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REPORT SUMMARY

This report evaluates altering the hydrogen concentration for mitigation of primary water stress
corrosion cracking (PWSCC).

Background

For several years, EPRI has investigated the possible benefits of changes to the hydrogen
concentration in the reactor coolant system (RCS) with regard to ameliorating the occurrence of
PWSCC of nickel-base alloys. This issue also has been under investigation by several other
organizations that have made many of their findings available to EPRI. Since changes in
hydrogen concentration might affect many other aspects of the plant, such as fuel performance
and shutdown radiation fields, these other aspects also are being evaluated. A recent milestone in
this effort was the Hydrogen Management Workshop conducted in January 2007, which was
attended by representatives of EPRI’s Materials Reliability Program (MRP), Fuel Reliability
Program (FRP), and Chemistry Program as well as representatives of vendors, including nuclear
steam supply system (NSSS) vendors, and consultants.

Objectives

To provide an overall assessment of the entire EPRI program that addresses both benefits and
possible drawbacks of operating current generation plants at alternative (high or low) hydrogen
concentrations (for example, outside of the current EPRI Primary Water Chemistry Guidelines
range of 25- to 50-cc/kg hydrogen).

Approach
These four specific inputs to EPRI’s overall hydrogen management program were identified:

e A Babcock and Wilcox Canada (BWC) report on the general feasibility of operating at lower
or higher hydrogen concentrations than are already encompassed by industry experience

e An assessment by Westinghouse of the feasibility of operating Westinghouse and CE design
plants with high or low hydrogen concentrations

e An FRP report addressing issues related to the compatibility of high hydrogen concentrations
and fuel reliability

e An MRP assessment of the relationship between hydrogen concentration and PWSCC of
nickel-base alloys and weld metals

These four sources, along with numerous other references, meetings, and communications with
EPRI project managers and original researchers, were synthesized into the current document,
providing a summary of the overall EPRI effort. Since mitigation of PWSCC is the motivation



for considering alternative hydrogen concentrations, only plants with PWSCC susceptible
materials are considered.

Results

In general, evaluations in this report suggest that operation at a moderately increased hydrogen
concentration (for example, cycle average of 50 cc/kg with a limit of 55 or 60 cc/kg to
accommodate reasonable fluctuations about this set point) will provide modest but significant
mitigation of PWSCC without causing problems with other plant systems and components.
Additional benefits of increasing hydrogen concentrations beyond this level will have
diminishing returns, based on current understanding. Furthermore, the effect on other systems
requires significantly more review to ensure adverse effects are unlikely. Operation below the
current limit of 25 cc/kg is not recommended for the current generation of plants.

The recommended path regarding elevated hydrogen has two parallel groups of activities in the
near term. These are as follows:

e Generic tests and analyses to address high-priority items, including the following:
— Confirm that effects of hydrogen concentration on modern fuel cladding are negligible
— Review the literature on the effect of hydrogen concentration on stainless steels

e Plant-specific analyses at candidate plants, including the following:
— Review safety-analyses regarding explosive gas mixtures

— Evaluate the effect of hydrogen concentration on the adequacy of plant programs to
prevent/identify gas pocket formation in safety-related systems

— Evaluate volume control tank (VCT) pressure limits related to reactor coolant pump
(RCP) seals and verify that these limits do not impact the choice of hydrogen
concentration within the limits under consideration (up to 80 cc/kg)

— Evaluate pressure limits in other low-pressure systems and verify that these will not
impact the choice of hydrogen concentration

Lower priority issues are identified for resolution on a generic or plant-specific basis.

EPRI Perspective

This report provides a summary of numerous programs within EPRI to support utility efforts to
manage materials aging issues. Specific evaluations investigating the effect of alternative
hydrogen concentrations in the RCS on fuels and PWSCC mitigation can be found in EPRI
reports 1013522 and 1015288, respectively. The conclusions indicate that chemical mitigation of
PWSCC through optimization of hydrogen concentration in the primary coolant is a viable path
for reducing costs associated with component degradation and inspection. These results and all
further assessments will be considered for application to the next revision of the PWR Primary
Water Chemistry Guidelines.

Keywords
Pressurized water reactor Primary water stress corrosion cracking Mitigation of cracking
Hydrogen optimization Alloy 600
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1

INTRODUCTION AND OVERVIEW

For several years EPRI has had a program to investigate the possible benefits of changesto the
hydrogen concentration in the reactor coolant system (RCS) with regard to ameliorating the
occurrence of primary water stress corrosion cracking (PWSCC) of nickel-base alloys. This
issue has aso been under investigation by severa other organizations that have made many of
their findings available to EPRI. Since changes in hydrogen concentration might affect many
other aspects of the plant, such as fuel performance and shutdown radiation fields, these other
aspects are also being evaluated. A recent milestone in this effort was the Hydrogen
Management Workshop conducted in January 2007, which was attended by representatives of
EPRI’s Materials Reliability Program (MRP), Fuel Reliability Program (FRP), and Chemistry
Program as well as representatives of vendors, including NSSS vendors, and consultants. At this
meeting, the following four specific inputs to EPRI’s overall hydrogen management program
were identified:

e A report by Babcock and Wilcox Canada (BWC) on the general feasibility of operating at
lower or higher hydrogen concentrations than are already encompassed by industry
experience

e An assessment by Westinghouse of the feasibility of operating Westinghouse and CE design
plants with high or low hydrogen concentrations

e AnFRP report addressing issues related to the compatibility of high hydrogen concentrations
and fuel reliability

e An MRP assessment of the relationship between hydrogen concentration and PWSCC of
nickel-base alloys and weld metals

The purpose of thisreport isto provide an overall assessment of the entire EPRI program that
addresses both the benefits and possible drawbacks of operating current generation plants at
aternative (high or low) hydrogen concentrations. Since mitigation of PWSCC is the motivation
for considering alternative hydrogen concentrations, only plants with PWSCC susceptible
materials are considered. Theitemslisted above, feedback from the workshop, and several other
sources were consulted in compiling this report.

Based on the assessment of the current state of knowledge regarding primary coolant hydrogen
concentrations, a path forward is recommended for the near term and the long term.
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CONCLUSIONS AND RECOMMENDATIONS

2.1 Introduction

This report attempts to capture all issues related to operation at elevated or reduced hydrogen
concentrations. The purpose of this chapter isto give a brief summary of the major conclusions
reached in regard to each issue considered. Of principal interest is an assessment of the benefits
likely to be gained from changes to higher or lower hydrogen concentrations, especially with
regard to PWSCC. Section 2.2 summarizes the conclusions reached in Chapter 4, which
discusses thisissue at length.

Chapter 9 addresses safety and operational issues which have been identified for further
consideration. These issues are summarized in Section 2.3, which references specific sections of
Chapter 9 as well as other sections of the report where these issues are discussed.

In performing this review of prior and ongoing investigations, a number of areas have been
identified in which additional research might prove useful. These are summarized in Section 2.4,
with references to the sections of this report where particular issues are discussed in depth.

Finally, Section 2.5 provides overall conclusions based on the currently available information.

2.2 Summary of Expected PWSCC Mitigation

Experimental data on PWSCC crack propagation and initiation were reviewed to evaluate the
effect of hydrogen concentration. An extensive body of data indicates that crack growth rates
(CGRs) correlate to the difference between the actual hydrogen concentration and the hydrogen
concentration at which nickel metal and nickel oxide arein equilibrium. The farther from the
nickel-nickel oxide transition the lower the CGR, with reductions being roughly log-symmetric
about the transition in terms of hydrogen concentration (normal-symmetric in terms of
electrochemical potential). The effect on PWSCC initiation isless well characterized, but from
the dataavailable it is reasonable to conclude that the dependence of initiation rates on hydrogen
concentration is similar to that of crack growth rates. The following conclusions are based on
calculated factors of improvement (FOI) for crack growth rate:

e Calculated factors of improvement indicate modest mitigation of PWSCC (FOI~1.6 for
EN82H) at high-temperature locations (325-343°C) for increases in hydrogen from a current
typical operating concentrations (35-40 cc/kg) to about the upper limit of the current
operating band (50 cc/kg). For ahydrogen increase to 80 cc/kg from 35 cc/kg, the FOI for
EN82H is predicted to be 2.4 (325°C) or 3.2 (343°C). Therefore, the incremental benefit
from 50 cc/kg to 80 cc/kg is an FOI of 1.5 (325°C) and 2 (343°C).
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e Calculated factors of improvement for Alloy 600 for the same increases in hydrogen
concentration are typically smaller than for Alloy 182/82, except at very low temperatures
(290°C) where it issimilar.

e At lower temperatures, increases in hydrogen concentration above current typical operating
concentrations of 35-40 cc/kg have a smaller mitigative effect on PWSCC.

e Reductionsin hydrogen concentration that do not go below 5 cc/kg are predicted to increase
PWSCC rates relative to current operating conditions at most RCS temperatures
(290-325°C). At very high temperatures (343°C) there is modest mitigation with an FOI ~
2.5 (for EN82H) at 5 cc/kg relative to 25 cc/kg and FOI ~ 1 (for al materials) at 5 cc/kg
relative to 50 cc/kg.

In general, conclusionsin the literature regarding the effect of hydrogen on PWSCC initiation
are limited by one of the following factors:

e Conclusions regarding the existence of a maximum initiation rate at the transition between
nickel and nickel oxide have been based on data that contain too much scatter to draw firm
conclusions.

e Conclusions regarding a monotonic increase in initiation rates as hydrogen increases have
generally been based on data sets that do not extend significantly above the hydrogen
concentrations associated with the transition from nickel to nickel oxide.

Although initiation data do not clearly show as strong a correlation to hydrogen concentration as
do PWSCC growth rate data, the results of most investigations are not inconsistent with trends
observed in crack growth rates.

Chapter 4 is devoted to areview of the available data on the effect of hydrogen on PWSCC and
provides additional details regarding the methods of calculating these FOI. Appendix A provides
tabular values of FOIsfor various materials at different temperatures for the changes in hydrogen
concentration under consideration.

2.3 Areas of Concern

Chapter 9 provides an extensive discussion of safety and operability concerns associated with
changes in hydrogen concentration. Many issues are discussed at length in this report while
others are mentioned only briefly. These issues have been divided into three categories:

e High priority issues that could potentially be “show stoppers’ and prevent the application of
changes in hydrogen concentrations

e Other, lower priority, issues that can probably be dispositioned on a generic basis

e Additional issuesthat are plant-specific

These are briefly summarized in the following sections which provide references to sections of
this report where these issues are discussed more fully.

2-2
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Note that this review has not been specifically cast in the context of a CFR50.59 safety
evaluation. Itisanticipated that the technical discussion in thisreport and additional research as
recommended in Section 2.4 will provide a nearly complete basis for performing a safety
evaluation. However, it is possible that additional issues may be identified in a safety evaluation.

2.3.1 High Priority Issues

High priority issues are discussed throughout this report, and a concise listing is given in Section
9.2. The sections below briefly summarize the issues and suggest a course of action to address
the concerns. A summary of the high priority issuesis provided in Table 2-1.

Table 2-1

High Priority Issues

Issue

Section
Discussed

Action to Be Considered

Fuel Performance and
Integrity

Section 2.3.1.1
Chapter 5
Chapter 6
Chapter 8
Section 9.2.1
Section 9.4.2

Confirm limited impact on modern zirconium alloys
through laboratory and reactor loop testing

Explosive Gas Mixtures

Section 2.3.1.2
Section 9.2.2

Plant-specific safety analyses

Radiolysis

Section 2.3.1.3
Chapter 8
Section 9.2.3

None

Acceleration of PWSCC

Section 2.3.1.4
Chapter 4
Section 9.2.4

Do not adopt a reduced hydrogen concentration
program

Hydrogen Embrittlement

Section 2.3.1.5
Section 2.4.2.3
Section 9.2.5

Perform literature review of the effects of hydrogen on
stainless steels
Consider PWSCC testing of stainless steels

Safety-Related System
Inoperability

Section 2.3.1.6
Section 9.2.6
Section 9.3.2
Section 9.4.3
Section 10.4.1

Evaluate current plant programs to prevent/detect gas
pocket formation in safety-related systems

RCP Seal Flow

Section 2.3.1.7
Section 9.2.7
Section 9.4.2

Evaluate plant-specific VCT pressure limits related to
RCP seals against desired operating pressures in
proposed hydrogen program

Pressure Limits in Low
Pressure Systems

Section 2.3.1.8
Section 9.2.8
Section 9.4.2

Evaluate plant-specific pressure limits in low pressure
systems connected to the RCS/CVCS




EPRI Proprietary Licensed Material

Conclusions and Recommendations

2.3.1.1 Fuel Performance and Integrity

Several effects of altered hydrogen concentration have been postulated, including the following:
e Changes in hydriding and other corrosion phenomena in Zr-base fuel cladding (Chapter 5)

e Changes in corrosion product deposition rates on fuel cladding (Chapter 6)

e Changes in boiling rates (Section 9.4.3)

e Increases in oxidant concentrations (for decreases in hydrogen concentrations) (Chapter 8)

These issues are extensively discussed in the sections of this report noted in the above list and
are not discussed further here. Although these issues pose significant concerns, they do not
appear to prevent the safe application of elevated or decreased hydrogen concentrations based on
current knowledge. However, additional work is needed to demonstrate this with acceptable
confidence.

The most significant issue is the absence of data on the effect of hydrogen concentrations on
hydriding of modern zirconium alloys. Research to address this issue is discussed in Section
24.25.

2.3.1.2 Explosive Gas Mixtures

A major consideration in the use of hydrogen is the potential for the formation of explosive gas
mixtures in vapor phase regions (for example, in the pressurizer or the volume control tank).
This is discussed in Section 9.2.1.

It is likely that this issue will need to be addressed on a plant specific basis before
implementation of an elevated hydrogen program. Generic evaluations which could be used to
support such an effort are already available.

2.3.1.3 Radiolysis

Radiolysis is discussed in Chapter 8. At the concentrations under consideration (5 — 80 cc/kg)
there appears to be no significant risk of increased radiolysis as long as the target hydrogen
concentration is maintained. This conclusion considers several secondary factors including
temperature, boiling, variations along the fuel assembly, and input uncertainty. Analysis of the
ability to control concentrations at 5 cc/kg (i.e., verification that concentrations will not go
significantly below 5 cc/kg) is very plant specific, although generally use of low concentrations
of hydrogen is considered to increase risks associated with operational events, such as loss of
letdown flow or addition of aerated makeup water, that could cause further reductions in
hydrogen and inadvertent entry into undesirable oxidizing conditions.

2-4
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2.3.1.4 Acceleration of PWSCC

As discussed in Section 4.4, some specific changes in hydrogen concentration could result in
accelerated PWSCC. For lower temperature locations (325°C to 290°C) all changes to hydrogen
concentrations to the range of 5 — 25 cc/kg are expected to accelerate PWSCC of nickel-base
alloys and weld metals (regardless of the specific material).

Since numerous susceptible components are at temperatures in this range, lowering coolant
hydrogen concentrations would increase the risk of pressure boundary degradation. For this
reason, it is considered highly unlikely that decreased hydrogen concentrations can be considered
desirable (or even feasible).

2.3.1.5 Hydrogen Embrittlement

Asindicated in Section 9.2.5, the effects of the increases in hydrogen concentration under
consideration on stainless steels and other non-nickel-base, non-zirconium-base RCS materials
have not been fully investigated. Suggestions for addressing this issue are discussed in Section
2.4.2.3. (Low temperature crack propagation, an embrittlement issue, of nickel alloysis
discussed in Chapter 7, while effects on zirconium alloys are discussed in Chapter 5.)

2.3.1.6 Safety-Related System Operability

Increases in hydrogen concentration could lead to more rapid development of gas pocketsin low
pressure systems connected to the CVCS. These include some safety-related systems as
discussed in Section 9.2.6. Additional discussion of gas pocket formation islocated in

Sections 9.3.1 and 9.4.3. At current hydrogen concentrations, some inoperability events have
occurred, as discussed in Section 10.4.1. To address thisissue, plant-specific evaluations of
current programs to prevent voiding in safety-related systems should be made.

2.3.1.7 RCP Seal Flow

At some plants, the allowable pressurein the VCT islimited to arelatively narrow range (e.g.,
15— 65 psig) due to RCP seal considerations. Thisissueisdiscussed in Section 9.2.7. Each
plant considering a change in hydrogen concentration would need to assess the plant-specific
range of alowable VCT pressures. However, the limits given above (15 — 65 psig) would not
prevent operation in the range under consideration (5 — 80 cc/kg) as discussed in Section 9.4.2.

2.3.1.8 Pressure Limits in Low Pressure Systems

Asdiscussed in Section 9.2.8, pressure limitsin low pressure systems (e.g., the CVCS) would
need to be assessed against possible increases in hydrogen partial pressure to assure that
structural limits were not challenged. However, the concentrations under consideration (up to 80
cc/kg) are not likely to challenge these limits, since the equilibrium pressure for 80 cc/kg at VCT
conditionsislessthan atypical VCT high pressure alarm setpoint (60 psig) as discussed in
Section 9.4.2.
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2.3.2 Other Generic Issues

Additional issues that should be addressed on a generic basis are listed in Table 2-2, which also
lists the sections of this report where each topic is discussed.

Table 2-2
Other Generic Issues

Issue _Sect|on Action to Be Considered
Discussed
Effect on secondary Section 9.3.3 Evaluate effect on feedwater heater efficiency
systems " Evaluate flammability of condenser offgases
Cavitation Section 9.3.4 None
Incorporate effects on degassing times or peroxide
Dedassing durin Chapter 7 requirements into hydrogen optimization program
9 9 9 Section 9.3.6 Develop degassing recommendations for planned and

Shutdown

Section 10.4.4

unplanned outages based on LTCP and pressurizer
inventory concerns

Tritium Generation Section 9.3.7 None

Corrosion Product .

Removal During Shutdown Section 9.3.8 None

Control of Hydrogen during | Section 9.3.9 Do not adopt a reduced hydrogen concentration
Water Transfers Section 10.3 program

Control of Hydrogen during
Hydrogen Transients

Section 9.3.10

Do not adopt a reduced hydrogen concentration
program

Resin Degradation

Section 9.3.12

Evaluate the effect of hydrogen concentration on resin
degradation

Evaluate the effect of hydrogen concentration on the
effect of a resin ingress

Radiocobalt Behavior

Section 2.4.1.1
Section 3.4.2
Section 9.3.13

Consider a research program into solubility of mixed
metal oxides

Interaction with Elevated
Lithium

Section 9.3.14

None
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2.3.3 Plant-Specific Issues

Additional issues that should be addressed on a plant-specific basis are listed in Table 2-3, which
also lists the sections of this report where each topic is discussed.

Table 2-3
Plant-Specific Issues

Section

Issue . Action to Be Considered
Discussed
Section 9.3.2 Review current plant-specific programs to
Gas Pocket Formation Section 10.4 P P prog

prevent/detect gas pocket formation

Section 9.4.3
Waste Gas Handling Section 9.3.5 Evaluate effect of mpreased hydrogen concentration
on waste gas handling systems
Flow Rates Returning to Evaluate flow rates returning to the VCT considering
9 Section 9.3.11 target VCT pressure under proposed hydrogen

the VCT
program

2.4 Additional Research and Analysis

The review of the current understanding of the effects of hydrogen concentration on PWSCC and
plant operations has identified several issues which represent knowledge gaps. The discussion
below is divided into issues which are under active investigation and issues which are not
currently being addressed. Each gap is summarized, possible investigations are discussed, and
the usefulness of potential new information is assessed.

2.4.1 Issues Currently Being Investigated

2.4.1.1 Mixed Metal Oxide Solubilities

EPRI Chemistry, through the MULTEQ database committee, and the FRP are both pursuing
programs to investigate the solubilities of metals from mixed oxides (e.g., nickel ferrite) as
functions of temperature, pH, and hydrogen concentration. Currently, the understanding of such
solubilitiesis somewhat limited, especially for minor oxide constituents such as cobalt and zinc.
Thisissueisdiscussed in Sections 2.4, 3.5, and 3.6.

Possible routes to filling this knowledge gap include detailed solubility testsin refreshed
autoclaves or flow through systems similar to those that have been performed for single metal
oxides.
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The solubility of nickel, the chief corrosion product in PWRs that have nickel-base alloy steam
generators (all currently operating U.S. PWRS), is thought to be highly dependent on the solid
phase from which it is dissolving. Recent work suggests that the effects of hydrogen
concentration on nickel solubility from mixed metal oxides complicate the assessment of
hydrogen optimization with respect to corrosion product solubility. Similar issues may affect the
solubility of zinc from mixed metal oxides and could thus affect the efficacy of zinc injection for
dose reduction and PWSCC mitigation (see Section 2.4.1.2).

2.4.1.2 Interaction of Hydrogen and Zinc

Asdiscussed in Section 12.2, zinc injection is being used for mitigation of PWSCC. The impact
of increasing hydrogen on the effect of zinc on PWSCC mitigation is currently under
investigation. Asdiscussed in Section 12.2, positive, neutral, and negative interactions between
increased hydrogen and zinc addition can be postul ated.

In addition to on-going crack growth rate measurements, investigation of the fundamental
interaction between zinc, hydrogen, and other metals could be investigated as discussed in
Section 2.4.1.1.

Quantification of the interaction of hydrogen and zinc will allow utilities to evaluate the relative
merits of these two mitigation strategies taken alone or together.

2.4.1.3 Incorporation of Hydrogen Effects Into Comprehensive PWSCC Models

Ongoing evaluations by the MRP have attempted to incorporate hydrogen effects into a more
comprehensive model of PWSCC crack growth rates which includes material properties and
heat-to-heat variability. Thiswork is discussed in Section 4.5.5.

Prediction of PWSCC in plantsis necessary for utilities to evaluate different mitigation

strategies, disposition slow growing flaws, and plan repair activities. However, previous work
indicates that developing afully reliable model will be difficult and may not be practical.

2.4.2 Issues Not Currently Under Investigation by EPRI

2.4.2.1 Relevance of the Nickel-Nickel Oxide Transition

Although several theories exist asto why PWSCC rates are greatest at ECPs at or near the
nickel-nickel oxide transition, none has been identified as a strong candidate. Thisissueis
discussed in Section 4.5.1.

Validation of a particular theory islikely to require very detailed microscopic investigation of the
films, crack tips, and adjacent microstructures formed under different concentrations of
hydrogen.
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Increased understanding of the mechanism by which hydrogen concentration affects PWSCC
would allow more confident extrapolation to other materials and conditions. It would also
provide some insight into the interaction (or lack of interaction) between hydrogen and other
mitigation strategies (e.g., zinc injection).

Additional information on thisissue would also help to explain why more recent measurements
of the Ni/NiO transition differ so markedly from previously widely accepted measurements.

2.4.2.2 Effects of Material Condition on Mitigation by Hydrogen Optimization

Data currently available indicate that there is a significant interaction between material condition
(e.0., the extent of cold work) and the effect of hydrogen on PWSCC. Thisisdiscussed in
Section 4.5.2. However, this effect has not been extensively characterized. Specifically, the
possible interactions between hydrogen concentration and mechanical mitigation strategies (e.g.,
peening) have not been addressed.

In general, bulk material conditions can be investigated using the techniques currently employed.
For example, differences between X-750 HTH and X-750 AH have already been studied.
However, it is not immediately evident how testing could be performed to address the issue of
surface cold work since most crack growth rate tests require a macroscopic pre-crack that would
penetrate below the cold worked layer.

More information on the relationship among cold work, hydrogen, and PWSCC would be useful
in assessing the usefulness of multiple mitigation techniques, such as the combination of peening
and optimized hydrogen concentrations.

2.4.2.3 Hydrogen Effects on Other Materials

Asdiscussed in Section 9.2.5 hydrogen embrittlement of other structural materials (stainless
steels) isaconcern. Although some consideration has been given to the effect of hydrogen
concentrations on cracking of these materials thisissue is not completely addressed by the
currently available data.

Thisissue could be resolved by additional laboratory testing of representative materials.
However, it is also possible that a more thorough review of the literature could provide enough
data to address this issue.

Increased confidence that the effect of elevated hydrogen concentrations on other system
materias (i.e., not zirconium or nickel aloys) isnot detrimental is prudent before
implementation of a significant increase in the hydrogen concentration.

2.4.2.4 Compilation of Initiation and Propagation Data

Chapter 4 is areasonable attempt to identify, compile, and analyze PWSCC initiation and
propagation data on the effect of hydrogen. A comprehensive review of all possible data was
beyond the scope of thisreport. Although the compilation of data considered was significant, a
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more robust effort islikely to be necessary to develop the statistical confidence in the effects of
hydrogen necessary to make significant investments and to obtain the benefits of inspection
relief.

A thorough evaluation of the literature data would start from the assumption that the crack
growth rate model discussed in Section 4.2.2 of Chapter 4 is correct and then determine the
values of the key parameters from reported crack growth rates. Comparison of results from
single sources as well as comparisons between laboratories would then be used to determine the
range of likely values for the parameters. Similar methods could be employed with crack
initiation data, although previous work in this area suggests that such an attempt may not be
useful.

An understanding of the degree of uncertainty in the factors of improvement for various changes
in hydrogen concentration would allow utilitiesto realistically assess the expected benefits from
such changes. This detailed understanding would also likely be necessary for obtaining
inspection relief or dispositions based on mitigation through hydrogen optimization.

2.4.2.5 Hydrogen Effects on Modern Fuel Cladding Alloys

Asdiscussed in Chapter 5 nearly al of the data relating to the effects of hydrogen on zirconium
alloys are based on alloysthat are currently in limited use in the United States. Modern aloys,
M5™ and ZIRLO™, have either not been subjected to similar testing or the results of such testing
are not publicly available.

Extensive testing of historic alloys indicates very little effect of environmental hydrogen
concentrations on zirconium alloy hydriding. Itislikely that confirmatory testing at very high
hydrogen concentrations could readily demonstrate that the same is true for modern aloys.

Fuel warranty considerations are considered to be a likely factor in delaying the implementation
of changesin hydrogen concentration. Satisfactory evidence from appropriate tests that
hydriding rates were not increased by higher hydrogen would satisfy many of these concerns.

2.4.2.6 Hydrogen Effects in Corrosion and Corrosion Product Transport and Deposition

Chapter 6 discusses the effects of hydrogen concentration on the deposition of corrosion
products on fuel surfaces (including preliminary processes such as general corrosion, corrosion
product release, and corrosion product transport). In general, the effect of hydrogen on these
processes is not understood.

Efforts to develop a better understanding of corrosion product deposition are ongoing. No new
avenues of investigation are immediately apparent.
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Based on the high uncertainty with respect to corrosion, corrosion product transport, and
deposition due to numerous other factors in addition to hydrogen, the effects of hydrogen
concentration changes are not likely to be discernable in plants. To be able to reliably detect the
effects of hydrogen, it will first be necessary to adequately understand and account for the effects
of other factorsthat likely have amuch larger effect.

2.4.2.7 Assessment of Effects of RCS Hydrogen Concentration on LTCP

Low temperature crack propagation (LTCP) isdiscussed in Chapter 7. Two interrelated
phenomena have been observed in laboratory testing: internal hydrogen embrittlement (IHE) and
hydrogen environment embrittlement (HEE). In IHE, hydrogen dissolved in the metal (either
from diffusion at high temperatures or from corrosion) resultsin areduction of fracture
toughness. In HEE, the same effect is caused by hydrogen from the external environment. Ina
plant, HEE would be accelerated by hydrogen in the coolant during cooldown. THE would be
accelerated by hydrogen in the coolant during operation.

L TCP testing on samples charged with hydrogen at high temperatures and then cooled would
indicate whether IHE is significant.

If LTCPisfound to be relevant to PWR conditions, the extent to which materials are susceptible
to IHE versus HEE could provide input regarding shutdown management of hydrogen
concentrations. It islikely that HEE could be avoided by reducing hydrogen concentrations just
prior to cooldown. However, IHE would require hydrogen concentration reductions at high
temperature some time prior to temperature reduction, when hydrogen can diffuse out of
susceptible components. |HE might also pose risks at unplanned outages if immediate
temperature reductions are required.

2.5 Overall Conclusions and the Path Forward

In general, the evaluations in this report suggest that operation at a moderately increased
hydrogen concentration (e.g., cycle average of 50 cc/kg with alimit of 55 or 60 cc/kg to
accommodate reasonabl e fluctuations about this set point) will provide modest but significant
mitigation of PWSCC without causing problems with other plant systems and components.
Additional benefits of increasing hydrogen concentrations beyond this level will have
diminishing returns, based on the current understanding. Furthermore, the effect on other
systems would require significantly more review to ensure confidence that adverse effects are
unlikely. Operation at hydrogen concentrations below the current limit of 25 cc/kg is not
recommended for the current generation of plants.

The recommended path forward regarding elevated hydrogen has two parallel groups of
activitiesin the near term. These are asfollows:
e Generic tests and analyses to address high priority items including the following:

— Confirm that effects of hydrogen concentration on modern fuel cladding are negligible

— Review the literature on the effect of hydrogen concentration on stainless steels
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e Plant-specific analyses at candidate plants including the following:

Review safety-analyses regarding explosive gas mixtures

Evaluate the effect of hydrogen concentration on the adequacy of plant programs to
prevent/identify gas pocket formation in safety-related systems

Evaluate VCT pressure limits related to RCP seals and verify that these limits do not
impact the choice of hydrogen concentration within the limits under consideration (up to
80 cc/kg)

Evaluate pressure limits in other low pressure systems and verify that these limits do not
impact the choice of hydrogen concentration within the limits under consideration (up to
80 cc/kQ)

Upon completion of these tasks, theissueslisted in Table 2-2 and Table 2-3 should be addressed
on ageneric and plant-specific basis, respectively.
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FUNDAMENTAL ELECTROCHEMISTRY

3.1 Units of Measure

Several different units of hydrogen concentration are used in this report and in the cited
literature. This section discusses the bases for various conversions. Many of the conversions
used are based on an assumption of ideal gas behavior. Therefore, Section 3.1.1 beginswith a
discussion of the likely deviations from ideal gas behavior at relevant conditions. Section 3.1.2
discusses conversion from mass based units (ppm) to volume based units (cc/kg). Section 3.1.3
discusses the use of fugacity as a measurement of hydrogen concentration.

3.1.1 Ideal Gas Behavior of Hydrogen
|deal gases are those that follow the ideal gas law, which isasfollows:
PV =nRT Eq. 3-1

where P is the pressure (absolute, not gauge), V is the volume of the gas, n is the number of
moles (6.022137 x 10” molecules), T is the absol ute temperature (e.g., on the Kelvin scale), and
Ristheideal gas constant. Vauesfor Rintypical unit systems are as follows:[1]

kJ
kmol — K
atm-—cc
mol — K

Btu
Ibmol —°R

R =8.3143

=82.06

Eqg. 3-2

=1.986

(Note that many calculations in this report were performed using spreadsheets in which non-
significant figures were retained throughout the calculation and final results were rounded to the
appropriate significant figure.)

Deviations from the ideal gas law are quantified by the compressibility factor, z, which is defined
asfollows:

_ PV

l1=—— Eqg. 3-3
RT a
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The law of corresponding states indicates that the compressibility factor is afunction of the
reduced temperature and pressure (i.e., the ratio of the temperature and pressure to the
temperature and pressure at the critical point) independent of the specific gas. Deviations from
ideality are largest at high pressures and low temperatures. Therefore, a bound on the ideal
behavior of hydrogen may be obtained using alower bound on temperature (25°C or 298K) and
an upper bound on pressure (7 atm). Using the critical properties for hydrogen [1] the bounds on
reduced pressure and temperature are as follows:

p = __raMm__gg5
P. 128 atm
Eq. 3-4
T, =288 g9
T, 336K

These values give a compressibility factor of approximately 1.007 [1], which is sufficiently close
to unity to justify the assumption that hydrogen behavesideally.

3.1.2 Volume-Based Units (cc/kg)

Typical liquid concentrations are reported in cc/kg (standard cubic centimeters per kilogram).
These units can be easily converted to alternate concentration measurements using the ideal gas
law and the definition of the standard state (1 atm, 0°C) to convert from units of volume to units
of mass. For example, Equation 3-5 demonstrates the conversion of cc/kg to ppb (with the
approximation that most of the massis due to water).

cc_4 P w1 latm 2 9
kg kg RT kg (82.06 atm—ccj(zn15 K) mol
mol — K
~8.923x10° -3 — 0.08923 ppm
kg Eq.3-5
1ppm=1 ppm—g = 1.21E
0.08923 ppm kg
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3.1.3 Fugacity

For an ideal gas, the molar free energy change of an isothermal processis given by the following
equation [2]:

= P
AG, =RTIn-£ Eq.3-6
1
The fugacity is defined as the property which makes Equation 3-6 true for real gases, as
indicated in Equation 3-7.
5 _RT f,
AG; =RT nT Eq. 3-7

1

Any measurement which uses extent of reaction to quantify concentration is a measurement of
the fugacity. In some systems the fugacity may differ from a mechanically based measurement
of pressure. Electrochemical based measurements of hydrogen concentration are actually
measurements of fugacity, since they are measurements of the free energy (directly related to the
electrical potential through Faraday’s Law).

In the conditions under consideration, hydrogen is not expected to significantly react with system
materials nor isits behavior expected to deviate from ideal gas behavior (see Section 3.1.1).
Therefore, no significant differences are expected to exist between pressure (mass based
concentration) and fugacity (chemical reactivity based concentration). Although some
references report hydrogen fugacity, only pressureis used in this report and the two measures are
assumed to be identical.

3.2 Henry’s Law

It has long been observed that the concentration of a dissolved gas in agueous solutionsis
linearly related to the partial pressure of the gas in the vapor phase in equilibrium with the
solution as long as the following criteria are satisfied:

e The conditions are reasonably far from the critical point (374°C, 221 bar for water).

e The gas concentration in the liquid phase is low (<10,000 cc/kg) so that the activity
coefficient approaches unity (i.e., the partial molar free energy is proportional to the
logarithm of the concentration).

e Thereisasingle dissolved gas species (for example, no formation of H" and H).

e Thevapor phaseisan idea mixture (i.e., fugacities approach partial pressures).
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Under PWR primary coolant conditions, these criteria are satisfied and Henry’s Law applies. A
typical statement of Henry’s Law is given in the following equation:

phydrogen = Hthdrogen Eq. 3-8

where p, ... ISthe partia pressure of hydrogen in the vapor phase, X, ., is the mole fraction of
hydrogen in the liquid phase, and H is the Henry’s Law constant.

For consistency, a single correlation of the Henry’ s Law constant for hydrogen is used for all
calculationsin thisreport. The correlation used is that developed by Himmelblau [3] which was
based on data collected at temperatures from 66°C to 332°C. (Additional datafor other gases at
temperatures from 0°C to 343°C were used in the devel opment of trending, allowing reasonable
extrapolation from the more limited temperature range of the hydrogen data.)

The correlation used to determine Henry’ s Law constants at various temperaturesis as follows:

2
—\2 1 —\ 1 — 1
A(logH) +B|=| +C(logH)=+DlogH+E=-1=0 -
( 9 ) (Tj ( g )T g T Eq. 3-9
where
— H
and
- T
T=—
1000 Eg. 3-11

The temperature, T, isexpressed in Kelvin and Henry’s Law constant, H, isgivenin
atm/mole fraction.

The fitting parameters in Equation 3-9 are given as follows:

A=-0.1233

B =-0.1366

C =0.02155 Eqg. 3-12
D =-0.2369

E =0.8249
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The values for Henry’ s Law constant given by Equation 3-9 were compared to more recent
measurements [4, 5], to the values given in the Primary Water Chemistry Guidelines [6], and a
more recent correlation [7] to verify both the correlation given in Reference [3] and the
methodology used to solve Equation 3-9. Figure 3-1 shows this comparison over the range of
temperatures considered. Figure 3-2 shows a comparison of the correlation results to the high
temperature data while Figure 3-3 shows a comparison to the low temperature data. 1n general,
the Himmelblau correlation is agood fit to the data at both high and low temperatures. More
physically based correlations, incorporating fugacity coefficients for water and hydrogen and the
activity coefficient for the water solution, are available.[8] However, the increased accuracy of
such a correlation was not necessary for the calculations performed here and the Himmelblau fit
was selected for ssimplicity.

Note that because Henry’s Law provides a linear correlation between liquid concentration and
pressure, the shape of the Henry’s Law constant curve is also the shape of curves of constant
liquid concentration in a pressure versus temperature plot. Figure 3-4 shows several curves of
constant liquid hydrogen concentration in the pressure-temperature plane.
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Curves of Constant Liquid Hydrogen Concentration in the Pressure-Temperature Plane

3.3 Hydrogen Diffusion in Metal

3.3.1 Basic Diffusion Model for Loss of Hydrogen Through SG Tubes

Loss of hydrogen through SG tubes has been evaluated by the industry [9] and provides useful
insights regarding diffusion of hydrogen in other situations. Assessment of diffusion into other
systems is the first step in assessing the impact of increased (or decreased) hydrogen
concentrations on systems that are separated by solid boundaries. For example, modeling of
diffusion through steam generator tubes is necessary to assess how increased hydrogen
concentrations in the primary system could affect the secondary system.

The diffusion of hydrogen in nickel alloys is generally thought to follow Fick’s law, which states
that the diffusion mass flux (J, mol/s-m’) is proportional to the concentration gradient (-dC,/dx,
mol/m®). The proportionality constant is the diffusion coefficient (D,, m’/s), such that the
proportionality can be expressed as the following equation:

dc
=D dxH B

AC,,

DH

Xthickness

Eq. 3-13
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Multiplying Equation 3-13 by the transfer area, A, gives the total rate of hydrogen loss, as
follows:

AC,,

Xthickness

Q=D,A

Eq. 3-14

Note that the concentration gradient is given in terms of monatomic hydrogen. The
concentration of hydrogen in the metal depends on the equilibrium between diatomic hydrogen
dissolved in the liquid phase and the monatomic hydrogen dissolved in the metal. This
equilibrium is generally expressed by Sievert’'s Law, which defines the solubility, S in the solid
phase through the following equation:

— CH
S=—r Eq. 3-15
Rz
Substituting Equation 3-15 into Equation 3-14 yields the following expression:
D,AS , > A z
Q= AR; =® ARZ Eq. 3-16

Xthickness Xthickness
where @ isthe product of the diffusion coefficient and the solubility, called the permeability.

The concentration of hydrogen in the liquid phase may be related to the pressure through
Henry’s Law, asfollows:

R, =HC,, Eq. 3-17

2

Substituting Equation 3-17 into Equation 3-16 gives the following:

A 11
|_|2C'_2|2 Eq. 3-18

Q=0

Xthickness

Equation 3-18 gives the hydrogen loss rate as a function of system geometry (transfer area, A,
and tube thickness, x,,,...), chemical properties (the permeability of the tubing, @, and the
Henry’s Law constant, H, which are discussed in Section 3.3.2 and 3.2, respectively), and the
concentration of hydrogen in the RCS (CHZ).
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3.3.2 Permeability of Hydrogen in SG Tube Alloys

Asindicated in Equation 3-18, the diffusion of hydrogen through the steam generator tubes
depends on the permeability of the tube material, @. Several researchers have investigated the
permeability of Alloy 600.[10, 11, 12, 13, 14] Typically, the relationship between permeability
and temperature isfit to an Arrhenius function, as follows:

— Eact

D=0 RT Eq. 3-19

where @, and E,, are empirical constants and the temperature is expressed as the absolute
temperature in K. Figure 3-5 shows the data reported in the literature, as Arrhenius curves, over
the temperature range tested based on the reported values of @, and E,..
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Asdiscussed in Section 3.3.3, conditioning of the tubes (e.g., oxidation or cold work) can
significantly affect the permeability. Therefore, it would be useful to compare the permeability
measured in laboratory testing with that observed in actual steam generators. Westinghouse has
reported the results of secondary hydrogen monitoring with correlations to primary side
hydrogen concentrations.[15] Thiswork was completed at three plants (Prairie IsSland Unit 1,
Ginna, and Indian Point Unit 3) with two periods of monitoring at each of two of the plants,
resulting in five measurements of the permeability.

Unfortunately, the Westinghouse results are reduced to aform that assumes diatomic diffusion
through the steam generator tubes. Specifically, they are expressed as a permeation constant K
with units of mol/hr per cc/kg. As defined, this constant satisfies the following equation:

Q=KC,, Eqg. 3-20

Comparing Equation 3-20 with Equation 3-18 allows the derivation of arelationship between the
Westinghouse permeation constant (K) and the permeability (@), yielding the following:

1
2
= Xihickness |<1(:CH2 Eq. 3-20

AH?

The hydrogen concentrations used in the Westinghouse tests are not reported, but it is reasonable
to assume that they lie between 15 and 45 cc/kg. Table 3-1 gives the permeability constants
reported in Reference [15] along with the plant data needed to derive a permeability per Equation
3-21. Table 3-1 also gives the permeabilities calculated per Equation 3-21 assuming hydrogen
concentrations of 15 and 45 cc/kg. Note that this calculation requires avalue for the Henry’s
Law constant, H. The values used in this calculation are those obtained through the correlation
discussed in Section 3.2.

Table 3-1
Implied Permeability From Westinghouse Plant Tests [15]
: Implied Implied
Permeation Permeability @ Permeability @
Constant T overage . .
Plant K (per SG) SG (assuming 15 (assuming 45
Design cc/kg) cc/kg)
(g-mole/hr) / (cc/kg) °C cc / m-s-Pa’ cc / m-s-Pa’®
Prairie Island 0.014 2.40E-08 4.16E-08
Unit 1 51 297.4
0.011 1.89E-08 3.27E-08
Ginna 0.013 44 305.1 2.80E-08 4.86E-08
. . 0.012 2.45E-08 4.23E-08
Indian Point
Unit 3 44 299.7
0.016 3.26E-08 5.65E-08
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3.3.3 Sources of Variability and Uncertainty

Various material conditions can contribute to changes in the permeability, including the
following:

e Cold work

e Thickness of the oxide film

e Chemical composition of grain boundaries
e Hydrogen isotope

e Surface texture

Investigations into the above factors are beyond the scope of thisreport. Furthermore, the
differences between Alloy 600 and Alloy 690 are likely to be significant. Nevertheless, the
methodology developed here should be qualitatively valid.

3.4 Metal — Metal Oxide Transitions

3.4.1 Nickel

The stable oxidation state of metal speciesin the primary coolant, particularly corrosion
products, is currently considered to be a major factor in corrosion of materials of construction,
the transport of corrosion products, the deposition of corrosion products in the core and their
effects there, and the removal of corrosion products during shutdown maneuvers. As discussed
extensively in Chapter 4, the nickel metal-nickel oxide transition point is of particular interest
because it is believed that the stress corrosion cracking of nickel alloys and their weld metalsis
influenced by the proximity of thistransition.

In general, transitions between stable solid phases are governed by the pH, the temperature, and
the electrochemical potential. For nickel and many other metals the potential at transitions
between metallic and oxide statesis linearly related to the pH such that these transitions are
parallel to lines of constant hydrogen concentration in a potential-pH diagram (Pourbaix
diagram). Therefore, the location of the transition at a given pH isfully described by the
specification of atemperature and an associated hydrogen concentration.

Figure 3-6 shows the location of the transition between nickel metal and nickel oxide stability
used in thisreport.[16] Also shown are historic correlations [17, 18]. The correlation equation
shown in Figure 3-6 forms the basis for the calculation of the peak PWSCC condition discussed
in Chapter 4. Recent assessment by chemical thermodynamics experts [19] indicates that thereis
significant controversy regarding the adoption of the correlation shown in Figure 3-6 as an
accepted description of the transition between nickel metal and nickel oxide. Thisisan ongoing
area of analysiswithin EPRI (see Section 11.4).

3-11



EPRI Proprietary Licensed Material

Fundamental Electrochemistry

100

@ Nickel Oxide Stable [16]

e
¢ Nickel Metal Stable [16] e
. . & ¢
=Fit to Midpoints a ®
o - MRP-213 [27] s
— =— MacDonald et al [18] { .

= = = Dickinson et al [17]

Hydrogen (cc/kg)
=

0.1
0.02632T(°C)~6.255
[H,](cc/kg) =%
0.01 . . . . . . .
0 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 3-6

Nickel Metal — Nickel Oxide Transition: Hydrogen Concentration as a Function of
Temperature

3.4.2 Other Metals

In general, analyses of corrosion products from primary circuits (fuel scrapes aswell as samples
collected from the RCS during operation) do not indicate the presence of metal speciesin nickel-
free phases (for example, magnetite — Fe,O, or zinc oxide ZnO). Therefore, although some
thermodynamic data are available regarding stable solid states of other metals, it is not evident
that such data are relevant. (Solubility of other metal oxides and mixed oxides are discussed in
Section 3.5 and 3.6.)

Transitions between metallic and oxide states have been measured on nickel aloys.[4, 20] These
measurements indicate that transitions from oxide to metal occur on Alloy 600 surfaces at about
the same hydrogen concentrations as those on nickel surfaces, indicating that the transition is
dominated by the thermodynamics of nickel.
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3.5 Nickel Solubility

The solubility of nickel in a system containing nickel and iron is governed by the complex
interaction of nickel metal, nickel oxide, and non-stoichiometric nickel ferrites. This interaction
is affected by the concentration of dissolved hydrogen and the temperature. Figure 3-7 shows
the solubility of nickel over the range of primary temperatures at 50 cc/kg hydrogen. Figure 3-8
shows similar data for a hydrogen concentration of 25 cc/kg. Note that the values in both these
figures are calculated (i.e., they are based on sets of data measured at other conditions).
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Figure 3-7

Nickel Solubility at 50 cc/kg Hydrogen [21]
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Nickel Solubility at 25 cc/kg Hydrogen [21]

At the lower hydrogen concentration there is a discontinuity at about 300°C. This discontinuity
represents the point at which the principle precipitate changes from nickel metal (at lower
temperatures) to non-stoichiometric nickel ferrite (at higher temperatures). Increasing the
hydrogen concentration moves the discontinuity to the right. At 50 cc/kg, the discontinuity is
moved above 350°C. (Note that these specific results depend on the ratio of iron to nickel under
consideration, which may not always be known.) At lower concentrations of hydrogen the
discontinuity will move to the left.

Based on these evaluations, the change between nickel metal stability and nickel ferrite stability
is the most significant factor in nickel solubility at operating conditions. By maintaining
hydrogen above the current lower limit (25 cc/kg) nickel metal is kept stable. This results in
temperature-insensitive solubilities. Increasing hydrogen is not expected to affect temperature
sensitivity. However, decreasing hydrogen concentrations enough to make nickel ferrite the
stable solid phase introduces a strong temperature dependence of nickel solubility.

The solubilities given in Figure 3-7 and Figure 3-8 indicate that in the nickel metal regime,
increasing the hydrogen concentration lowers the solubility of nickel.
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3.6 Iron Solubility

As discussed in Section 3.4.2, a solid phase containing only iron generally is not observed in the
primary system, i.e., a magnetite phase is generally not observed. Regarding solubility from
mixed metal oxides, there are some data relevant to iron solubility from nickel ferrite (Ni Fe, O,).
Reference [22] concludes from the data in Figure 3-9 that the iron solubility from nickel ferrite
follows a 1/3 power dependence on hydrogen concentration at high hydrogen concentrations but
not at low concentrations. The data used to develop the averages given in Figure 3-9 are plotted
in Figure 3-10. Also shown in this figure is the 1/3 power line given in Figure 3-9 as well as
least square fits to all of the data and also to just the data at > 10 cc/kg. The presentation of data
in Figure 3-10 suggests that the data at higher hydrogen concentrations are not necessarily better
correlated to a 1/3 power rule than to a 1/5 power rule that fits all of the data. Figure 3-11 shows
a similar analysis of the data from Reference [22] collected at 285°C.
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The data presented in Figure 3-10 and Figure 3-11 do not support the conclusion that trendsin
iron solubility from nickel ferrite are significantly different at high and low hydrogen
concentrations. Least squares fits to the data suggest a 1/5 power rule dependence of the iron
concentration from nickel ferrite on the hydrogen concentration. In contrast, the most recent
MULTEQ database [23] suggests a 1/2 power rule for stoichiometric nickel ferrite (NiFe,O,) and
a 2/5 power rule for amixed stoichiometry similar to that used in the Westinghouse testing

(Ni Fe,.0,). Moregeneraly, MULTEQ would predict a dependence of 1/z, where zisthe
number of iron atomsin the stoichiometric formula (e.g., 3 for Fe,O,, 2.5 for Ni,Fe, .O,).

3.7 Simultaneous Concentrations of Oxidizers and Reducers

In most discussions of the chemical environment in the reactor coolant system, the environment
is described as being either oxidizing or reducing. However, in general, both oxidizing species
(hydrogen peroxide, for example) and reducing species (molecular hydrogen, for example) will
be present. Thisis especially true during low power operation, for example, when reactor
coolant pumps are started, asillustrated in Figure 3-12. During full power operation, oxidizing
and reducing species are expected to co-exist even in the core, abeit in highly unbalanced
concentrations.[ 24]

The ultimate measure of whether an environment is oxidizing or reducing is the electrochemical
potential on the material of interest (or component of interest, when geometric issues like flow
velocity are considered important). This potential cannot be simply related to the concentration
of asingle species or the excess of one species over another. For example, Figure 3-13 shows
measurements of the electrochemical potential on a Type 304 stainless steel electrode at
165°C.[25] Inthistest the potential measured with excess oxygen is the same as that measured
with oxygen alone. However, the potential when hydrogen isin excess but oxygen is still
present is significantly greater than when hydrogen alone is present. One explanation for why
this occursis that oxygen is more reactive with the stainless steel than is hydrogen, i.e., there are
kinetic barriers to reaching equilibrium.
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ECP on SS304 in Environments Containing Oxygen, Hydrogen, or Both [25]

To accurately determine the electrochemical potential on a surface of interest, the concentrations
of oxidizing and reducing species must be adjusted for their reactivity. One crude method for
doing this [24] isto consider only those species which are highly reactive and to determine
whether the reactive reducing species exceed the reactive oxidizing species. This method has
been shown to accurately predict transitions from oxidizing to reducing conditions as measured
by electrochemical potential in atest reactor loop as shown in Figure 3-14. Note that the
concentrations of the highly reactive species are cal cul ated.
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In-Pile ECP of Stainless Steel [24]

In the out-of-core regions of the reactor coolant system, the most reactive species generated by
radiolysisis expected to be hydrogen peroxide. Thus, for out-of-core components, the hydrogen
peroxide concentration can be used to assess the electrochemical potential. In the core, radiation
is expected to increase the rate at which all speciesreact, and therefore excess hydrogen will be
expected to maintain a reducing environment.

It is expected that nickel alloyswill behave similarly to stainless steels with respect to reaction
kinetics with oxidizing and reducing species (they will generally not tend to behave like noble
metals which will catalyze reactions between oxygen and hydrogen, for example).[26]

3.8 Areas for Further Research

With respect to the fundamental issues discussed in this chapter, there appears to be little
opportunity to improve the understanding of the effects of increasing hydrogen concentration in
the primary system. The areas which have significant uncertainty (iron and nickel solubility
from mixed oxides) are also the most difficult in which to apply such fundamental datato
predictions of actual plant behavior. For example, the relationship between corrosion product
transport (which can contain significant particulate content) and solubility is not well established.
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Nonetheless, thisis an area that warrants additional study independent of hydrogen concentration
optimization.

One areawhich could yield significant new information that would impact utility decisionsis
mixed metal solubility. In particular, the behavior of zinc with respect to incorporation into
oxide films at various hydrogen concentrationsis not at al understood. Similarly, the interaction
of cobalt with hydrogen could have significant effects on plant dose rates.
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A

EFFECTS OF HYDROGEN CONCENTRATION ON
PWSCC

4.1 Introduction

A number of organizations have studied the effect of hydrogen concentration on high-
temperature cracking of nickel alloys. These studies have included measurements of the effects
of hydrogen both on crack initiation and on crack growth rates. Alloys considered include Alloy
600, Alloy 690, Alloy X-750, weld metal EN82, weld metal E182/82, etc. Recently, the EPRI
Materials Reliability Program (MRP) published areview of the available data.[27] The
discussion in the sections below is based primarily on that review. Sections 4.2 and 4.3 discuss
the experimental findings. Section 4.4 discusses factors of improvement for various changesin
hydrogen concentration. Section 4.5 identifies current knowledge gaps and discusses on-going
testing. Conclusions are given in Section 4.6.

4.2 Fundamental Observation

It has long been known that corrosion resistant materials are generally more susceptible to stress
corrosion cracking in oxidizing conditions (~100 mV,. or higher at 288°C). Thisisgenerally
understood to arise from the generation of a potential gradient along the crack length due to the
consumption of oxygen within the crack by corrosion of the freshly exposed crack faces. This
potential gradient givesriseto anet flux of anionsinto the crack, accelerating crack growth.
Such classic high potential stress corrosion cracking is one of the main reasons for operation of
PWRs under reducing conditions.

However, nickel alloys demonstrate an increase in cracking susceptibility at lower potentials as
shown in Figure 4-1. Thisis generally thought to be related to the stability of the corrosion
resistant oxide film that forms on these materials. 1n practice, peak susceptibility has been
associated with the potential of the nickel/nickel oxide transition. It has been suggested that the
nickel/nickel oxide transition isimportant because, during cracking of nickel aloys, fresh aloy
surfacesinitially develop a metastable nickel oxide film.[4] Alternatively, the formation of
nickel oxide could govern the extent to which protective corrosion films are depleted in nickel
and enriched in chromium. An exact explanation as to why the nickel-nickel oxide transition is
important is not currently available.
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Specific experimental observations are discussed in the next two sections. Section 4.2.1
discusses initiation data and Section 4.2.2 discusses propagation data.

4.2.1 PWSCC Initiation

4.2.1.1 Laboratory Data

The effects of chemistry parameters on PWSCC initiation have been the subject of ongoing
investigations for at least the last decade.[28, 29, 30] The results of the most recent analysis [6]
are shown in Figure 4-2. Note that the characteristic life is the time for approximately 63% of
the population to fail and is a fitted parameter obtained by assuming that the failure distribution
in a given population is described by a Weibull distribution. The analysis is based on data from
testing of reverse U-bend samples (RUBs). These samples are highly stressed and cold worked,
and are relatively thin-walled, so that the time to failure is close to the initiation time. Therefore,
the characteristic life can be considered an inverse initiation rate.
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Figure 4-2

Effect of Hydrogen Concentration on Characteristic Life [6]
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The curvein Figure 4-2 labeled as “ Statistical Fit” isafitted curve assuming the following form:
Inp=aC”+bC+c Eq. 4-1

where C is the hydrogen concentration and a, b, and c are fitted parameters. The 5% and 95%
bounds are given by adjusting ¢ such that the desired fraction of data are above the curve.

Since the trend indicated in Figure 4-2 is not derived from first principles, the high degree of
scatter in the data makesiit difficult to draw strong conclusions. The data indicate that it is
possible that a minimum in characteristic life could be present in the range of the Ni/NiO
transition, but do not provide strong evidence that such a minimum actually exists.

Other investigations have observed modest correl ations between PWSCC initiation and hydrogen
concentration.[31, 32, 33, 34] An example data set is shown in Figure 4-3. However, the
various data sets available in the literature have not been collected and analyzed in a consistent
way. Asdiscussed in Section 4.5.6, additional compilation and analysis of these data are
warranted. It should be noted that some investigators have concluded that crack initiation rates
increase monotonically with hydrogen concentration.[33, 34] However, these programs have
generally not collected a significant number of data at concentrations above the Ni/NiO
transition.

25000
4 | RUB Tests |
330°C and 365°C
I 3/4" and 7/8" Tubes I
20000 I I
£ I I
(]
£ 15000 ! !
= Ni/NiO Transition
15 . " ————12ckg @ 330°c/|
8 29 cc/kg @ 365°C
£ I I
= 10000
Q
8 I I
. . | |
5000 & i i
S °
| @ | °
| ’ |
0 . . . . . .
0 5 10 15 20 25 30 35
Hydrogen Concentration (cc/kg)
Figure 4-3

Effect of Hydrogen Concentration on Crack Initiation Time [34]
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4.2.1.2 Plant Data

Plant data for roll transition PWSCC of steam generator tubes at San Onofre Unit 2, McGuire
Unit 2, and Catawba Unit 1 were evaluated to determine if there were correlations between the
occurrence of PWSCC and coolant hydrogen concentrations.[35] No correlations were
observed. The analysis was limited by the following factors:

e Changesin materia condition (due to peening) over time
e Changesin detection methods over time

e Limited changesin hydrogen concentrations

The data do not support any correlation between hydrogen and PWSCC initiation, although these
limiting factors make it difficult to rule out a hydrogen effect.

4.2.1.3 Conclusions Regarding Initiation

Although an effect of hydrogen concentration on PWSCC initiation rates cannot be ruled out,
there appear to be no data supporting the existence of such a correlation within the hydrogen
concentration range under consideration (5 — 80 cc/kg). (At concentrations below this range,
thereisabasis for concluding that rates decrease substantially as hydrogen concentrations are
lowered below 5 cc/kg.[33, 34]) Therefore, changesin hydrogen concentration within the range
under consideration are not expected to significantly influence the rate of PWSCC initiation.

4.2.2 PWSCC Propagation

The most significant set of crack propagation datais that generated by Morton et al. (for
example, Reference [4]). This data set was generated in deaerated high purity water. A limited
set of confirmatory testsin typical PWR primary water chemistry (600 ppm B as boric acid, 2.2
ppm Li as lithium hydroxide) has been reported [27] and are consistent with the high purity
water results.

A typical data set for crack growth ratesin Alloy 600 in deaerated water is shown in Figure 4-4.
Based on data sets like these, Andresen et al. [27] reformulated the original model proposed by
Attanasio et a. [4] to describe the dependence of crack growth rates on hydrogen concentrations
asfollows:

2
A ¢ ’¢0ffset ]

0.5{
1 Eq. 4-2
Vv ——l+(P —1)6 Ao46)7

with the following parameter definitions:

e Vistherelative crack growth rate (measured rate divided by the rate far from the nickel-
nickel oxide transition
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e Pisafitted parameter describing the magnitude of the effect of hydrogen concentration
(essentially the peak height in Figure 4-4, for example)

e A¢ isthedifferencein electrochemical potential between the hydrogen concentration and the
nickel/nickel oxide transition

e Jisafitted parameter describing the rapidity with which the hydrogen effect |essens away
from the nickel-nickel oxide transition (related to the peak width in Figure 4-4, for example)

e ¢ iSthepotential difference between the peak potential (in Figure 4-4, for example) and
the nickel-nickel oxide potential

Andresen et a. conclude that the available data do not indicate a significant effect from the offset
parameter, ¢_. ., and therefore recommend the following simplified equation:

Atz
V=1+(P-1)e

1 Eq. 4-3
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Crack Growth Rates: Alloy 600, Pure Water, 338°C [36]
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In Equation 4-3, the hydrogen concentration is represented by the difference in potential between
that generated by the hydrogen concentration and the nickel-nickel oxide equilibrium. This
relationship is expressed by the following equation:

Ag=29.58 [TT—KJ log ([[H—Z]] Eq. 4-4

ref Z]Ni/NiO

with the following additional parameter definitions:

e T, isthe absolute temperature

e T isthereferencetemperature 298.15 K (25°C)

e [H,] isthe hydrogen concentration in the water

e [H.,] o ISthe hydrogen concentration at the nickel-nickel oxide transition at T,

Note that because the hydrogen concentration enters as a ratio, the units of measure are not
relevant.

The hydrogen concentration at the nickel-nickel oxide transition is given in Reference [27] based
on data from Reference [4] asfollows:

_ 1(0.0111T. ~2.59)
[HZ]Ni/Nio =10 Eq. 4-5

where T, is the temperature in °C and the hydrogen concentration is given in cc/kg.

The usefulness of this formulation is shown in Figure 4-4, Figure 4-5, and Figure 4-6, where the
same values of P and A are shown with data from three independent research laboratories.
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Figure 4-6
Crack Growth Rates: Alloy 600, 1200 ppm B, 2.2 ppm Li, 330°C [34]

4.3 Specific Parameter Values

The MRP recommends the use of the values for P and A (see Equation 4-3) given in Table 4-1,
which are based on Reference [4]. Datatypical of those from which these parameters were
derived are shown in Figure 4-7, Figure 4-8, and Figure 4-9.

Table 4-1
SCC Parameter Values for Various Materials [27]
Material P A
EN82H 8.09 20.2
Alloy 600 2.81 35.6
Alloy X-750 HTH 4.89 204
Alloy X-750 AH 7.19 40.0
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Crack Growth Rates: Alloy X-750 AH, Pure Water, 338°C [4]

4.4 Factors of Improvement for Specific Changes

In evaluating the effects of changesin primary coolant hydrogen concentrations, it is convenient
to use afactor of improvement (FOI). The factor of improvement for a specific change is defined
by the following equation:

FOI = Vold condition

new condition

Eq. 4-6

(Vg conaion @AV . can be calculated using Equation 4-2 using the old and new hydrogen
concentrations, respectively. Note that a statistical assessment of the uncertainty of using
Equation 4-2 was not part of the scope of thisreview. Caution should be used in relying on the
absolute quantitative values of the predictions given here. However, it is considered appropriate
to use calculations based on this model for qualitative assessments, such as determination of

factors of improvement.)
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For illustrative purposes, it is useful to characterize the hydrogen concentration changes that will
result in no increase or decrease in SCC, i.e., the changeswith FOI = 1. Thetrivial caseisonein
which the hydrogen concentration is not changed, i.e.:

[HZ]new:[Hz]om Eq. 4-7

For thistrivial case the FOI is obviously unity. Examination of Equations 4-3 and 4-6 shows that
afactor of improvement equal to unity is also obtained when the following condition holds:

A¢new = _A¢0Id Eq. 4-8

This condition represents “ crossing the hump” in the curve of growth rate versus hydrogen from
apoint on the up-slope to a point of equal height on the down-slope (or vice versa). Substituting
Equation 4-4 into Equation 4-8 yields the following expression for conditions with FOI = 1.

[H,]
[H ]new: Ni/NiO Eq. 4-9
i [HZ]oId

Plotting Equations 4-7 and 4-9 divides the plane of new and old hydrogen concentrations into
four quadrants, as shown in Figure 4-10 for the pressurizer temperature of 343°C. Also shownin
Figure 4-10 are representations of changes in hydrogen concentration under consideration.
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Figure 4-10
Quadrants in the New versus Old Hydrogen Concentration Plane (343°C)

In Figure 4-10, quadrants | and IV represent increases in primary coolant hydrogen
concentrations, while quadrants 11 and 111 represent decreases. The behavior of the improvement
factor in each quadrant is as follows:

e Quadrant |: FOI >1, SCC is mitigated

e Quadrant Il: FOI <1, SCC is accelerated
e Quadrant I11: FOI >1, SCC is mitigated
e Quadrant IV: FOI<1, SCC is accelerated

Note that because Equations 4-7 and 4-9 do not contain material specific parameters, the
characterization of the above quadrants isindependent of material. However, the location of the
line separating Quadrant | and Quadrant 11 from Quadrant 111 and Quadrant IV is dependent on
the temperature, because the concentration of hydrogen corresponding to the nickel-nickel oxide
transition is dependent on temperature. Plots for typical hot leg temperatures of 325°C and cold
leg temperatures of 290°C are shown in Figure 4-11 and Figure 4-12.
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Figure 4-12
Quadrants in the New versus Old Hydrogen Concentration Plane (290°C)

Note that the intersection of the two linesin the above figuresis simply the solution obtained by
combining Equations 4-7 and 4-9, which is the hydrogen concentration at the nickel-nickel oxide
transition. The dliding of the intersection toward lower hydrogen concentrations corresponds to
the lower hydrogen concentrations at the transition at lower temperatures. It is particularly
important to note that even consideration of very low hydrogen concentrations (~1 cc/kg) results
in factors of improvement of less than unity at 290°C. For many plants, itislikely that 5 cc/kg is
the lowest possible operable concentration due to control issues, indicating (see the box in Figure
4-11) that factors of improvement for lowering hydrogen concentrations will always be less than
unity (increasing SCC susceptibility) at 325°C. Figure 4-13 shows level set curves for specific
factors of improvement in the new-old hydrogen plane for EN82H at 343°C. Note that the level
sets for Quadrants |1 and IV have been omitted for clarity; they are inverses of those for
Quadrants | and I11, but are not of practical concern because they represent changes that increase
crack growth rates. Figure 4-14 shows the data predictions plotted in linear space. Figure 4-15
through Figure 4-18 show similar predictions at 325°C and 290°C, respectively for EN82H.

Note that factors of improvement in the relevant regions will be considerably less for Alloy 600
because 1) the value of P isless, indicating that the magnitude of the hydrogen effect isless and
2) because A islarger, indicating that equivalent FOI can be achieved only with larger changesin
hydrogen concentration.
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Factors of Improvement, EN82H, 343°C (log-log plot)
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Factors of Improvement, EN82H, 343°C (linear plot)
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Figure 4-15
Factors of Improvement, EN82H, 325°C (log-log plot)
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Factors of Improvement, EN82H, 325°C (linear plot)
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Figure 4-17
Factors of Improvement, EN82H, 290°C (log-log plot)
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An alternate method of displaying factor of improvement valuesisto select areference “old”
condition with which to compare changes. This has the disadvantage of being valid for only one
reference concentration, but the advantage of being ssmpler. Figure 4-19 and Figure 4-20 show
factors of improvement for EN82H relative to performance at 35 cc/kg at three different
temperatures. Figure 4-21 and Figure 4-22 show similar predictions for Alloy 600.

Numerical values of factor of improvement calculated per the equations given above are givenin
Appendix A.
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Figure 4-21

Factors of Improvement versus 35 cc/kg, Alloy 600 (log plot)

4-26



EPRI Proprietary Licensed Material

Effects of Hydrogen Concentration on PWSCC

(63/29) uonenuasuo) usboipAH maN

€=d9seE=v
009 40|V JO [ed1dA] sia1aweled

63/292 GE "A JuswaAoidw| Jo Jojoe

Factors of Improvement versus 35 cc/kg, Alloy 600 (linear plot)

Figure 4-22

4-27



EPRI Proprietary Licensed Material

Effects of Hydrogen Concentration on PWSCC

4.5 Areas for Further Research

The following sections discuss knowledge gaps representing opportunities for increased
understanding.

4 5.1 Relevance of the Nickel-Nickel Oxide Transition

The exact mechanism by which the nickel-nickel oxide transition affects stress corrosion
cracking is not known. Protective inner oxide films on nickel alloys are generally observed to be
chromium ferrites, enriched in chromium and depleted in nickel relative to the base metal. This
observation would lead to the conclusion that the formation of nickel oxide is not an important
factor in the corrosion of these materials. Hypotheses for why nickel oxide might affect
corrosion of nickel alloysinclude the following:

e Theformation of a metastable nickel oxide film may be the first step in corrosion of nickel
aloys.[4]

e Thedepletion of nickel in the protective oxide film may be governed by the formation of
nickel oxide.

The determination of the mechanism by which the formation (or lack of formation) of nickel
oxideisrelated to SCC would provide insights required to assess the applicability of the
currently available observations to other alloys and to better understand the effects of heat
treatment or previous passivation. These insights might also lead to a better understanding of the
effect of zinc on SCC, since it is suspected that zinc also mitigates SCC of nickel aloys through
modification of the protective oxide film.

4.5.2 Effect of Material Condition

At least one investigation [37] has shown that cold work can reduce the improvements gained by
moving to lower hydrogen concentrations. Figure 4-23 shows one data set that indicates that
cold worked Alloy 600 has increasing susceptibility to SCC below the nickel-nickel oxide
transition, resulting in a monotonic increase in crack growth rates with decreasing hydrogen
concentrations.
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Crack Growth Rates: Alloy 600, Pure Water, 338°C [37]

Since components to be targeted by chemical mitigation can often be cold worked (e.g., welds
that have been ground) an understanding of this effect isimportant to assessing the actual
benefits that might be obtained from moving to lower hydrogen concentrations. (Data currently
available indicate that the benefit from higher hydrogen concentrations is not as strongly affected
by cold work, as shown in Figure 4-23.)

4.5.3 Other Alloys

In general, Alloy 690 and its weld metals have not been as thoroughly investigated as Alloy 600
and its weld metal s with respect to the effects of hydrogen concentration on SCC. The limited
datathat are available [38] indicate that for one heat of Alloy 690, CGRs are increased at 338°C
when hydrogen is increased from 23 to 50 cc/kg for stress intensities less than about 30 MPavm.
Since many replacement components are constructed of Alloy 690, its behavior as a function of
hydrogen is an important component of hydrogen optimization.
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4.5.4 Interaction With Zinc

Zinc injection is currently being used as a PWSCC mitigation strategy in PWR primary systems.
The possible interaction of zinc and elevated hydrogen is being explored in a current EPRI
research effort (see Section 11.3). In the evaluation of elevated hydrogen concentration
approaches, it isimportant to determine the effect of any such strategy on the mitigation of
PWSCC by zinc.

4.5.5 Incorporation Into More Comprehensive Models

Numerous attempts [ 39, 40, 41] have been made to incorporate the hydrogen effect into a more
comprehensive model of crack growth rate. These attempts have met with limited successin
modeling industry databases of crack growth rate data. Nevertheless, there is significant
usefulness in increasing the understanding of how hydrogen concentration relates to other factors
that affect crack growth rates such as stress intensity, material properties, and temperature.

4.5.6 Data Compilation

Asisevident from the discussionsin Sections 4.2.1 and 4.2.2, numerous investigators have
studied the initiation and propagation of PWSCC in nickel alloys. The data used in the analysis
of factors of improvement in Section 4.4 have been based on those compiled in Reference [27].
However, this compilation is not complete and does not address initiation data. A
comprehensive collection and analysis of al of the crack growth rate and initiation data available
for these materials at varying hydrogen concentrations would provide further support of the
conclusions discussed in Section 4.6.

4.6 Conclusions

Based on the data available in the literature, crack growth rates in nickel alloys (and, at least
qualitatively, crack initiation rates) can be reduced by optimizing hydrogen concentration in the
primary coolant. Factors of improvement for alimited number of changesare givenin Table 4-2.
(Note that these are calculated values and that no attempt has been made to establish the correct
number of significant figures for these values.)
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Table 4-2
Example Factors of Improvement
Hydrogen (cc/kg) EN82H Alloy 600
New old 290°C 325°C 343°C 290°C 325°C 343°C
5 25 0.18 0.84 2.66 0.54 0.94 1.40
5 37.5 0.14 0.46 1.73 0.45 0.77 1.21
5 50 0.13 0.31 1.14 0.41 0.66 1.05
25 375 0.76 0.56 0.65 0.84 0.82 0.87
25 50 0.71 0.38 0.43 0.77 0.70 0.75
50 25 141 2.66 2.34 1.31 1.43 1.33
50 37.5 1.08 1.48 1.52 1.10 1.17 1.15
80 25 1.45 3.87 4.54 1.43 1.79 1.73
80 375 1.11 2.15 2.96 1.20 1.46 1.50
80 50 1.03 1.45 1.94 1.09 1.25 1.30

Based on the predicted factors of improvement given in Table 4-2, discussed in Section 4.4, and
presented in detail in Appendix A, the following conclusions can be made:

At high temperatures (343°C), reasonably useful factors of improvement can be achieved
with relatively modest increases in the upper limit of the operating band (e.g., changing from
50 to 55 or 60 cc/kg to allow operation at 50 cc/kg). Larger increases provide larger factors
of improvement.

At intermediate temperatures (325°C), significant factors of improvement are achievable by
moving from the lower end of the current operating band (25 cc/kg) to the higher end (50
cc/kg). Significant factors of improvement relative to the current upper operating limit (50
cc/kg) would require fairly large increases in hydrogen concentration (e.g., changing from 50
cc/kg to 80 cc/kg would result in afactor of improvement of <2).

At lower temperatures (290°C), there appears to be no advantage to increasing hydrogen
concentration above the current operating limits. Predictions indicate that even at the lower
end of the current operating band (25 cc/kg), infinite increases in hydrogen concentration
would result in factors of improvement (for EN82H) of lessthan 1.5 (for Alloy 600 slightly
higher FOI could be realized for infinite increases, but these FOI still would not approach 2).

Reducing hydrogen concentrations to some level greater than 5 cc/kg (i.e., adopting 5 cc/kg
as alower operating limit) would result in factors of improvement of less than unity (i.e.,
accelerated SCC) at low and intermediate temperatures (290°C and 325°C, respectively). At
high temperatures (343°C) decreasing hydrogen concentrations provides moderate factors of
improvement.
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It should be noted that the discussions in this chapter, especially those regarding factors of
improvement, do not address the separate effect of thermal activation of the rates of crack
initiation and growth. Specifically, the discussionsin this report treat factors of improvement at
different temperatures with essentially equal weight. However, if thermal activation makes
cracking at high temperatures more important, less weight would be given to factors of
improvement at low temperatures. An evaluation that considered relative susceptibility of
specific components (considering both temperature and stress intensities) is not within the scope
of thisreport.
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EFFECTS OF ELEVATED DISSOLVED HYDROGEN ON
FUEL INTEGRITY

5.1 Introduction

In support of the overall effort to explore changes in primary coolant hydrogen concentrations,
EPRI’ s Fuel Reliability Program (FRP) commissioned areview of the effects of hydrogen
concentration on fuel integrity and performance. Two independent reviews were performed by
consultants formerly associated with Westinghouse (G. Sabol) and AREVA/Siemens (F.
Garzarolli). These reviews were combined into a summary report [42], which formed the basis
of much of the discussion in this chapter.

The FRP identified the following three mechanisms by which increases in hydrogen
concentration might affect fuel integrity or performance:

e Increased hydrogen pickup, leading to hydriding and accelerated corrosion of fuel cladding
alloys during operation
e Increased risk of hydriding due to “nickel windows” during startup and early operation

e Increased crud deposition, leading to accelerated corrosion and increased risk of crud
induced power shifts (CIPS) also called axial offset anomaly (AOA)

The first two effects are discussed in Section 5.2. Increased CIPSrisk is discussed in Chapter 6,
which discusses corrosion product transport issues more generally.

The FRP provided a recommendation regarding eval uation of the effects of increased hydrogen
concentrations of fuel through laboratory and plant trials. This recommendation is discussed in
Section 5.3.

In general, Reference [42] did not address the use of lower hydrogen concentrations, which is
within the scope of thisreport. Section 5.4 discusses the possible effects on fuel from changing
to lower hydrogen concentrations.

Conclusions regarding the effects of dissolved hydrogen concentration on fuel integrity and
performance are given in Section 5.5.
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5.2 Hydrogen Pickup and Hydriding

Zirconium in fuel cladding alloysis subject to the following chemical reactions when exposed to
PWR environments:

Zr+2H,0 —» ZrO, + 4H (at the oxide/metal interface) Eq. 5-1
Zr +XH — ZrH, (inthe metal) Eq. 5-2
Zr +0, — ZrO, (at the oxide/metal interface) Eq.5-3

Equation 5-1 represents the overall reaction responsible for typical oxidation of zirconium alloys
in PWR primary systems. The mechanism of oxidation is typically thought to be oxygen
vacancy diffusion, with the reaction rate limited by the rate of oxygen vacancy diffusion through
the oxide layer. Equation 5-2 represents the overall reaction of zirconium hydriding. This
reaction is generally thought to take place within the metal aloy (or at the metal-oxide interface),
and thus requires the diffusion of hydrogen through the oxide layer. Equation 5-3 represents
oxidation that might take place at the oxide/metal interface. It isdiscussed in Section 5.4 with
regard to the possible risks of operation at low hydrogen concentrations.

Oxidation (Equation 5-1) and hydriding (Equation 5-2) are inter-related in three manners. First,
the hydrogen generated in the oxidation reaction is typically the main source of hydrogen that
reacts with zirconium through hydriding. Second, hydriding is generally limited by diffusion
through the oxide layer, where hydrogen is much less soluble than in the metal. Thus, at least a
limited amount of oxidation is required to protect against hydriding. Third, increased hydriding
can lead to accelerated oxidation.[42, 48]

In this context, the main concern regarding hydrogen concentration is whether or not increased
hydrogen concentrations in the reactor coolant would accelerate hydriding by increasing the
concentration in the metal. This concern is generally phrased in terms of hydrogen pickup or
hydrogen pickup fraction. Hydrogen pickup is the mass of hydrogen absorbed into the
zirconium alloy. The pickup fraction isthe ratio of the mass absorbed to the mass created by
corrosion (Equation 5-1). (Some of the mass of hydrogen created by the reaction in Equation 5-1
combines to form diatomic hydrogen, H,, which isreleased to the coolant.) Typically, hydrogen
pickup fractions are 10-30% depending on the specific zirconium alloy. However, it is
mathematically possible that the pickup fraction could exceed unity if enough hydrogenis
absorbed from the coolant. The available data addressing this concern are discussed in Section
5.2.1.

Additionally, if a persistent flaw in the oxide barrier were present, increased hydrogen
concentrations could lead to accelerated hydriding while such aflaw exists. Thisissueis
discussed in Section 5.2.2.
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5.2.1 Full Power Operation

In general, it is thought that the hydrogen that enters the zirconium aloy metal and forms
hydridesis principally derived from corrosion (Equation 5-1). Data available in the literature
confirm this. Figure 5-1 shows the metal hydrogen concentration of two zirconium alloysas a
function of liquid hydrogen concentrations.[43] Two critical observations can be made from
these data:

e The hydrogen pickup in the coolant hydrogen concentration range under consideration (e.g.,
up to 80 cc/kg) isonly minimally increased over that which would occur in the absence of
dissolved hydrogen. Note that the first two data sets in Figure 5-1 span the range 0 cc/kg to
~5000 cc/kg, nearly two orders of magnitude above the upper bound being considered.

e The hydrogen pickup as a function of coolant hydrogen concentration is strongly dependent
on the specific alloy under consideration.

Thislast point is further supported by the slightly different behavior of a2.5% niobium
zirconium alloy, shown in Figure 5-2.[44]

60

=@ Zircaloy 2 — B-treated

=o=Zircaloy 2 — As Received /.

A& Zircaloy 4 — B-treated

=0O=Zircaloy 4 — As Received

Hydrogen in Metal (ppm)

0 5000 10000 15000 20000 25000
Hydrogen in Water (cc/kg)

Figure 5-1
Hydrogen Pickup as a Function of Coolant Hydrogen, Zircaloy 2 and Zircaloy 4 [43]
Autoclave Exposure for 14 days at 343°C
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Note that the data given in Figure 5-1 have apparently been reported in two different sources
with conflicting units. This is discussed in the FRP report.[42] The values used here are based
on hydrogen concentrations given in psi (which are in even 500 increments, and therefore
assumed to be more likely to be the predetermined test conditions) converted to cc/kg using the
Himmelblau correlation for Henry’s Law constants discussed in Section 3.2. This issue in no
way affects the conclusions drawn from these data, since the hydrogen concentrations are orders
of magnitude above those under consideration and the differences in the two reported sources is
less than a factor of two.
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Figure 5-2

Hydrogen Pickup as a Function of Coolant Hydrogen, Zr, Nb [44]
Autoclave Exposure at 300°C

In the literature, there are no available hydrogen pickup data for Zr-based alloys operated in high
(>50 cc/kg) RCS hydrogen conditions. There are limited hydrogen pickup fraction data for Zr-
based alloys in PWRs typically operated with hydrogen concentrations in the RCS of 25-50
cc/kg hydrogen. Figure 5-4 summarizes the hydrogen pickup data from Zircaloy-2, Zircaloy-4,
ZIRLO™ and M5™ available in the open literature.[42] The majority of the reported hydrogen
pickup fraction data points are within 10-20%. There appears to be no correlation with coolant
hydrogen concentration. However, there are gaps in the current understanding of the hydrogen
pickup phenomenon and an effect of coolant hydrogen at higher concentrations cannot be ruled
out.
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Figure 5-3

Hydrogen Pickup as a Function of Coolant Hydrogen (Discharge Fuel)
(Zircaloy-2, Zircaloy-4, ZIRLO™, and M5™)

Demanding conditions of high burnup, high duty, high coolant temperatures etc. affect hydrogen
pickup properties of Zr-based alloys. Metallurgical changes occur in all alloys during service due
to exposure to elevated temperature and neutron flux. These changes include dissolution of the
precipitates, enrichment of the matrix in alloying elements and development of dislocation sub-
structures. These effects, in combination with high hydrogen concentration in the metallic phase,
may also affect hydrogen pickup. Until the effects of high duty are better understood, caution
should be exercised in changing environmental conditions.

5.2.2 Startup

Historically (e.g., References [44, 45, 46]) there has been a concern that flaws in the zirconium
alloy oxide could lead to rapid absorption of hydrogen, leading to accelerated hydriding.
Zirconium will oxidize upon exposure to water even in the absence of dissolved oxygen in the
water. The oxide coating formed by this oxidation reduces the rate of corrosion and thus the rate
of release of hydrogen that can be absorbed by the metal. However, flaws in the protective oxide
coating can allow water to reach the metal surface after the remainder of the surface is protected
by the oxide, and thus allow continued rapid corrosion and release of hydrogen at the flaw
location. For this reason, concerns have focused on the incorporation of foreign materials into
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the alloy surface which would allow a flaw to persist for a significant period. Such oxide flaws,
with embedded foreign materials, have generally been referred to as “windows.” Although many
materials embedded in the surface might act as windows, the principal concern has been nickel
and nickel alloys.

Two mechanisms have been postulated for the creation of nickel windows. These are discussed
in the following paragraphs.

In the first mechanism, metallic nickel is deposited on fuel cladding by precipitation from the
reactor coolant. If a previous oxide flaw exists, healing of the flaw, through further oxidation of
the zirconium, is prevented by the nickel metal coating and relatively rapid diffusion of hydrogen
through the nickel leads to accelerated hydriding. This mechanism has never been reported.
Furthermore, it is likely that even low temperature exposure of the fuel to water will lead to the
formation of a protective oxide. Laboratory tests with Zircaloy 4 indicate that over a wide range
of nickel concentrations (20 ppb to 10,000 ppb) at very high hydrogen concentrations (~2500
cc/kg) accelerated hydriding was not observed unless metals with high diffusivity for hydrogen
were abraded against the zirconium alloy samples.[46]

In the second mechanism, mechanical contact between the zirconium alloy and a nickel alloy
leads to the embedding of nickel containing particles in the oxide. These particles bridge the
existing oxide film and lead to accelerated hydriding. This mechanism has been observed both
in laboratory studies [44, 45, 46] and at one plant (for multiple thimble guide tubes due to a
manufacturing technique that has now been abandoned)[47]. Figure 5-4 shows an example data
set [44] indicating that increases in coolant hydrogen concentration can significantly increase
hydrogen pickup in zirconium alloys.

A recently reported laboratory investigation [48] has demonstrated that a combination of these
two mechanisms (nickel deposition onto an embedded metal particle) can lead to significantly
accelerated hydriding and that it may have been this combination of mechanisms which led to
accelerated hydriding of the guide tubes at one PWR. Autoclave testing indicated that a
combination of factors (all necessary, in the autoclave testing) led to hydrogen concentrations in
the zirconium alloy of greater than 200 ppm (sufficient to accelerate hydriding). Specifically, the
following conditions were necessary to demonstrate accelerated hydriding:

e Pre-exposure, mechanical embedding of stainless steel particles in the zirconium alloy
sample (by grit blasting with a stainless steel tool, in the tests performed)

e Hydrogen concentrations above a threshold somewhere between 55 cc/kg and 110 cc/kg
(accelerated hydriding was observed at some conditions at 110 cc/kg but at no conditions at
55 cc/kg)

e Nickel concentrations above a threshold somewhere between 700 and 3500 ppb (accelerated
hydriding was observed at some conditions at 3500 ppb but at no conditions at 700 ppb)

e pH,,.. values above 6.9
Note that these criteria were found to be necessary but not sufficient for accelerated hydriding.

For example, at 110 cc/kg, a nickel concentration of greater than 7,000 ppb was required to
achieve conditions for accelerated hydriding. Of these criteria, only the nickel concentration is
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expected to be different in PWRs relative to the autoclave tests (based on the assumption that the
phenomenon is related to the total mass available for deposition, rather than the
concentration).[48]

Although a conjunction of the above criteria is expected to be quite rare, the possibility of such
an occurrence justifies consideration of restricting RCS hydrogen concentrations to less than
50 cc/kg, at least while nickel concentrations are elevated as typically occurs during startup.
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Hydrogen Pickup as a Function of Coolant Hydrogen, Zr, Nb [44]
Autoclave Exposure at 300°C, Mechanically Embedded Nickel

5.3 Recommendations of the Fuel Reliability Program

The EPRI Fuel Reliability Program recommended that a three part research program be
completed prior to general approval of increasing hydrogen concentration in reactor coolant.
The three tasks are as follows:

Autoclave Testing
In-Reactor Loop Testing

Plant Demonstrations

5000
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Each of these tasks is summarized in the sections below, followed by an overall summary of the
proposed schedule.

5.3.1 Autoclave Testing

The autoclave testing is essentially atest of the effect of liquid hydrogen concentration on
hydrogen pickup. The testing would generate data similar to those shown in Figure 5-1 and
Figure 5-2 using current fuel cladding materials: Zircaloy-4, M5™ and ZIRLO™. Thistesting
would be designed only as confirmatory tests that the hydrogen pickup characteristics of current
cladding materials are not substantially different from those tested in the past.

5.3.2 Out-Reactor Loop Testing

This testing was conceived as aflowing autoclave test designed specifically to address the nickel
window issue. Details regarding the testing are not provided in Reference [42], which
recommends that the test protocols be developed by a multidiscipline team. Recently, such a
team has met and recommended against conducting these tests.

5.3.3 In-Reactor Loop Testing

In-reactor loop testing in atest reactor was recommended based on historic observations of
discrepancies between hydrogen pickup in radiation fields and in the absence of such fields.
Thistype of test, when properly designed to mimic PWR hydrothermal conditions, also allows
confirmation that heat fluxes do not significantly influence the oxidation and hydriding
characteristics of these alloys.

5.3.4 Plant Demonstrations

A series of plant demonstrations followed by poolside and some hot cell fuel examinationsis
recommended. In the first demonstration, a modest increase in hydrogen limits is recommended
(target 55 cc/kg with alimit of 60 cc/kg). Fuel examinations would include visual, oxide
thickness, assembly length, and crud scrapes. It isrecommended that this demonstration be
performed in a plant with amoderately high, but not bounding, core duty.

If there is success at the 60 cc/kg limit in the first demonstration and there are no red flags from
preliminary results from autoclave testing, a second demonstration will be performed in a high,
but non-limiting fuel duty plant at 70 cc/kg (different plant than the one in first demonstration).

If there is success in the first two demonstrations, a third demonstration will be conducted in a
limiting, duty plant at 60 cc/kg. Before this demonstration is begun, more information will be
available from autoclave testing and in-reactor loop testing to support the higher level of
hydrogen in a high duty plant.
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If there is success in the previous demonstrations, a fourth demonstration will be performed in a
high fuel duty plant at 70 cc/kg. Before this demonstration begins, the results of in-reactor loop
test will be available.

Poolside fuel examinations after each demonstration cycle will include visual, oxide thickness
and assembly length measurements (high assembly growth is an indication of high hydrogen in
the thimble tubes). Crud sampling will also be performed, and effects on dose rates need to be
established. Any anomaliesthat are observed (i.e., during 60 cc/kg program) may need to be
followed by hot cell examination.

Because there are currently no means of detecting hydrogen pickup by use of poolside methods,
three hot cell programs are contemplated at thistime for fuel cladding and structural materials
from limiting plants at 60 and 70 cc/kg. However, to expedite attainment of critical data, itis
proposed that HPU data be obtained on fuel from the first plant at 60 cc/kg. These data would
serve to verify acceptance and justify progression to the higher levels. Subsequent hot cell
programs will verify acceptable performance in limiting duty plants at 60 and 70 cc/kg on one-
and two-cycle lead fuel assemblies.

5.3.5 FRP Recommended Schedule

The FRP recommended research program could begin immediately. A schedule giveninterms
of years and quarters from the start of the program isgivenin Table 5-1. Asisevident, the
proposed program is a long-term, multi-year study.

Table 5-1
FRP Recommended Research Program [42]

Tfk Test Start Finish
1 Autoclave Testing 0YoQ 2Y1Q

3 In-Reactor Loop Testing 0YoQ 3Y30Q
3.1 | 55 cc/kg, moderately high duty demonstration 0oYoQ 3Y2Q
3.2 | 65 cc/kg, moderately high duty demonstration 3Y0Q 6Y2Q
3.3 | 55 cc/kg, limiting high duty demonstration 3Y4Q 7Y1Q
3.4 | 65 cc/kg, limiting high duty demonstration 5Y3Q 9Y1Q
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5.4 Possible Effects of Low Hydrogen Concentrations

The EPRI FRP review [42] does not address the impact of low hydrogen concentrations on fuel
performance and reliability. In general, thereislittle information in the literature to suggest that
lower hydrogen concentrations would adversely affect the fuel except through possible changes
in crud transport phenomena (discussed in Chapter 6) or through the presence of oxidants
generated by radiolysis (discussed in Chapter 8). With regard to oxidants, it has been suggested
that newer zirconium alloys (M5™ and ZIRLO™) may be more sensitive to low concentrations of
oxidants than previous generations of cladding material (Zircaloy-4).

5.5 Conclusions

In summary, athough mechanisms by which increased coolant hydrogen concentrations might
impact fuel performance have been postul ated, there is no evidence that these mechanisms
actually exist under plant conditions. Furthermore, although the data are not conclusive, thereis
strong evidence that coolant hydrogen concentrations do not affect the performance of zirconium
alloysin PWRs. Nevertheless, based on the industry’s efforts to reduce the risk of fuel failures,
the FRP recommends a cautious approach to increasing coolant hydrogen concentrations.

The most significant knowledge gap with respect to the influence of coolant hydrogen
concentrations on PWR fuel cladding is the absence of data on modern zirconium aloys (M5™
and ZIRLO™). Comparison of different alloys of previous generations indicates that there can
be significant differencesin the effects of coolant hydrogen on hydrogen pickup, and thus
hydriding. Asdiscussed in Chapter 10, there is essentially no plant experience outside the
current operating range. Thus hydrogen pickup datafor fuel cladding in operating plants at
elevated (>45 cc/kg) hydrogen concentrations are not available for any cladding alloy.
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EFFECT OF HYDROGEN ON CORROSION,
CORROSION PRODUCT TRANSPORT, AND
CORROSION PRODUCT DEPOSITION

6.1 Introduction

General corrosion of RCS materials at the internal wetted surface is not generally a concern for
the structural and operational integrity of components. However, general corrosion resultsin the
release of material from system components to the coolant. Once in the coolant, corrosion
products can be distributed throughout the RCS. Of particular concern is the deposition of
corrosion products on fuel cladding in the core. These deposits can contribute to crud induced
power shifts (CIPS, or axial offset anomaly — AOA). They can also become activated, for
example *Ni (n,p) **Co. Due to dynamic exchange between all surfacesin the RCS, these
activated corrosion products are incorporated into all system surfaces contributing to personnel
dose during outages.

Theoretically, hydrogen can affect the corrosion of system materials, the release of corrosion
products from the base metal, the nature of the corrosion products in the coolant, and the
deposition of corrosion products in the core. These issues are considered in the sections that
follow.

6.2 Effect of Hydrogen on Steam Generator General Corrosion

General corrosion is not typicaly asignificant factor in RCS component performance.

Therefore, little testing has been done to quantify the effects of chemical parameters on such
corrosion. What testing has been conducted has been done in relatively short tests. In
preparation of this report, two literature reviews [49, 50] on corrosion of Alloy 600 were
consulted. These reviews cite only one study in which the effects of hydrogen on general
corrosion were investigated. The results from this study [51] are shown in Figure 6-1. Each data
point in Figure 6-1 represents the average of 8 to 36 measurements on different samples. The
corroded mass shown is the total (released plus adherent). These data demonstrate the difficulty
of measuring general corrosion rates in short-term tests. No corrosion rate is discernable for any
of the conditions. Any effect of hydrogen is hidden in the scatter.
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Effect of Hydrogen of General Corrosion of Alloy 600 [51]

6.3 Effect of Hydrogen on Corrosion Product Release

Non-fuel surfaces exposed to the reactor coolant are generally either stainless steel or nickel
alloys with significant concentrations of chromium (e.g., Alloy 600). As such, they form inner
protective oxide layers enriched in chromium with an outer non-protective layer that is not as
enriched in chromium. General corrosion results not only in the oxidation of the base metal, but
also in the release of afraction of the oxide into the RCS coolant.

Calculations of corrosion product rel ease rates based on assumed oxidation rates and
measurements of released mass indicate a range of release fractions (metal released as a fraction
of metal oxidized). A typical distribution of measurementsis shown in Figure 6-2.[49] In
general, there have been no data available regarding the effect of hydrogen concentration on the
release fraction in PWRs, although some work at secondary side conditions indicates that the
presence of oxygen can lead to thicker films that are not as chromium enriched.[52] (The
literature regarding BWR conditions has not been reviewed as part of the compilation of this
report. It isconsidered likely that additional data may be available that has not been considered
here.)
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Due to the unsteady (decreasing) rate of oxidation, the corrosion film on stainless steels and
nickel alloys are not expected to reach a steady state in times considered in laboratory testing (or
inasingle cycle a an operating PWR). Therefore, conclusions drawn from equilibrium
assessments are not likely to be useful. Additionally, such calculations are not at all useful if the
major release product is a particul ate.
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Calculated Release Fractions, Plants With Alloy 600 Tubing [49]

Some very recent data has become available regarding the effect of hydrogen on the release rates
(total rates rather than release fractions) from Alloy 690TT.[53] The effect of hydrogen
concentration at 300°C is shown in Figure 6-3. Similar data taken at 325°C are given in Figure
6-4. All of these tests were conducted at 1000 ppm boron and 2 ppm lithium. The data shown
indicate that there is no effect of hydrogen concentration on the release rate.
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6.4 Effect of Hydrogen on Corrosion Products in the Reactor Coolant

Hydrogen concentrations in the RCS coolant are expected to influence both the morphology and
the chemistry of particulatesin the coolant. These issues are discussed separately in the
following paragraphs.

Dissolved hydrogen has been shown to influence the morphology of the outer oxide layer on
Alloy 600 exposed to primary coolant conditions.[54] Figure 6-5 shows films formed on Alloy
600 under different hydrogen concentrations at 320°C. At low hydrogen concentrations (0 and
11 cc/kg) thereis asignificant mass of needle-like crystals. At higher hydrogen concentrations
(31 and 45 cc/kg) particles with an aspect ratio of approximately unity are formed. Additionally,
as hydrogen concentration is increased from 31 cc/kg to 45 cc/kg, the average size of the
crystallites decreases.

The concentration of hydrogen in the coolant is expected to change the chemical nature of the
outer surface of corrosion product particulates. Specifically, as hydrogen increases the surface
will become more like nickel metal than nickel oxide. Thistrend in surface state is expected to
closely follow the Ni/NiO equilibrium curve (see Section 3.4). It should be noted that the
currently accepted data set for the Ni/NiO transition is based on conversion of a surface film.[4]
It has been speculated that changes in surface condition may affect the el ectrophoretic nature of
corrosion product particles, changing the extent to which they are attracted to system
surfaces.[55, 56] However, research in thisareais preliminary and any conclusions that could be
made would be highly speculative.

Figure 6-5
Effect of Hydrogen Concentration on Corrosion Product Morphology [54]
Alloy 600, 1000 hrs, 320°C, 500 ppm B, 2.0 ppm Li
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6.5 Effect of Hydrogen on Deposition of Corrosion Products on Fuel
Cladding

The traditional means for investigating the effects of chemistry on corrosion product deposition
in the core is to evaluate changes in solubility astemperature increases. Various species have
been assumed to be limiting, including magnetite, nickel ferrite, nickel metal, and nickel oxide.
However, plants routinely measure RCS nickel concentrations in the range of 0.5 to 2 ppb [57,
58, 59], far above the estimated solubility limit (see Section 3.5). Therefore, it seems unlikely
that deposition in the core is governed by solubility issues. With respect to hydrogen, it is
unlikely that the small concentration changes under consideration would significantly affect
either macroscopic or microscopic flow phenomena (e.g., mass transfer rates or wick boiling
flows). However, hydrogen concentration could be expected to have a significant influence on
the size and surface characteristics of corrosion product particles, as discussed in Section 6.4.

Deposition of corrosion product particles onto fuel surfaces may be governed by a number of
phenomena.[60] These include the following:

e Gravitationa deposition

e Inertial Deposition

e Diffusive Deposition

e Boiling Deposition

e Thermophoretic Deposition

e Electrophoretic Deposition

e Crystallization Deposition

The implications for these mechanisms of the possible effects of hydrogen on corrosion products
discussed in Section 6.4 are discussed in the paragraphs below. In general, these deposition
processes are described by arate equation such as Equation 6-1 where n is the flux of corrosion
products to the fuel surface, K isan overall rate constant related to various rate constants for

different mechanisms (similar to an overall heat transfer coefficient with multiple modes of heat
transfer), and AC is a measure of the corrosion product gradient.

n=KAC Eq. 6-1
The effects of changes in the nature of the corrosion products on deposition rates can be assessed

by examining the deposition constants for each of the mechanisms thought to be active. These
are discussed below. Except as otherwise noted, the discussions are based on Reference [60].

6.5.1 Gravitational Deposition

Because critical core surfaces (fuel cladding) are vertical, little gravitational deposition is
expected. This expectation isindependent of the particulate nature.
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6.5.2 Inertial Deposition

Inertial deposition occurs when particles are propelled toward surfaces by turbulent eddies.
Larger particles have more inertiaand are able to cross more streamlines than lighter particles.
Inertial deposition is governed by arate constant that is dependent on the particle size, as
follows:

3 2
3 d 2 0.48 Pparticle Tyail [dparﬁcle]
K _ Qinertial | Twall i particle e 18 Piiquid Aiiquid \ Viiquid Eq. 6-2
inertial — .
5.23 | Piiguid 181 Viiquid

where ais afitted constant, ,, isthe shear stress at the deposition surface, p,,, isthe liquid
density, p_.... is the particle density, v;,, isthe kinematic viscosity of theliquid, and d . isthe
particle diameter. As can be seen in Equation 6-2, the deposition rate decreases monotonically
with decreasing particle size. Therefore, it is expected that smaller particles will deposit more
slowly by theinertial process.

6.5.3 Diffusive Deposition
Diffusive deposition occurs through the Brownian motion of particles which resultsin a net flux

from regions of high concentration to regions of low concentration. The rate of diffusive
deposition is governed by the following equation:

Qgitrusi r _2 _2
K ] ) — Irrusion wall SC 3 o d 3 )
diffusion 119 ,0|iquid particle

Sc— Viquid Viiquid

Eq. 6-3

Dparticle [ KT
3ﬂ;lvlliquid d particle

where x isthe Boltzmann constant, T is the absolute temperature, and 4, is the liquid viscosity.
From Equation 6-3 it can be seen that the diffusive deposition rate increases monotonically as the
particle size decreases. Therefore, increased hydrogen concentrations, and resultant smaller
particles as discussed in Section 6.4, would result in higher rates of deposition by this
mechanism.
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6.5.4 Boiling Deposition

Boiling deposition is governed by the following expression for the deposition rate constant:

n

q
Kboiling = Qpoiling h Eq. 6-4
liquid " *fg

where g" isthe heat flux and h, isthe latent heat of vaporization. According to Equation 6-4,
boiling deposition is governed only by the rate of coolant vaporization. Therefore, hydrogen
concentration is not expected to influence boiling deposition.

6.5.5 Thermophoretic Deposition

Thermophoretic motion of particlesis caused by temperature gradientsin the liquid. Because
otherwise random impacts of liquid molecules on the suspended particles have more energy on
the hot side of the particle, there is anet motion of particles down the thermal gradient. When
considering heated surfaces, this resultsin a negative deposition rate, as expressed in the
following equation:

"
K _ ~hermo q V"CIUid
thermophoretic —
3.8 (2Kyq +k

Eq. 6-5
T q

particle )

where k., and k.. are the thermal conductivities of the coolant and the corrosion product
particle, respectively. From Equation 6-5 it is evident that particle size does not influence the
thermophoretic deposition rate.

6.5.6 Electrophoretic Deposition

Electrophoretic deposition is the movement of a particle to a surface due to electrical charge.
The charge of asurface istypically measured in terms of zeta potential. Figure 6-6 and Figure
6-7 show possible effects of chemistry on zeta potential. When the zeta potential of the surface
(stainless steel, for example) is opposite in sign from that of the particle (nickel ferrite, for
example), thereis an attractive force that promotes deposition.
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Figure 6-6 and Figure 6-7 show the effect of boron concentration. Similar results might occur
due to hydrogen concentration, especially if changes in hydrogen concentration cause a shift in
the nature of the surface composition of corrosion product particles (for example, increasing the
surface concentration of nickel metal relative to nickel oxide). However, it should be noted that
such considerations are highly speculative. The effect of hydrogen on electrophoresis cannot be
determined at thistime.

6.5.7 Crystallization Deposition

As discussed in the introduction to Section 6.5, calculated changes in solubility across the core
have been the historic bases of attempts to determine optimum primary chemistry. However, it
isthe opinion of this author that direct precipitation isaminor factor in deposit accumulation in
the core. The basisfor this opinion is the numerous measurements of RCS nickel concentrations
far in excess of the best estimates of solubility limits. Nevertheless, it is possible that the
solubility of corrosion products does affect deposition in the core.

The solubility of corrosion productsis discussed in Section 3.5 and 3.6. The significant
uncertainty that exists in understanding the solubility limits of nickel and iron are discussed in
those sections. However, given this uncertainty and the uncertainty in the role that soluble
species might play in corrosion product transport and deposition, the following generalities are
likely to hold:

e Maintaining low nickel solubility islikely to be beneficial.

e Anincreasein solubility with temperatureislikely to be beneficial.

As shown in Figure 3-7 and Figure 3-8, increased concentrations of hydrogen are expected to
make nickel metal the solubility limiting solid phase. Thisis expected to both reduce the overall
solubility and to reduce the decrease in solubility with increasing temperature. Therefore,
increasing hydrogen concentrations would be expected to be beneficial with respect to solubility-
based deposition mechanisms. (As discussed in Section 3.5, if the transition between nickel
metal stability and nickel ferrite stability occurs at alower hydrogen concentration than
previously believed, then the effect of hydrogen concentration is smaller. However, the overall
conclusion that increased hydrogen is beneficial with respect to crystallization deposition would
still be valid using alternative thermodynamic data.)

6.5.8 Overall Effect of Hydrogen on Deposition

In general, the overall effect of hydrogen on deposition islargely unknown. The results of
laboratory testing indicate that in the hydrogen concentration range under consideration, particle
sizes could change by a factor of about 5 to 10, with smaller particles at higher concentrations.
Zinc injection [61] has been observed to change particle sizes by about a factor of 100.
Noticeable changes in deposition phenomena are also observed. Thisindicatesthat it is possible
that corrosion product deposition could be significantly affected by changesin hydrogen
concentration.
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6.6 Conclusions

In general, there are very few data available for ng the effects of hydrogen concentration
on corrosion product generation, release, transport, or deposition. The datathat are available
indicate that there may be relatively limited changesin each of these processes. At the modest
changes in hydrogen concentration under consideration, these changes are expected to be small
relative to the current variability and uncertainty.
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EFFECT OF HYDROGEN ON LTCP

7.1 Introduction

Low temperature crack propagation (L TCP) is a phenomenon in which hydrogen embrittlement
accelerates crack growth rates at temperatures that are low relative to PWR operating
temperatures. Specificaly, nickel aloys and their weld metals are susceptible to rapid crack
growth (on the order of one hundred millimeters per hour [62]) in the temperature range of 50°C
to 150°C. Thissusceptibility isafunction of hydrogen concentration at the crack tip which can
be present due to a number of factors (e.g., generation by corrosion at the crack tip; diffusion
from the water into the bulk metal at higher temperatures followed later, after cooldown, by
diffusion from the bulk metal to the crack tip; and diffusion from the water into metal surfaces
and then to the crack tip).

In addition to the presence of hydrogen at the crack tip, LTCP may also require stress intensities
above a certain threshold. The presence of these stress intensities has not been confirmed as
being realistic in actual PWR components. Therefore, the applicability of LTCP to PWR
components has not been confirmed, although the possibility cannot be completely ruled out.
Nevertheless, it is an area of on-going investigation that warrants some consideration in the
context of selecting an optimal hydrogen concentration.

The term LTCP has been used to describe the observations from two types of test: crack growth
rate tests (for example, Reference [62]) and fracture toughness tests (for example, Reference
[63]). In each test, hydrogen aggravates cracking. Crack growth rates are accelerated and
fracture toughness is reduced. Whileit islikely that these mechanisms are related, the nature of
that relationship is not well understood. Most recent testing of L TCP has focused on fracture
toughness testing. Thistype of test has the advantage of being relatively short (afew hoursto a
day) compared to crack growth rate testing. However, some crack growth rate tests have shown
effects at stress intensities lower than those evaluated in fracture toughness testing. Therefore,
caution should be used in relying upon a stress intensity threshold from fracture toughness
testing to assess the likelihood of LTCP occurring in plants.[64]

In the context of optimizing hydrogen concentrations in the RCS, the following two issues must
be considered:

e Would cooldown subsequent to operation at higher hydrogen concentrations “trap”
sufficiently more hydrogen in the vicinity of the crack tip to increase the likelihood of LTCP
during shutdown?
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e Would plant shutdown (or startup) with increased hydrogen concentrations provide
sufficiently more hydrogen in the vicinity of the crack tip to increase the likelihood of LTCP
during shutdown (or startup)?

(These issues would tend to impact unplanned shutdowns much more severely than refueling
outages due to the significant lack of flexibility to mitigate them via a planned reduction in
hydrogen concentration prior to initiating a shutdown.)

In addition, with respect to the possibility of operating at lower hydrogen concentrations (either
during the full cycle or at limited periods at the beginning and end of the cycle), the following
additional consideration complements the two preceding issues:

e Would operating at lower hydrogen concentrations prior to shutdown cause a significant
reduction in the likelihood of LTCP during shutdown?

Assessment of the relevance of LTCP to PWR components is an on-going EPRI investigation
(see Section 7.3). A discussion of thisrelevance is outside the scope of thisreport. For the
remainder of this chapter, the discussions assume that LTCP isrelevant and consider the effects
of increased (or decreased) hydrogen concentrations in the RCS.

7.2 Summary of Laboratory Observations

As mentioned above, the fundamental mechanism of LTCP is believed to be the hydrogen
embrittlement at the crack tip. Hydrogen can be present at the crack tip due to solid phase
accumulations, leading to internal hydrogen embrittlement (IHE) or it can be present in the
external phase (liquid or gas depending on the testing), leading to hydrogen environment
embrittlement (HEE). It isgenerally accepted that these phenomena are essentially the
same.[65] However, the relevant hydrogen concentrations, testing techniques, and operational
considerations are different. Therefore, it is convenient to consider IHE and HEE separately.

7.2.1 Internal Hydrogen Embrittlement

7.2.1.1 General Mechanism

Bulk accumulations of hydrogen can occur through two mechanisms: diffusion of environmental
hydrogen into the metal and the generation of hydrogen from corrosion. Hydrogen diffusion
from the environment is the only mechanism for bulk accumulation that is expected to be
significantly affected by the concentration changes being considered. (Note that the relative
contribution of corrosion generated hydrogen is still relatively unexamined, although one
analysis of laboratory dataindicates that it can be responsible for as much as one third of loss of
toughness for X-750.[66])

The hydrogen concentrations typically associated with LTCP are on the order of 20-80 ppm in
the metal .[65] For typical nickel aloys (e.g., X-750), this corresponds to a hydrogen fugacity of
approximately 10-40 MPaat 360°C,[67] which is considerably higher than atypical PWR
hydrogen concentration (40 cc/kg corresponds to about 0.05 MPaat 300°C, see Chapter 3).
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However, the solubility of hydrogen in highly stressed locations may be significantly higher than
values associated with bulk materials. Therefore, in evaluating the effects of hydrogen
concentration increases, consideration of an absolute concentration is not feasible and the
evaluations discussed here are based only on relative effects. This approach does not address the
ultimate concern as to whether LTCP isrelevant to actual PWR conditions, but, as noted above,
resolution of the relevance issue is beyond the scope of this report.

7.2.1.2 Operational Applicability

Charging of the material due to diffusion during operation is expected to be proportional to the
square root of the RCS hydrogen concentration (Sievert's Law). Dueto the slow diffusion of
hydrogen in nickel alloys at low temperatures, this increased hydrogen is likely to be trapped in
the metal during shutdown if hydrogen concentrations remain high at the end of the cycle.
Therefore, this mechanism of LTCP is applicable to high-temperature elevated hydrogen
concentrations in the absence of a period of low hydrogen concentrations at the end of the cycle
or during the early part of the shutdown. (It ispossible that for sharp crack tips the diffusion
path from the point of highest stress to the water environment is short enough that hydrogen will
not be trapped. However, charging may make blunt cracks more likely to propagate since the
peak stresses may be further into the material where hydrogen has been trapped.[68])

Additionally, if there is a dependence of LTCP on operational hydrogen concentrations, then
operation at lower concentrations would be expected to mitigate this phenomenon.

7.2.1.3 Test Data

A sample of the literature on LTCP was reviewed to collect some pre-charging experimental
results to evaluate the effect of hydrogen concentration. Figure 7-1, Figure 7-2, and Figure 7-3
show some results of fracture toughness measurements in experiments with hydrogen pre-
charging.
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Figure 7-3
Effect of Hydrogen Pre-Charging on Fracture Toughness, X-750 BH at 93°C [68]

The datain Figure 7-1, Figure 7-2, and Figure 7-3 show that for materials susceptibleto LTCP,
increased hydrogen concentrations in the bulk metal can increase that susceptibility. However,
the relative increases in hydrogen concentration used to generate these data are significantly
larger than the increases being considered for an elevated hydrogen program (a shift from 35
cc/kg to 80 cc/kg is afactor of 2.3x which corresponds to an equivalent increase of 1.5x in
concentration in the metal).

At the current time, pre-charging tests of the more important materials (Alloys 600 and 690 and
weld metals 182, 52, and 152) are not available.

7.2.2 Hydrogen Environment Embrittlement

7.2.2.1 General Mechanism

When a pre-cracked specimen of an LTCP susceptible material is exposed to water containing
hydrogen, hydrogen will diffuse to the stressed |ocation immediately ahead of the crack tip,
causing hydrogen embrittlement and allowing rapid growth of the crack.

7.2.2.2 Operational Applicability
Hydrogen environment embrittlement is most likely to be relevant when the hydrogen present in

the bulk material istoo low to cause an LTCP concern. (HEE isthought to require lower
hydrogen concentrations because an equivalent hydrogen mass can be transported to the crack tip
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faster by liquid diffusion in the crack than by solid state diffusion in the metal.[68]) One
possible scenario is that elevated hydrogen concentrations that do not charge the material enough
during operations to cause IHE due to trapped hydrogen could lead to HEE if elevated hydrogen
concentrations are maintained during shutdown. Thisis currently the principal concern
regarding current operating concentrations of hydrogen.

Although HEE may be found to be a significant concern in PWRs (it has not been found to be
such yet), it should not be a significant barrier to the use of elevated hydrogen concentrations
during power operations since hydrogen concentrations could be lowered before shutdown. One
situation in which this might not be possible is during an unscheduled shutdown with arequired
rapid cooldown. Current practices alow plants to significantly reduce primary system
temperatures while maintaining high concentrations of hydrogen in the coolant. However, itis
likely that this issue could also be addressed through procedure modifications (i.e., requiring
reduction in the hydrogen concentration prior to lowering temperature) at least for the majority
of unplanned outages. In some cases, rapid reductions in temperature required by technical
specifications may make reductions in hydrogen concentration impossible.

7.2.2.3 Test Data

A selection of datafrom the literature is shown in Figure 7-4 through Figure 7-9. The test data
indicate that the increases in hydrogen concentration under consideration (e.g., from 35 cc/kg to
80 cc/kg) significantly decrease both the fracture toughness and the tearing modulus of weld
metal 182, and significantly decreases the fracture toughness of weld metal 152, but actually
increase the tearing modulus of weld metal 152. These data, coupled with previously published
datafor weld metal 82, indicate that increases in hydrogen concentrations from 35 to 80 cc/kg in
the water could significantly reduce the fracture toughness and tearing modulus of some weld
materialsin plants. However, this can be addressed by requiring RCS hydrogen concentrations
to be decreased to low levels before the plant is fully cooled down. The length of time that a
plant would operate at low levels of hydrogen would be based on susceptible components.
Currently, the extent to which specific components are susceptible is not well understood.
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7.3 Summary of on-Going and Future Work

EPRI is currently funding additional work on LTCP to determine if this phenomenon is relevant
to PWR components. This work includes the following:

e Investigation of the effects of different loading techniques

e Investigation of the effects of stress redistribution during crack propagation

In the majority of the laboratory tests reported in the literature, the load on the specimen is
generally increasing during the course of the test or the strain rate is held nominally constant.
However, in a PWR component, the load is more likely to be governed either by constant
displacement (i.e., a fixed strain) or by a falling stress (due to stress field relaxation as the crack
grows). Therefore, additional testing under more varied loading techniques is being conducted.
It is unlikely that this additional testing will affect the assessment of elevated hydrogen
concentrations considered here. The results of this testing are expected to be available by the
end of 2007.

A second study is investigating the effect of stress redistribution due to crack growth using
advanced finite element analysis methods. The results of this project are expected to
complement the first project by determining how a load in a PWR component would change with
time, so that it can be determined to what extent LTCP observed in the laboratory for different
loading mechanisms are applicable to PWR components.

7.4 Conclusions

Mills has proposed a system of classification based on fracture toughness and tearing modulus as
shown in Table 7-1. The following recommendations for treatment of each class are made [69]:

e C(lass I: “At these toughness levels, fracture can occur at or below yield strength loadings for
relatively small flaw sizes. For this class of materials, linear-elastic fracture mechanics
assessments should be an integral part of design and operational analyses.”

e C(lass II: “Fracture control based on fracture mechanics approach should be considered,
especially for materials with relatively high stress intensity limits. Elastic-plastic fracture
mechanics methods may be required, particularly at the higher toughness levels.”

e C(lass III: “Tearing instabilities are unlikely except after gross plastic deformation.
Engineering fracture mechanics evaluations are generally not required.”

Table 7-1
Mills Classification System [69]
Class | Class Il | Class i
Fracture Toughness J,; (kJ/m?) <30 30-150 > 150
Fracture Toughness K. (MPa\m) <75 75-160 > 160
Tearing Modulus <10 10-100 > 100
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The conclusions and recommendations given in the following sections are based on these
recommendations.

7.4.1 Effect of Elevated Hydrogen on Internal Hydrogen Embrittlement

From the data given in Figure 7-1, Figure 7-2, and Figure 7-3, it appears that increases in the
bulk metal hydrogen concentration above levels that cause an initial decreasein fracture
toughness do not significantly cause further reductions. The following caveats must be added to
this general conclusion:

e Thedataon IHE (pre-charging) isrelatively sparse and materials of principal interest in
PWRs appear to have not been tested in this manner.

e Any effects of pre-charging can probably be eliminated for normal shutdowns by reducing
hydrogen concentration in the coolant before reducing temperature. However, the possibility
of rapid cooldowns during forced outages with little time for degassing needs to be
considered.

7.4.2 Effect of Elevated Hydrogen on Hydrogen Environment Embrittlement

Evaluation of the datain Figure 7-4 through Figure 7-9 indicates that the increases in coolant
hydrogen concentration under consideration (e.g., from 30 cc/kg to 80 cc/kg) do not result in
changing classifications. There is some indication that lowering the hydrogen concentration
(e.g., from 30 cc/kg to 10 cc/kg) may result in raising the material from Class |1 (some LTCP
concern) to Class 111 (no LTCP concern). Thisindicates that reducing hydrogen concentrations
before reducing temperature may provide protection against LTCP. (Note that reductionsin
hydrogen concentration would generally be necessary before significant reductionsin
temperature due to the thermal activation of diffusion. That is, lowering temperature at high
hydrogen concentrations may “trap” hydrogen in the metal.)

7.4.3 Recommendations for Further Analysis and Testing

Although IHE and HEE are generally governed by the same mechanism, they involve different
kinetics (diffusion lengths) which result in different effects of the hydrogen concentration.

While considerable work has been done by EPRI and others to evaluate HEE, IHE should also be
investigated. If PWR components are susceptible to IHE, then the extent to which the
concentration of hydrogen dissolved in the materials of those components governs that
susceptibility will affect end-of-cycle hydrogen strategies and strategies for dealing with rapid
cooldowns following forced outages. It is therefore recommended that separate testing of the
effect of IHE on the possibility of LTCP in PWR components be investigated.
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7.5 Slow Cracking in Air at Room Temperature

A phenomenon that may be related to L TCP but has been much less well characterized is the
relatively slow (~0.5 mm/day) crack propagation in highly stressed Alloy 600MA samplesin dry
air at room temperature after previous exposure to high-temperature ssmulated primary side
conditions. This cracking mode has only been reported at one laboratory.[70] Furthermore, it
was hot performed as part of a controlled experiment, but was simply an observation determined
several weeks after completion of an experiment involving the samples. The extent to which this
phenomenon is relevant to the consideration of operation at elevated hydrogen concentrations is
not known. However, given the lack of confirmation despite similar exposures of other samples
at numerous different laboratories, the risk of crack growth due to this mechanism is considered
low.

Anecdotal evidence regarding low temperature crack propagation in plants was summarized in
Reference [71]. Datafrom several plants (Doel 3, Doel 4, Almaraz 1, McGuire — unit
unspecified) indicated that primary side crack growth rates in steam generators were more
closely associated with the number of outages rather than the time at operating conditions; one
possible explanation might be low temperature crack propagation, but several other mechanisms
are also possible.
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HYDROGEN CONCENTRATIONS AND RADIOLYSIS

8.1 Introduction

Radiation from nuclear fuel creates chemical energy in the reactor coolant through gamma,
alpha, beta, and neutron radiation interaction with the coolant. Since the principal constituent of
the reactor coolant is water, essentially al of the chemical energy is created through
maodifications of water molecules (linear energy transfer, LET). This modification can result in
new ionic species or new molecules. The chemical conversion of water by radiation is generally
referred to asradiolysis. Typical speciesthat are generated by radiolysisinclude the following
[72]:

H, e H* 0,
0, OH' HO,
H,0, OH o}

Of these, only the molecular speciesH,, O,, and H,O, are sufficiently stable to avoid reacting
with water or other radiolysis products long enough to react with system materials. (The
hydrogen and hydroxyl ions, H" and OH’, are of course present in small quantitiesin dynamic
equilibrium and affect the chemical nature of the coolant as measured by the pH.)

Measurement of molecular radiolysis products in the core is nearly impossible, and nominal
measurements of parameters such as electrochemical potential (ECP) combine the individual
species concentrations into one measurement. Therefore, assessment of radiolysis products
requires modeling. The following are the three principal inputs to radiolysis models:

e Thefirst input isthe radiation flux, including gamma, beta, alpha (*B(n,a)’Li), and neutron
radiation.

e The second input is the G-values for the species generated. A G-value is defined as the
number of molecules of the species generated by 100 eV of absorbed radiation. (Inan
alternate formulation, the W-value may be used. The W-value isthe energy required to
produce asingleion pair, and isinversely related to the G-value.)[ 73]

e Thethird input isaset of reaction rates for the interactions of the species listed above and
water.

Combining these inputs in an appropriate manner allows the calculation of the concentrations of
various species. Section 8.2 discusses cal culations and their comparison to measured values for
full power operation. Section 8.3 contains a similar discussion regarding reduced power or
shutdown conditions.
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The ultimate goal of any analysis of radiolysis products with respect to material degradation is
the assessment of the electrochemical potential which results from the concentrations of the
various species dissolved in the water (principally hydrogen, oxygen, and hydrogen peroxide).
As discussed in Section 3.7 this assessment may be performed, in an approximate manner, by
comparing the concentrations of oxidizing and reducing species. This method is used in the
following assessment of modeling results from the literature.

8.2 Full Power Operation

The minimum concentration of hydrogen required to suppress radiolysis in a PWR core has been
the subject of continuing investigation for the last 50 years. Improvements in model inputs (from
experimental data) have considerably refined predictions, making the investigation of secondary
phenomena useful as other uncertainties have been reduced. Section 8.2.1 discusses the most
recent understanding of the effect of hydrogen concentration on radiolysis suppression. Sections
8.2.2 through 8.2.7 discuss secondary phenomena that add refinement to the general assessment,
but do not significantly affect the conclusions of that general assessment. These secondary
discussions are included in this report for completeness, cataloguing the relevant phenomena that
have been addressed.

8.2.1 Bulk Equilibrium

A model of the type discussed in the introduction to this chapter (using G-values, rate constants,
etc.) was used to predict the equilibrium hydrogen peroxide concentration in a typical PWR core
(in-core) and at the outlet of the core (ex-core).[6] Modeling was performed for prototypical
beginning and end of cycle chemistries. The results are shown in Figure 8-1 and Figure 8-2, for
beginning and end of cycle chemistry, respectively. In both cases, the minimum hydrogen
concentration required to suppress radiolysis is between 0.1 and 0.25 cc/kg. The minimum
concentration to maintain an excess of reducing species (hydrogen) over oxidizing species
(hydrogen peroxide), which is expected to result in a reducing environment, is also within this
range, as indicated by the intersection of the curves representing hydrogen peroxide
concentration and equivalent hydrogen concentration (i.e., the hydrogen concentration converted
to an equivalent hydrogen peroxide concentration so that / eq ppm H,O, represents the same
number of moles of hydrogen as 1 ppm of hydrogen peroxide).
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8.2.2 Sensitivity to Model Inputs

Reference [72] explores the sensitivity of the model used in Section 8.2.1 to changesin the basic
inputs: G-values and reaction rate constants. Figure 8-3 shows the calculated results for the base
model and two variations (one in G-values, the other in reaction rate constants). The results
indicate that for the hydrogen concentrations under consideration, the model is robust, with all
variations predicting suppression of radiolysis (and an excess of hydrogen over hydrogen
peroxide, which is expected to be indicative of areducing potential) above a hydrogen
concentration of ~0.5 cc/kg.
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Sensitivity of Radiolysis Model to Variations in Inputs [72]

8.2.3 Variations Along a Fuel Assembly

The local concentration of hydrogen can change along the length of afuel assembly for avariety
of reasons, including the kinetic effects of hydrolysis, changing radiation fields, and stripping of
hydrogen gas by boiling. Figure 8-4 shows calculated hydrogen concentrations for a high power
fuel assembly in aPWR.[74] Note that at lower concentrations of bulk hydrogen, radiolysisis
not suppressed and the hydrogen concentration (along with other radiolysis products, since this
hydrogen can arise only through the formation from water of the oxidizing species oxygen and
hydrogen peroxide) increases along the fuel assembly. At higher bulk hydrogen concentrations,
the conditions at the top of the fuel assembly are depleted in hydrogen due to boiling. However,
for bulk concentrations above 0.5 cc/kg, the concentration aong the assembly never falls below
the concentration needed to suppress radiolysis. (Depletion due to boiling is discussed in Section
8.24.)
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Hydrogen Concentrations Along a High Power Fuel Assembly [74]

Note that the modeling results shown in Figure 8-4 are independent from those discussed in
Section 8.2.1and therefore provide independent confirmation that the threshold hydrogen
concentration for radiolysis suppression isvery low. Inthismodeling it was found to be between
0.11 cc/kg and 0.22 cc/kg, asindicated by the close matching between concentrations at the
different locations and the bulk concentration at concentrations of 0.22 cc/kg and greater.

8.2.4 The Effects of Boiling

It has been speculated that boiling on the fuel cladding can lead to local depletion of hydrogen as
hydrogen is transferred from the liquid bulk to the newly generated gas phase, since at
equilibrium the mass/mass concentration of hydrogen is greater in the vapor phase than in the
liquid phase. However, modeling of the mass transfer rates at the liquid-gas interface indicate
that the depletion in hydrogen isrelatively small.[72]

The model developed [72] uses the unsteady equation for hydrogen, oxygen, and hydrogen
peroxide diffusion from a bubble into an essentially infinite medium with an additional term for
the chemical reactions between the three species. The model predicts that over the lifetime of a
bubble (1-3 ms) hydrogen is not likely to become significantly depleted in the immediate vicinity
of the bubble. Furthermore, hydrogen peroxide, the major oxidizing species, is not likely to be
significantly higher in concentration near the liquid-gas interface than in the bulk. Figure 8-5
shows the concentrations of hydrogen, hydrogen peroxide, and oxygen near the liquid-gas phase
interface of an expanding steam bubble at 344°C when the bulk hydrogen concentration is

40 cc/kg. Thisfigure showsthat, even very close to the interface, hydrogen is not significantly
depleted and hydrogen peroxide concentrations are not significantly higher than in the bulk.
Note that the concentration of hydrogen is given in moles per liter so that it can be compared to
the concentration of the oxidizing species on a stoichiometric basis.[72]
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H,, H,0,, and O, Concentrations Near an Expanding Steam Bubble
344°C, 40 cc/kg Bulk H, [72]

Figure 8-6 shows the effect of bulk hydrogen concentration on the depletion of hydrogen near a
steam bubble surface and the resulting concentration of hydrogen peroxide. The curves show
that for very low bulk hydrogen concentrations, the region near the expanding steam bubble
surface may become depleted enough in hydrogen that the hydrogen peroxide concentration
increases significantly near the bubble surface. However, it isimportant to note that 0.15 cc/kg
hydrogen corresponds to about 4x10° mol/L hydrogen, so that even near the bubble surface the
concentration of hydrogen is at least an order of magnitude higher than the hydrogen peroxide
concentration.[72]

It is possible that the highly complicated geometry created by boiling in a surface deposit, with
wicking of liquid through small pores and the exit of steam through large pores (chimneys), or
the interaction of multiple bubbles could lead to a condition in which avapor-liquid interface
persists for extended periods (i.e., more than the 1-3 mslifetime of atypical steam bubble). This
could lead to more significant depletion of hydrogen in the liquid phase. However, such a stable
interface near the cladding surface seems unlikely in the absence of contaminants which could
raise the boiling point of the liquid phase. That is, the temperature gradient from the clad
surface, through the deposit, and into the bulk makes a stable liquid phase at the clad surface
unlikely. However, the existence of a stable liquid phase in the crud, which if depleted in
hydrogen could affect the oxidation state of the deposit, is more likely. A stable liquid-vapor
interface in the bulk coolant is highly unlikely. Therefore, while depletion due to boiling may be
expected to affect the oxidation state of the deposits on the fuel, it is not expected to significantly
change the reducing conditions (ECP) at either the clad surface or on other components
susceptible to increased degradation under oxidizing conditions.
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8.2.5 Metal lon Effects

Although reactions with metal ions can affect radiolysis of water, concentrations of these ions
are very small in reactor coolant environments (compared, for example, to the concentrations of
hydrogen under consideration). Therefore, the presence of metal ionsis not expected to
significantly influence the concentrations of hydrogen required to suppress radiolysis.[6]

8.2.6 Surface Effects

The proximity to a surface can affect radiolysis relative to the calculations for bulk equilibrium
discussed in Section 8.2.1. For example, secondary electrons produced by beta irradiation of
metal surfaces can contribute significantly to the formation of radiolysis products.[75] During
power operation of PWRS, this effect is expected to be small when considering the threshold for
production of oxidizing species because the principal mechanism for generation of oxidizing
species (hydrogen peroxide) is neutron and alpha, i.e., °B(n,o)’Li, radiation.[76] The effects of
beta radiation and other electron species appear to be of little importance.[72] However, at
reduced power conditions when gamma radiation is more important, the effects of secondary
electrons may also be important, since both of these radiations are generally [73] classified as
low LET based on the energy they transfer to water. It appears that this concept has not been
explored for PWR chemistries.
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Surfaces can also affect the results of radiolysis by eliminating some radiolysis products through
chemical reaction. During low hydrogen testing at EDF s Belleville reactor, the kinetics of
hydrogen concentration changes were slower than predicted from radiolysis modeling.[77] It has
been speculated that this was because conversion of corrosion products between different
oxidation states consumed radiolysis products.[24] Alternatively, it is known that the principal
oxidizing species formed by radiolysis, hydrogen peroxide, is subject to decomposition reactions
both in bulk water and on surfaces (see, for example, Reference [78]).

8.2.7 Restricted Flow Areas

In restricted flow areas such as under deposits or at support grid contact points, thereisa
possibility that the local hydrogen concentration is not the same as the bulk concentration. This
is not expected to occur through the depletion of hydrogen by radiolysis, since, as discussed in
Section 8.2.1, sufficient hydrogen is expected to be present to prevent net radiolysis. However,
if hydrogen is not initially present or becomes consumed (absorption by materials of
construction) radiolysis could produce oxidizing species faster than they could be removed by
reaction or by diffusion out of the restricted area, resulting in alocally oxidizing environment.
Although radiolysisin a crack tip has been discussed in the literature [ 79], comparisons of
radiolysis rates with diffusion rates appear not to have been reported.

8.3 Reduced Power Operation

During periods of reduced power, decreases in temperature and radiation flux combine to affect
radiolysisin the core. Changes in temperature affect both the G-values for radiolysis products as
well asreaction rates. Changesin the flux, both type and magnitude, affect radiolysis through
reductions in energy transfer. Modeling results performed by Nexia Solutions and presented in
the Primary Water Chemistry Guidelines [6] provide indications of the magnitudes of each of
these effects and the degree to which the resulting radiolysis is affected by hydrogen
concentration.

The effect of radiation field reductions are illustrated in Figure 8-7, which shows resulting
hydrogen peroxide concentrations as a function of bulk hydrogen concentration at a flux
representative of 100% power, aflux of 10% of full power gamma (with no neutron flux), and a
flux of 1% of full power gamma (with no neutron flux). The lower flux cases also consider an
accompanying temperature change at reduced power. These calculations indicate that if ahigh
temperature is maintained, reductions in power will require less hydrogen to suppress radiolysis
than would be required at full power.

The effects of further temperature reductions are shown in Figure 8-8. These calculations
indicate that as temperature is reduced (with flux rates constant at a value typical of early
shutdown values), the equilibrium concentrations of hydrogen peroxide will increase
significantly. A subset of these data are plotted in Figure 8-9, which shows the equilibrium
hydrogen peroxide concentration as afunction of temperature for high (40 cc/kg) and low

(0.1 cc/kg) dissolved hydrogen. These data indicate that there is little benefit, with respect to
radiolysis suppression, in increasing hydrogen concentrations. (Note that unlike the other figures
used in this chapter, the hydrogen peroxide concentration in Figure 8-9 is plotted on alinear scale))
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8.4 Conclusions

The modeling analyses described in the previous sections lead to the following conclusions
regarding the effect of dissolved hydrogen concentration on radiolysis:

e At full power, the minimum hydrogen concentration required to suppress radiolysis is less

than 0.5 cc/kg.

e Atreduced power, the extent of radiolysis is insensitive to hydrogen concentration in the
concentration range of 0.1 - 40 cc/kg. At elevated temperatures, there is little radiolysis. As
temperature decreases, radiolysis is no longer suppressed. This trend is not expected to be
affected by increases in hydrogen concentration above 40 cc/kg.

e Numerous secondary factors (temperature, boiling, variations along the fuel assembly, input
uncertainty) have been considered. None affect the general conclusions.

In summary, radiolysis is not significantly affected by changes in hydrogen concentration within
the range being considered (5 — 80 cc/kg). Note that the analyses discussed in this chapter do not
address the practical issue of whether it is possible to control dissolved hydrogen at 5 cc/kg
without inadvertently lowering the concentration enough to allow radiolysis. Such practical
issues are discussed in Sections 9.3 and 10.2.
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9

OPERATIONAL AND SAFETY ISSUES

9.1 Introduction

The purpose of this chapter is to catalogue operational and safety issues that may impede the
application of elevated or reduced RCS hydrogen concentrations. The chapter is based largely
on areview performed for EPRI in 2006/2007 [80]. Thisreview included consultation with an
expert panel including EPRI project managers, utility chemistry personnel, fuel and NSSS
vendors, and consultants. This panel identified some issues as high priority; these are discussed
in Section 9.2. Additional issues that were identified but considered lower priority are discussed
in Section 9.3. Resolution of many of these issues is dependent upon a reliable understanding of
hydrogen distribution throughout the RCS at various operating conditions. Modeling to address
this need is discussed in Section 9.4.

Thisreview isintended to cover all commercia PWR designs in operation in the United States.
Significant differences exist between B& W (OTSG) plants and Westinghouse and CE plants.
However, with respect to most of the issues discussed in this section, these differences do not
affect the concerns regarding use of higher or lower hydrogen concentrations. Some major
differences are asfollows[81]:

e B&W plants use seal injection flow for the majority of makeup flow.

e Thedesign pressure of atypical B& W makeup tank (the equivalent of the VCT) is 100 psig,
while the design pressure of atypical Westinghouse or CE VCT is 75 psig.

The purpose of thisreview isto provide the technical bases for a future plant-specific evaluation
(including a 50.59 safety evaluation). The technical issues discussed are generic to al plant
designs, but may not include all issues which would need to be evaluated for a specific plant.

9.2 Priority Concerns

In general, the highest priority issues are safety related. These issues focus on materia integrity
and avoidance of explosive gas mixtures. Specific issues are discussed in the sections below.

9.2.1 Formation of Explosive Gas Mixtures

A major consideration in the use of hydrogen is the potential for the formation of explosive gas
mixtures. In general, thisrisk is small during normal operation. However, plant-specific safety
evaluations would have to be performed before implementation of elevated hydrogen
concentrations. Specific concerns that would need to be addressed are:
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e Startup conditions
e Shutdown condition (e.g., chemical degassing)
e Lossof coolant accident (LOCA) conditions

It is not possible to completely address these issues in the scope of thisreport. Some of these
issues may be addressable on a generic basis. However, most would require a plant-specific
evaluation. Generic evaluations in support of such an effort are already available.[82, 83, 84]

9.2.2 Effects of Hydrogen Concentration on Fuel Performance and Integrity

Several effects of hydrogen concentration have been postulated, including the following:
e Changesin hydriding and other corrosion phenomena (Chapter 5)

e Changesin corrosion product deposition rates (Chapter 6)

e Changesin boiling rates (Section 9.4.2)

e Increasesin oxidant concentrations (for decreases in hydrogen concentrations) (Chapter 8)

These issues are extensively discussed in the sections of this report noted in the above list and
are not discussed further here. Although these issues pose significant concerns, they do not
appear to prevent the safe application of elevated or decreased hydrogen concentrations based on
current knowledge. However, additional work is needed to close existing knowledge gaps.

9.2.3 Avoidance of Radiolysis

The effects of hydrogen concentration on radiolysis are thoroughly discussed in Chapter 8.
There appears to be little chance of hydrogen concentration affecting radiolysis during normal
operation within the range of concentrations under consideration (5 — 80 cc/kg). However, as
discussed in the Primary Water Chemistry Guidelines, operation at below the current lower limit
of 25 cc/kg would reduce margins against inadvertently experiencing oxidizing events during
plant events (e.g., loss of letdown flow).

9.2.4 Acceleration of PWSCC

As discussed in Section 4.4, some specific changes in hydrogen concentration could result in
accelerated PWSCC. For lower temperature locations (325°C to 290°C) all changes to hydrogen
concentrations to operate in the range of 5 — 25 cc/kg are expected to accelerate PWSCC of
nickel-base alloys and weld metals (regardless of the specific material).

Since numerous susceptible components are at temperatures in this temperature range, lowering
coolant hydrogen concentrations would increase the risk of pressure boundary degradation in
several locations. PWSCC of components operating in this temperature range has already been
observed. For thesereasons, it is considered highly unlikely that decreased hydrogen
concentrations can be considered desirable (or even feasible) for the current generation of plants.
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9.2.5 Hydrogen Embrittlement

The effects of the increases in hydrogen concentration under consideration on stainless steels and
other non-nickel-base, non-zirconium-base RCS materials have not been fully considered.
Hydrogen embrittlement and increased intergranular stress corrosion cracking (IGSCC) may be
accelerated by increased hydrogen concentration, although the modest increases under
consideration may have no effect. Hydrogen concentrations are not expected to affect crack
growth rates in stainless steels [85] athough there may be some limited effect [86].

9.2.6 Safety-Related Systems Inoperability

Asdiscussed in Section 10.4.1, safety-related plant systems have been found to be inoperable
due to the development of gas pockets. In general, these incidents have involved the failure of a
system or program designed to prevent such occurrences. The rate of gas pocket growth is
expected to increase linearly with the hydrogen concentration. Therefore, the risk of safety-
related system inoperability is expected to increase slightly. Review of this particular issue
requires plant-specific safety evaluations.

9.2.7 Effect on RCP Seals and Seal Performance

Part of the charging flow from the CVCS s diverted to the RCP seals. The portion of this flow
which enters the RCS and returns to the VCT (excess seal flow) is affected by the pressure
differential acrossthe seals. Typical requirementsfor VCT pressure are >15 psig and <65
psig.[87] At pressures <15 psig, VCT pressure is not sufficient to prevent backflow through the
seals. At >65 psig, excess seal flow will be reduced and too much seal flow will enter the RCS.
Note that the lower limit of 15 psig and the upper limit of 65 psig are within the range of
pressures considered in the discussion on VCT pressures (Section 9.4.2).

An additional issue affecting RCP seals is the presence of depositsin thisarea. Rust colored
deposits, presumably hematite, have been detected on RCP seals.[6] The effects of increased
hydrogen concentrations on such deposits and the subsequent consequences for RCP operability
are not immediately apparent.

Due to the pressure drop across the seals, the RCP seals may be alocation that is susceptible to
void formation, as discussed in Section 9.3.1 and Section 9.4.3.

RCP seal materials have not been specifically evaluated for compatibility with the hydrogen

concentrations under consideration. However, it islikely that compatibility with 80 cc/kg is not
significantly different from compatibility with 50 cc/kg.

9.2.8 Pressure Limits in Low Pressure Systems
A review of those portions of the plant that would be subject to higher pressure at elevated

hydrogen concentrations will be necessary to ensure that neither structural limits nor operating
capabilitieswill be chalenged. These portions include the CVCS, VCT, boron recycle system
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(BRS), recycle holdup tank (RHT), reactor coolant drain tanks, pressurizer relief tanks, reactor
coolant bleed tanks, hold-up tanks, waste gas systems, and gas rel ease tanks and piping.

RCS hydrogen concentrations are generally maintained by maintaining hydrogen in the volume
control tank (VCT) vapor space at a suitable partial pressure. (Some non-US PWR designs
include direct injection of hydrogen.) In order to achieve high hydrogen concentrations, the
pressure must be increased. This places aphysical limit on the concentration of hydrogen that
may be used. Thisissueisdiscussed further in Section 9.4.2, which presents the results of VCT
pressure requirement calculations.

9.3 Additional Issues

Many additional issueswere identified in the EPRI review.[80] Those not judged to be high
priority issues are discussed here. Generally, each of these issues would need to be addressed,
either generically or on a plant-specific basis, before implementation of new hydrogen
concentrations. Issues that are addressed in other sections of thisreport (e.g., LTCP) are not
discussed in this section.

9.3.1 Gas Pocket Formation

Gas pockets have formed with hydrogen concentrations under 50 cc/kg (see Section 10.4). At
higher concentrations, voiding may occur at more locations and the gas pockets formed may
increase in size more rapidly. A plant-specific program to evaluate which locations in the plant
may become susceptible to voiding would be necessary before implementing an elevated
hydrogen concentration program.

Among the critical locations where gas pockets may form is the charging pump suction.
Formation of large gas volumes in this location could lead to gas binding of the pump and loss of
charging flow. Evaluation of the required total pressure to prevent gas pocket formation is
discussed in Section 9.4.3.

Another location which may be vulnerable to voiding isthe RCP seal. Formation of voidsin this
location may interfere with RCP operation.

Note that gas binding is considered separately from cavitation, which is addressed in
Section 9.3.3.

9.3.2 Secondary Side Conditions

Hydrogen readily diffuses through the steam generator tubes to enter the secondary side of the
steam generators.[9] Due to boiling on the shell side of the steam generators, hydrogen is not
expected to accumulate in the steam generators. Buildup of hydrogen in the shell side of
feedwater heat exchangers also is not likely due to continuous venting of the shell sidesto the
condenser (the purpose of the vent is to prevent the buildup of non-condensable gases).
However, if vent rates must be increased to prevent such a buildup, there could be a very minor
impact on secondary side thermal performance.
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An additional consideration is that the diffusion of hydrogen through the steam generator tubesis
generally taken to be proportional to the square root of the liquid phase hydrogen concentration.
Thisisdueto Sievert’s Law for the equilibrium between diatomic gases dissolved in water in
equilibrium with monatomic gases dissolved in metals.[9]

Hydrogen that does diffuse to the secondary side will be removed in the condenser off gas. The
concentration of hydrogen in this stream is expected to be very low.

The effects of RCS hydrogen on the secondary coolant system are expected to be negligible. Itis
likely that generic evaluations would satisfy all secondary side safety and operability concerns.
One path for dispositioning secondary side effectsis to note that the change in the mass diffused
through the steam generators would be comparable to hydrogen ingress from primary-to-
secondary leakage. Numerous plants have operated with small leaks without hydrogen related
issues.

An additional consideration is the possible accumulation of hydrogen in isolated regions (i.e.,
blocked crevices or gaps between the tube and tubesheet that are isolated from the top of the
tubesheet). Increasesin primary coolant hydrogen could lead to proportional increases in the
hydrogen in these hypothesized locations. It is possible that under these hypothesized conditions
the hydrogen concentration could accelerate some form of outer diameter stress corrosion
cracking.

9.3.3 Cavitation

It has been speculated that cavitation damage may be augmented by the presence of increased
dissolved hydrogen. Although there may be a higher likelihood of gas phase formation (see
Section 9.4.3) cavitation damage islikely to be lessif significantly higher concentrations of
dissolved gasses are present. Because gas bubbles collapse in afinite time period (as opposed to
steam bubbles which can collapse instantaneously) there is no shockwave, resulting in lower
pulse pressures and less materials damage. Therefore, increased concentrations of hydrogen do
not increase the likelihood of cavitation damage. Lower concentrations of hydrogen might
increase cavitation damage in locations where cavitation already takes place. However,
cavitation is not expected to be more likely with lower concentrations of hydrogen.

9.3.4 Waste Gas Handling

Increases in the concentration of coolant hydrogen will have implications for waste gas handling.
Hydrogen generally has a much higher concentration in the coolant than any other dissolved gas.
Therefore, increases in hydrogen concentration will significantly increase waste gas volumes.
The impact of thisincrease will be dependent on the specifics of the plant’ s waste gas system. |f
hydrogen recombiners are used in the waste handling processes, the impact will be small.
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9.3.5 Degassing During Shutdown

During shutdown, hydrogen must be removed from the system prior to head lift and the
subsequent exposure of the coolant to containment. |If mechanical degassing is used, increased
concentrations of hydrogen could prolong the degassing process. If chemical degassing is used,
the impact of higher hydrogen concentrations is expected to be negligible.

Increased hydrogen concentrations during operation may also affect crack propagation during
shutdown, as discussed in Chapter 7.

For unplanned outages in which the RCS may not be degassed, accumulation of hydrogen in the
pressurizer could cause large increases in coolant hydrogen when temperature isincreased. This
has led to voiding in the letdown demineralizers at one plant. (See Section 10.4.4.)

9.3.6 Tritium Generation

The contribution to tritium concentrations of the °H(n,y)°’H reaction is negligible.[6] Therefore,
hydrogen concentrations are not expected to influence tritium concentrations.

9.3.7 Corrosion Product Removal During Shutdown

Historically, corrosion product removal during shutdown has been linked to pH and hydrogen
concentrations. However, the effects of temperature, especially on nickel concentration, are
more likely to dominate corrosion product release. Therefore, no effects on corrosion product
rel eases during shutdown are expected from operating at alternative hydrogen concentrations.
Additional corrosion product transport issues are discussed in Chapter 6.

9.3.8 Control During Water Transfers

Many plants use aerated makeup water. The extent to which hydrogen can be controlled at low
concentrations during periods when large quantities of aerated makeup water are added to the
RCS would need to be evaluated before implementing a lower hydrogen concentration. Plant
experience (see Section 10.3) indicates that at some plants operating much below 25 cc/kg led to
oxidizing conditions even though cal culations assuming the initial absence of oxygen indicate
that reducing conditions would have been maintained at much lower concentrations of hydrogen
(see Chapter 8).

9.3.9 Control During Hydrogen Transients

At least two units have experienced aloss of letdown flow.[9] In each case, operation could
continue because of the large inventory of hydrogen in the RCS. If coolant concentrations are
lowered (e.g., to 5 cc/kg) thisinventory would no longer be present and plants would potentially
enter oxidizing conditions much sooner after loss of letdown.
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9.3.10 Flow Rates Returning to the VCT

In addition to excess seal flow (see Section 9.2.7) other low pressure flows (e.g., sample return
or zinc injection) may return to the volume control tank (VCT). Increasesin pressureinthe VCT
to achieve higher hydrogen concentrations could reduce these flow rates. Since sampling
configurations vary significantly from plant to plant, a plant-specific evaluation would need to be
performed to address this issue.

9.3.11 Resin Degradation

It has been speculated that there may be an effect of hydrogen concentration on the rel ease of
sulfur compounds from demineralizer resin. Thisissue may warrant additional investigation.
Also, the issue of whether aresin ingress would be made worse by elevated or reduced hydrogen
concentrations has not been investigated.

9.3.12 Radiocobalt Behavior

It is possible that changes in hydrogen concentration could affect the behavior of cobalt in the
RCS, changing the manner in which it isincorporated into ex-core films where it contributes to
personnel dose. Changesin hydrogen concentration could affect the stable solid phase of cobalt
in amanner similar to nickel (see Section 3.4.2).

9.3.13 Interaction With Elevated Lithium

In order to maintain higher coolant pH values, some units are using concentrations of lithium that
exceed those qualified by prior industry experience. Elevated lithium programs have been
implemented at these units with the concurrence of fuel vendors and have included augmented
fuel inspections. These programs were developed for the current range of hydrogen
concentrations. Although thereis no indication that changesin hydrogen concentration would
change the effects of increased lithium, thisissue has not been addressed to date.[42]

9.3.14 Non-Technical Issues

Non-technical issues, such as evaluation of warranty or technical specification requirements or
modifications to operating procedures, are outside the scope of this report.

9.4 Distribution Modeling

In order to quantitatively assess the effects of hydrogen concentration changes on operational
and safety issues, knowledge of the distribution of hydrogen throughout the system is required.
In the liquid phase, it can generally be assumed that the hydrogen concentration is constant.
Small deviations from this assumption due to radiolysis in the core or diffusion through the
steam generators are expected to be negligible.[9] The principal issue of concernisthe
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distribution of hydrogen between liquid and vapor phases. Liquid-vapor equilibria occur at the
following three locations:

e Inthe pressurizer where a steam bubble is present during full power operations

¢ IntheVCT where a hydrogen atmosphere is maintained to control coolant hydrogen
concentration

e Inlow pressure regions where voiding may occur

These locations are discussed in the sections below.

9.4.1 Accumulation in the Pressurizer

During normal operation the pressurizer contains both aliquid phase and a vapor phase. At
equilibrium, the mass fraction of hydrogen in the vapor phase will be significantly higher than
the mass fraction in the liquid phase. Because of this, the vapor phase in the pressurizer can be a
significant source of hydrogen. Thisis generally only anissue of importance when plant
conditions are changing (for example, during shutdown). In these situations, the mass of
hydrogen in the pressurizer adds “inertia’ to the system and system responses can be delayed.
When the exchange of mass between the pressurizer and the rest of the RCSislow (for example,
at normal pressurizer spray rates) the mass of hydrogen in the vapor space can cause delayed
effects. For example, it iswell known that collapsing the steam bubble in the pressurizer can
cause a spike in hydrogen concentration.

The effects of the hydrogen concentration changes under consideration should not have a
significant impact on the nature of the accumulation of hydrogen in the pressurizer. The mass of
hydrogen in the pressurizer will be linearly proportional to the concentration in the RCS.

9.4.2 Required VCT Pressures

The concentration of hydrogen in the coolant is controlled by maintaining a fixed partial pressure
of hydrogen in the volume control tank (VCT). Letdown flow from the RCSis sprayed into the
vapor space in the VCT rapidly achieving near-equilibrium concentrationsin the liquid phase.
Thisliquid is then returned to the RCS through the charging pumps. Thus, a coolant hydrogen
concentration implies a specific VCT hydrogen partial pressure. (Deviations from equilibrium
are assumed to be small. For steady state operation, thisis undoubtedly valid.)

In some designs, the pressure limit on the VCT is 75 psig (6.1 atm), with an alarm at 60 psig
(5.1 atm).[88] Asapractical issue, air exclusion requiresadlight (2 psig or 1.1 atm) over
pressurein the VCT. Theliquid phase hydrogen concentrations that could be achieved at these
pressures for arange of temperatures are shown in Figure 9-1.
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Figure 9-1
Hydrogen Concentrations Resulting From VCT Hydrogen Partial Pressures

The calculations shown in Figure 9-1 indicate that the highest hydrogen concentrations currently
under consideration (~80 cc/kg) are achievable without changes to current system configurations
(including alarm levels) if areasonably pure gas phase is maintained (steam pressures at these
temperatures are not significant, i.e., they arelessthan 3 psi). Maintaining a reasonably pure gas
phase may require additional purging of helium, since the VCT can accumulate helium. Figure
9-2 shows an alternate representation of the same calculation results. It should also be noted that
significant pressure margin could be recovered if the VCT temperature were maintained at 20°C
rather than 40°C.

With respect to lower hydrogen concentrations, values below 20 cc/kg would require dilution of
the VCT vapor space by an inert gasin order to simultaneously achieve low hydrogen partial
pressures and total pressures high enough to prevent air ingress. Selection of an acceptable
diluent would need to consider radiolysis (for example, nitrogen would lead to ammonia
generation in the core) and analytical issues (for example, helium can interfere with some
hydrogen assays). Qualification of a specific diluent is beyond the scope of this report, although
it should be noted that there has been experience with nitrogen [89] and inadvertent experience
with helium [90]. With respect to helium, acceptable operation (except for approaching the
dissolved hydrogen lower action level limit) has been observed with helium content in the vapor
gpace of the VCT approaching 50%.[90] Additionally, at some plants prevention of cavitation of
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the charging pumps requires about 2 psig in the VCT [91] providing a second requirement for an
additional inert gas at hydrogen concentrations below 20 cc/kg.

Plant-specific verification of the range of possible pressuresin the VCT would be required prior
to increasing hydrogen concentrations above the current limit.
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Figure 9-2
VCT Partial Pressures of Hydrogen Required for Various Hydrogen Concentrations

9.4.3 Effect of Hydrogen on Saturation Pressure (Voiding)

Vapor bubbles will form in the RCS and adjoining systems when the equilibrium pressure (the
sum of the steam pressure and the equilibrium partial pressure of hydrogen) falls below the
operating pressure. Figure 9-3 shows the calculated pressures (hydrogen, steam, and total) over
the range of RCS temperatures. It is clear that at high temperatures, even with afactor of two or
three increase in hydrogen concentration, the total pressure is dominated by the steam pressure.
Therefore, for example, changes in hydrogen concentration are not expected to affect sub-
nucleate boiling. The same calculation results are shown only for lower temperaturesin Figure
9-4. At lower temperatures, the hydrogen concentration governs the pressure required to
suppress voiding.
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Partial Pressure of Hydrogen and Total Pressure as a Function of Temperature: 50 cc/kg
Low Temperatures

The effect on the pressure required to prevent voiding of varying hydrogen concentrationsis
shown in Figure 9-5. Also shown in thisfigureisthe estimated demineralizer outlet pressure at a
typical PWR.[92] Asindicated in the figure, voiding is not likely to occur in the demineralizer
bed or upstream unless hydrogen concentrations approach 100 cc/kg.
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Total Pressure Required to Prevent Voiding

A critical location where voiding might occur is the suction to the charging pumps. The pressure
at this point isless than that in the VCT due to flow losses and possibly elevation changes, but
depends on specific plant configuration. A plant-specific assessment of the propensity for

voiding at this location should be undertaken before increasing hydrogen concentrations above
the current band.

Additional consideration should be given to low pressure systems that are isolated from the
CVCSby single valves. Section 10.4 discusses specific plant events in which valves have failed
to contain hydrogenated water and gas pockets have formed in low pressure systems.

Control rod drive mechanism (CRDM) housings have been identified as an additional location
that warrants plant-specific evaluation.[80]
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9.5 Conclusions

There are numerous operational and safety considerations that should be addressed on a plant-
specific basis before increasing hydrogen concentrations above the current operating band (i.e.,
increasing above 50 cc/kg).

Changing hydrogen concentrations to levels below the current operating band presents

considerable operability and safety issues. Most importantly, operation in the range of
5 - 25 cc/kg may increase the rates of PWSCC at lower temperature (below 325°C) locations.
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OPERATING EXPERIENCE

10.1 Introduction

Implementation of new chemistry regimes are often based on an incremental approach in which
the boundaries of plant experience are gradually extended. This approach is based on reasonably
good historic performance of PWRs and the complexity of an operating station relative to
laboratory testing. Therefore, the first step in evaluating the implementation of a chemistry
change such as that under consideration is areview of operating history. This chapter reviews
the following three types of operating experience:

e Normal operating experience base for currently operating PWRs
e Early off-normal and test reactor experience

e Specific plant events related to hydrogen concentrations

These types of experience are reviewed in the following sections. Section 10.5 summarizes the
results of these reviews.

10.2 Normal Operating Experience Base

Coolant hydrogen concentration is a parameter included in the FRP' s Fuel Reliability Database
(FRED). Figure 10-1 shows trends in hydrogen concentration from the year 2000 to the present
for US plants. Figure 10-2 shows a more detailed distribution of recent cycle average
concentrations for US plants. From the data shown in these figures it is evident that although
there is significant operating experience in the range of 40 to 45 cc/kg, thereis essentially no US
experience above 45 cc/kg.
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A broader review [42] indicates that there has been some experience in the range of 50 to 55
cc/kg for Siemens units (1 cycle) and VVER units (2 cycles). Thereisno indication that any
adverse effects were experienced in these cycles. However, there appears to be no significant
evaluation available in the literature.
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10.3 Early Off-Normal Operating Experience and Test Reactor Experience

Industry experience with coolant hydrogen concentrations outside the range of 25 - 45 cc/kg are
largely confined to early plant experience and test reactors. A literature review of these
experiences was conducted, with heavy reliance on a previous review [94] performed for EPRI.
Experiences at specific plants and test facilities are discussed in the sections below. Also
included in this section is adiscussion of an experiment conducted at a commercial reactor (see
Section 10.3.9).

10.3.1 Obrigheim

Obrigheim isa KWU/Siemens PWR. During itsfirst cycle, the hydrogen concentration was

5 cc/kg. The oxygen concentration was 0.3 ppm (max).[94] No explanation is available
regarding how hydrogen and oxygen were able to be present simultaneously. It isassumed that
these values were either targets or cycle averages and that hydrogen and oxygen existed in the
coolant at alternate times. Significant corrosion of fuel cladding was observed including failures
due to clad oxidation.[94]

10.3.2 Belgian Reactor 3

The Belgian Reactor 3 (BR3) was a small demonstration Westinghouse PWR that started up in
1967. During cycles 4A and 4B, significant concentrations of oxygen were measured (0.05 —
0.14 ppm). Hydrogen concentrations were not measured during this period. However,
subsequent to the observation of elevated oxygen, hydrogen was measured and found to be in the
range of 7 - 9 cc/kg. These conditions led to significant clad corrosion and numerous fuel
failures. During this period of operation, lithium concentrations were within specification.[94]

10.3.3 Turkey Point 4

During Cycle 4 at Turkey Point Unit 4 (1978) a crud induced power shift (CIPS, or Axial Offset
Anomaly, AOA) was observed. A root cause analysisindicated that a probable contributor was
operation with 15-20 cc/kg hydrogen. Standard lithium control was in use.[94]

10.3.4 Unidentified CE Plants

Reference [94] lists three events at unidentified Combustion Engineering (CE) plants. These are
discussed in the paragraphs below.

The first incident occurred at Plant D during Cycle 1. For aperiod of five days, the hydrogen
concentration was about 1 cc/kg, rather than the standard 15 cc/kg. No lithium was added to the
coolant at thistime, and lithium from *B(n,a)'Li was minimal (0.04 ppm). The reduction in
hydrogen concentration correlated with increased axial offset, with power production in the
lower core increasing by about 10%. Upon increasing hydrogen concentrations to normal levels
(15 cc/kg) some of the reactivity loss in the upper core was recovered.[94]
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During startup at Plant B, oxygen control was lost during low power testing. Oxygen
concentrations were in the range of 0.1-0.2 ppm. During this time, the core pressure drop
increased by approximately 25%. No lithium was present in the coolant during the transient. No
crud induced power shifts (CIPS or AOA) were observed. After restoration of oxygen control,
the pressure drop gradually decreased over the course of 10 weeks with lithium concentrations in
the 1-2 ppm range.[94]

During Cycle 2 at Plant B, a 15% increase in core pressure drop and a crud induced power shift
(CIPSor AOA) were observed. These were correlated with a period of oxygen ingress during
which hydrogen in the volume control tank was maintained at 10-40 cc/kg, but the hydrogen in
the coolant was on the order of 5-20 cc/kg, due to consumption by the oxygen. Lithium was
within specifications (0.3-0.8 ppm) but was increased subsequent to the event to 1-2 ppm as a
long-term remedy.[94]

10.3.5 Trojan and Beaver Valley Comparison

Reference [94] includes a detailed comparison of Trojan Cycle 1, Trojan Cycle 2, and Beaver
Valley 1 Cycle 1 with respect to chemistry control and crud formation. There are some
differences in hydrogen concentration among the three cycles and some corresponding
differencesin crud buildup. However, general differences between the plants (the number of
loops, for example) and other chemistry operating parameters (for example, differencesin
lithium control) make useful interpretation of these data unlikely with regard to the effects of
hydrogen.

10.3.6 Saxton

Saxton was a PWR test reactor operated by the Saxton Nuclear Experimental Operating
Corporation, a consortium including Jersey Central Power and Light Company, New Jersey
Power and Light Company, the Pennsylvania Electric Company, and the Metropolitan Edison
Company. In 1963, the Saxton Technical Specifications were modified to permit operation at
primary coolant hydrogen concentrations of 15 to 90 cc/kg (a change from the range 25 to

35 cc/kg). The change was motivated by control problems associated with the tighter operating
range. In documentation submitted to the US Atomic Energy Commission (the precursor of the
current regulatory body, the NRC), the operator indicated that operation at 15 cc/kg at other units
justified the lower limit. The upper limit was justified based on loss of coolant accident (LOCA)
calculations that indicated that complete venting of the primary system would not lead to
explosive or flammable concentrations of hydrogen in the containment building.[95]

Secondary sources [42] indicate that the Saxton unit was operated with coolant hydrogen
concentrations in the range of 30 to 112 cc/kg. However, given that the reason for increasing the
range was an inability to consistently maintain a concentration in a 10 cc/kg band, it appears
unlikely that the hydrogen concentration was consistent during this period. Therefore, itis
unlikely that operation of the Saxton reactor contributes to the general PWR operating
experience base in any useful manner.
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During operation under the wider hydrogen limits, fuel failures occurred which were attributed to
oxidation. However, since unusually high concentrations of silica, calcium, and magnesium
were observed in the crud on fuel assemblies, it isnot clear that the fuel failures could be
attributed to hydrogen concentrations.[ 94]

10.3.7 Shippingport

The Shipping Port Atomic Power Station was a demonstration reactor operated by Duquesne
Light Company and designed by Westinghouse/Bettis Atomic Power Laboratory. The coolant
hydrogen was controlled within a band of 10 to 60 cc/kg.[96] Given that 1) the actual operating
hydrogen concentrations are not easily determined, 2) the extent to which the operating band
exceeds current PWR practiceis small, and 3) major design differences between the
Shippingport reactor and modern PWRS, the usefulness of the coolant hydrogen operating
history at Shippingport is expected to be low. Additional information was not reviewed.

10.3.8 Halden

Halden is atest reactor operated for the Organization for Economic Co-operation and
Development (OECD). A preliminary review of experiments conducted at Halden indicated that
the effects of hydrogen concentration have not been investigated. It is possible that the in-reactor
loop tests recommended by the FRP [42] could be conducted at Halden.

10.3.9 Belleville

Tests were conducted at EDF' s Belleville plant during which hydrogen concentrations were
periodically lowered.[77] Specifically the following changes were made (during full power
operation):

e At Unit 1, hydrogen was maintained between 17 cc/kg and 5.8 cc/kg for 69 hours.
e At Unit 2, hydrogen was maintained between 17 cc/kg and 3.6 cc/kg for 44 hours.

No adverse consequences were observed during this test.

10.4 Specific Plant Events
A review of significant plant events related to primary coolant hydrogen concentrations was

conducted. A number of specific events have been related to the concentration of dissolved gas.
Specific events, or types of events, are reviewed in the sections below.

10.4.1 RHR/ECCS Common Piping Gas Pockets

In many PWR designs, the residual heat removal (RHR) system and the emergency core cooling
system (ECCS) share common piping. During shutdown the RHR system removes heat from the
RCS that is generated by continuing radioactive decay of the fuel (residual heat). Coolant is
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taken from the RCS, passed through a heat exchanger, and returned to the RCS. During startup,
the RHR system isisolated from the RCS, and the chemistry of the RCS at the time of isolation
is generally maintained in the RHR throughout the power operation period.

The following sequence of events could lead to gas pocketsin ECCS piping:
e Hydrogen isdissolved in the RCS while on RHR cooling.
e TheRHR system isisolated.

e Depressurization of the RHR allows dissolved hydrogen to come out of solution, forming gas
pockets in the RHR system piping.

Because the RHR system and the ECCS share common piping, gas pockets in the RHR system
piping can lead to the ECCS being non-operational. Since the ECCS is a safety-related system,
its non-operability would require a shutdown. The sequence of events described above has led to
ashutdown. However, straightforward operating practices can be implemented to protect against
thistype of event, such as not increasing hydrogen concentrations to high levels during plant
start up until the RHR system isisolated from the RCS.

10.4.2 Charging Pump Gas Binding

Typical plant designs include multiple charging pumps to inject RCS coolant from the volume
control tank (VCT) into the RCS. Centrifugal pumps in this location are susceptible to gas
binding if pockets of gas accumulate at the pump suction. Experience to date indicates that the
rate of gas accumulation in thislocation is slow enough that gas binding will not occur if the
pumps are in continuous operation. Additionally, typical plant designsinclude vent systems for
this location that remove excess gases. However, in one case, this vent system has
malfunctioned, leading to the development of alarge gas pocket (~0.3 m® or 10 ft’) while the
pump was not operating. A gas pocket of this size could not be processed by the centrifugal
pump and the pump became gas bound.

Note that in thisincident, it was estimated that the solubility of hydrogen under these conditions
was less than 50 cc/kg (45 cc/kg). Therefore this event could have occurred at hydrogen
concentrations within the current operating band. However, the extent to which the hydrogen
concentration was above 45 cc/kg could affect the rate at which a gas pocket large enough to
bind the pump could develop. It should be noted, however, that this would require afailure of
another plant system (the vent system).

Failures of the charging pump suction venting system have been attributed to the following root
Causes:

e Failure of the vent valve due to blockage or hydraulic lock

e Failure of acheck valve

Additional plant experience indicates that operation with only a single positive displacement
charging pump may make the system more vulnerable to the accumulation of a gas pocket.
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10.4.3 Valve Failures

Valve failures have led to hydrogen ingress into systems where is it not expected, leading to the
formation of gas pockets. Failed valves that have contributed to events such as these include the
following:

e Charging pump vent valve

e Emergency boration header relief valve

10.4.4 Voiding in the Letdown lon Exchange Beds

The ion exchange beds generate a significant pressure drop with an exit pressure close to that of
the VCT. Specific plant maneuvers can result in bed pressure drops that allow the formation of
gas pockets (voids) within the bed. Specifically, the following conditions have been observed to
lead to such voiding:

e Diversion of letdown flow to waste (versus the VCT) can lead to voiding. Thisisin part due
to the waste system being under vacuum in some configurations. Note that this voiding
would be expected to occur at most hydrogen concentrations within the current operating
band since the pressure drop between the bed outlet and the waste system is expected to be
small, resulting in avery low pressure within the bed.

e At one plant, the RCS was not degassed during a mid-cycle outage. Plant temperatures were
reduced with a steam bubble in the pressurizer. At the lower temperature, the partial pressure
of hydrogen was increased, due to a decrease in the solubility of hydrogen. Figure 10-3
shows lines of equilibrium pressures for constant hydrogen concentrations as a function of
temperature. As the temperature decreases, the equilibrium pressure needed to maintain a
constant hydrogen concentration isincreased. Thisled to the accumulation of additional
hydrogen in the pressurizer during the outage. Upon startup, the temperature increased. The
concentration of hydrogen in equilibrium with the pressure was then much higher (~300
cc/kg). Thisled to gas pocket formation in the letdown ion exchange beds. The first
indication of thiswas increased activity on the reactor coolant filters downstream of the beds.
The formation of gas pockets within the bed rel eased particulates that had been “filtered out”
by the resin bed.

A utility evaluation [92] indicated that gas voiding is expected in the ion exchange beds at a
hydrogen concentration of 100-130 cc/kg. Hydrogen concentrations were measured at 120
cc/kg, but could have been higher. This measurement was made after the first observation of
increased filter activity. On-line monitoring was not functioning because the concentration
exceeded the meter capability of 60 cc/kg, therefore the exact peak concentration was not
measured. Extrapolation of trends from continuous monitoring (below 60 cc/kg) and
subsequent grab samples (after the peak), indicate that voiding probably started at about

100 cc/kg.

It should be noted that an increase in coolant hydrogen concentration during operation would
be accompanied by a corresponding increase in VCT pressure, which would increase the
concentration at which voiding would occur.
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Lines of Constant Hydrogen Concentration as a Function of Temperature

10.5 Conclusions

Based on areview of current plant operating experience, historic operation at early units, and
specific events which have occurred at operating units, the following conclusions can be drawn:

e Thereissignificant experience operating near the upper end of the current operating band.
Operation at hydrogen concentrations of 40-45 cc/kg have not lead to any known problems at

plants. However, thereis essentially no documented commercial PWR experience above 45
cc/kg.

e Some early experimental stations may have operated with hydrogen concentrations above
50 cc/kg. No adverse results of such operation are known. However, data are limited and the
designs of these stations are different enough from current PWRs that reliance upon these
datais not warranted.

e Early operation at PWRs indicate that there can be significant corrosion product transport

and deposition problems when operating at low hydrogen concentrations (nominally less than
20 cc/kg).
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Specific events at operating PWRs indicate that the formation of gas pockets in various
systems can be a problem. Although there is no indication that increases in hydrogen
concentration could increase the frequency of such events, it is expected that such increases
would make these events worse. Specifically, gas pockets would be expected to form faster
with higher concentrations of hydrogen. This effect is expected to be linear with the
concentration. Therefore, modest increases in concentration would result in only modest
increases in gas pocket growth rates.
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ONGOING EPRI RESEARCH

11.1 Introduction

The primary coolant hydrogen concentration is intimately related the electrochemical potential
experienced by the materials in the system and therefore is one of the most important parameters
affecting the behavior of metals and their oxides. In most cases, the range under consideration
(5 cc/kg to 80 cc/kg) isrelatively narrow compared to differences that would significantly affect
material behavior. However, different concentrations in this range are thought to significantly
affect the stability of various nickel phases (metal, oxide, and ferrite). Therefore, the effects of
hydrogen concentration on the primary coolant system (including materials of construction, fuel
cladding, and corrosion products) has been the subject of considerable EPRI research. The
following sections describe research programs that are currently underway at EPRI. The
descriptions are organized by EPRI program (FRP, MRP, and Chemistry).

11.2 Fuel Reliability Program

Asdiscussed in Section 5.3, the Fuel Reliability Program (FRP) has developed a plan for
investigating the effects of elevated hydrogen on fuel performance. In addition to this effort, the
FRP is aso investigating the effect of hydrogen on the stability of various nickel compounds
(metal, oxide and ferrites). However, this program has to date been very preliminary and may be
superseded by the collaborative MULTEQ effort discussed in Section 11.4.4.

11.3 Materials Reliability Program

The Materials Reliability Program has two ongoing laboratory testing programs addressing the
effects of hydrogen. These programs investigate the effect of hydrogen on crack growth rates
and on low-temperature crack propagation. These programs are summarized in the next two
subsections.

11.3.1 Crack Growth Rate Testing
The objectives of work in this area are to determine the effect of realistic changesin existing

hydrogen concentration on the growth of existing PWSCC cracks, and to assess the degree of
mitigation which could be achieved by changes in hydrogen concentration.
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GE GRC has been conducting PWSCC growth rate chemical mitigation testing on Alloy 600 for
the MRP since 2003. To date testing indicates primary water pH and Li and B content do not
have a significant effect on PWSCC growth rate in Alloy 600 and its weld metals. Alloy 600
PWSCC growth rate testing so far has shown limited benefit with increased hydrogen. The task
focus has recently switched to testing of Alloy 182 where alarger benefit is expected.

The current elevated hydrogen and zinc addition testing is scheduled to be completed by mid
2008. The final report documenting all testing at GE GRC will be available in late 2008.

11.3.2 Low-Temperature Crack Propagation

The MRP has an on-going program to assess the applicability of LTCP of nickel-alloy
components under current PWR primary system service conditions. The published laboratory
results show that LTCP is not an issue for Alloy 600, but is an issue for Alloy X-750, weld metal
182/82, weld metal 152/52, and Alloy 690 (in that order of decreasing susceptibility). Another
result isthat the occurrence of LTCP is primarily controlled by the level of hydrogen in the
water, but that stored hydrogen in the metal can act as an additional source of hydrogen
contributing to the L TCP fracture toughness reduction. A 2003 MRP sponsored work confirmed
results of Millset a. testsin weld metal 82H and also showed that weld metal 182 was
susceptible to this mode of propagation. An MRP study investigated the effects of applying
chemical conditions closer to the shutdown conditions as well as the effects of using stress
corrosion cracking (SCC) as starter cracks instead of fatigue pre-crackson LTCP in weld metal
182. One of the key results was that fracture resistance is lower for a high temperature SCC
starter crack than for atransgranular fatigue starter crack.

Since to date the LTCP issue in PWRs has been primarily investigated by focusing on the
chemistry side of the problem, the current ongoing work isto determineif the issue could
potentially be eliminated by investigating the stress side of the problem. In particular, if residual
stress does not contribute to L TCP, then the remaining stress at low temperature would probably
not be sufficient to cause LTCP. Therefore testing is being conducted on weld metal 182 in
PWR environments to understand whether or not the L TCP phenomenon can occur under stress
conditions different than the rising load test conditions used in the results to date; and stress
analyses are being performed to determine whether or not the mechanical requirements for LTCP
identified in the laboratory tests are likely to be met in any nickel-alloy components. Finally,
while the previous and current testing addresses the effects of different variableson LTCP
individually; it is not representative of confluence of all conditions (temperature, pressure,
hydrogen level, water chemistry, stresses, rates, etc.) that occur during shutdowns conditions.
Therefore additional testing is being performed to determine if the combination of some of the
key shutdown variables can result in LTCP. Reports documenting results of these ongoing tasks
are scheduled to be issued in 2008.

11.4 Chemistry

Current research methods of quantifying the solubility of nickel, nickel oxide, and nickel ferrites
may provide improved solubility data as compared to the conventional experimental methods
used previoudly. The difficulty of quantifying the very low solubility (i.e., part-per-billion to
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part-per-trillion) of these metals at PWR operating temperature has not yielded conclusive
evidence about which method is optimum for application to PWR primary coolant chemistry.
Thus, there is some disagreement among the experts regarding how the spectrum of relevant data
should be dispositioned for use. The areas under recent review are the solubility of nickel metal
in reducing environments, the required minimum hydrogen concentration for the nickel/nickel
oxide transition point, and the methods for determining/estimating nickel ferrite solubilities. The
following discussions highlight the issues without providing definitive recommendations, which
are still under development/consideration.

In addition, the method used to calculate the nickel/nickel oxide/nickel ferrite speciation in high
temperature chemistry calculators (notably MULTEQ) must be addressed. For example, Bill
Lindsay [97] has noted alimitation of the MULTEQ calculation engine in that it does not allow
parallel precipitation. Hence, the most stable precipitate will always form first, and may
consume the constituent elements before other precipitate species may form. These issues will
be discussed in future MUL TEQ database committee meetings.

11.4.1 Solubility of Nickel Metal in Reducing Environments

Historically, the challenge of measuring nickel solubility at high temperatures with low
electrochemical corrosion potential is that the detection limit of the instruments for ionic nickel
had been above the solubility of nickel. Kunig and Sandler [22] used a flowing autoclave
dissolution experiments and followed them with ion exchange columnsin order to concentrate an
integrated sample and measure the nickel in the acidic regenerant eluent. Whilethisis often an
effective measurement technique, there exists the possibility of introducing error by mechanisms
such as particulate entrainment in the resin matrix, incomplete regeneration of the concentrator
column, or background nickel contamination of the regenerant acid.

Recent work by Ziemniak, et al.[98] has measured nickel solubility using aflowing autoclave
followed by ICP/MS measurements. The chemical environment was ammonia and sodium
hydroxide. The instrument specifications indicate a nickel sensitivity of 7 parts per trillion (ppt);
the actual minimum recordable measurement varied from as low as 10 ppt to up to 50 ppt
considering the background concentration of nickel in the analytical chemicals. The experiment
indicates that, while the instrumentation has the potential for measuring very low nickel
concentrations, clean room environments and semiconductor grade reagent chemicals may be
required for accurate solubility measurements over the entire environmental range.

11.4.2 Nickel/Nickel Oxide Transition

Asdiscussed in Section 3.4.1, the method applied for estimating the nickel/nickel oxide
transition as a function of hydrogen concentration for MULTEQ involves estimating the
solubility of nickel oxide and nickel independently in autoclave experiments, and applying both
solubility modelsin the MULTEQ engine to find at which hydrogen concentration the transition
OCCUrS.
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Recent work by Attanasio et a. [4] has applied an alternative experiment that monitors the
change in the electrical resistance of anickel based electrode as a function of the hydrogen
concentration. Their experimental results indicate that the method used by MULTEQ
overestimates the hydrogen concentration required to maintain the nickel metal form. Future
work will look at the applicability of the electrode method to aqueous chemistry calculations.

11.4.3 Nickel Ferrite Solubility Estimation

Measuring the formation of nickel ferritesin PWR environmentsis very difficult. The only
known experiments that have shown nickel ferrite precipitation are the hot particle filter tests
performed by the EPRI Fuel Reliability Program.[99] However, the filtersin these tests were
filtering coolant that had been reduced in temperature to 230°C. Additionally, this type of in-
plant measurement is subject to some uncertainty as aresult of any uncontrolled or unknown
conditions. The experiments of Kunig and Sandler [22], Tremaine and Leblanc [100], and
Lambert [101] have all used dissolution of nickel ferrite solidsin flowing autoclaves and
assumed thermodynamic equilibrium would yield stoichiometric quantities of nickel and iron
oxide that could be used to estimate the solubility products. The thermodynamic assumptions
are expected to be valid, but all experimental results have indicated a significant scatter in the
data, especially when measuring the nickel metal (for the reasons noted in Section 11.4.1).

It is unknown at the publishing of this document if future work will be undertaken to explore
nickel ferrite solubility via the dissolution mechanism; however, an alternate approach to
estimating the solubility can be performed by measurement of the solid phase heat capacities.
The methodology uses the relationship between the solubility product and the Gibb's Energy of
reaction, and applies the definition of the Gibb’s energy to relate to the heat capacities. The
eguation in the final form is asfollows:

~ 11 1 o 1 ¢r AC, 1 ¢ 1 ¢p
InKT—InKZ%—E{?—E}AHZ%JrEL% = dT—ﬁLgSAdeT—ﬁL AVdP  Eg.11-1

It may be assumed that the density change of the solid as a function of pressureis negligible.
These properties can be measured from the solid phase heat capacities as a function of
temperature and the tabulated heats of formation of the nickel ferrites. This method of solubility
product estimation is currently being reviewed by EDF for its applicability in high temperature
chemistry calculations, and a similar method has been used by the EPRI Fuel Reliability
Program for deriving solubility products of nickel ferrites. At the time of this document, the
MULTEQ Database Committee is currently reviewing the available precipitate models to
determine which is the most applicable to PWR chemistry systems.
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11.4.4 Development of an EPRI Thermodynamic Model for Nickel/Nickel Oxide/
Nickel Ferrite Systems

The EPRI Fuel Reliability Program had independently developed a nickel/nickel oxide/nickel
ferrite precipitation model for usein fuel clad crud deposition models. The FRP model for
nickel and nickel oxide is equivalent to the MULTEQ database, Version 5.0 [23]; however, there
are differences in the nickel ferrite solubility product expressions. EPRI FRP and Chemistry are
currently collaborating to review the existing data and develop a common precipitate model that
will be used for all EPRI chemistry simulations.
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COMPLEMENTARY MITIGATION STRATEGIES

12.1 Introduction

There are severa PWSCC mitigation strategies in addition to changes in hydrogen concentration.
In considering the application of hydrogen concentration changes, the relative merit of each of
the strategies should be considered. Additionally, possible synergies (or cancellations) of
beneficial effects should also be considered. A complete evaluation of alternative mitigation
strategies is beyond the scope of thisreport. However, it is useful to list some of those strategies
and discuss how changes in hydrogen concentration might affect them. The following sections
briefly define aternate strategies and discuss possible interactions with hydrogen concentration
changes.

12.2 Zinc Injection

Injection of zinc into the primary system is amitigation strategy currently in use at many PWRs
with ahigh likelihood of mitigating both PWSCC initiation and growth, as well as reducing
shutdown radiation fields. This strategy involves the injection of a zinc solution into the RCS
such that low concentrations (5-40 ppb) are maintained in the coolant. Zinc is generally
understood to modify the oxide films formed on PWSCC susceptible materials, making them less
susceptible to PWSCC initiation and, if crack growth rates are slow enough, to PWSCC growth.
Details regarding zinc injection can be found in Reference [61].

Among the possible interactions between zinc and hydrogen concentration are the following:

e Changesin hydrogen concentration may slow PWSCC crack growth rates enough to alow
mitigation by zinc. That is, hydrogen optimization may change cracks from fast growing
cracks unaffected by zinc to slow growing cracks that will be further mitigated by zinc
addition. Thisisapositive interaction.

e Changesin hydrogen concentration could affect the stable oxide on PWSCC susceptible
materials such that zinc is no longer incorporated into oxide films in amanner that increases
resistance to PWSCC. In this outcome, the positive effects of oxide modification by
hydrogen would substitute for the positive effects of zinc incorporation. Whether thiswas a
net benefit or not would depend on the relative magnitude of the benefits of zinc and
hydrogen. The benefits for each strategy are difficult to quantify with accuracy.
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Evaluations of the effects of zinc on PWSCC of steam generator tubes [61] indicate that zinc has
mitigated PWSCC at several plants with different hydrogen concentrations. However, the
differences in hydrogen concentrations at these units have been small compared to those
currently under consideration.

The interaction of zinc and hydrogen is the subject of continuing research. See Section 11.3.

12.3 Mechanical Mitigation

Some utilities have proposed mechanical mitigation of PWSCC by peening to place the
susceptible surface in compression. The interaction of hydrogen concentration changes with this
mitigation strategy has not been fully explored. However, the following cautions should be
noted:

e Increasesin cold work have been shown in some cases to remove the benefit of moving to
lower hydrogen concentrations (as discussed in 4.5.2). The extent of the differences between
surface cold work and bulk cold work with regard to this phenomenon is not well understood.

e |tispossiblethat cold work hardening resulting from peening will increase the susceptibility
of the material to hydrogen embrittlement type failures. This may be more of an issue at
lower temperatures (i.e., peening could increase susceptibility to LTCP).

12.4 Replacement

The ultimate mitigation strategy is replacement. There are no immediately apparent
consequences of hydrogen concentration changes on component replacement assuming
replacement with non-susceptible materials. However, as discussed in Section 4.5.3, some
replacement materias (e.g., Alloy 690) may depend differently on hydrogen concentration than
Alloy 600.

12.5 Conclusions
The interaction of hydrogen concentration changes with other possible mitigation strategies has

not been fully explored. Of particular interest isthe impact of hydrogen concentration on the
effectiveness of zinc for PWSCC mitigation.
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TABULATED FACTORS OF IMPROVEMENT

The purpose of this appendix is to provide tabular values of the calculated factors of

improvement (FOI) for changes in hydrogen concentration. The methodology of Section 4.4 is
used along with the parameter values given in Table 4-1.

Each table gives a numerical factor of improvement for changes from a current hydrogen

concentration (listed in the top header) to a new hydrogen concentration (listed in the left-most
column). In each block, three improvement factors are listed. These are the temperature specific
FOI, for 290°C, 325°C, and 343°C from top to bottom. The following illustration demonstrates

the use of the tables for a change from 35 cc/kg to 70 cc/kg:

Current Hyfirogen Cdgcentration (cc/kg)
25 30 35 40 45 50
N
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C v
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Figure A-1
Use of FOI Tables
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Tabulated Factors of Improvement

Entries in the tables below are colored red if the FOI isless than unity. Asdiscussed in Section
4.4, the FOI istheratio of the old crack growth rate to the new crack growth rate and higher
values are more advantageous. Values less than unity represent faster crack growth rates at the
new condition.

No attempt has been made to determine the appropriate resolution (number of significant figures)
for these values. Two decimal places are retained to facilitate qualitative comparison (i.e.,
identification of trends).

With respect to Table A-7 and Table A-8 for Alloy X-750 AH, it should be noted that the offset
(i.e., the distance of the peak crack growth rate from the nickel metal nickel oxide transition)
may be significantly different from zero (see Figure 4-9). However, these tables were generated
assuming a zero offset.
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Table A-1

Tabulated Factors of Improvement

Factors of Improvement for EN82H (Part 1)

Current Hydrogen Concentration (cc/kg)

o5 30 35 40 45 50
0.18 016 | 014 | 014 | 013 | 013

5 084 | 065 | 052 | 042 | 036 | 031

2.66 226 | 189 | 159 | 134 | 114

0.31 026 | 024 | 023 | 022 | 022

10 054 | 041 | 033 | 027 | 023 | 020

1.07 091 | 076 | 064 | 054 | 046

0.53 045 | 041 | 039 | 038 | 037

15 0.60 046 | 037 | 030 | 026 | 023

g 0.86 0.73 0.61 0.51 0.43 0.37
\il 0.78 067 | 061 | 058 | 056 | 055
% 20 0.76 059 | 047 | 039 | 033 | 029
g 0.88 075 | 063 | 053 | 044 | 038
§ 1.00 086 | 079 | 075 | 072 0.71
S 25 100 | 077 | 062 | 051 | 043 | 038
3 100 | 085 | 071 | 060 | 050 | 043
§ 1.16 100 | 091 | 087 | 084 | o083
30 1.29 100 | 080 | 065 | 055 | 049

1.18 100 | 084 | 070 | 059 | 050

1.27 1.09 | 100 | 095 | 092 | 0.0

35 1.62 126 | 100 | 08 | 070 | o061

1.41 119 | 100 | 084 | 071 | 060

1.34 115 | 1.05 | 1.00 | 097 | 095

40 1.98 153 | 122 | 100 | 0.85 | 0.74

1.68 143 | 119 | 100 | 084 | 072
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Tabulated Factors of Improvement

Table A-2

Factors of Improvement for EN82H (Part 2)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
138 | 119 | 109 | 103 | 100 | 098

45 233 | 180 | 143 | 118 | 100 | 088

199 | 169 | 142 | 119 | 100 | 085

141 | 121 | 111 | 105 | 102 | 1.00

50 266 | 206 | 164 | 135 | 114 | 1.00

234 | 199 | 166 | 139 | 117 | 100

142 | 122 | 112 | 106 | 103 | 101

55 206 | 229 | 182 | 150 | 127 | 111

g 271 | 230 | 193 | 161 | 136 | 1.16
% 144 | 123 | 113 | 107 | 104 | 102
% 60 322 | 249 | 198 | 163 | 138 | 121
g 3.0 263 | 220 | 184 | 155 | 132
§ 144 | 124 | 113 | 108 | 104 | 102
5 65 344 | 266 | 211 | 174 | 147 | 129
3 347 | 295 | 247 | 207 | 174 | 149
§ 145 | 124 | 114 | 108 | 105 | 1.03
70 361 | 280 | 222 | 18 | 155 | 136

385 | 327 | 274 | 229 | 193 | 165

145 | 125 | 114 | 108 | 105 | 1.03

75 376 | 291 | 231 | 190 | 161 | 141

421 | 358 | 300 | 251 | 211 | 1.80

145 | 125 | 114 | 108 | 105 | 1.03

80 387 | 300 | 238 | 196 | 166 | 145

454 | 386 | 323 | 271 | 228 | 1.94
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Table A-3

Tabulated Factors of Improvement

Factors of Improvement for Alloy 600 (Part 1)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
054 | 050 | 047 | 044 | 043 | o041

5 094 | 08 | 08 | 074 | 070 | 066

140 | 132 | 124 | 117 | 111 | 105

064 | 059 | 055 | 053 | 051 | 049

10 081 | 074 | 069 | 064 | 060 | 057

102 | 097 | 091 | 08 | 081 | 077

077 | 071 | 067 | 063 | 061 | 059

15 084 | 077 | 071 | 066 | 062 | 059

g 095 | 090 | 085 | 080 | 075 | 0.71
\il 089 | 08 | 077 | 073 | 071 | 068
£ 20 091 | 084 | 077 | 072 | 068 | 064
g 096 | 091 | 08 | 081 | 076 | 072
§ 100 | 092 | 08 | 08 | 079 | 077
5 25 100 | 092 | 085 | 079 | 074 | 0.70
3 100 | 095 | 089 | 084 | 079 | 075
g 109 | 100 | 094 | 089 | 08 | 083
30 109 | 100 | 092 | 08 | 08 | 076

106 | 100 | 094 | 089 | 084 | 079

116 | 107 | 100 | 095 | 092 | 089

35 118 | 108 | 100 | 093 | 087 | 083

112 | 106 | 100 | 094 | 089 | 084

122 | 112 | 105 | 100 | 096 | 093

40 127 | 116 | 107 | 100 | 094 | 089

119 | 113 | 106 | 100 | 094 | 089
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Tabulated Factors of Improvement

Table A-4

Factors of Improvement for Alloy 600 (Part 2)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
1.27 1.16 1.09 1.04 1.00 0.97
45 1.35 1.24 1.15 1.07 1.00 0.95
1.26 1.19 1.13 1.06 1.00 0.95
131 1.20 1.13 1.07 1.03 1.00
50 1.43 131 121 1.13 1.06 1.00
1.33 1.26 1.19 112 1.06 1.00
1.34 1.23 1.15 1.10 1.06 1.02
55 1.50 1.38 1.27 1.19 111 1.05
g 1.40 1.33 1.25 1.18 111 1.05
‘z’ 1.36 1.25 1.18 112 1.08 1.04
é 60 1.57 1.44 1.33 1.24 1.16 1.10
g 1.47 1.39 131 1.24 1.17 1.11
(2 1.39 1.27 1.19 1.14 1.09 1.06
% 65 1.63 1.50 1.38 1.29 1.21 1.14
-% 1.54 1.46 1.37 1.29 1.22 1.16
é 1.40 1.29 121 1.15 111 1.07
70 1.69 1.55 1.43 1.33 1.25 1.18
1.61 1.52 1.43 1.35 1.27 1.20
1.42 1.30 1.22 1.16 1.12 1.09
75 1.74 1.60 1.47 1.37 1.29 1.22
1.67 1.58 1.49 1.40 1.32 1.25
1.43 131 1.23 117 1.13 1.09
80 1.79 1.64 151 1.41 1.32 1.25
1.73 1.64 1.54 1.45 1.37 1.30
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Table A-5

Tabulated Factors of Improvement

Factors of Improvement for Alloy X-750 HTH (Part 1)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
025 | 023 | 022 | 021 | 021 | o021

5 085 | 068 | 056 | 049 | 043 | 040

240 | 205 | 173 | 147 | 127 | 111

041 | 038 | 036 | 035 | 035 | 035

10 055 | 044 | 036 | 031 | 028 | 026

107 | 091 | 077 | 066 | 056 | 049

065 | 060 | 057 | 056 | 056 | 055

15 061 | 049 | 041 | 035 | 031 | 029

g 086 | 074 | 062 | 053 | 045 | 040
\il 08 | 079 | 076 | 075 | 074 | 073
£ 20 078 | 062 | 052 | 045 | 040 | 037
g 088 | 075 | 064 | 054 | 047 | 041
S 100 | 092 | 089 | 087 | 08 | 085
S 25 100 | 080 | 066 | 057 | 051 | 047
3 100 | 08 | 072 | 061 | 053 | 046
g 108 | 100 | 096 | 094 | 093 | 092
30 125 | 100 | 083 | 072 | 064 | 059

117 | 100 | 08 | 072 | 062 | 054

113 | 104 | 100 | 098 | 097 | 096

35 151 | 120 | 100 | 08 | 077 | o7

139 | 118 | 100 | 08 | 073 | 064

115 | 106 | 102 | 100 | 099 | 098

40 175 | 139 | 116 | 100 | 089 | 082

163 | 139 | 118 | 100 | 08 | 075
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Tabulated Factors of Improvement

Table A-6

Factors of Improvement for Alloy X-750 HTH (Part 2)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50

1.16 1.08 1.03 1.01 1.00 0.99

45 1.95 1.56 1.30 1.12 1.00 0.92

1.90 1.62 1.37 1.16 1.00 0.88

1.17 1.08 1.04 1.02 1.01 1.00

50 2.12 1.70 1.41 1.22 1.09 1.00

2.17 1.85 1.56 1.33 1.14 1.00

1.18 1.09 1.05 1.02 1.01 1.00

55 2.26 1.80 1.50 1.29 1.16 1.06

g 2.43 2.07 1.75 1.49 1.28 1.12
\2’ 1.18 1.09 1.05 1.03 1.01 1.01
é 60 2.36 1.89 1.57 1.35 1.21 111
g 2.68 2.29 1.93 1.64 141 1.24
(2 1.18 1.09 1.05 1.03 1.01 1.01
% 65 2.44 1.95 1.62 1.40 1.25 1.15
-% 291 2.48 2.10 1.78 1.54 1.34
é 1.18 1.09 1.05 1.03 1.02 1.01
70 2.50 1.99 1.66 1.43 1.28 1.18

3.12 2.66 2.25 1901 1.64 1.44

1.18 1.09 1.05 1.03 1.02 1.01

75 2.54 2.03 1.69 1.45 1.30 1.20

3.29 2.81 2.37 2.02 1.74 1.52

1.18 1.09 1.05 1.03 1.02 1.01

80 2.57 2.06 1.71 1.47 1.32 121

3.44 2.94 2.48 2.11 1.82 1.59
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Table A-7

Tabulated Factors of Improvement

Factors of Improvement for Alloy X-750 AH (Part 1)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
056 | 050 | 045 | 041 | 038 | 036

5 095 | 088 | 08 | 076 | 071 | 067

133 | 127 | 121 | 115 | 110 | 1.04

065 | 058 | 052 | 048 | 044 | 041

10 | o85 | 078 | 073 | 068 | 064 | 0.60

102 | 098 | 093 | 088 | 084 | 080

076 | 068 | 061 | 056 | 052 | 048

15 | o087 | 081 | 075 | 070 | 065 | 061

g 096 | 092 | 08 | 084 | 079 | 076
\il 088 | 078 | 071 | 065 | 060 | 056
£ 20 | 093 | 08 | 08 | 075 | 070 | 0.5
: 097 | 093 | 08 | 084 | 080 | 076
S 100 | 089 | 081 | 074 | 068 | 063
5 25 100 | 093 | 086 | 080 | 075 | 070
3 100 | 096 | 091 | 087 | 083 | 079
g 112 | 100 | 090 | 083 | 076 | 071
30 108 | 100 | 093 | 087 | 081 | 076

104 | 100 | 095 | 091 | 08 | 082

124 | 111 | 100 | 091 | 084 | 078

35 116 | 108 | 100 | 093 | 087 | 082

110 | 105 | 100 | 095 | 090 | 086

136 | 121 | 109 | 100 | 092 | 0.86

40 125 | 116 | 107 | 100 | 094 | 088

115 | 110 | 105 | 100 | 095 | 090
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Tabulated Factors of Improvement

Table A-8

Factors of Improvement for Alloy X-750 AH (Part 2)

Current Hydrogen Concentration (cc/kg)

25 30 35 40 45 50
1.47 131 1.19 1.08 1.00 0.93
45 1.33 1.24 1.15 1.07 1.00 0.94
1.21 1.16 111 1.05 1.00 0.95
1.58 1.41 1.27 1.16 1.07 1.00
50 1.42 1.32 1.22 1.14 1.07 1.00
1.27 1.22 1.16 1.11 1.05 1.00
1.69 1.50 1.36 1.24 1.15 1.07
55 151 1.40 1.30 121 1.13 1.06
g 1.34 1.28 1.22 1.16 1.10 1.05
\z’ 1.79 1.60 1.44 1.32 1.22 1.13
é 60 1.60 1.48 1.38 1.28 1.20 1.12
g 1.40 1.34 1.28 1.22 1.16 1.10
(2 1.89 1.68 1.52 1.39 1.28 1.19
% 65 1.68 1.56 1.45 1.35 1.26 1.19
-% 1.47 1.41 1.34 1.28 1.21 1.15
é 1.98 1.77 1.60 1.46 1.35 1.25
70 1.77 1.64 1.53 1.42 1.33 1.25
1.54 1.47 1.40 1.33 1.27 1.21
2.07 1.85 1.67 1.53 1.41 131
75 1.86 1.73 1.60 1.49 1.40 131
1.60 1.54 1.46 1.39 1.32 1.26
2.16 1.92 1.74 1.59 1.47 1.36
80 1.95 1.81 1.68 1.56 1.46 1.37
1.67 1.60 153 1.45 1.38 1.31
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