to the CABRI project is the development of the SCANAIR code. Its purpose is
to simulate the thermo-mechanical behaviour of a fuel rod under RIA conditions. As in the case of any
other code, SCANAIR accuracy depends upon the models it contains and their coupling, as well as upon
the description of the scenario made thr6ugh the initial and boundary conditions in the input deck. In
other words, the uncertainties in the fuel rod characterisation (connixg from a steady state code) just at the
beginning of the power pulse may play a major role in the SCANAIR code accuracy.
The objective of the work here presented has been to carry out an importance analysis of SCANAIR 3.2
input variables to determine which of them become critical for the code output accuracy. In order to do
so, an uncertainty range has been defined for each variable studied. Worth to mention that this study is
code and version specific; that is, the same conclusions could not be guaranteed for substantially
upgraded versions. The scope of the study has been restricted to the experimental scenario provided by
the CIP02 test of the CABRI International project.
This paper has been done under CIEMAT participation in the CABRI project through the agreement on
'Thermomechanical Behaviour of High Burnup Fuel" established with CSN (Consejo de Seguridad
Nuclear), who is a member of the International CABRI Project Consortium.
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2.- BASIS FOR THE STUDY.

2.1.- CIP02.
The CIP02 experiment was carried out in November 2002 in the frame of the international CABRI
Programme (Vallejo, et al 2003). A 0.5 m long piece from a rod containing U02 pellets in a cladding
made of MS alloy was submitted to a RIA in the CABRI experimental reactor. The father rod had been
irradiated for six cycles in Gravelines 5 reactor. In span 5, the maximum burnup is 74.2 GWd/tU (rodlet
average burnup of 74 GWd/tU). During the test, the rodlet underwent a power pulse 28.2 ms long (at
middle height) that deposited 88.7 cal/g (369.6 KJIKg) on the rod after 1.2 s.

2.2.- SCANAIR.
The purpose of the SCANAIR code (Lamare, 2001) is to simulate the thermo-mechanical behaviour of a
PWR rod in postulated RIA, for high burnup U0 2 and MOX fuels. It has been developed by IRSN and is
still under improvement. The code is grouped in three main modules: thermal dynamics, fission gas and
structural mechanics, with high coupling characteristics among them. The physical modelling mainly
relies on global test interpretation of the CABRI experimental programme, including both in-reactor and
separate effect tests. So far, the aim of the tests in the sodium loop of the CABRI reactor was to
investigate only the first phase of the accident (until DNB), so the thermal-hydraulics modulus of
SCANAIR was developed in order to deal with Na flow. Further extension of the code in order to deal
with water thermal-hydraulics in RIA conditions has been considered thanks to the PATRICIA separate
effect program. Additional improvement up to the fuel-coolant interaction phase is foreseen.
This code needs, as input deck, the definition of certain parameters and the description of the rodlet state
after the irradiation period. Using an irradiation code such as FRAPCON-3 can perform the last task.

2.3.- FRAPCON-3
The steady state rod behaviour has been simulated with FRAPCON-3. The code performs a 2D analysis
of the fuel rod by assuming that it is azimuthally symmetrical and by nodalising it along the axial and
across the radial direction. It was enabled to deal with long periods of irradiation at constant power and/or
slow power ramps up to 65 GWd/tU (rod average), (Berna, et al, 1997). As a result, many material
properties and models were re-examined and upgraded when needed to account for the effects of high
burnup. Examples are the fission gas release model, the fuel thermal conductivity equation, the cladding
mechanical properties, etc.

3.- FRAPCON-3 -SCANAIR 3.2 INTERFACE.
The main source of information to work out the SCANAIR input-deck has come from the FRAPCON-3
calculations (Vallejo et al, 2003). Nonetheless, some variables required by SCANAIR are not readily
available from the steady state analysis and they have been taken from the experimental values. In those
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cases where FRAPCON-3 does not provide information and'there are not measurements, a survey of
related literature has been carried out to find out values as representative as possible.
Among the parameters obtained via FRAPCON-3 code, the most relevant are: fuel density, plutonium
concentration, burnup, fission gas concentrations, EOL temperatures and pressure,' clad oxide thickness
and geometry dimensions of fuel and clad. Important variables settled thanks to data provided by
literature are in particular: critical coverage fraction of grain boundaries by inter-granular bubbles,
porosity, grain radius, rim width'and intra-granular and inter-granular bubbles radius.
As mentioned before, variables coming from FRAPCON-3 code are subjected to uncertainties. Coping
with those uncertainties is not a straight task. There are only a few variables whose range of uncertainty is
referred to in FRAPCON manual (Lanning et al, 1997), these are the oxide layer width, the burnup and
the gas concentration. For the others, such range must be decided attending to some physical
considerations. Nevertheless, considering that this study is mainly exploratory, and-in order to simplify
the situation and to achieve a sufficient conservative determination, the uncertainty interval has been
taken widely enough. It is worth to say that most of uncertainty ranges are considered much bigger than
expected for a code like FRAPCON-3, and'it will be'clear later that if these huge ranges produce small
variations in SCANAIR predictions, the expected errors will be of less importance.
The variables and their range of uncertainty are listed below:
1. Gap width:

±50%

2. Oxide thickness:

i 50%

3.

up to 25% for pellet radius bigger than 0.38 cm (last seven nodes in the
nodalisation, slightly wider than the rim area)

Porosity:

4. Gas concentration:

± 50%

5. Rim width:

± 90%

6. End of life temperatures:

± 20%

7. Power radial profile: '

30% (in the last seven nodei)

8. Burnup:

i 30% (in the last seven nodes)

9. Plutonium concentration:

' 30% (in the last seven nodes)

In SCANAIR input deck there are also some user options that need to be settled before running the code.
One of these is the so-called "rim-burst", that can be either activated or not. This option notably
influences the gas release modelling. With the rim-burst activated the total porosity is not conserved, and
the fuel may swell. When the rim-burst is not activated the total porosity is maintained, so that no fuel
swelling takes place. Some fuel swelling during the power burst is physically reasonable. Fission gas
release modelling in SCANAIR is effect-driven and designed to maximise clad loading even further than
expected on physical grounds (IRSN, 2003).
Another important option is the hardness value. It represents the resistance of a material to be penetrated
under pressure. It means that it is a key parameter in the conditions of heat transmission between to
materials in contact. When its value is set to zero, the contact is perfect and there is continuity in
temperatures between both materials, contrarily, when it is set to infinity the contact is worst and the heat
transmission is reduced. The simulation of the CIP02 experiment shows a better agreement with the
experimental data when the hardness is set to zero (Vallejo et al, 2003), but it is not clear that this is a
realistic physical case.
The variation of these two options in the study is:
1. Rim-burst option:

activated or non-activated.
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2. Fuel and clad hardness:

zero or infinite.

4.- RESULTS AND DISCUSSION
The procedure to investigate the uncertainties transmission in SCANAIR output has been starting with a
base case that is the case with the standard FRAPCON-3 results, rim burst non-activated and hardness
zero, and modify each variable to its limits. In some cases two variables have been modified at the same
time since there is a clear link between them.

4.1.- Reference variables.
The sensitivity was assessed through examining several output magnitudes of SCANAIR, some of a
thermal nature (coolant and fuel temperatures and enthalpy) and others of a mechanical one (clad
elongation, hoop strain and strain energy density (SED)). The selection was done considering two criteria.
On the one hand variables for which there are experimental data (coolant temperature, clad elongation and
remaining hoop strain) so a comparison with experimental results can be done, on the other hand
magnitudes particularly important in safety evaluations of fuel integrity after a RIA (fuel temperature,
enthalpy and SED).

4.2.- Test cases.
The variables and options considered in this study have been those whose uncertainty, as it has been
observed in previous studies, could notably affect SCANAIR predictions. Anyhow, there are other
magnitudes that could have some effect and it could be worth to investigate. We mean, for example, pore
opening pressure, bubble and grain radius, some material properties, etc.
In Table 1 the results of the simulations are summarized. In this table the first, second and third columns
contain the variable, its number and its variation in the uncertainty study. The fourth column indicates any
relevant observation in the case considered (for example the values of any parameter that has been
modified). The rest of the columns are the magnitudes to assess the sensitivity, containing their value and
the percentage of variation with respect to the base case. Those cases with a notorious deviation with
respect to the base case have been remarked in black.
Given the limited scope of this study only a few cross effects have been analyzed. Anyhow, in a previous
sensitivity analysis, some of the potential cross effects were considered particularly relevant. Those cases
have been the subject of this study.
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TABLE 1. SCANAIR input deck sensitivity assessment

Cladding
Hoop stra.
%

Clad
elong.
cm

1263

0.31
0.37

0.25
0.32

1.65

353 .
-8.8%

1365
8%

0.44
18.9%

0.32
0%

3.21
94.5%

353.8
3.2%
380A

377.3
-2.6%
348.8

1286
1.8%
1370

1.12
202%
1.11

0.32
0%
0.33

5.36
224%
6.81

10.9%
343.1
0.06%
342.8
-0.03%

-10%
387.6
0%

8A%
1264
0%

200%
0.2
-45.9%

312%
0.82
-50%

387.5
-0.03%

1263
0%

0.51
37.8%

3.1%
0.22
-31.2%
0.38
18.7%

344.7
0.5%
340.9
-0.6%352.9
2.9%

384.1
-0.9%
391.1
0.9%
376.4
-2.8%

1265
0.2%
1262
0%
1278
1.2%

0.42
13.5%
0.34
-8%
0.35
-5.4%

0.33
3%
0.3
-6%
0.32
0%

1.62
-1.8%
1.77
7%
1.9
15%

zne R im 1zoe
Rih*YS

362.8
5.8%

367.5
-5.1 %

1321
4.6%

0.63
70%

0.32
0%

3.54
114%

I1

+50%

342.9

387.6

1263

0%

2.7%

0.38

0.32

0%

0.6%

12

-50%

342.9
0%

387.6
0%

1263
0%

0.36
-2.7%

0.32
0%

1.64
-0.6%

13
1

+90°/

342.9
0%

387.6
0%

1263
0%

0.39
5.4%

0.32
0%

1.64
-0.6%

Coolant
Temp.

Fuel max.
Temp.

342.9

383
387.6

375.6
9.5%

y
Observa- E
Milions J/g

Modified variable
Experimental results
BASE
CASE

1

Hardness

2

Rm-burst

3
3

.

Gap w

-

Oxide
thickness

Hard=0
Rim=NO

Hard=0
YS

0°o

5
6dth
6

+5

7
7

+50°
+

-50%

8
s

9

0
up to 25%

Porosity

Gas conc.

Rimwidth

Hard

Rimt=NO

1 +5%0%

Rim=NO

0.33

8.31

355.1

15

Rim=NO

3.5%
342.9
0%

-2.9%
387.6
0%

2.2%
1263
0%

364%
0.36
-2.7%

3.1%
0.32
0%

403%
1.65
0%

348.3
1.5%
342.9
0%
343.1
0%

382
-1.4%
387.6
0%
387.5
0%
397.3
%

1270
0.5%
1263
0%
1264
0%
1380

0.73
97%
0.35
-5.4%
0.36
-2.7%
0.39

0.33
3.1%
0.32
0%
0.32
0%
0.29

3.52
113%
1.64
-0.6%
1.37
-16.9%
1.26

-3%
384.9
-0.7%
391.2
0.9%

4.6%2
1266
0.2%
1259
-0.3%

-2.7%
0.37
0%
0.38
2.7%

6.2%
0.31
-3%
0.32
0%

40%
1.68
1.8%
1.55
--6%

17
18
139

Pwra19i+30
rail

Rim-YES
+20%
-20%

+30%

-0.8

-0.8%

2.5%
375.6

-354.4

profile

1.72

1.66

m-YES

90

Poer

1291

2.67
162%

RinrYES

16
EOL
Temp.

376.2

3

14

14

90

0%

ScE

20

-30%

.3.3%

9%
1322

5.4%
0.36

-9%
0.34

-23%
2.31

21

+30%

22

-30%

345.2
0.6%
339.7
-0.9%

23

+30%

342.9

387.6

1263

0.37

0.32

1.65

-30%

342.9

387.6

1263

0.36

0.32

1.64

0%

0%

0%

-2.7%

0%

-0.6%

Rim zone

Burnup

23

nc. 24

0%

0%
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0%

0%

0%

0%

In Figure I the deviation of two magnitudes, SED and Enthalpy, regarding to the base case are plotted for
the 24 cases considered. The range of variations in both variables are 0.8-8.3 MJ/m 3 for SED and 81-90.8
cal/g for enthalpy. It is easy to see, from this figure, that some cases produce large deviations, while
others scarcely affect the results. In addition, one should note that variations in the plot are given in
absolute terms; however, in sight of Table 1 the base case might be seen as a kind of averaged case, since
some of the cases are shown to result in negative variations with respect to the base case.

10

8

r
0

c

C
0
Ca
Co
0

M
>

0

W
_0
xW

4

w

'sCL
ULJ

2

0

cases
Figure 1. Deviation of SED and Enthalpy of the cases consideredwith respect to the base case

4.3.- Major observations
Those values significantly different from the base case are remarked in black in the table. From the table,
the following comments arise:
1. The base case fits reasonably well to the experimental results.
2. There are variables or parameters whose effect in the results is quite huge, while others have much
less influence.
3. Hardness, Rim-burst option and Gap width have strong influence in the results.
4. Gap width and rim-burst affect mainly mechanical response, hardness affects both thermal and
mechanical response.
5. Comparison with available experimental results shows that in CIP02 simulation the input with the
parameter hardness set to zero and rim-burst non-activated produces a closer result.
6. The rest of the variables do not have so high influence.
7. User options can make some variables become important. For example, porosity or rim width has a
strong influence when including the rim-burst option activated.

338

4.4.- Remarks
It is important to emphasise that the calculations do not imply whether the variables do have or not an
important influence in a RIA event. They only suggest that their accuracy in the input deck of SCANAIR
is or not an important factor in the simulation.
The option with hardness zero and rim-burst non-activated produce closer values to experimental results
in CIP02 simulation. The hardness zero implies a perfect thermal contact between fuel and cladding and
is supported by the fact that for high bum-up fuel, the gap is closed at the end of the base irradiation and
that there is a bonding between the 2 materials due to the internal zirconia layer. For the rim burst option
not activated, this assumption is supported by the fact that the cladding temperature is still "low" in this
first phase of the transient (i.e. no DNB) and restrains the gases inside the pellet for such a low energetic
test (typical PCMI behaviour).
Only in few cases cross effects have been studied. In this respect this study should be taken as a first step
to see which parameters or variables must be specially considered in both the irradiation and SCANAIR
codes.

5.- SUMMARY AND CONCLUSIONS
The effect of the uncertainties in variables and parameters in the input deck of SCANAIR 3.2 code has
been investigated. Some of these variables come from a steady state irradiation code (FRAPCON-3).
These are fuel density, plutonium concentration, burnup level, fission gas concentrations, EOL
temperatures and pressure, clad oxide thickness and geometry dimensions of fuel and clad. Two user
options are directly implemented in SCANAIR input deck. These are the material hardness and the socalled rim burst option.
An accuracy interval has been established for each variable and the deviation of SCANAIR result with
respect to the base case has been quantified. Two major groups have been identified regarding the value
of this deviation. A group that can be called "hard" variables which produces a huge deviation. These are
the gap width; the hardness parameter and the rim burst option. The rest of variables produce much less
deviation and can be called "soft" variables.
It is important to remark that this study is limited to the input deck of SCANAIR, and no considerations
are done about the physical modelling. The work has been done with the SCANAIR 3.2 version, so the
conclusions can differ for updated versions. As a final point, the simulation has been carried out based in
the CIP02 experiment so no extension to other CABRI tests follows necessarily.
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