
Nuclear Systems Enhanced Performance Program 

Maintenance Cycle Extension in Advanced 
Light Water Reactor Design 

M.R Galvin and N.E. Todreas 

MIT-NSP-TR-004 

October 200 1. 

Center for Advanced Nuclear Energy Systems 
Massachusetts Lnstitute of Technology 

Cambridge, MA 02 139-4307 





Abstract 

A renewed interest in new nuclear power generation in the United States has spurred 
interest in developing advanced reactors with features which will address the public's 
concerns regarding nuclear generation. However, it is economic performance which will 
dictate whether any new orders for these plants will materialize. Economic performance 
is, to a great extent, improved by maximizing the time that the plant is on-line generating 
electricity relative to the time spent off-line conducting maintenance and refueling. 
Indeed, the strategy for the advanced light water reactor plant IRIS (International 
Reactor, Innovative & Secure) is to utilize an eight year operating cycle. 

This report describes a formalized strategy to address, during the design phase, the 
maintenance-related barriers to an extended operating cycle. The top-level objective of 
this investigation was to develop a methodology for injecting component and system 
maintainability issues into the reactor plant design process to overcome these barriers. A 
primary goal was to demonstrate the applicability and utility of the methodology in the 
context of the IRIS design. 

The first step in meeting the top-level objective was to determine the types of operating 
cycle Iength barriers that the IRIS design team is likely to face. EvaIuation of previously 
identified regulatory and investment protection surveillance program barriers preventing 
a candidate operating PWR from achieving an extended (48 month) cycle was conducted 
in the context of the IRIS design. From this analysis, 54 known IRIS operating cycle 
length barriers were identified. The resolution methodology was applied to each of these 
barriers to generate design solution alternatives for consideration in the TRIS design. 

The rnethodology developed has been demonstrated to narrow the design space to 
feasible design solutions which enable a desired operating cycIe length, yet is general 
enough to have broad applicability. Feedback from the IRIS design team indicates that 
the proposed solutions to the investigated operating cycle length barriers are both feasibIe 
and consistent with sound design practice. 
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Chapter 1 Introduction 

1.1 Impetus 

The deregulation of the electric power industry is part of the ongoing national trend to 
deregulate major industries sirch as the airlines, telecommunications, and natural gas. The 
National Energy Policy Act of 1992 allows for the sale of electricity on the open market 
and for customers to choose their supplier, Also, Federal Energy ReguIatory Commission 
(FERC) Order 888, "Promoting Wholesale Competition Through Open Access Non- 
discriminatory Transmission Services by Public Utilities, Recovery of Stranded Costs by 
Public Utilities and Transmitting Utilities," issued in 1996, requires that utility and non- 
utility generators have open access to the electric power transmission system. It is these 
stranded costs,] or more specifically the need to avoid them, that has motivated the 
nuclear power industry to deveIop strategies to improve its economic performance. 

Only by pursuing these strategies wiiI the nuclear industry guarantee its short term 
survival, and position itself for Iong term growth in the deregulated environment. 
Conventionally fueled power plants start with an immediate economic advantage over 
nuclear plants because of lower capita1 costs. Non-nuclear power plants typically have a 
shorter construction schedule and lower construction costs, allowing the investors to 
begin recovering their smaller capital investment sooner. Non-nuclear power plants also 
benefit from a Iack of up front decommissioning costs, less regulatory costs, and 
(typically) rnuch smaller plant staffing levels. Nuclear plants, however, have a clear 
advantage over all major eIectric power producing competitors: significantly lower fuel 
costs. But a nucIear power plant's lower fuel costs can only offset the higher capital costs 
if the amount of time spent on-line producing electricity at full capacity significantly 
exceeds the number of days spent shutdown. 

The term typically used to measure tlie performance of a nuclear power plant is unit 
capability factor. Unit capability factor is the percentage of maximum electricity 
generation that a plant is capable of supplying to the electrical grid, limited oniy by 
factors within plant management's control. Since U.S. nuclear power plants are typically 
operated at full power, the unit capability factor is directly reIated to the ratio of on-line 
days to on-line plus off-line days during any given period. Clearly, then, to improve the 
unit capability factor the on-line days must increase, the off-line days must decrease, or 
both. This can be accomplished by focusing on three genera) areas: 

Increasing the cycle length between refueling, 
Minimizing refueling and planned maintenance outage times, and 
Reducing the frequency and duration of forced outages. 

' Stlrandcd cosu arc invcsrmcnrs or asseu owncd by rcgulatcd clccrric utili[ics that arc likely to become ineffrcicnt or 
uneconomic in a competi[ivc markelplace. 

As defined by the World Associa~ion ot'Nuclear Operators (WAKO) and [he lnstitutc of Nuclear Power Operators 
(INPO). 



It should be noted that these three areas are not independent. Increasing the cycle length 
requires more maintenance to either be conducted on-line' or deferred to the refueling 
outage. However deferring maintenance actions increases the probability of a component 
failure (which might have otherwise been detected at a shorter maintenance interval) 
causing a forced outage. Currently operating pressurized water reactor (PWR) plants are 
aggressively working to improve their economic performance by optimizing the 
operating cycle length. When these plants were built most operated on f ~ ~ e l  cycles as 
short as 12 months. Today, many operate on an 18 month cycIe and some are 
transitioning to fuel cycles as Iong as 24 months. The plant maintenance strategy was 
developed to support the initiaI shorter fuel cycle and then modified to support the longer 
cycIe lengths. However, these plants were not built with components that support an 
extended fuel cycle since it was not foreseen that the nuclear power industry would 
struggle to remain economically competitive. Regardless of advances in core design, 
which have been significant, the unit capability factor (and, hence, economic 
competitiveness) of currently operating PWR plants will be limited by the performance 
and maintenance requirements of the instaIled equipment. 

A rapid increase and peak of conventional fuel costs in late 2000 and into early 2001 has 
been a significant factor in the renewal of interest in  nuclear generation. Although there 
are certified PWR designs available (e.g., the Westinghouse AP6OO and System 80+ 
pressurized water reactors), public concerns for improved passive safety, proliferation 
resistance, and spent fuel disposal have stimulated new advanced reactor plant designs 
which address these issues. One strategy to ensure proliferation resistance and potentially 
reduce the amount of spent fuel generated is to use a fuel cycle much longer than that of 
currently operating plants, on the order of five to ten years. EconornicalIy, the longer fuel 
cycle can only be justified by matching i t  with the maintenance cycle. 

1.2 The Need for a Design MethodoIogy 

Reactor plant designers working on the next generation of nuclear power plants must 
work aggressively to eiiminate or mitigate the limitations of the currently operating 
(legacy) plants. Clearly, then, maintainability must be an important design objective. 
However, there is currently no methodology for integrating component and system 
maintainability issues into the reactor plant design process. This investigation will 
develop such a methodology, and the methodology will be applied to the seIection and 
design of components whose maintenance requirements have been identified as potential 
operating cycle Iength barriers for an adv,mced light water reactor plant. 

.' On-linc performance of  a m a i n h a W e  b~ Icsling action an a c o m p m t m n s  that thc planr is still at powcr. 
The conlponcnl may bc on-scrvice, isollrd fram it's sysrem,ar sccured daring this period. Off-line pcrlonance of a 
maintenance or tt,,~ing actjon on o component means that 11-1~ plant is shutdown, 



1.3 International Reactor, Innovative & Secure 

The advanced light water reactor plant to which this design methodoIogy will be applied 
is the International Reactor, Innovative & Secure (IRIS). IRIS is currently being 
developed by an international consortium, Ied by Westinghouse and including 
universities (University of California at Berkeley, Massachusetts Institute of 
Technology, PoIytechnic of Milan), laboratories, industry (Bechtel, LMitsubishi Heavy 
Industries) and utiIities (Japan Atomic Power Company, Tennessee Valley Authority). 
The nucleus of the effort was provided by the department of Energy (DOE) Nuclear 
Energy Research Initiative (NERI) program which Funds the U.S. participants. The 
ori~inaI NERI program has attracted international interest and with strong impetus from 
Italy and Japan has been transfomed into a full-fledged international effort to develop a 
next generation reactor. 

The main characteristics of IRIS are: 
Enhanced safety. IRIS utilizes a single, integrated, self-pressurized reactor vessel and 
enhanced safety systems with passive safety features which eliminates or reduces the 
consequences of many accident scenarios. For example, the integral reactor vessel 
configuration eliminates all loop piping and therefore the possibility of loss of coolant 
accidents. Also, the integral reactor has a very low pressure drop flow path and high 
natural circulation capability which reduces the consequences of loss of flow 
accidents. 
Proliferation resistance. The core lifetime is projected to be on the order of eight 
years without fuel shuffling or reheling. Maintenance of the nuclear system is 
minimized and the goal is to design a reactor plant where the reactor vesseI does not 
need to be accessed by the operator over the eight-year core lifetime. 
Simple and economical. The capital cost is reduced because of the elimination of 
entire systems such as in-containment refueling, soluble neutron absorber, m d  safety 
injection accumuiators; the use of a singlc, integrated, self-pressurized vessel which 
enables a reduced size containment vessel; and, simplifications throughout the plant, 
e.g. reduction in piping and valves. The operations and maintenance (O&M) cost is 
substantiaIly reduced by the condition-based maintenance strategy, no partial 
refuetings (which will also increases the unit capability factor), and the use of 
modular, easily replaceable components. 
Environmentally friendly. Because of the very long life of the core the amount of 
radioactive waste spent fuel is drastically reduced (of the order of two times less than 
current reactors for the same power output). 

1.4 Goals and Objectives 

The top-leveI objective of this investigation is to develop a methodology for injecting 
component and system maintainability issues into the reactor plant design process. 
However, it is recognized that the design process must consider many factors other than 
just maintainability. Therefo~x, the methodology developed must not simply identify thc 
"best" design alternative based on maintainabiIity considerations but rather must 
qualitatively rank proposed alternatives b a e d  on overall maintainability. Using this 



approach, the design methodology will find greater utility since other factors (such as 
cost) may have a higher design priority but knowledge of the impact of these other 
factors on maintainability will be possible. 

The methodoIogy is intended to be general enough to have broad applicability, yet 
descriptive enough to ensure that all relevant maintainability factors rue considered. It 
cannot, nor is it intended to, replace the creative element in design. Rather, the 
rne~hodology is intended simply to focus the creative design effort on those factors which 
are relevant to the process. Application of the ~nethodology will be iIIustrated by 
considering several barriers identified in the IRIS concept design. 



Chapter 2 Design Methodo logy Framework 

2.1 Introduction 

The design methodoIogy which this investigation seeks to develop can be viewed as a 
four-step process, shown graphically in Figure 2-1. The first step is the synthesis of the 
general requirements that the component must satisfy, which is a non-trivial task based 
on both experience and judgement. The second step is the synthesis of the design 
objectives with the design requirements. The third step is to bound the solution space by 
application of suitabIe and relevant constraints. The final step is to develop design 
alternatives which meet the specifications of the synthesized design requirements, 
objectives, and constraints. This chapter presents a brief description of the components of 
the methodology. FoIlowing chapters explore the inputs, present the methodoIogy 
'engine' in detail, and demonstrate application of the methodology to several identified 
IRIS maintenance-related barriers. 

I:ul.~;I~c.r?al 
Kttl\~ircrni~nts r 1 
I ,/,, C)ptimiaation Erlgine 

h l ( ~ t v l ~ ) r ~ ~ l ) ;  
'r~Yll~l ,>! l  i-l 

Figure 2-1: Requirements Optimization Engine 



2.2 Methodology Inputs 

The primary inputs to the methodology 'engine' are shown graphically in Figure 2-1. 
These inputs are intended to encompass those factors most relevant to component and 
system design. Starting from Functional Requirements and working down (see Figure 2- 
I ) ,  the inputs are ordered such that each successive step in the requirements optimization 
engine serves to further define the solution space in terms of all previous inputs. The 
exceptions are the inputs emerging materials and emerging technologies, which broaden 
the solution space by considering future capabilities rather than focusing soleiy on current 
capabilities. 

2.2.1 Functional Requirements 

First and foremost, the functional requirements that the component must meet need to be 
specified in the most expIicit terms possible without introducing bias towards current 
solutions. If the functional requiremenls are presented in broad terms, then the solution 
space wiIl be unmanageably large. If specifications are introduced based on currently 
used components (i.e., 'relieve pressure with zero seat leakage') then the solution space is 
artificially nrmowed and the solutions which emerge will be biased towards the current 
component (in this case, a valve). 

Early in the design process these functional requirements can often onIy be presented 
broadly, and so the solution space must be artificially constrained by making reasonable 
assumptions based on engineering judgement and experience. As an example, consider 
the general fi~nctional requirement to 'prevent reverse flow' in an arbitrary flow stream. 
There is no specification of the fluid, fluid conditions (temperature, pressure, and 
flowrate), conditions when reverse flow must be prevented, or upstream and downstream 
components. However, reasonable assumptions can be made as to the conditions under 
which this requirement must be met to further specify the functional requirement and 
bound the solution space. In the main feedwatcr suppIy line, for example, this 
requirement can be further specified as 

'prevent reverse flow of high temperature and pressure water or waterlsteam mixture 
froin the steam generator when the feedwater supply Iinc pressure is less than steam 
generator pressure, 
alIow forward flow of low temperature, high pressure water with minimum 
resistance, and 
perform functional requirement automaticaIIy and without an external energy input.' 

Our design paradigms lead us immediately to a swing-type check vaIve as a design 
solutiol~ to these requirements. However, these requirements could dso be met by either 
of the arrangements shown in Figure 2-2. By not artificially over-constraining the design 
space, innovative solutions meeting the fur~ctional requirements can be generated. 

Conceptual reverse flow preventers meeting functional requirements. Hydraulically 
operated gate valve (top) uses differential pressure between the main feedwater pump 
discharge and steam generator inlet to move the piston. The valve on the bottom uses a 



ball which is moved by form drag caused by the flowing fluid. For both cases, forward 
flow is from left to right. 

Figure 2-2: Conceptual Reverse Flow Preventers 

2.2.2 Regulatory Requiremen ts 
The purpose of regulatory requirements is to ensure the health and safety of the genera! 
public. The scope and periodicity of any regulation should be traceable back to it's role 
in ensuring public health and safety. For any design decision made, the potential impact 
of that decision on public health and safety must be assessed so that the regulatory impact 
can be estimated. 

For the purposes of this investigation, it is helphl to view regulatory requirements as 
being of two categories: those that currently exist and those that are likely to be generated 
as a result of design decisions which depart from current practice. It would be naive to 
assume that a creative design solution which satisfies the wording of a particular 
regulation will automatically satisfy the intent of the regulation. Most ~xgulations are not 
developed proactively but rather reactively in response to a proposed design 
configuration or, in some cases, public perception of the risk associated with the 
proposed design. 

The Nuclear Regulatory Commission (NRC) has embarked on a wide range of efforts to 
increase the effectiveness with which i t  regulates the nucIear industry. Key to these 
improvements are three specific initiatives: the Regulatory Excellence initiative; the 
overall movement toward a regulatory approach that is risk-informed and, where 



appropriate, performance-based; and the cost-beneficial licensing program.4 Strategies to 
make the entire NRC regulatory framework more risk-informed (i.e., such that areas of 
highest risk receive the greatest focus) and, where appropriate, more pe~formance-based 
(i.e., more resuIts-oriented and more open to allowing Iicensee flexibility in how to meet 
NRC reguI atory requirements) are being deveIoped. 

The NRC staff has developed generic regulatory guidance, in the form of regulatory 
guides and standard review plans, as wcll as on the use of probabilistic risk assessment 
(PRA) findings and insights in support of licensee requests for changes to their Iicensing 
requirements, Pilot applications have approved graded quality assurance requirements 
and increased allowed outage times for equipment in Technical ~ ~ e c i f i c a t i o n s . ~  Out of 
these pilots, application-specific regulatory guides and standard review plans are being 
developed and ace under review by the Advisory Committee on Reactor Safeguards 
(ACRS). 

The NRC cost beneficial licensing action program was established in 1994 to increase 
agency responsiveness to licensee requests for reduction or eIirnination of license 
requirements with small effects on safety but high economic burden. Although activity 
and involvement in this voluntary program has varied among licensees, the NRC staff has 
approved over 300 cost beneficia1 Iicensing actions. The licensees estimate that the 
savings resulting from these cost beneficial Iicensing actions exceed $799 million over 
the life of the facilities. 

The cumulative effect of these NRC initiatives is to create a regulatory environment 
where the regulatory intent is being clarified and adherence to the intent of the 
reguIations is being emphasized. Rather than dictate to the licensee how to meet the 
regulatory requirements, the NRC is shifting the burden to the Iicensee to determine (and 
demonstrate) the most appropriate method of ensuring that the regulatory intent is met. 
This change creates design flexibility, since significant departures from current design 
practice (such as is the case for IRIS) need only to demonstrate to the NRC what the 
safety role of the system/component is, the risk significance of the system/component, 
and what method(s) will be used to ensure that the system/component can perform the 
specified functions when required. 

2.2.3 Investment Protection Requirements 
Some components and systems such as the main turbine generator represent a significant 
capital investment by the owner/operator, and catastrophic failure (and associated 
replacement costs) cannot be tolerated in a dereguIated, economicalIy competitive 

' Sratanent submiNed by the United Stam Nuclear Regulatory Commission to thc Subcommirlcc on Energy and 
Powcr, Colnnuttcc on Co~nmcrce, Unitd S[ntes tlousc of Rcpresenta[ives by Shirley Ann Jackson. Chairman. 
USNRC, &larch 25. 1998. 

Tcchnjcal Specifiwtio~s are part of an NRC liccnsc authorizing [he operation of n nuclcar produclion or urilitalion 
facility. A Technical Specificarion establishes rcquircmcnls for itcms such as safety Iilnits. Iimiling safety systcm 
settings, limiting con[rol settings, limiting conditions for opcn~ion, survcillancc rquircmcnts, dcsign fmrurcs, and 
ndnunistratlve controls. 



market. To ensure operat;i1ity of these components the utility performs surveillances," 
even if not required by regulation. The scope and frequency of these surveillances are 
determined by trading off the risk (and cost) of failure and subsequent downtime against 
the cost of performing the surveillances. 

A subset of these investment protection requirements are surveiIlances performed to 
maintain the revenue stream. They typically are related to components that, if 
performance is degraded, directly impact the amount of electrical power generated. An 
example is the main condenser waterbox. Fouling of the condenser tubes by micro- 
organisms and other organic matter in the cooling water can significantly degrade the 
condenser heat transfer capability, reducing thermodynamic cycle efficiency. Lf the main 
condenser heat transfer capability is degraded, either the plant must be operated at 
reduced load or operate at full load and risk overheating and potentially severe damage to 
the condenser (including overpressurization and rupture). It is therefore in the economic 
interest of the utility to conduct periodic main condenser waterbox cleaning, and 
waterbox cleaning is currently performed at 18-24 month intervals (coincident with a 
refueling outage). 

2.2.4 Economical Solution 
An owner/operator operates for the sole purpose of generating revenue. It typically has no 
particular preference as to how the electricity is generated (coal, natural gas, or nuclear) 
as long as the plant meets environmental regulations and is economically competitive in 
the long-term market. As stated earlier, non-nuclear plants have significantly lower 
capital costs but nuclear plants incur significantly lower fuel costs. Therefore, to make a 
nuclear plarrt attractive to potential investors the capital costs must be reduced. 

All design decisions have an impact, either directly or indirectly, on both capital and 
operating costs. However, potential investors are concerned about both the time to recoup 
the initial investment (which is directly linked to the capital costs) and the long-term 
profitability (which is directly linked to the operating costs). Necessarily, then, these 
design decisions must consider the impact on both capital and operating costs together to 
find an optimal point. 

2.2.5 Operaling Cycle Objectives 
To place the functional requiremcnts in context, an operating (or maintenance) cycle 
length must be specified. To meet the specified cycle Iength objective, the component 
must either require no maintenance for the entire cycle or be maintainable during the 
cycle. From a practical standpoint, many components (or the systems in which they 
operate) can often be secured for short periods for the performance of maintenance. 
However, some components are necessary for continuous plant operation or to ensure 
safety. These components cannot be secured unless their vital functions can be performed 
by another component or system. 

I' Tllc term 'survcillancc' dcfincs a varicty of conlponcnt tesIs, inspcclions. overhauls, and prcvcntive niainknancc 
actions. 



The operating cycle length goal for IRIS is eight years. It is not an objective to eliminate 
all maintenance between IRIS maintenance outages, but rather to perform a11 
surveilla~ices which have a periodicity of less than eight years on-line. However, to 
ensure proliferation resistance no operator access to the reactor vessel7 is permitted 
between refueling outages. 

As a strategy to achieve the eight year maintenance cycle length objective IRIS will first 
look to design solutions which permit on-line maintenance using current techniques and 
then, if a suitable design solution cannot be found, to development of techniques which 
will permit on-Iine maintenance of the current component. The benefit in seeking design 
soIutions first is two-fold: the design will be to current standards and thus less 
susceptible to regulatory chaIlenge, and the cost of development of new maintenance 
monitoring and performance evaluation techniques (including costs associated with 
potentiaIIy required regulatory changes) is avoided. 

2.2.6 Component hlIaintenance History 
In general, the further a design departs from current practice the greater the risk in terms 
of both cost and performance. It is prudent, therefore, to evaluate the component which is 
currently used to meet the specified functional requirements to assess it's deficiencies. A 
minimal risk solution might'be found which involves only a minor modification to the 
currently used component. 

A thorough evaIuation of the currently used component may also discover component 
undesirable attributes which cannot be removed simply by minor component 
modification. Identification of these components, and the particular attributes requiring 
redesign, is a critical step in narrowing the number of components needing redesign to a 
manageable size. In his 1996 thesis, ~ o o r e ~  presented a strategy for a four year operating 
cycle at a commercial PWR plant. He concluded that to achieve a four year cycle at the 
plant being investigated significant modifications would be required, due in major part to 
a limited number of surveillances which could not be resolved to a four year operating 
cycle. 

2.2.7 Commercial ~Manufactu ring Capability 
Implied in any design is the ability to manufacture the various components contained in 
the design. It is reasonable to assume that a currently manufactured component can be 
manufactured with minor modifications at roughly the same cost and on a similar 
manufacturing schedule. New components, on the other hand, require new machine 
tooling which adds significantly to the component acquisition cost and manufacturing 
timeline. Additionally, new components require testing and evaluation at much greater 
detail than modified components which also adds to the cost and procurement time. 

' Specifically, no fucl access is pcrniittd by prcventing access ro the reactor vesscl inremals during non-refueling 
outages. 

Mwre Jr.. Tl~ornas Joscph, "A Surveillance Slralcgy for a Four Year Operating Cycle in Commercial Pressurized 
Water Reactors," Massachusetts institule of Technology Dcpaflmnt of Nuclcar Engineering, Nuclcar Enginc~r's 
Thesis, May 1996. 



2.2.8 Emerging Technologies 
As owner/operators work toward a deregulated competitive marketplace, much effort has 
been expended examining the basis of current ~naintenance and operating practices, One 
area receiving considerable attendon is reduction of outage duration by conducting 
maintenance on-line. The byproduct of this attention is research and development of 
advanced technologies which become on-line maintenance enablers, 

The focus in applying these technologies is on currentIy installed components, since 
extensive backfits to install new conlponents which utilize these new technolo,' 01es are 
generally not cost effective, But, as a result of these development efforts, undeveloped 
technologies may exist which would be beneficial to a modified component but were not 
pursued further since they were not relevant to any currently instalIed components. 

2.2.9 Emerging Materials 
For certain component attributes which contribute to shortened life, such as 
susceptibility to corrosion or embrittlement, new materials may provide solutions where 
the original component is retained but fabricated from a 'better' material. New materials 
may allow the component to operate in an environment that the original material could 
not, saving considerable design effort and simplifying the integration of the component 
into the overall design. New materials, however, may not necessarily lead to immediate 
cost savings since they may need to be proven in the anticipated operating environment. 

2.3 Methodology 
The simplified design resolution methodology is shown in Figure 2-3. The resolution 
methodology iteratively evaluates the current state of the design against the specified 
requirements until aJl the requirements have been met through component modification 
or redesign. The resoIution process begins with the functional requirement to be satisfied 
and the component currently used to satisfy that requirement. Successive iterations 
evaluate the design against the next pedormance requirement in an externd process until 
all requirements have been satisfied. If the current state of the design does not meet a 
particular requirement, then the design is either modified (if possible) or a new design is 
generated (if necessary) by external processes? Those external processes, described in 

Oineer to move detail in Chapter 5, draw upon the judgement and experience of the en,' 
past current design paradigms and apply creativity to overcome the imposed barrier. 

Wsd In this ~nvcs~igarion, external processes are [hose crative design processes wluch cannot bc lorrnally srructurcd 
within thc rcsolulion 1ncthodo10gy. 



Figure 2-3: Simplified Design Resolution Methodology 

2.4 Output 

2.4.1 Evolutionary and  RevoIu tionary Design Solutions 
When a limitation is identified in a component or system, or an increase in performance 
above current capabi Iities is required, design changes are required. The designer can 
either improve the current component by modifying the component (evolutionary design) 
or by finding a completely different method to meet the design requirements 
(revolutionary design). In practice, all design processes involve a combination of the two. 
The designer must always evaluate whether a revolutionary design would better 
accomplish the prescribed function than an evolutionary design in order to ensure that the 
most cost-effective and best engineered solution is obtained. 

Necessarily, IRIS will include both evolutiotlary and revolutionary design solutions. A 
truly rcvolutionary design is inherently unproven, and the economic risk is likely to be 
unacceptable. A truly evolutionary design is unlikely to significantly improve the 
performance (including maintainability) of current PWR designs, and therefore may not 
be economicaliy desirable. The implicit goal for IRIS, then, is to utilize revolutionary 
design solutions where necessary and evolutionary design solutions where practical. 



2.4.2 Design Alternatives 
The output from the methodoiogy consists of a set of design alternatives, all of which 
meet the specified requirements, ranked by maintainabiIity. The methodology wiIl only 
be a useful tool for design optimization if the maintainability optimization has already 
been conducted. 



Chapter 3 Operating Pressurized Water Reactor 
Surveillance Program 

3.1 Introduction 
This chapter describes the cycle length barriers existing in a currently operating 
pressurized water reactor. The data utilized in this chapter is obtained from a recent 
thesis investigation into extending a candidate currently operating PWR from an 18 
month to a 48 month operating cycle. The data has been reexamined, in the context of 
this investigation, to determine the types of maintenance related barriers for which a 
design solution must be found. 

After presenting the barriers to the candidate PWR 48 month operating cycle, the 
implications of the candidate PWR cycle length barriers on the R I S  cycle length are 
discussed. This chapter concludes by describing where design effort should be focused to 
resolve the cycle Iength barriers which will Iikely exist in an IRIS maintenance program. 

3.2 Basis for Operating Pressurized Water Reactor Surveillances 
Surveillances are performed either because they are required to ensure safety or because 
they are prudent to protect capita1 investment. All surveillances, then, can be categorized 
into the following two broad categories: 

Regulatory Based: surveillances performed to meet technical specification 
requirements. In general, the scope of the surveillance and the performance interval are 
specified by re,datory authority. 

Investment Protection: non-technical-specification-based surveiIlances, including 
surveil1ances performed as a result of commitments to agencies other than the NRC. In 
general the scope, performance mode, and periodicity are selected at the discretion of the 
owner/operator to protect those systems and components with significant investment 
costs. 

The investment protection surveillances can be further broken down into the reactor and 
supporting components and systems, referred to as the nuclear steam supply system 
(NSSS), and all others, referred to as balance of plant (BOP). Since the safety function is 
primarily associated with the NSSS, most regulatory based surveillances apply to NSSS 
components and systems. 



3.3 A 48 Month Operating Pressurized Water Reactor Surveillance 
Program 
In 1996, Thornas Moore developed a surveillance strategy for a 48 month operating cycle 
in a commercial PWR." Moore's investigation was part of the Massachusetts Institute of 
Technology (MR) Extended Fuel Cycle Project which, under the auspice of the MIT 
Program for Advanced Nuclear Power Studies, investigated surveillance strategies for 
extending commercial pressurized water and boiling water nuclear reactor plant operating 
cycles to 48 months." Moore analyzed the existing surveilIance program at a candidate 
PWR plant to assess the impact of ar! operating cycle change from 18 months to 48 
months. After appropriate justification, surveillances were placed in one of three 
categories: candidates for on-line performance (Category A); candidates for off-line 
performance interval extension to 48 months (Category B); and barriers to a 48 month 
cycle (Category C). 

The 3 108 surveillances considered at the candidate PWR were categorized as following: 
2673 in Category A (on-line), of which 67 require a reduced power condition, 
38 1 in Category B (extended to 48 months), and 
54 in Category C (incompatible with a 48 month cycle). 

A breakdown of the candidate PWR surveiIlances is shown in Table 3. 1.12 

It should be noted that 690 electrical related investment protection surveillances were not 
explicitly analyzed, but were considered conducive to on-line performance and are 
included in the Category A total. It should also be noted that many of the 381 Category 
B surveillances could have been placed in Category A rather than extending the 
su~veillance periodicity. However, the goal of Moore's effort was to develop a balanced 
surveiIlance strategy and not simply to maximize on-line surveiIlance performance. For 
IRIS, maximizing the on-line surveilla~ice performance will be a key enabler for the eight 
year operating cycle length objective. 

3.4 Extending the 48 Month Surveillance Program to Eight Years 
Although the M E  Extended FueI Cycle Project team developed a four-year surveillance 
strategy, there has been no industry effort to achieve such an operating cycle length. A 
practical application of the proposed four-year surveillance strategy would have provided 
both validation of the methodoIogy and historical data on the effectiveness of the 
methodoIogy. In the absence of such data, resolving all surveillmces at the operating 
PWR with respect to the baseline four year (or goal eight year) IRIS cycle length would 

"' Moore Jr., Thomas Joscph. "A Surveillance Stralcgy Ibr a Four Year Opcrating Cycle in Commercial Pressurized 
W i k r  Reactors," Massachusetts Insritute of Tcchnology Depanment of Nuclear Enginccring, Nuclcar Enginccr's 
Thesis, May 1996. 
" McHcnry, R.S., T.J. Moore. J .H.  hlaurcr, and N.E. Todras, "Survcillancc Strntcgy for an Extcnded Opcrating Cyclc 
in Con~rncrcial Nuclear Rcacrors,'"e Fifth lntemational Topical hqccting on Nuclmr Thermal Hydraulics, 
Opqrations, a d  Sarcly (NUTHOS-5). April 14-18. 1997, Bcijing, China. 
" Xfoore Ir.. Thornas Joseph, "A Sunfeillancc Srraregy for a Four Year Opcrating Cyde in Commercial Pressurized 
Waler Reactors," Massachusc[ts Ins[i[urc of Technology Dcpartmcnl of Nuclcar Enginccring, Nuclcar Enginccr's 
Thcsis, May 1996. Dala from Tables 3-12 and 3-39. 



require examination of each of the several thousand surveillances. It is not the intent of 
this investigation to resolve a11 the cycle length barriers, but rather to develop a 
methodology which will assist the reactor plant designer in designing systems which are 
not cycIe length limiting. 

Therefore, this analysis wilI begin with the resuIts of Moore's investigation into a 48 
month operating cycle. Moore's investigation identified the barriers to extending the 
operating PWR from 18 months to 48 months, and provided a methodology for 
developing the technical justification for performance interval extension. After 
application of the methodology, 54 off-line surveillances were identified that would not 
be compatible with a 48 month operating cycle. An additional 38 1 off-line surveiIlances 
were either already compatible with the 48 month operating cycle or couId have their 
performance interval extended, based on the performance interval extension 
methodology, to 48 months. 

Because of his objectives, Moore's investigation did not consider either shutdown 
sur~eillences'~ or off-line  surveillance^^^ with a performance interval already compatible 
with a 48 month operating cycle. There are shutdown surveillances which cannot have 
their performance interval extended to cight years even though they are only required to 
be performed during an outage. An example is shutdown rod testing, which is required 
each outage in  which reactor vessel head removal occurs. Although no performance 
interval is specified, it is unlikely that an eight year rod testing performance intervaI (i.e., 
the IRIS refueling interval) will be frequent enough to validate the reactor protection 
system assumptions regarding rod control system performance (e.g., position indication, 
rod speed, and rod motion without binding). Of greater potential impact are the off-line 
surveiIlances which were already compatible with a 48 month operating cycle (and 
neither identified nor investigated by h/loore), but are unlikely to be compatible with an 
eight year operating cycle. 

Assessment of the operating PWR survei~lance program relative to the IRIS eight-year 
operating cycle length objective requires, in part, resolution of the 435 surveillances (54 
Category C and 381 Category B) identified by Moore. It must be recognized that the 
technical justification Moore provided to extend the Category B surveiIlances to 48 
months may not necessaril apply to an interval extension to eight years, resulting in 
IRIS cycle length barriers." However, development of a methodology which will resolve 
the identified Category C barriers will likely provide a solution to the unidentified 
Category 3 barriers as well. 

I3 Shutdown survcillances are thosc surveillanctls n i k h  arc pniorrned in conjunction wit11 a planned outage, usually 
on components and systems which support the m n g c .  Thcsc rnrvcillanccr arc no1 required to bc prforrncd when the 
r c x l w  gbnr is m powcr. 

I t  Off-Iinc surveillanm are survcillances on cornpownu and aystcms which support power operation, bul cannot be 
performed at powcr. 
'' As s ta id  in Seaion 1.3, the IRlS operating cyclc objedrive is eight ycars. The BNFL econornic model indicates that 
IRIS is srill ccanomjcally compailivc with a rnaintcnamc batage at mid-cycle, but an eight-year maintenance cycle i s  
prcfemd, The ccor~ornic modcl also indicarcs that with more than or1e rnaintcnancc oulagc per eight-ycar refueling 
cyclc. IRIS cconomic comptilivcness drops considerably. 



Table 3-1: Recommended Pressurized Water Reactor 48 Month Operating Cycle 
Surveillance Program 
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3.5 Potential IRIS Cycle Length Barriers 
The foIlowing discussion describes the operating PWR CIass C maintenance-related 
barriers which are potentia1 barriers to the eight-year IRIS operating cycIe Iength. This 
section only identifies the limitations of current PWRs if the operating cycle were 
extended to eight years, regardless of whether or not those components and systems 
would be utilized in  XIS. Although Table 3,1 breaks down the surveillances by system, 



the discussion here will focus on the general limitations by component type. As noted in 
Section 3.4 above, some Category B surveilIances could also be limiting for an operating 
cycle length greater than 48 months. However, the Category C surveillances are 
representative of the maintenance-related barriers existing in the operating PWR 
surveillance program and a methodology to resolve the Category C surveilIances should 
also Iead to resolution of the Category B surveiIlances as well. 

3.5.1 Regulatory Based Surve illances 
Regulatory based surveillances are those surveillances performed to meet technical 
specification requirements. Administrative Technical Specifications and Refueling 
Technical Specifications were not included in the original analysis, and are not included 
here, since their specific requirements are independent of cycle length. 

3.5.1.1 Relief Valves 
At the candidate PWR, there are several regulatory based relief valve surveiIlances which 
are currently performed onIy when the plant is shutdown. The relief valves to which these 
surveillances apply cannot be tested on-line and, because of their performance history, 
testing cannot be extended to eight years. At the candidate PWR these 38 valves include 
the three American Society of Mechanical Engineers (ASME) CIass 1 pressurizer reIief 
valves and 35 ASME Class 2 containment pressure boundary relief valves." 
ExtrapoIating the candidate PWR's valve performance history, and based on consistent 
but limited survey results, i t  appears Iikely that no relief valve used in these applications 
(regardless of specific type or brand) has a performance history which supports an eight 
year testing interval. 

The Operations and Maintenance of Nuclear Power Plants, ASME/AUSI, OM-1989," 
Chapter I ,  lists the requirements for in-service performance testing of nuclear power 
plant pressure relief devices. It requires all ASME Class 1 reIief valves to be tested every 
five years and that at Ieast 25% of each type of Class 1 valve be tested every 24 months, 
50% every 36 months, 75% every 48 months, and every reIief valve be tested at Ieast 
once every 60 months. Plants have the option of testing the relief valves in place or 
replacing the relief valve with a bench tested spare. Relief valves which are replaced by 
bench tested spares are also required to be bench tested after removal to determine if a 
removed valve exceeds the +3% set pressure criteria. For those relief valves failing to 
meet set pressure criteria, the causal effect must be evaluated to determine the need for 
additional testing. The candidate PWR conducts Class 1 relief valve testing at a shorter 
interval, coincident with refueling outages. 

The Class 2 relief vaIves can also either be tested in place or replaced by a bench tested 
spare. Unlike Class 1 relief valves, Class 2 relief valves are only required to be tested 
every ten years with at least 25% of each type tested every 48 months. However, the 

'"cncrally. ASME C d c  Class 1 jncludcs d l  reactor pressure boundary con~poncnu. ASME Code Class 2 generally 
includcs syslems or portions of systems important to saf'cty tlial are designed for posl-accidcnt containment of fission 
produns'and removal of heat, ASME Code Class 3 gcnerdly includcs those system components or portions of systcms 
important to safcly that arc dcsigrlcd to provide cool~ng warcr and auxiliary feedwater for the fronr-line systems. 
l7 Subsqucnt updates 10 "Tie Operations and Maintcnnncc of Nuclcar Powcr Plants." have occurred but the I989 
Edition olScction XI is rcfcrcnccd i n  10 CFR $SO.SSa(b). 



performance of the candidate PWR's Class 2 reIief valves has not proven historicaIly to 
be good enough to suggest that testing a: an eight year interval would be acceptable. 

From the above discussion, it appears unlikely that any CIass 1 or CIass 2 relief valve can 
operate for an entire eight year maintenance cycle without testing. Therefore, to eliminate 
the need for frequent shutdowns a method to either remove or test these relief valves on- 
line must be developed. 

3.5.1.2 Motor Operated Valves 
The candidate PWR has surveillances involving motor operated valves (MOVS) which 
cannot be performed on-line and, based on industry experience with motor operated 
valve (MOV) performance and subsequent regulatory response, are unlikely to have their 
performance interval extended. Nuclear power plant operating experience, valve 
performance problems and MOV research have revealed that the focus of the ASME 
Code on stroke time and leak-rate testing for MOVS was not sufficient in light of the 
design of the valves and the conditions under which they must function. For this reason, 
on June 28, 1989, the NRC staff issued Generic Letter (GL) 89-10, "Safety-Related 
Motor-Operated Valve Testing and Surveillance." In GL 89-10, the staff requested that 
licensees and permit holders ensure the capability of MOVS in safety-related systems to 
perform their intended functions by reviewing MOV design bases, verifying MOV switch 
settings initially and testing MOVS under design-basis conditions where 
practicable, improving evaluations of MOV failures ,and necessary corrective action, and 
trending MOV problems. Generic Letter 89-10 was superceded by GL 96-05, "Periodic 
Verification of Design-Basis Capability of Safety-Related Motor-Operated Valves," 
issued September 18, 1996. 

The code states that the maximum inselvice test frequency shalt not exceed ten years. In 
GL 96-05, the NRC staff agrees with this condition of a maximum test interval of ten 
years based on current knowledge and experience. However, in addition to this maximum 
test intervaI, in the case where a selected test interval extends beyond five years or three 
refueling outages (whichever is longer), GL 96-05 states that the licensee should evaluate 
infomation obtained from valve testing conducted during the first five-year or three- 
refueling-outage time period to validate assumptions made in justifying the longer test 
interval, Based on performance and test experience obtained during the initial interval, a 
Iicensee may be able to justify lengthened MOV periodic verification intervals. 

,As discussed in GL 96-05, the NRC staff has long recognized the limitations of using 
stroke-time testing as a means of monitoring the operational readiness of MOVs and has 
supported industry efforts to improve MOV periodic monitoring under the in-service 
tesling (IST) program and GL 89-10. As such, the staff would consider a periodic 
verification program that provides an acceptable level of quality and safety as an 
alternative to the current IST requirements for stroke-time testing and could authorize 

'90 spccific periodicity i s  cstablishcd by the hrRC. Howcvcr. in GL 89-10 ~ h c  NRC suggcstcd that thc MOV dala bc 
periodically e x a m i d  (a kasi every 2 years or  after tach rciucling outape ahcr program iniplcmcnlation) as part o f  a 
monitoring and ledback affon t o  establish trends o f  MOV operability. Thcsc ~rcnds ,  according to thc NRC, could 
provide [he basis for a licensee revision o f  tllc l u t i n g  frcqucncy established to periodically verify [hc a d q u a c y  of  
MOV switch settings. 



such an alternative, upon application by a licensee, pursuant to the provisions of 
1 OCFR50.55a(a)(3)(i). 

Licensees of several facilities (for cxample, Callaway, Monticello, and South Texas) have 
established MOV periodic verification programs that the staff found acceptable during 
closure of its review of GL 89-10 programs. One approach to MOV periodic verification 
that the staff found acceptable is to diagnostically test each safety-related MOV every 
five years (or every three refueling outages) to determine thrust and torque motor- 
actuator output and any changes in the output. A specific margin to account for potential 
degradation such as that caused by age (in addition to margin for diagnostic error, 
equipment repeatability, load-sensitive behavior, and lubricant degradation) is 
established above the minimum thrust and torque requirements determined under the GL 
89-10 program. The seIection of MOVS for testing and their test conditions should take 
into account safety significance, availiible margin, MOV environment, and the benefits 
and potential adverse effects of static and dynamic periodic verification testing on the 
selected MOV sample. Measures such as grouping and sharing of valve performance 
between faciIities are appropriate to minimize the need to conduct more rigorous periodic 
verification tests. 

Two significant conclusions can be drawn from the above discussion. First, a periodic 
verification program that actually ~trokes the MOV is the minimum acceptable 
requirement to verify operabiIity. Second, the longest periodicity deemed acceptable by 
the NRC is five years and this periodicity is based on utiIization of historical performance 
of the actual LMOVS for trending. Therefore, it is unlikely that the tcsting periodicity of a 
new MOV can be established at eight years until sufficient performance data can be 
collected in accordance with GL 89-10. The implication of these conclusions is that, for 
an operating cycIe length greater than five years, an acceptable on-line MOV testing 
method which actually strokes the valve must be developed. 

3.5.1.3 Other In-Service Testin g 
The ASME Boiler and Pressure Vessel Code, Section XI, "Rules for In-Service 
Inspection of Nuclear Power Plant Components," requires that all safety related pumps 
and valves be tested for operabiIity on a quarter1 y basis. In some instances, performance 
of the required testing is either hazardous or impossible to perform on-Iine. The 
owner/operator may petition the NRC to defer the surveillance, using a risk-based 
argument. However, deferral has only been previousIy granted for Refueling and Cold 
Shutdown surveillances. Refueling surveillances are those which cannot practically be 
performed with the reactor core installed. Cold Shutdown surveillances are not as 
limiting as Refueling surveillances, but still cannot be performed with the plant on-line. 
In both cases, the surveillances involve only standby systems such as the Residual Heat 
Removal System and the Safety Injection System. 

If a plant incurs an unplanned outage during the operating cycle after more than three 
mol~ths from the last in-service testing period, the ASME code requires the following 
rules be followed f& all surveillances designated as Cold Shutdown Tests: 



Testing is to commence as soon as practical when the Cold Shutdown condition is 
achieved, but no later than 48 houw after shutdown. Testing shall continue until all 
testing is completed or the plant is ready to return to power. 
Completion of a11 testing is not a prerequisite to return to power, and any testing not 
completed during one cold shutdown should be performed during any subsequent 
cold shutdown starting with those tests not previously completed. 
Testing need not be performed more often than once every 3 months. 
In the case of an extended cold shutdown, the testing need not be started within 48 
hours, but a11 CoId Shutdown Testing must be completed prior to returning to power. 

If a plant operates uninterrupted for an entire cycle, cold shutdown testing is only 
performed during refueling outages. The ASME code does not address an upper limit on 
the alIowable length between Cold Shutdown Testing. Technical justification would be 
necessary to extend the permissible interval to eight years, to be consistent with the IRIS 
cycle length. 

3.5.1.4 Engineered Safety Features 
The candidate PWR has regulatory based surveiIlances involving three similar 
Engineered Safety Feature Actuation System tests which cannot be performed on-line 
and which are unlikely to be extendable to eight years. These are integrated tests which 
involve sensors, signal processing, and valvc and pump actuation. The tests are: 

Diesel Generator Operability and Engineered Safeguards Pump and VaIve Response 
Time Testing. It would be possible to devise a testing procedure which would test the 
integrated features of all the safety systems involved, with the exception of actually 
injecting water into the core. But since (cold) borated water injection to an operating 
reactor would risk unacceptable thcrmal transients or power change, there are no 
testing scenarios which would allow this test to be performed routinely at power. This 
test is central to proving that cooling water can be delivered to the core in sufficient 
quantities to mitigate postulated accidents, so the proof-of-flow portion is unlikely to 
be deferrable. 
Actuation of Auto Safety Injection, Containment Building Spray, and Control 
Building Air Systems. This surveillance verifies system actuation (and appropriate 
alarms) within allowable time limits upon receipt of a command signal. Because 
response time includes the time for the co~nponents to physically actuate (i.e., valves 
open and switches close), acceptable pe~formance is unlikely to be demonstrated 
using signal monitoring only. 
Emergency Core Cooling Systems Automatic Actuation Test. This surveillance tests 
that the various Emergency Core Cooling System components wiIl realign within 
specified time limits upon receipt of a Safety Injection signal including the initiation 
of feedwater isolation, diesel generator start, containment isolation, containment 
ventilation systems isolation, and primary safety injection system realignment. This 
test cannot be conducted on-line due to feedwater isolation, and because of it's 
accident mitigation function is unlikely to be deferrable. 

These surveillances are performed to ensure that necessary safety systems are operable 
and will perform when required. Based on their safety importance, they cannot be 



deferred eight years to the refueling outage. Therefore, a method to verify the operability 
of these systems on-Iine must be developed. Particularly challenging will be development 
of a safe, yet thorough and effective, method to conduct on-line testing of those 
components which involve physical operations that present a safety risk (such as valve 
actuatioil which would permit cold watzr injection to an operating reactor). 

3.5.1.5 Steam Generator Eddy C u r r e n t  Testing 
Current NRC inspection guidelines for steam generators require eddy current testing of 
the steam generator tube bundle at a periodicity of up to 40 months. After conducting an 
eddy current inspection, the ailowed operating period until the next required inspection is 
established by the owner/operator after analysis of a11 previous inspection results. The 40 
tnonth periodicity can be utilized only after two previous successfuI inspections at shorter 
intervals indicate no tube degradation has occurred which can potentially lead to tube 
failure, A1 though there are development efforts undenvay , there currently exists no 
method for on-line steam generator tube inspection. Based on previous experience within 
the nuclear industry with tube failures due to stress corrosion cracking and aging, steam 
generator eddy current testing is unIikely to be deferrable. 

As a preliminary step in evaluating a transition to a 48 month fuel cycle, the candidate 
PWR completed a draft technical request to the NRC to extend the interval between 
steam generator tube inspections to 50 months. The technical evaluation concluded that 
tube degradation over the course of 50 months in the typei9 of steam generators used at 
the candidate PWR would not reduce the margins of safety required by NRC Regulatory 
Guide I .  12 I ,  "Bases for Plugging Degraded PWR Steam Generator Tubes," August, 
1976. No decision was made on this request, however, since the candidate PWR opted to 
pursue (for a variety of other reasons) a 24 month operating cycle as an intermediate step 
to an extended operating cycle. 

Steam generator tubing makes up a significant portion of the reactor cooIant pressure 
boundary (RCPB), and the industry-wide historical performance dictates that inspections 
be conducted to verify the integrity of this boundary. The inspection frequency has been 
established by consideration of this performance, and it is unlikely that it will be feasible 
to extend this frequency to eight years. Therefore, an on-line inspection method (and the 
means to conduct it) must be developed. 

3.5.1.6 Rod Drop a n d  Rod Position Indication Testing 
Control and shutdown rod drop testing is currently performed at the candidate PWR 
following refueling to guarantee that the control rods have an unimpeded path to the 
bottom of the core and that maximum drop times are consistent with the assumed drop 
times used in the plant safety analysis. 

The NRC Improved Standard Technical Specifications only require rod drop testing 
following vessel head removal, and no upper limit to the periodicity is currentIy 

I Y The candidate PWR uses four Wutinghoust: Model F stcam gcncrators w ~ l h  5626 Thermally Trmted, Inconel 600 
U-tubcs (SB-!63) hydraul~cally expanded into ~ h c  lubuhcct a1 tach end. Tbc lube bundIe is supported by "V"-shapcd 
Anli-Vibrarion Bars In the U-lube bcnd rcgion and cight slainlcss slecl tubc support plates. 



specified. However, a senior NRC inspector indicated during an informal discussion that 
the decision not to place an upper limit on the periodicity was, in part, due to the fact that 
no current plant operates on a cycle length where fuel swelling would be a significant 
concern.20 Since IRIS will operate on a cycle that is more than twice the length of the 
longest current operating cycle, it is likely that an upper Iimit will be placed on rod drop 
testing periodicity and that i t  will be less than eight years. 

Rod position indication testing is norrnalIy conducted in conjunction with rod drop 
testing, and is required every 18 months. For the candidate PWR, once at power the 
control and shutdown rods are fuIly withdrawn and remain fully withdrawn with long 
term reactivity control maintained by primary coolant boron inventory. Since the 
relationship between actual and indicated position does not change during the cycle (as 
long as the rods remain fully withdrawn), these checks can be deferred (if necessary) past 
18 months to the scheduled shutdown period. 

If control rod motion is used for long term reactivity control, instead of using boron 
inventory, then the assumption that the relationship between actual and indicated position 
does not change during the cycle is no longer valid. Under these conditions, i t  is unlikely 
that the rod position indication checks would be deferrable eight years to the scheduled 
shutdown period. 

3.5.1.7 Reactor Coolant Pumps 
Reactor coolant pump flywheel bore and keyway are ultrasonically inspected for 
volumetric expansion in the areas of highest stress concentration every 36 months. 
AdditionalIy, a complete surface examination of all exposed reactor coolant pump 
surfaces and a complete ultrasonic volumetric examination is conducted at ten year 
intervals. AII of these inspections require the reactor coolant pumps to be secured. 

3.5.1.8 Electrical Breaker Checks 
There art: several safety equipment breaker overcurrent relay checks which are currently 

, performed at 36 month intervals but, due to their importance in safety assurance, are 
unlikely to be deferrable to eight years. 

3.5.2 Investment Protection S urveillances 
Investment protection surveillances include all the non-technical-specification-based 
surveiIIances performed at the candidate PWR. A small number of these are performed as 
a result of commitments to agencies other than the NRC. Ln general, however, the 
investment protection surveillances are performed in the mode and at the interval selected 
by the utility to protect thosc systems and components with significant investment costs. 

For this investigation, a large number of the Category B investment protection 
surveillances have been summarily dismissed from consideration as maintenance-reIated 
barriers to the eight year operating cycle. These surveillances involve components which 

21 1 I n  a typical rhrcc zone rchcling schcmc for 3 plan1 with a 24 month operating cgclc, a batch would remain in the 
corc for 72 monrhs. Howcvcr, dcmonstra~ion [hat the con~rols r d s  have an unimpcdcd path lo the bottom of the corc is 
pcrformcd evcry 24 months. 



can either be easiIy removed from the design (or replaced by a less maintenance intensive 
component) or for which an on-line method of performance could readily be deveIoped. 
An example is installing an 'instrument bypass in the Reactor Trip System. This allows 
on-line testing of a single protection channel without the test signal being interpreted by 
the protective system as a genuine trip signal, and reduces the probability of receiving a 
spurious protective action. 

3.5.2.1 Relief Valves 
At the candidate PWR there rue several relief valve investment protection surveillances 
which cannot be performed on-line and, based on component operating history, the 
cesting interval cannot be extended. The relief valves are Class 2 containment boundary 
vaIves, of the same design as the regulatory based relief valves, and the same discussion 
applies. 

3.5.2.2 Condenser Wa terbox 
The main condenser is the primary heat sink for the power plant. If the main condenser 
heat transfer capability is degraded, then the plant must either operate at reduced power 
or risk condenser damage due to overheating and overpressurization. The candidate PWR 
performs condenser waterbox cleaning every 18 months, during which all steam must be 
secured since the three tube bundles are not individually isolable. Based on material 
history, this interval cannot be extended. 

3.5.2.3 Reactor Coolant Pumps 
There are eight reactor coolant pump surveillances, all involving the reactor coolant 
pump lubrication oil system, which require the pumps to be secured and (based on 
material history) cannot be perfomled at a longer interval. These surveilIances include 
checking the pump oil hi/Io leve1 alarms, lube oil sampling, and Iube oil change. 

3.5.2.4 Main Turbine 
The main turbine and generator represent a substantial capital investment, and the large 
number of surveillances on this machine reflect the magnitude of this investment. In 
general the main turbine system surveillances involve the speed governor, lubricating oil 
system, and generator electrical components. The generator surveiIlances are a11 
performed at 72-96 month intervals, and in general surveillance results at the operating 
PWR have been satisfactory suggesting that all these surveillances could be extended to 
eight years. However, the main turbine speed governor and lubricating oil system 
surveillances are unlikely to be extended past 48 months. 

3.5.2.5 Main Steam 
There are several surveiIlances on the main steam isolation valves involving component 
replacement (software and solenoids) which could physically be performed on-Iine, but 
are necessarily performed off-line since isolation valve operation is prevented during 
performance of the surveillances. The main steam relief valves require periodic lift 
testing and, like all other relief val.ves, are unisolable from the system and thus must be 
tested off-line. 



3.6 Summary 
This chapter presented the maintenance related operating cycle length barriers existing in 
the surveiIlance program of a currently operating PWR. A tabular summary of these 
barriers in presented in Appendix A. After review of the off-line portion of the operating 
PWR surveillance program, 54 surveillances are identified as definite barriers and 
another 361 have been identified as potential barriers. Of these barriers, some will be 
eliminated by design differences between the operating PWR and IRIS while the rest will 
need to be eliminated be design. 

It is not the intent of this investigation to resolve a11 the cycle 1ength.barriers. However, 
this evaluation of the maintenance related operating cycle length barriers provides the 
foundation to develop a methodology which wiIl assist the reactor pIant designer in 
designing systems which are not cycle length limiting. To achieve the IRIS operating 
cycle length goal, all surveillances must either be conducted with the pIant at power or 
have a maintenance periodicity at least as long as the refueling outage interval. 



Chapter 4 Surveillance Resolution Strategy 

4.1 Introduction 
This chapter outIines the strategy used to resolve the maintenance-related barriers 
identified in  the candidate PWR surveillance program. First, the surveilIances are 
categorized to identify how they wilI be addressed relative to RTS. Next, the methods 
which may Iead to on-line performance or compIete elimination of these surveillances are 
presented. After evaluating the surveillances for on-line performance or elimination, 
those surveillances which remain are those requiring design resolution. 

4.2 Surveillance Categorization Relative to IRIS 
With respect to IRIS, the operating PWR surveillances can be placed into one of four 
categories: 

Categoly I :  On-line surveilIances which will be performed on-line in IRIS; 
Category 2: Candidate surveiIIances for design resolution to create an on-line 
pcrforrnance mode in JRIS; 
Category 3: Surveillances rquirinz further analysis to determine performance mode 
in IRIS; and, 
Category 4: Off-line surveiIlances likely to have performance interval extended to at 
least eight years in IRIS. 

The flowchart in Figure 4-1 shows how the operating PWR surveillances (Categories A, 
B, and C) are segregated into these four numerical categories. This investigation wiIl 
focus on those surveillances requiring design resolution, Category 2. Beginning with all 
surveillances performed at the operating PWR, it can reasonably be expected that an on- 
line performance mode in lRIS can be found for those operating PWR surveillances 
currently performed on-line. It can also be expected that, although likely few in number, 
there exists surveilIances that are IikeIy to have their performance intervals extended to at 
least eight years. After removing these two groups, the operating PWR off-line and 
shutdown surveillances remain. These can be immediatety segregated into those 
performed off-Iine at less than 48 month intervals (i.e., those analyzed by Moore) and 
those with a performance interval greater than 48 months or performed shutdown. 

Although they are expected to be characterized by the Category 2 surveillances, those 
surveillances with a performance interval greater than 48 months or performed shutdown 
were not specificalIy analyzed by Moore and will not be analyzed here. These 
surveiIlances are immediately carried down to the 'further analysis' category. Of those 
surveillances performed off-line at less than 48 month intervals, many have an on-line 
performance mode and are thus placed in the 'JRIS on-line' category. The remaining 435 
operating PWR surveillances (54 Catezory C plus 381 Category B) which are currently 
performed off-line and do not have an on-line performance mode are the potential IRIS 
cycle length barriers. 
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carried down to the 'design resolution' category. The last category includes those 
surveillances which plausibly could have their performance interval extended to eight 
years, A separate category was created for these surveillances, but it is anticipated that 
they will be few in number. 

4.3 Resolution Categorization Considerations 
The remainder of this chapter describes in greater detail the considerations given when 
categorizing the operating PWR surveillances according to Figure 4-1. AIthough unable 
to be captured here, engineering judgement and experience are critical to proper 
evaluation and categorization of the surveillances. CostIy design mistakes can often be 
avoided by having an seasoned designer compare the design team's evaluation against 
previous design efforts. 

4.3.1 Plausibly On-Line or EIi minated Surveillances 
All investment protection surveiIlances can be considered for elimination or performance 
intervaI extension, since their performance mode and interval are generally not 
estabIished by regulatory authority. However, since the intent of these surveiIlances is to 
protect a large capita1 investment, categorically eliminating these surveillances is neither 
prudent nor responsible. Analysis must consider the cost of performing the surveillance 
(incIuding planned outage downtime costs) against the cost of unexpected failure 
(including forced outage costs) if the surveiIlance is not performed. However, this 
investigation is based on the premise that the IRIS cycIe length objective is a key factor 
in making IRIS desirabIe to a potentid customer and thus economics will onIy be 
considered on a qualitative basis, and only when the cost impact of a particular decision 
is significant. 

Regulatory surveilIances, on the other hand, are unlikely to be eliminated since their basis 
is ensuring protection of the public. It is possible, however, that an acceptable alternative 
surveiIIance can be created which provides the same safety assurance. The NRC has 
indicated a wilIingness to consider alternatives as long as the proposed method 
dsmonstrates operabiIity and is adequately supported by technical justification. For 
example, the NRC acknowledges the limitations of stroke-time testing of MOVS in 
assessing operationa1 readiness. It has stated it would consider authorizing a testing 
program which provides an acce table level of quality and safety in lieu of stroke-time 
testing to meet IST requirements. 4'1 

Becausc of their importance in demonstrating the ability to perform safety functions, 
regulatory based surveillances are unlikeIy to have their periodicity extended to be 
compatible with the IRIS operating cycle length until sufficient historical data is colIected 
(at testing intervals less than eight years) to provide technicaI justification for extension. 
Therefore, unless the first several JRIS operating cycles are of the same length as 
currentIy operating PWR cycles (to collect in-situ historical data) these surveiIlances 
must either be performed on-line or eliminated by design. To provide for an on-line 
performance mode, the applicable system or component must either be able to be 
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temporarily taken out of service for testing without compromising operational safety or 
be abIe to be tested without interrupting the operability of the component. 

To eliminate a surveillance the function performed by the component or system must be 
performed by a different set of components for which the surveillance is not applicable, 
or the hnctionaI requirement must be eliminated completely. Although this objective is 
similar to the objective of the 'design resolution' category, these eliminated surveilIances 
are those for which a readily apparent solution is available. Based on IRIS design 
objectives and goals, boric acid will be not be used to controi reactivity and therefore all 
operating PWR surveilIances on the chemical and volume control system associated with 
boric acid are eliminated i n  IRIS. Note, however, that these surveillances are carried into 
Category 2 (design resolution) since elimination is the design resolution made at a 
particular stage in  the design. If the design changes to include boron for reactivity 
control, then the applicable chemical and volume control system surveillances must be 
resolved again in terms of the current design objectives and goais. 

4.3,l.l Advanced Monitoring Techniques 
Advances in rernote and on-line monitoring techniques now allow for conducting many 
inspections at power in locations which are, due either to environment or radiation, 
inaccessible by personnel. ExarnpIes of these techniques include robot assisted ultrasonic 
inspection, on-line motion and vibration monitoring, and radiation hardened infrared 
imaging. A common characteristic of all these techniques is that they are passive, non- 
destructive, and non-invasive. 

Selection of representative indications which can be monitored by these advanced 
techniques to adequately characterize the condition of the component can produce a two- 
fold benefit. First, the investment is better protected by more frequent (or even 
continuous) assessment of component condition without requiring an outage. Second, 
these techniques are generally passive and no testing-induced failures (which can occur 
with a time-based surveillance program) are expected. 

For microprocessor controlled components and systems, integral diagnostics can be 
included in the control logic which routes short duration (i.e., too short to cause 
component or system response) signals throughout the entire circuit to verify electronic 
continuity. Although this does not demonstrate component response to the applied signaI, 
it does minimize the amount of the system for which assured operation is uncertain. 

4.3.1.2 Improved Technologies 
Many commercial industries have, over the past several decades, taken a critical look at 
their maintenance practices in a focused effort to reduce operating and maintenance costs. 
As a result, a new generation of highly reliable and more easily maintained components 
have emerged from vendors and manufacturers. In most cases the capital expenditure to 
backfit an operating PWR with these new cornponents is not justified by the reduced 
maintenance return, since the operating PWR operating cycle length is currently short 
enough to perform effective (although frequent) maintenance on the 01de~'com~onents. 



New design and construction, however, affords the opportunity to take advantage of these 
cornpollen t improvements. 

Switchboard and breaker technology, for example, has improved significantly. Fully- 
enclosed switchboards are now availabIe which do not require frequent cleaning. These 
enclosed switchboards can also be fitted with infrared sensors and fire extinguishing 
agents to minimize the impact of electrical-related fires. The air circuil breaker will soon 
give way to the solid-state breaker, based on power electronics building bIock (PEBB) 
technology (Figure 4-2). Solid-state breakers under development contain the integral 
diagnostics discussed above which can verify the operability of breaker protective 
features without interrupting power to the load.22 Solid-state breakers based on PEBB 
technoIogy can also be used in an electrically-reconfigurabIe electric power distribution 
system, aIIowing for multiple power sources for a vital component without the need for 
relays or bus transfer switches.23 Application of these technoIogies wiIl eIirninate the 
need to secure a load in order to inspect and verify proper operation of the load's power 

supply. 
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Figure 4-2: Power Electronics Building Block Functional Diagram 
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4.3.1.3 Redundant Capabilities 
Many investment protection calibrations and aIignments can have their periodicity 
extended by installation of diverse, reliable, and redundant monitoring capability. 
Methods selected shouId operate different enough (with different calibration curve sIopes 
and fai1ur.e indications) so that the inst~uments cannot drift the same way and provide a 
consistent inaccurate indication. This will ensure that consistent indication correlation 
between these redundant monitoring methods is accurate and reliable, eliminating the 
need for instrument calibrations and alignments until a divergence of these redundant 
monitoring methods is indicated. 

4.3.1.4 Regulatory Change 
As noted previously, the NRC has indicated a willingness to consider alternatives to 
current testing requirements as long as adequate technical justification is provided. 
However, since this technical justification is based on the performance of a particular 
component in a particular application, it is unlikely that a significant number of 
regulatory changes would be approved for simultaneous application in a new reactor 
plant design where no performance history exists. 

4.3.2 Surveillances Requiring Design ResoIution 
After evaIuating the off-line surveiIlances for a plausible on-line solution (or 
elimination), the remaining surveilIances are those which prevent attaining the IRIS cycle 
Iength objective. AIthough this category is populated by discrete components, the 
aggregate set represents the general challenges to IRIS for which a systematic 
methodology for resolution must be found. 

Where design is necessary to create an on-line performance mode, the preferred order of 
design is: 
1 )  utiIize existing components, 
2) utilize existing technologies, 
3) develop new components/systems, and 
4) develop new technologies. 
In order, each method involves increasing design effort and risk. 

The reader is reminded that the objective of this investigation is not to resolve all 435 
surveill~ances identified above, but rather to categorize the barriers in more general terms 
such as classes of components which share common limitations. It is from these 
generalizations that the resolution methodology will be developed, so that design 
resolution of particular IRIS maintenance-related barriers can be made, 

4.4 Summary 
This chapter has outlined the methods available to the designer which can bc used to 
resolve identified operating cycle length barriers. The strategy for eliminating these 
barriers is "defer if practical, perform on-line when possible, and eliminate by design 
where necessary." Evaluating surveillances for deferral requires in-depth analysis of the 
surveillance basis and the component's maintenance history. This evaluation is outside 
the objectives of this investigation, but is necessary in any reactor plant design effort. 



Chapter 5, 'Eliminating the Maintenance-Related Barriers,' outlines tile rnethodoiogy 
used to address those surveillances categorized as requiring an on-line performance mode 
or elimination. 



Chapter 5 Eliminating the Maintenance-Related 
Barriers 

5.1 Introduction 
This chapter presents the resolution methodology which is utilized to assist in resolving 
the identified operating cycle length barriers. It is structured as a flowchart, which 
methodically and systematically evaluates the current state of the design against the 
requirements, objectives, and goals. In Section 5.4, each of the decision points and 
process are described. The intent of developing this methodology is not to introduce new 
factors for the designer to consider, but rather to organize the relevant factors into a 
methodology which wilI assist in identifying where the design effort should be focused. 

5.2 Establishing the SoIu tion Space 
To ensure that IRIS maintenance considerations are evaluated in the design process, the 
maintenance requirements must be identified prior to, or concurrent with, the design 
formulation. However, for a design such as IRIS which wiil deviate significantly from 
current commercial PWR practice, these requirements are not well known. These 
maintenance requirements, although not nearly as well defined as the known limitations 
of operating PWR components, represent potential barriers to attaining the W S  
objectives. 



Figure 5-1: Resolution of Maintenance ReIated Barriers Relevant to IRIS Design 

The maintenance-reIated barriers will be identified using a concurrent topdown and 
bottom-up approach. The top-down approach starts with the operating PWR and 
identifies barriers based on maintenance requirements and component operating history 
(Chapter 3, 'Operating Pressurized Water Reactor Surveillance Program'). The bottom- 
up approach starts with the IRIS design requirements to determine the best design 
solutions to meet the design requirements. It is the IRIS design requirements and 
solutions that determine which operating PWR systems and components could potentially 
find use in IRIS. From this aggregate set of components/systems and their accompanying 
maintenance-related barriers, the preferred method of resolution (evolutionary or 
revolutionary design) will be identified. This is shown graphically in Figure 5-1. 

5.3 Resolving the Barriers 
The designer can. deal with maintenance-reIated barriers in one of three ways: 

Modification: Modify the component such that the barrier 110 longer exists 
(evoIutionary design), 
Substitution: Perform the limiting component's function using a different component 
that is not subject to the Iimitation (combination of evolutionary and revoIutionary 
design), or 
Replacement: Use an entirely different method to perform the functional requirement 
(revoIutionary design). 



The method to be utiIized depends on a number of factors including cost, technical risk, 
engineering feasibiIity, and effectiveness. It is not possible to determine the best method 
without considering all of these factors. 

5.4 Resolution Method01 ogy 
This section presents the resolution methodology used to synthesize the requirements into 
design solutions. It is, and is intended to be, general in nature for maximum applicability. 
Design inherently requires a high degree of creative thought and engineering judgment, 
and these intangibles cannot be captured in any methodology. What is asserted is that 
given a framework to guide this creativity, innovative solutions can more readiiy be 
developed. With the inputs providing the requirements, the methodoIogy must 
systematicaliy address a11 the imposed requirements to generate design solution 
alternatives for consideration by the systems engineer in the overall design. This 
resolution methodology shouId perform as a transfer function, inputting the cumulative 
set of requirements and outputting possible solutions meeting the requirements. To be of 
utility to the systems engineer, the design solution alternatives must also be quditativeIy 
ranked by maintainability. 

The design resolution methodology flowchart is organized into three sequential figures, 
as shown in Figure 5-2. The flowchart is presented in Figures 5-3 through 5-5.24 
ConceptualIy, the flowchart sequentially and logically steps through the inputs described 
in Section 2.2 ('Methodology Inputs') arid identifies where design effort must be focused: 

Figure 5-3 synthesizes the requirements and evaluates what IeveI of design effort is 
required (use existing component, modify component, or design new component), 
Figure 5-4 synthesizes maintainability into the design to resolve when and how the 
component wilI be maintained. 
Figure 5-5 synthesizes the economic and investment protection constraints to fully 
meet a11 design objectives. 

24 The legcnd in Hgurc 5-3 applirrs to all three figures. 
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Figure 5-2: Design Resolution Methodology Flowchart - Layout 

The various decisions and processes of the Design Resolution Methodology Flowchart 
are discussed in more detail below: 

5.4.1 Decisions 
This is the fundamental question that determines whether or not a 
currentIy used component can be used in the INS application. If this is 

rxutinl; the first iteration, the component currentIy used to meet these functional 
cmrpmml nxr.( 

m]~ii-ll? 0 requirements is input for consideration. This is a logical starting point, 
since design effort should only be expended if necessary to minimize the 

(fig. 5 3 1  
number of unproven components in the design. In most cases, the 
component currently used will meet the functional requirements in the 



IRIS appIication leading to an attempt to use the component. Subsequent passes through 
the methodology will lead to modifications to the currently used component or a new 
component or system. 

If the currently used component fails to meet the functional 
requirements (first iteration) or result in a feasibte design (subsequent 

* ~ ~ t ~ n ~ m m p r r -  iterations) then the next iteration looks for modifications to the 
rml t r m r d i r ~ ~ i  hl 
,,,,,,+ currently used component. Since the limitations of the currently used 0 component have been identified by the methodology (either upon entry 

(fig. 531 
to the flowchart or after a complete iteration loop), the scope of the 
necessary changes are apparent to the designer. The anticipated 

commercial manufacturing capability is used to determine feasible component 
modifications which will meet the requirements. This is the first point in the methodology 
where creative (evolutionary design) effort is required. 

If the component under consideration cannot be modified to satisfy the 
requirements, then a new (revolutionary design) approach to the 

111111 or nmnl 
bc J~\'L-I~+ m 

requirements is required. At this point, the designer must turn to 
mn rrquiw- 0 emerging solution. If materiaIs a new component and/or technologies or system cannot and seek be developed, a creative then design the 

ms. 53) functional requirements must be re-evaluated and distributed among 
several components. 

This is the first assessment of the design against the ultimate goal, 

doign ~t 
operation throughout the entire cycle without requiring a pIant shutdown 

I W ~ ~ W T C ~  for maintenance. To reach this point a component, group of components, 
length q u i r e  0 or system has been conceivcd which meets the specified functional 

requirements. The component is evaluated against the regulatory 
(Fla.S-11 requirements, with bias given (if an existing component is being used) to 

the maintenance history of the component. If the component is not substantially modified, 
then the existing regulatory requirements will likely still be applicable. However, if 
significant co~nponent modification has occurred (or a new component designed) then the 
regulatory requirements must be postulated from the regulatory intent (Section 2.2.2, 
'Regulatory Requirements'). 

If the design meets the operating cycle length requirement, then no maintenance is 
required for the cycle duration and the design proceeds to economic-related evaluation. If 
the component does not meet the operating cycle length requirements, due to either 
performance history or regulatory requirements, then a method of maintaining the 
component during the cycle must be developed. 

If the role of the component in overall operations is such that the 
component can safely be isolated for maintenance, then the component 
will be evaluated for at-power accessibility. In this case, often timcs all 
that is required is to install sufficient capability to isolate the component 
from the system. However, some components cannot be secured at 



power and require plant shutdown. If the component cannot be isolated, then a method of 
maintaining the component on-line must be developed to avoid the necessity for  plant 
shutdown to maintain that component. 

Components that reach this point are those that can be safeIy taken out 
of service for maintenance. Lf the component is accessible then the 

-p.nmth component can be isoIated and maintained on-line, and the design 
rrrsllr-lbk 

nt w r 7  0 proceeds to economic-related evaluation. However many components, 
particularly those inside the containment building, will be inaccessible 

FI~. 741 due to a high temperature or high radiation environment. For these 
components, an on-line maintenance capability must be provided. 

Components that reach this point are those that require an on-line 
maintenance method. On-line maintenance methods are input; existing 

\ V ~ r T m I  'm 

m i ~ t h i ~ d  
methods for the first iteration and proposed methods for subsequent 

141-1 1w.7 0 iterations. If a suitable on-line maintenance method is available (or 
proposed), then the design proceeds to economic-related evaluation. Lf, 

[fr6 7-1) however, a suitable on-line maintenance method is not available then 
evaluation of other at-power maintenance methods is conducted. 

InstaIlation of redundancy often solves the maintainability issue for 

nd1mdan:y h? 
small components which cannot be removed from service at power, such 

uHMln.Jl.w as pumps and vaIves. For larger components, such as heat exchangers 
Im riUi?lhTT 0 and turbine generators, this becomes cost prohibitive. However, in the 

development of design alternatives, installation of redundancy may be 
(FIG :A) the only solution for at-power maintenance. 

Note that installation of redundancy is only effective for components that are accessible 
at power unless sufficient 'installed spares' are provided (to operate when running 
components are 'retired' in-place) to achieve the desired operating cycle length. If 
redundancy cannot be provided, then a new on-line maintenance method must be 
developed for this component. 

When all attempts at making the component maintainable at power 

rm m r - l h  
through modifications and configuration changes fail, a new on-line 
method for maintaining the component must be developed. Like 

Inr iL m- installation of redundancy, this path may lead to an economically non- 
viable soIu tion. 

Often, technologies which may lead to at-power maintainabiIity are only in the early 
stages of development and thus require an investment (which is ultimately reflected in the 
total pIant cost) to adapt these deveIoping technologies for the required application. If an 
on-line method can be developed, then the design proceeds to economic-related 
evaluation. If not, then this design alternative is not viable in it's current state and so 
another iteration begins. 



This is the final check of the design dternative to ensure that, after 

J L P ~ ~ I  R.I_.si 
determination of the investment protection surveillance requirements, 

~ ~ . l l i l t g ~ r ; k  the desired operating cycle length can still be achieved. A component 
length nquirr 

minlh? 0 which reaches this point in the methodology can only fail to reach the 
desired operating cycIe Iength due to investment protection concerns. If 

(FIG. 5 5 )  this is the case, then the alternative is not feasible in it's current state and 
so another iteration begins (with the a priori knowledge of the investment protection 
surveillance requirements). 

The investment protection requirements potentially could be changed to be consistent 
with the desired operating cycle length. However, the investment protection surveillance 
requirements are determined based on risk to the owner and are independent of the 
desired operating cycle length. The designer must resist the temptation to modify these 
requirements to make the design compatible with the desire operating cycle length unless 
the risk to the owner is re-evaluated, and this shouId only be done after another iteration 
through the methodology (which will now consider the investment protection 
surveillance requirements). 

If all possible design alternatives have not been generated (i.e., 

an l r , ~ ~ r  
consideration of existing component, modified component, and new 

hixn.rll-lh= component(s)) then the process is restarted without bias towards @ previously generated alternatives. If all feasible design alternatives have 

been generated, then the design alternatives are ranked by economic 
(FIG ~ 5 )  feasibiIity and maintainability and the procedure is exited. 

5.4.2 External Processes 
Component modification seeks to make a minor change to the 

MJrl~iy aro!pcamt 
for t k  component that is within current manufacturing capabilities. The 

rppllcntmn El objective of this process is to make the changes necessary to meet the 
(ng. M) functional (first iteration) or cumulative (subsequent iterations) 

requirements specified for the component without aiso requiring a new manufacturing 
process. In some cases, the necessary changes can be met by an existing component 
devetoped for a different application. If not, then a custom manufacturing process (based 
on existing manufacturing practices) will need to be developed. 

If a current component cannot be modified to meet the specified 
functional requirements, then a new component must be designed. This 
typically requires significantly more creative design effort than simple 
component modification, but can result in a component better suited for 

the specific application than a modified existing component. Although design of a new 
component matches requirements to functionality, development and testing of the new 
component typically involve more time and cost than modification of an existing 
component. 

When a component simply cannot be isolated for maintenance during 
the operating cycle without a shutdown, then a means of maintaining the 

m c k d  hrr Ihu 



component on-line must be developed. In many cases, the maintenance actions required 
to be performed are inspections which ailow predictive techniques to be used in 
estimating the remaining length of satisfactory operation of the component. Depending 
on the basis for conducting the maintenance (regulatory requirement or investment 
protection), development of an alternative inspection method which provides equivaIent 
data on the overalI health of the component may be acceptable. 

Recent focus on predictive maintenance techniques has resulted in development of new 
methods for assessing component wear and performance. However m'my of these 
technologies, although promising for future use, are not sufficiently developed to 
transition into an actual field application. Therefore, utilization of these immature 
technologies will require time and money to research, develop, and test the technology 
for field application. 

InstalIation of redundancy is the simplest of the methods for creating an 
to sllow c r m p - m l  

$1 k mrd 
at-power maintainable component, so long as the component is 
accessible. The obvious drawback to this method is capital expenditure 

{ F I G  -1 for installed spare components in the parallel path(s), especially for, large 
components like heat exchangers and turbine generators. Some systems, such as those 
that are normally subject to Iarge deviations from their nominal operating point, lend 
themselves well to installation of redundancy. An example is a cooling water loop, where 
the number of pumps required to be in operation is dependent on the temperature of the 
cooling medium. 

Most components that can be taken out of service for at-power 
maintenance can be made accessible by physically moving the 

I n  011-lim mintam- component to an accessible location. High temperature or radiation 
inside the containment vessel are the most common reasons that a (Fis. pj] 

component is inaccess ib~e .~~ Moving the component to an accessible often requires only 
an additional length of piping or cabling, with appropriate consideration given to the 
impact of that addition to the overall design. 

Evaluation of the economics of a design decision is a compIex process 
E r n l ~ w k  r r m h  ,,,,,,,,,,,,, which involves both capital and O&M cost considerations. The viability 

v ~ l v l h  1 of a design, and the design decisions made along the way, depend 
(FI;. 5-51 strongly on the owner's financial goals and objectives which are usually 

not well known during the design phase. Therefore, a baseline 'owner profile' must be 
established to place the other external factors (such as projected market conditions or the 
cost of borrowing money) in perspective. 

This economic analysis is beyond the scope of this investigation, but is included in the 
methodoIogy for completeness. What can be qualitatively asserted, however, is the 

'' The IRIS vc~sc l  is a largc integral \eiscl wilh internal radiation shield plates located in a 1.5 m annulus. Preliminary 
caIculations indidatr [hat, due !his thick shielded water annulus. [hc dose rate adjacent to the vesseI during high power 
operation will bc rtcw background, Thc compact containment design, howcvcr, may rcsult in high [umpcratura 
(especially at high eleva~ions wirhin the containment). 



reIntive economic risk and benefits of one design alternative over another. In later 
chapters of this report, this quaIitative assessment will be substituted for detaiIed 
economic analysis when evaIuating IRIS design aIternatives. 

n The investment protection surveilXance requirements app1icabIe to a 
particular design alternative, like economic viability, are strongly 
dependent on the owner. In this case, the owner's economic risk 

( f i ~ .  55) threshold directly influences the amount of investment protection 
maintenance to be conducted. In general, large capital expenditure components and those 
components whose operation is directly linked to plant output receive the most 
maintenance attention. For these components, failure typically results in plant down-time 
and high component repair or replacement costs. As with the economic analysis, this 
investigation can only qualitatively estimate the investment protection surveillance 
requirements that a baseline 'owner profile' would establish. 

The methodology produces several design alternatives for consideration 
in the overall plant design. Ranking these alternatives by economic 

hnnm%k Idubllry viability and overdl maintainability is essential to identify the relative 
(FIR. .SSI advantages of one alternative over another. However, Iike the economic 

viability and investment protection surveillance requirements assessment this ranking 
directly depends on the preferences of the prospective plant owner. Therefore, this 
ranking of alternatives (particularly the assessment of 'maintainability') will be only 
quaIitatively pelformed. 

5.5 Summary 
The design resoIution methodology described above and presented in Figures 5-3 through 
5-5 systernatically and methodically incorporates the design requirements, goals, and 
objectives into design alternatives which are then assessed against the specified 
constraints. The output from the methodology is a set of design alternatives which are 
ranked according to economic feasibility and maintainability. 

The methodology presents a general framework of factors to be considered when 
resolving identified maintenance-related barriers to a specified operating cycle length. A 
nuclear reactor plant is a complex group of diverse systems and components. The 
methodology is therefore general enough to generate design alternatives to resolve a 
broad spectrum of barriers, yet structured enough to focus the design effort on the 
important factors and considerations. 

In the remaining chapters, the methodology is applied to resolve the barriers identified in 
Chapter 3. To illustrate application of the methodoIogy, Chapter 7, 'Application of 
Resolution ~Methodology-Reactor Vessel Overpressure Protection,' will expIicitly step 
through the methodology flowchart presented in Figures 5-3 through 5-5 (pages 68 
through 70). The other chapters present only a summary of the relevant factors and the 
methodology output. 
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Figure 5-3: Design Resolution  methodology Flowchart - Synthesis of Requirements 
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Figure 5-4: Design Resolution Methodology Flowchart - Synthesis of 
Maintainability 
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Chapter 6 Resolution of Id entified Barriers 

6.1 I~ltroduction 
In Chapter 3, 'Operating Pressurized Water Reactor Surveillance Program,' the 
maintenance reIated barriers preventing an operating PWR from attaining an extended 
operating cycIe were presented. This chapter addresses, in general terms and within the 
context of the IIUS design, the Category C surveillances identified by the MIT Extended 
Fuel Cycle Project which can neither be performed on-line nor have their performance 
intervals extended to 48 months. Where a potential solution is readily apparent, it is 
presented. Scveral barriers require additional design effort and are discussed separately in 
Chapters 7 through 1 1. 

Many of the components and systems identified by the MIT Extended Fuel Cycle Project 
require testing and maintenance becausc of their role in ensuring safety. Evaluation of 
these components and systems using the methodology of Chapter 5 assisted in the 
conceptual deveIopment of a passive emergency heat removal system which could be 
tested at power. This system is described in Section 6.3, and the integrated testing and 
coordinated maintenance which it enables is described in Chapter 11, 'Application of 
Resolution Methodology-Reduced Power Window Surveitlances.' 

6.2 IRIS Resolution of Identified Surveillances Requiring Reduced 
Power or PIant shutdown 

6.2.1 IRIS Resolution of Regu latory Based Surveillances Requiring Plant Shutdown 

6.2.1.1 In-Service Testing 

6.2.1.1.1 Reactor Vessel and Primary System Component Relief Valve Testing 
Overpressure protection for the IRIS vessel is described in Chapter 7, 'Application of 
ResoIution Methodology-Reactor Vessel Overpressure Protection.' 

6.2.1.1.2 Operability and Engineered Safeguards Response Time Testing 
Integrated safety system time response testing will be required in IRIS. The conceptual 
LRIS passive cooling system (Section 6.3, below) is designed to be tested on-line (at 
reduced power) for 100% system operability demonstration. This passive cooling system 
is similar to the AP600 passive cooling loop, but is connectid to the secondary loop 
rather than the primary loop. The specified testing periodicity for AP6OO passive s'afety 
systems is off-line every two years, with quarterly operability checks performed where 
possible. IRIS will use an on-line testing method and it is anticipated that the quarterly 
operability checks will not be deferrable. Some of these operabiIity checks, however, wiIl 
require reduced power and are thus undesirable. 



An integrated testing program is proposed (Chapter I I ,  Section 11.3) that performs 
limited operability testing quarterly and complete system operability testing every four 

Quarterly assurances (which are currently deferred) that key components are 
functional reduce the uncertainty that the system wilI perform when required. This 
strategy of more frequent limited testing allows a longer 100% system operability 
demonstration performance interval, possibly as long as eight years. 

6.2.1.1.3 Safety System Valve OperabiIity Checks 
Valve operability checks will be conducted via the comprehensive safety system 
operability testing of Chapter 11, Section 11.3. AP6OO safety systems have a Iimited 
number of lMOVs, utilizing air operated and squibb (explosively actuated) valves where 
lMOVs have been traditionally been used. IRIS will also apply this design practice, 
minimizing or eliminating the use of safety grade motor operated valves. 

It should be noted that during the regulatory review of the AP600 design, a new 
reguIatory category was created for non-safet y systems. This category, Regulatory 
Treatment of Non-Safety Systems (RTNSS), applies regulatory controls to non-safety 
systems which are used preferentiaIly to safety systems when available. As there has been 
no AP600 plant built, it is unclear as to what the uItimate scope of the RTNSS program 
wilI be and how i t  will impact RIS .  

6.2.1.2 Containment Safety Pea tures Response Time Testing 
The IRIS containment design, which is largely borrowed from AP600, allows cornplete 
on-line integrated containment safety feature operability testing. This testing wilI be 
integrated into the comprehensive IRIS passive safety systems operability testing 
program described in Chapter 1 1, Section 1 1.3. 

6.2.1.3 Steam Generator Eddy Current Testing 
Steam generator tube integrity inspection is described in Chapter 8, 'Application of 
Resolution Methodology-Steam Generator Tube Inspection. ' 

6.2.1.4 Emergency Core CooIin g Systems 
These operability tests wilI be performed on-line (at reduced power) by the integrated 
100% passive safety system operability demonstration of Chapter 11, Section 11.3. 

6.2.2 IFUS Resolution of NucIear Steam SuppIy System Investment Protection 
SurveiIlances Requiring PIant Shutdown 

6.2.2.1 Component Cooling Sys tem Relief Valve Testing 
Overpressure protection of individual components in the component cooling system wiIl 
be required to prevent over-pressurizing an isolated component due to thermal expansion. 

2h Thc IRIS srmtegy is to perform nlorc thorough quarterly cheeks (which arc nor power limiling) and dcfcr the 
complctc systern operability test as long as fcasiblc. However, as will bc secn in Chapter 8, 'Applicalia~i of Resolu~ion 
MetilodologyStcarn Generalor Tube Inspection,' steam gcncralor tube intcgri~y inspections are the limiting 
inspections which niake deferral of ~ h e  complcle safcry system operabili~y luring longer rhan thc stcam gcncratar 
inspcctjon intcrvi~l unnecessary. 



These components can be protected by having a thermal relief check vaive in paralIeI 
with the downstream isohtion vaIve to ensure that isolated component pressure never 
exceeds component cooling water system pressure. This thermal reiief check valve 
arrangement eliminates the need for individual component relief valves, and ensures that 
the component cannot be inadvertently overpressurized i f  it is isolated from the 
component cooling water system. For components which are connected to a higher 
pressure source, such as the reactor coolant pump stator jacket, the component must be 
manually isolable from the higher pressure source to prevent a leak into the component 
cooling water system from over-pressurizing the entire system. 

6.2.2.2 Chemical and VoItrme C ontroI System Relief Valve Testing 
This particuIar surveillance is eliminated by design. Component overpressure protection 
will be provided as described in Section 6.2.2.1. 

6.2.2.3 Reactor Coolant Pump Lubricating Oil 
These surveilIances are eliminated by design. The reactor coolant pumps will be of a 
seaIed motor design and are lubricated by primary coolant. 

6.2.3 IRIS Resolution of Balan ce of Plant Investment Protection Surveillances 
Requiring Plant Shutdown 

6.2.3.1 Auxiliary Systems Relief Valve Testing 
Component overpressure protection will be provided as described in Section 6.2.2.1. 

6.2.3.2 Condenser\Vaterbox Cleaning 
Condenser waterbox cleaning is described in Chapter 9, 'Application of Resolution 
Methodology-Main Condenser.' 

6.2.3.3 Main Steam Safety Valve Testing 
The main steam safety valves are typically ASLME Class 2 vaIves, and will be resolved in 
a similar manner to reactor vessel overpressure protection (Chapter 7). IRIS will not 
require main steam safety valves due to it's high pressure steam generators and steam and 
feed water piping and valves. There are, however, small reIief valves for relieving 
trapped water. 

6.2.4 IRIS Resolution of Surv eillances Requiring Reduced Power in the Extended 
Fuel Cycle Project 
Resolution of surveillances requiring reduced power are described i n  Chapter 1 I, 
'Application of Resolution Methodology-Reduced Power Window Surveillances.' 

6.3 IRIS Emergency Heat Removal System 
Implicit in the resolution of the regulatory based surveillances js the observation that, at 
some point, a 100% demonstration of the operability of a11 safety features must be 
performed. A passive cooling system for use in IRIS, similar to the AP6OO passive 
cooling Ioop, is shown in Figure 6-1. Four loops will be utilized, with each loop's heat 
removal capability roughly equal to one-third of the total heat removal burden. This 



allows one passive cooling loop to be retired in-piace during the operating cycle if 
necessary due to either failure of the cooling loop or failure of the corresponding steam 
generator. 

Each passive cooling loop consists of a heat exchanger submerged in a pool of water, 
piping and isolation valves, and an expansion tank. When the isolation valves are opened, 
steam from the steam generator flows to and is condensed in the heat exchanger. The 
condensed water is then returned to the steam generator. The vented pool is heated and 
eventually boils, but contains sufficient water to provided heat removal for seven days 
without exposing the heat exchanger tube bundIe. The expansion tank supplies makeup 
water to the passive cooling loop to make up for expected Ieakage and to assure the steam 
generator tube bundle has sufficient water to boil for heat removal. 

The strategy for testing the IFUS passive cooling loops is presented in Chapter 11, Section 
11.3, 'IRIS Integrated Testing and Coordinated Maintenance.' 

6.4 Summary 
A11 of the four year cycle length barriers identified by the MIT Extended Fuel Cycle 
Project have been addressed in the context of IRIS. Although all solutions have not been 
addressed by detailed design, discussions with IRIS design engineers indicate that the 
problem is now sufficiently bounded to readiIy and efficiently develop viable design 
solutions. The only cycle length barriers which cannot be readily solved are:27 

Primary relief valve testing, 
Steam generator eddy current inspection, 
Condenser waterbox maintenance, 
Main turbine throttle control maintenance, 
Safety system testing, and 
Reduce power window items. 

These items are discussed in the following chapters. 

Z i  Notc [hat rod con1rol system luting also pracnls a significanf operating cycle leng!h barrier. Howevcr, the IRIS core 
dcsip has not been completely Specified and therefore adequate rcd oontrol system requirements cannot yet bc 
spccificd. 



Figure 6-1: LRIS Containment Arrangement Showing Passive Cooling Loop (1 of 4 
Loops Shobvn) 



Chapter 7 Application Resolution Methodology- 
Reactor Vessel Overpressure Protection 

7.1 Introduction 
This chapter discusses the impact of providing overpressure protection on the IRIS 
operating cycle length goal. The methodology of Chapter 5 will be explicitly applied to 
demonstrate it's applicability. The design alternatives proposed were not generated by a 
singIe pass through the methodology flowchart, primarily due to the high impact of 
regulatory requirements on the design. Therefore, this chapter begins with a discussion 
of the regulatory requirements so that the reader can observe this impact on the 
aIternatives generated. 

7.2 Regulatory Requirements 
The requirement to provide system overpressure protection is given by the American 
Society of MechanicaI Engineers (ASME) Boiler and Pressure Vessel Code, hereafter 
referred to as the Code. Section HI, Division I-NB, Article NB-7000 of the Code 
provides requirements for Class 1 components with similar requirements existing under 
the Code for all other classes of components. Overpressure protection is currently 
provided for reactor vessels using two (or more) pressure relief va~ves.'~ 

Pressure relief valve testing is conducted in accordance with the "Operations and 
Maintenance of Nuclear Power Plants, ASMWANSI (American National Standards 
Institute), OM-1 987" Chapter I. Under OM-1987, the owner/operator has the option of 
testing the pressure relief valve in pIace or replacing the pressure relief valve with a 
bench tested spare. Most plants opt to replace the pressure reiief valve with a bench tested 
spare during a scheduIed outage rather than test in place because it places the individuaI 
system out of service for a shorter period of time. In general, the time required for testing 
(setup, conducting the test, and restoring the system) is comparable to the time required 
for pressure relief valve replacement (setup, valve removal, valve installation, and 
restoring the system). However, using the bench tested spare (which has already passed 
it's Iift test) removes any scheduling uncertainty associated with the repair or replacement 
of a pressure relief valve which fails it's in-place test. Currently, all pressure relief valve 

'"he following dcfirkilions nre provided from Scclion 111, Divisior~ I-NB, Article NB-7000 of rhc Code: 
A prcssurc relief valvc is a prcssurc nrlicf device which is design4 la rwlose and prevent the further flow of fluid 
aflcr rwxmal c d i t i o m  have bccn restored. 
A safcty vrIvc is if p s s u r c  rclief valve actuated by inier slatic pressure and charnctcrizcd by rapid opening or pop 
action. 
A safely rclicf valvc is a pressure relief valve characlerized by fapit3 bpcning pop aclcrion. m by opening gnrerally 
proportional to the increase in prcssurc over the opening pressure. 
A relief valve is a pressure relief valvc acluatcd by inlet static pressure and having a gradual lift gentrally 
proportional to tile increase in  pressure over opening PI-essure. 
A pressure rclief device is deigned to opcn to prevent a rise of internal fluid pressure, gralcr  than a specified 
valuc, resulting from exposure to pressure tnnsicn[ condilians. I t  may be a pressure relief valve or a non-reclosing 
pressure rclicf dcvicc. 



testing on active systems (those required to be active when the reactor is on-line, such as 
pressurizer reIief valves) is conducted with the reactor shutdown. 

The operation of a pressure relief valve is characterized by the Code using three 
parameters: set, lift, and blowdown. Set is the set pressure at which the pressure relief 
vaIve begins to open. The Code specifies a set pressure tolerance based on operating 
system pressure, and for typical PWR conditions (including IRIS) the tolerance is G%. 
Lift pressure is the pressure at which the pressure relief valve is fuIly open, and rated 
relief capacity is attained. The Code specifies that pressure relief valves shall attain rated 
lift at a pressure which does not exceed the set pressure by more than 10%. Blowdown is 
the pressure at which the pressure relief vaIve fully reseats. The Code does not specify a 
value for blowdown. Rather, the Code requi~xs the bIowdown not to exceed that value 
which the designer has determined (and specified in the Overpressure Protection Report) 
to be the minimum reseat pressure. 

ASIME/ANSI, OM-1987 requires that all Class 1 Pressure Relief Devices (which 
includes the pressurizer reIief valves) be tested: 

Prior to initial installation. 
Within the initial 5 year operating period according to the following schedule: 

Minimum Cumulative % of 
Valves'of Each Type and 

Time Period Manufacture to Be Tested 
Startup -1 2 months 0 

13 months - 24 months 25 
25 months - 36 months 5 0 
37 months - 48 months 75 
49 months - 60 months 100 

Additionally, a minimum of 20% of the valves of each type and manufacture shall be 
tested within any 24 months. This 20% shaIl be previously untested valves, if they 
exist. 
During subsequent 5 year periods such that all valves of each type and manufacture 
shalI be tested with a minimum of 20% of the valves tested within any 24 months. 
This 20% shall be previously untested valves, if  they exist. 

7.2.1 Eliminating the Need for Overpressure Protection by Design 
Section PB-7110 of the Code, "General Requirements: Scope" specifies that "a system 
shall be protected from the consequences arising from the application of conditions of 
pressure and coincident temperature that would cause either the Design Pressure or the 
Service Limits specified in the Design Specification to be exceeded." Specifically 
excluded from the scope of the Article are the effects of extremeIy short duration pressure 
increases (such as water hammer) and the design of reactor shutdown systems. 



~ i t h i n ' ~ ~ - 7  I 10, there exists the possibility that a system could be designed that would 
not be subject to conditions which lead to exceeding either the Design Presswe or the 
Service Limits specified in the Design Specifications. The IRIS design is a large integral 
reactor vessel with a large steam space, and design solutions could be sought which meet 
the Code requirements. However, i t  is unlikely that a nucIear power plant could be 
designed in this manner since the energy stored in the fuel can, under certain conditions, 
be released in a rapid enough manner as to cause an unacceptably high peak pressure. 
Other plausible conditions, such as a sudden loss of steam dem'nd, can create a rapidly 
rising pressure condition which may require intervention to prevent exceeding the Design 
Pressure or Service Limits. 

Acknowledgement of the need for overpressure protection in accordance with the Code, 
then, requires compIiance with the Code. As written, Article NB-7000 is almost entirely 
devoted to pressure relief valves. Within the category of pressure relief devices required 
by the code are both pressure relief valves and non-reclosing pressure relief devices. 
Within non-recIosing pressure relief devices, rupture disk devices are the only devices 
addressed. However, rupture disk devices are not permitted to be used as the sole 
pressure relief device. It appears, then, that the intent of the Code is to ensure that a 
pressure relief vaIve is used in the overpressure protection scheme. Therefore, the opinion 
of the IRIS design team is that amount of effort required for the development, testing, and 
validation of a pressure self-mitigating vessel would be better spent seeking other (less 
revolutionary) design solutions. 

7.3 Synthesis of Requirements 

7.3.1 Functional Requirements 
To protect the reactor vessel and attached piping from potential overpressure conditions 
(which could ultimately lead to catastrophic failure), overpressure protection is required. 
The capacity of the overpressure protection device must be great enough to arrest the 
design basis pressure rise and ensure that the design maximum pressure is not exceeded. 
For the IRIS design resolution we seek, the overpressure protection device must either be 
maintainabIe on-line or not require maintenance for the entire eight year operating cycle. 

7.3.2 Currently Used Component - Pressurizer Relief Valve 
All currently operating PWR plants use a pressurizer, typicalIy connected to one of the 
reactor coolant hot legs, to maintain reactor coolant system pressure. The pressurizer is a 
heated vessel that acts as a head tank or surge volu~ne to mitigate system pressure 
transients. Overpressure protection for the reactor cootant system is provided by two or 
more relief valves directly connected to the pressurizer steam space. The reason for using 
a steam relief vaIve (vice a water relief valve) is two-fold: ( I )  less mass is lost from the 
system for a given pressure reduction upon actuation, and (2) there is less chance of 
eroding the valve seat during operation or of fouling the valve seat (by corrosion 
products) during reseating. 

Does existing component meet requirements? Based on the experience at the candidate 
operating PWR, as well as limited interviews with personnel at other plants, the relief 



valves in service today are unIikely to operate reliably for the entire IRIS cycle length. 
The pressurizer relief valve meets the IRIS overpressure protection functional 
requirements but, based on the above regulatory testing requirements, cannot meet the 
IRIS cycle length objective, To conduct pressurizer relief valve testing with the reactor at 
power requires either of the following: 

the capability to isolate and remove the valve from the system for bench testing, 
the capability to test rhe valve in-place (either isolated or unisolated from the primary 
system), or 
testing the unisolated valve in-place by raising system pressure to the valve lift point. 

Employment of any of these methods is likely to require submittat of a Code case to the 
ASME, since these methods are not explicitly permitted by the code. However, Article 
NB-7142 does specify requirements to be met if an isolation valve is to be utilized and 
hence a solution may be found that is within the scope of the current Code. 

7.3.3 Component Modification 
Can existing component be modified to meet requirements? There are modifications 
which can be made to the pressurizer relief valve to allow for on-line testing. Potential 
modifications are described below. 

7.3.3.1 Spring-Loaded Relief Valve 
The spring-loaded relief valve, shown in Figure 7-](a), is the most commonly used 
overpressure protection device. An unmodified spring-loaded relief valve meets the 
functionaI requirements to provide overpressure protection for the reactor vessel but 
cannot meet the IRIS eight year cycle length objective due to the regulatory requirements 
which specify more frequent testing (Scction 7.2). The design issue to resolve is whether 
the relief valve can be taken out of senlice for on-line testing. Based on the safety role 
that the valve performs, overpressure protection cannot be suspended even for short time 
periods. Therefore, a method to test relief valves while maintaining reactor vesseI 
overpressure protection must be utilized. 

7.3.3.1.1 On-line Spring-Loaded Relief Valve Testing 
Several Engineering Services provide on-line testing of simple spring- 
loaded safety and relief valves under normal operating pressure and temperature. It is 
primarily utilized in the nuclear industry for in-place testing of main steam safety valves 
during shutdown where it is not feasible (due to time and expense) to remove the valve 
from the system, and full test pressure cannot be obtained to lift the valve. In place 
assisted lift testing is limited to those applications where the valve is accessible for 
testing, the valve outlet can be monitored for leakage, and a lift assist device with 
reduced system pressure can be used to actuate the valve (since system pressure can not 
be used to achieve the set pressure of the valve). Assisted lift testing is currently only 
practical for valves in systems with highly compressible media, such as gas or steam. 

-- - 

n For cxarnplc, Furmanitc. 



This method is not currently used to test water vaIves since the outlet of the valve usudly 
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Figure 7-1: Assisted Lift Relief Valve Testing - Simplified Drawing 

cannot be observed for flow and determination of valve set and lift lo the required 
accuracy is not possible. 

Using the simpIified spring-loaded relief valve drawing of Figure 7-1, assisted Iift testing 
is conducted according to the following (simplified) procedure. First, the valve set 
pressure and current system pressure are compared to determine the expected pressure 
difference. Using valve nameplate data, this pressure is converted to a force (pull) and the 
appropriate range load cell is selected and calibrated. The valve cap is removed, and the 
lifting mechanism (with load cell) is attached to the valve stem. Flow sensors, which 
allow detection of the valve set, lift, and blowdown, are attached to the discharge piping 
near the valve body. While morlitoring the discharge pipins for flow, the lift mechanism 
pulls the disk (via the valve stem) against the valve spring until set is detected. Once set 
is determined, the Iifr mechanism opens the valve further until fulI flow (lift) is detected. 
Finally, the valve is unloaded and blowdown is measured. Again using the vaIve 
namepIate data, the measured forces are converted to pressures and added to the 
measured system pressure to determine the vaIve set, Iift, and blowdown. 

Assisted lift testing has two distinct advantages. First, since the testing is conducted at an 
actual system pressure less than the set pressure there is a large differential pressure 
across the valve disk once the Iift mechanism releases the vdve stem. This ensures that 
the valve disk reseats quickly and positively, without the valve chatter normally 
experienced when the applied pressure approaches the blowdown pressure. Second, the 



lift mechanis~~l  can force the valve closed if the valve sticks open after [he valve stem is 
released by the lift mechanism. Although assisted Iift testing of pressurizer relief valves 
has never been conducted at power, these advantages could mitigate the risk of excessive 
coolant loss for a stuck open relief valve. For IRIS, the relief vaIves would either need to 
be made accessible (so personnel could connect the lift mechanism) or redesigned to 
incorporate the Iift mechanism in the valve. Even if the lift mechanism is permanentIy 
installed, the process cannot be completely automated since calibration of the lift 
mechanism load cell is required prior to testing. 

At least one additional relief valve should be installed in excess of the number specified 
in the Overpressure Protection Report to eliminate the potenrial need to conduct relief 
valve setpoint adjustments at power. If a single relief valve is found to be out-of- 
specification, then it can be gagged shut and operation can continue3' with the minimum 
number of relief valves specified in the Overpressure Protection Report. 

7.3.3.2 PiIot Operated Relief VaIve 
A pilot operated relief valve (Figure 7-2) is a compound valve which uses a small pilot 
valve to direct high pressure system fluid to the operating piston of a large main valve. 
When the piIot vdve  opens and the underside of the operating piston is pressurized, the 
main valve spring is compressed allowing fluid flow through the main valve. The 
operation of the pilot valve is similar to the spring-loaded relief valve, but typicatly uses a 
corrugated bellows instead of a spring. When system pressure is reduced and the pilot 
valve doses,  the high pressure in the main valve operating cylinder bleeds off aIIowing 
the main valve spring to force the main valve closed. The primary advantage of the pilot 
operated relief valve is that, unlike the spring-loaded relief valve, the main valve is not 
subject to near-zero differential pressure. Therefore, a Iarge differential pressure always 
exists to rapidly close and seat the main valve. Testing of a pilot operated relief valve 
consists of determining the pilot valve operating characteristics and verifying that the 
main valve is not physically bound. 

7.3.3.3 Improved ReIief VaIve 
The primary Iimitation of current pressure relief valves (whether simple spring-loaded or 
pilot valve actuated) is setpoint drift. Current pressure relief valves operate by generating 
a force to compress a spring and lift the main disk off it's shut seat. Changes in material 
properties, corrosion buildup, and thermal effects a11 contribute to changes in valve 
actuation characteristics. Only through material advances can these deficiencies be 
corrected. However, since the industry does not have a need for these advanced relief 
valves there is no industry impetus to invest i n  the research and development necessary to 
field a relief valve which overcomes these limitations. 

"' OM-1937 has spccific rquircments for bench-tcstcd relief valves which arc found lo bc out-of-specification, but not 
for on-line kstd valves. It does spccify that the valve shall be repaircdlrcplaccd, [he causc of faiIurc shall be 
dclcrrnincd and corrc+d, and rhc wlvc sMl be satisfactorily rcrcs[ed prior ro returning to servicc. For [his 
configuration, with valvc(s) tnstallcb in ~ x c a s  d t h c  requirement, thc out-of-specification valve will not be retumcd to 
scrviw until rhc ncxt opcnling cycle. However, rhc muse of failure will n u d  LO be determined to ensure [hat a 
comn:on-muse hilure will no1 disable all ovcrprcssure protection. 
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Figure 7-2: Pilot Operated Relief Valve - Simplified Drawing 

7.3.3.4 Summary of Modifications 
Only two relief valve modifications are possible to meet the IRIS operating cycle length 
requirements: modification to aIlow on-line testing and modification to eliminate the 
need for testing. The first is most feasibly met through a modification which integrates 
an assisted lift mechanism into the valve (See Section 7.3.3.1.1). The second requires 
advances in materials technology to address the limitations that led to the current 
regulatory specified testing periodicity. 



7.4 Synthesis of Maintain ability 

7.4.1 On-Line Maintenance 

Can component be maintained on-line? Yes, utilizing the assisted-lift device of Figure 
7-1. System pressure, without assisted-lift, could also be used to conduct relief valvc 
testing. The Code requires an Overpressure Protection Report which describes the design 
basis pressure transient upon which the total relief capacity and setpoint is based. Lf 
system pressure is to be used for in-place relief valve testing, then the lift pressure 
(instead of normal system pressure) now becomes the starting pressure onto which is 
added the design basis pressure transient. This results in a lower relief valve setpoint 
which provides an insufficient to prevent inadvertent lifting during normal operating 
transients. Additionally, inadvertent depressurization becomes a greater risk if the relief 
vaIve fails to reseat. Using system pressure for relief valve testing, therefore, should only 
be considered if no other on-line testing method can be developed. 

7.4.1.1 Installing Redundancy to Permit or Defer Testing 
Can redundancy be utilized to allow for maintenance? Although neither the ASlME 
Code nor OM-1987 requires the reactor to be shutdown during relief valve testing, the 
rules do not explicitIy permit isolation valves to be instalIed in the path of the relief 
valve. To the contrary, NB-7142 of the Code prohibits stop valve installation unless 
"such stop valves are constructed and installed with controls and interlocks so that the 
requirements of NB-7300 are met under all conditions of operation of both the system 
and the stop valves." 

Section NB-7300 of the Code addresses the required relieving capacity of installed 
pressure relief devices, which includes consideration of all relevant design and operating 
factors which may contribute to an overpressure condition. Figure 7-3 shows an 
arrangement which could meet the Code requirements while providing adequate isolation 
to conduct, via a test fitting, in-place testing. The key to this arrangement is the three-way 
valve which cannot simultaneously isolate both relief valves from the reactor vessel, even 
if the valve is inadvertently placed in a mid-position. The internal flow path is shown in 
Figure 7-4. Only when the valve is correctly aligned to one relief valve is the other 
isolated. To meet the Code requirements both valves must either be operational (since it 
is possible that an inoperable relief valve may be placed in service) or the valve 
physically prevented (via interlocks) from aligning the reactor vessel to an inoperable 
relief valve. 

With the addition of suitable interlocks, the arrangement of Figure 7-3 can be used to 
allow the second relief valve to act as an installed spare. Since there is no regulatory 
prescribed shelf-life for a tested relief valve that is not in service, the second valve can 
remain isolated from the reactor vessel until the first valve requires testing. Then, rather 
than testing the first valve, it is isolated and the second valve is placed in service. Suitable 
interlocks could consist of a stem locking device or weld. However, as with the three-way 
valve design a Code case willlikely need to be submitted to ASME for evaluation. 
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Isolation Vahe 

Can the component be isolated for maintenance? Yes, utilizing the arrangement of 
Figure 7-3. If the system is a high energy system, as is the case for the primary coolant 
system, then two upstream isolation valves and one downstream isolation vaIve (if the 
potentia! exists for reverse flow in the downstream piping from another source) are 
required for personnel safety. 

Isolation (or, in the nomenclature of the Code, stop) valves are not specificaIly prohibited 
by the Code. Rather, specification is made that these stop vaIves shall be constructed such 
.that during normal operation the pressure relief device cannot be rendered inoperable, 
This, however, is exactly what is intended by the isolation valve described above. But, 
tlle isolation valve has two relief valves attached and one is always on service. Therefore, 
the intent of the Code is met since the isolation valve cannot isolate both relief valves 
simultaneously and the subsystem consisting of one isolation valve and two relief valves 
is considered a single pressure relief device. 
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Figure 7-4: IsoIation Valve Internal Flowpath 

7.4.1.2 On-Line Testing of Isolated Relief Valves 
The Code compliant isolation valve described above can be used to enable on-tine testing 
of either the simple spring or pilot operated relief valve. With the relief valve isolated, an 
external test device can be connected to the main valve inlet (for spring-loaded relief 
valvcs) or to the pilot valve inlet (for pilot operated relief valves). An external test device 
provides it's own testing medium, eliminating the need to use system fluid. 

For the pilot operated relief valve, both the pilot sensing line and main valve inlet line 
should be isolated from the system during testing. This permits determining the pilot 
valve operating characteris tics and manually exercising the main valve stem without 
requiring the main valve to pass system fluid. Note that by installing the isolation valve 
only on the main valve inlet line, assisted lift testing can be conducted on the pilot valve. 
However, since little system fluid flows through the pilot valve (only enough to 
pressurize the main valve operating cylinder) there is littIe risk of pilot valve damage 
during blowdown. Therefore, the added expense and complexity of installing an assisted 
lift device is not justified. 

Can component be made accessibIe at power? Yes, based on the low anticipated dose 
rate (enabled by the Iarge vessel annulus and shield plates) inside the containment vessel 
during normal operation. However, the IRIS containment will be inerted during normat 
operation which will necessitate the use of a breathing apparatus for all personnel 
entering the containment vessel. 

7.5 Synthesis of Constraints 
For all the on-line testing methods described, accessibiIity is made possible by the low 
anticipated dose rate inside the containment vessel. Failure to provide overpressure 
protection for the reactor vessel is an unacceptable risk, and so investment protection 
concerns dictate that the testing frequency should be at least as frequent as the regulatory 
requirement. However, the regulatory 'specified frequency is based on a significant 
amount of performance history, so the investment protection testing frequency is likely to 



not be tnore frequent. Therefore, the testing frequency of OM-1987 (and not more 
frequently) should be adopted for IRIS. 

Does design meet operating cycle length requirements? The methods described enable 
the target operating cycle length of eight years by providing a means for conducting 
testing with the reactor at power. 

Have a11 feasible design alternatives been generated? Creative design can continue to 
develop alternatives, but these are likely to be more complex and require accepting a 
higher technical risk. 

7.6 Summary 
This chapter has demonstrated the resolution methodology and presented several 
alternatives, for consideration in the IRIS design, which meet the eight year operating 
cycle length objective. The first two, assisted lift testing and installation of redundancy, 
utilize a current technology relief vaIvc and conduct testing on-line and at power. The 
third alternative is to deveIop an improved relief valve that will perform satisfactorily for 
the entire IRIS operating cycle. The last aIternative is to design lRIS to be pressure seIf- 
mitigating, and thus a pressure relief device wouId not be required. 

TabIe 7.1 summarizes the alternatives qualitatively ranked by maintainability, economic 
viability, and technology risk. For the four-year IRIS maintenance cycle one additional 
alternative exists, regulatory change, but is not included here since the objective is to 
design systems which can be maintained at power aIlowing much longer operating 
cycles. Within the alternatives generated, installation of redundancy presents the most 
feasible and cost effective solution. 

Table 7-1: Overpressure Protection Alternatives Summary 
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Chapter 8 Application of R esolution Methodology- 
Steam Generator Tube Inspection 

8.1 Introduction 
Steam generator tubing constitutes a significant portion of the reactor coolant pressure 
boundary (RCPB). The design of the RCPB for structural and leakage integrity is 
addressed in either Title 10 of the Code of Federal Regulations (CFR), Part 50 (10 CFR 
Part SO), Appendix A or the licensing basis of a facility. The General Design Criteria 
(GDC) of Appendix A state that the RCPB shall "have an extremely Iow probability of 
abnormaI Ieakage" (GDC 14), "shall be designed with sufficient margin to assure that the 
design conditions of the reactor coolant pressure boundary are not exceeded during any 
condition of normal operation" (GDC 15), and "shall be designed to permit periodic 
inspection and testing of i~nportant areas and features to assess their structural and 
leaktight integrity" (GDC 32). 

The first two requirements will not be explicitly considered here, but certainly must be 
met by any steam generator design. IRIS is considering a modular helical-coil design 
(eight modules arranged in the reactor vessel annulus) with u-tube configuration as the 
backup designs3' Regardless of the configuration, the steam generator will havc inlet and 
outIet channel beads (or a singIe inletloutlet head) which are mounted to the reactor 
vessel for accessibility to meet the third requirement. This arrangement wilI aIIow access 
to the steam generator from the secondary side either through a manway or by removal of 
the entire channel head cover plate. Figure 8-1 shows the IRTS reactor vessel design with 
straight-tubed steam generators. The proposed mounting method for all steam generator 
design types will be such as to provide access to the channel heads without removal of 
the reactor vessel head. 

Gaining access to the steam gencrator tubes is not a significant design obstacle. The 
design challenge is to create a steam generator which can be inspected at power, and 
ideally while in service. This chapter investigates this design challenge and potential 
solutions. 

8.2 Requirements 
The structural and leakage integrity of steam generator tubing is maintained through 
severaI defense-in-depth measures, inchding in-service inspection, tube repair criteria, 
primary-to-secondary leak rate monitoring, water chemistry control, operator training, 
and analyses to ensure that safety objectives are met. The degraded tubes must be 
removed from service (by plugging) or repaired if detected indications (flaws) exceed 40 
percent of the nominal tube wall thickness as required in plant technical specifications. 

-. 

" In ApriI 2001, the IRIS [cam cvaluatcd scvcral stcam gcncrator opiions (u-tubc, c-tube, helical-coil, modular hclici+.l 
coil, and srraighr-lubc) and selected thc modular hdcnl-coil design 21s [he primary dcsign and the u-rube design as rhc 
backup dcsign. Wherc IRIS is exploring innovarive ~ccl~rlologics which havc not previously k e n  uscd for prcssurimd 
warer reactor application, such as the modular helical-lube stcam gcncrator, the rcchnology risk is mitigated by 
corlcurrcn~ly developing a backup dcsign which is based on current techrlology. 



The indications are detected by periodic inspections using qualified nondestructive 

Figure 8-1: IRIS Reactor Vessel Drawing 

testing as required by Criterion IX in Appendix 8 to I0 CFR Part 50. Eddy current 
technology, one method of nondestructive testing, is the primary means used by the 
industry to assess the condition of steam generator tubing. 

The eddy current inspection technique correlates the depth and length of an indication to 
signal responses received by probes passing through the inside of the tube. Although the 
eddy current method is a proven technique for detecting the length of indications, there 
has been limited success in demonstrating its capability to accurately measure the depth 
of certain types of steam generator tube indications. Specifically, indications caused by 
intergranular attack (IGA) and stress-corrosion cracking are difficult to size with eddy 
current techniques because of a number of complicating variables, such as oxide deposits, 



material properties and geometry, crack morphology, human factors, data analysis, and 
data acquisition practices. In one recent instance, a licensee sized the depths of IGA 
indications and removed from service those tubes with IGA indications exceeding the 40 
percent through-wall repair limit. Data from subsequent destructive examinat ions of 
several degraded tube specimens removed from the licensee's steam generators during 
the outage indicated that the estimated through-wall extent of degradation in these 
specimens, based on eddy current, was significantly less than the true depth of the IGA 
indicat ic~ns.~~ 

In order to successfully disposition steam generator tube degradation in accordance with 
the repair limits in the technicaI specifications and Appendix B to I0 CFR Part SO, the 
inspection process must be capable of ( I )  detecting indications of tube degradation, (2) 
characterizing the indications, e.g., cracklike, IGA, manufacturing burnish mark, or  wear 
and the orientation for cracklike degradation, and (3) accurately sizing the depth of 
degradation. The term "inspection process" refers to the use of one or a combination of 
nondestructive inspection techniques to evaluate a specific mode of steam generator tube 
degradation. This evaluation could potentialIy include three inspection methods (e.g., 
eddy current probes)-one for detection, one for characterization, and a third to size the 
indication. However, the successful qualification of the inspection process requires a 
quaIification of each method (i.e., probes, cables, software, etc.) for the mode of 
degradation being evaluated in the steam generator tube examinations. Experience has 
demonstrated that for effective qualification the data set demonstrating the capability of 
the inspection process should consist, to the extent practical, of service-degraded tube 
specimens (i.e,, specimens removed from operating steam generators), supplemented, as 
necessary, by tube specimens containing flaws fabricated using alternative methods 
provided that the nondestructive examination parameter responses from these flaws are 
fully consistent with actual in-service degradation of the same flaw geometry. 

8.3 Currently Used Component - Westinghouse Model F Steam 
Genera tor 
The candidate PWR uses Westinghouse Mode1 F steam generators with 5626 Thermally 
Treated hconel 600 U-tubes (SB- 163) that are hydraulically expanded into the tubesheet 
at each end. The current NRC inspection guidelines for steam generators allow for 
periods between steam generator eddy current testing of up to 40  months. This interval is 
allowed only after two previous successful inspections at shorter intervals. However, 
rather than accommodate a changing inspection interval in maintenance planning most 
PWRs inspect all their steam generators every refueling outage regardless of the 
maximum permitted inspection interval. This has resulted in a significant amount of data 
on steam generator tubing performance collected for 18-24 month operating intervals but 
little for longer intervals. 

'' Proposal NRC Gcncric Letter, "Steam Generator Tubc Inspec~ion Tcchniqucs," SECY-97-280 .December 3. 1997. 
NRC Generic Lctter 97-05. "Stcam Grncrnlor Tubc Inspection Techniques." was subscquen~ly issued Dccernbcr 17. 
19n. 



8.4 IFUS Steam Generator Design and Inspection 
The maintenance related barriers associated with currently used steam generators are 
applicable to the IRIS steam generator design but one funda~nental operational difference 
exists. In a conventional steam generator, the higher reactor coola~lt pressure is on the 
inside of the steam gererator tubing. Although an integral pressurized water reactor could 
be configured to have the pressure on the inside of the tubing also, the IRXS steam 
generators will have the reactor coolant pass over the tubing rather than inside of it. This 
configuration was selected because it reduces pressure Iosses in the reactor coolant loop 
and enhances natural circulation flow, which is a key characteristic in the N S  accident 
mitigation scheme. 

Regardless of whether the tubes are in tension (with the higher pressur-e on the inside of  
the tubing) or compression (as in the IRIS design), the requirement to inspect the steam 
generator tubing does not change. This reversal of differential pressure compared to 
current steam generators, however, makes it more difficult to design the steam generators 
to be accessible for irlspection since the inspection method is not necessariIy known. 
Efforts are currently underway by the IRIS team to identify the dominant failure 
mecIlanism for tubes in compression (vice tension, which are currently inspected using 
eddy current techniques) and the applicable inspection technique to detect this failure 
mechanism. . 

Rather than delay the steam generator development, i t  is assumed that whatever 
inspection method is to be utilized will use equipment and techniques similar to eddy 
current testing (i.e., an active element on a cable which is inserted into the tube). For the 
proposed solutions to the accessibility design probIem, constraints are carried over to the 
inspection technique development problem. There is a risk in this approach that the 
equipment to perform the applicable inspection technique is not (as assumed) similar to 
eddy current testing. However it is possible that eddy current testing may turn out to be 
the applicabIe inspection technique for IRIS steam generators. And if i t  is not, advances 
in miniaturizing electronic components suggest that the equipment to perform the 
applicable technique is likely to be at least not larger than current eddy current inspection 
equipment. 

The ultimate selection of steam generator tube configuration (modular helical-coil or  u- 
tube) will have little impact on the accessibility design problem (although it wiIl 
significantly impact the inspection method). All proposed configurations will have 
channel heads with the tubes penetrating the heads, similar to the conceptual c-tube 
design of Figure 8-2. 11 currently used steam generators, such as the Westinghouse 
Model F above, the tubes are hydraulically expanded into the tubesheet and a pressure 
tight seal is created when the tubes are internally pressurized. For IRIS, the tubes will 
tend to contract when externally pressurized which could lead to leakage between the 
tubes and channel head. Two methods will be utilized to mitigate this potential leakage: 
(1) a collar will be pressed into each tube, which will maintain the tube pressed against 
the channel head, and (2) the tubes will be seal welded to the channel head. The once- 
through configuration of the IRIS steam generators requires the f e d  water flow to be 
balanced in all tubes within a steam generator, so an orificing device at the inlet of each 



tube is necessary. The implication of these orificing devices is that a large active element 
will need to be insertcd into the tube, and only from the steam header. The orificin: 
devices will prevent insertion of an inspection element from the feed water headcr, but 
header access must be provided in the event that a tube requires plugging. 

Top View From R/V Inside View 

Figure 8-2: IRIS C-Tube Steam Generator Conceptual Drawing 

8.5 The Steam Generator Tube Inspection Maintenance Barrier 
Failure of any given steam generator tube is not an inevitable occurrence, nor is failure of 
a singIc tube a catastrophic event. However, in current design steam generators failure of 
a steam generator tube does compromise the RCPB and can lead to a significant loss of 
primary coolant and contamination of the steam system if not immediately detected. 
Therefore, steam generator tube failure must be prevented for both safety. and investment 
protection reasons. Currently, steam generator tube failure is prevented by detecting and 
eliminating conditions which are known to potentially lead to tube failure. 

For IRIS, meeting the operating cycle length goal requires one of the following 
conditions: 

Eliminating the conditions which potentially lead to tube failure allowing the 
inspection interval to be extended to a periodicity consistent with the operating cycle 
length, 
EIiminating the use of the steam generator tubes as a reactor coolant pressure 
boundary eliminating the requirement to conduct tube inspections, or 
Making the tube bundle accessible for inspection at power. 

At this early stage of IRIS development, it is not reasonable to assume that the conditions 
which potentiaIly lead to tube failure can be eliminated since they have not yet been 
identified. The second aption, moving the reactor coolant pressure boundary, is done in 
IRIS by making the portions of the steam and feed systems (from the steam generators to 
the main steam isolation valves and feedwater isolation valves) designed for full RCS 



pressure. These components are tested as part of the safety system. Designing a complex 
system to accommodate failure of a component is certainly prudent, but accomlnodating 
the failure simply because the designer chooses not to take adequate and reasonable steps 
(such as periodic inspections) to prevent the failure circumvents the intent of the 
regulations to ensure mechanical integrity of the RCPB. Therefore, resolving the steam 
wenerator tube inspection maintenance barrier requires development of a means to b 

perform the required inspections at power. 

8.6 Application of the Design Resolution Methodology 

8.6.1 Currently Used Component 
The currently used steam generator does not meet the functional requirement for a 
compact internaI steam generator. Based on the significant design differences between 
currently operating PWRs and INS, no component modifications can be made which will 
make a design like the Westinghouse Model F suitable for use in  IRIS. However, anaIysis 
of the Model F is not without benefit since much of the maintenance performed on the 
lModel F will also be performed on the IRIS steam generators. 

8.6.2 Isolating Steam Generators for Inspection 
Section 11.3, 'IRIS Integrated Testing and Coordinated Maintenance,' describes a 
potential comprehensive inspection scheme to perform required maintenance with the 
steam generator isolated but the reactor still at power. For this steam generator inspection 
to be conducted, consideration must be given to the extremes of temperature and 
radiation present inside the steam generator (for equipment) and in the vicinity of the 
reactor vessel (for personnel). Therefore, the inspection equipment must remotely 
operated with the following characteristics: 

The inspection equipment must be flexible enough to make up to a 180-degree bend 
and be directed into the desired tube, yet rigid enough to be pushed through a11 turns 
(including the continuous turn of a helical-coil steam generator tube). To transit the 
entry path and through the tube may require an additional force (such as flow, which 
would result in the generation of steam). To find the desired tube implies an imaging 
capability, although physically marking the tubes at the entrance (such as unique 
etched bands) would allow tube identification after inserting the active element, 
Current eddy current inspection equipment requires small tolerances between the coil 
and the tube walI for sensitivity and accuracy. The inspection method must be such 
that active element (probe, coil, transducer, etc.) is small enough to fit through the 
minimum radius tubing bends, yet still maintain directional detection accuracy. 
The inspection device must be able to be removed for inspection and calibration. This 
is most feasibIy accompIished by inserting the inspection equipment into the line used 
to drain the steam generator after conducting the integrated safety test. However the 
inspection equipment penetration into the feedwater system must be pressure tight to 
provide personnel protection and prevent primary coolant loss in the unlikeIy event of 
tube faiIure during inspection. 



8.6.3 Continuous On-Line Inspection 
A potential use of the method described above for isolated steam generator inspection is 
as a continuous on-line method. Rather than guiding the active element into a particular 
tube, normal feedwater flow could be used to force the active dement into a random tube 
(which wiIl be positively identified by the active element) as the inspection equipment 
control cabIe is let out. If the channel head entrance is sufficiently turbulent, then every 
tube will have a non-zero probability that the active eIement will enter that specific tube. 
Therefore, the inspection rate must be high enough to ensure a high statistical likelihood 
of all tubes being inspected during a specified interval. 

If all tubes are not inspected during the interval, then an assessment must be made based 
on the number of inspections made and the number of tubes inspected whether a 
representative sample has been collected to ensure the reliability of a11 tubes in that 
generator. 

8.6.4 'Intelligent' Inspection Methods 
Early research is being conducted on 'intelligent' inspection methods which use 
microminiature electronics in a smdl probe which travels in the fluid stream. The probe 
is inserted into the system and gathers data as it traverses the system to the exit point. For 
steam generator tube inspection, the probe would need to be small enough to be entrained 
by the flowing steam and carried to an exit point in the main steam header. At this point, 
the probes under development cannot localize detected flaws and thus provides only an 
indication that a flaw exists somewhere in the (unknown) flow path. 

8.7 Summary 
This chapter has addressed the steam generator tube integrity inspection barrier, and a 
summary of design solution alternatives is presented in Table 8.1. Although more steam 
generator design definition is required to fully analyze this barrier, steam generator tube 
integrity inspection will be the greatest challenge to achieving the target operating cycIe 
length. Fundamentally, a satisfactory solution wilI not be developed without a significant 
technology investment that identifies and develops a novel technique for performing the 
required inspections. 

Table 8-1: Steam Generator Tube Inspection Alternatives Summary 

Uesign 
Alternative 

Isolated Steam Generator Inspection 
C o i ~ t i n u o ~  On-line 11.1spection 
Traveling Probe in spec ti or^ 

Maintain- 
. ability 
medium 
medium 

high 

Report 
Section 

6.6.2 
8.6.3 
8.6.1 

Anticipated Technology ' 
Cost Risk 

medii~m 
rnediun 

h1g11 

medi unl 
medium 

lugh 



Chapter 9 Application of R esolu tion Methodology- 
Main Condenser 

9.1 Introduction 
The main condenser is the primary heat sink for the power pIant, and the ability to 
effectively transfer heat to the main condenser is vital to the efficient performance of the 
entire plant. If the main condenser heat transfer capability is degraded, the plant must 
either operate at lower power or risk overheating. At it's extreme, overheating c m  lead to 
potentialty severe condenser she11 damage such as overpressurization and rupture. 

The primary contributors to main condenser heat transfer degradation are clogging and 
fouling of the inIet tube sheets and tubes from: 

biofouling (organic debris that adheres to the inside diameter of the tube surface or 
blocks the intake flow at the tubesheet), 
sIime/algae (bacteria that adheres to the condenser tube surface and reduces the 
usable tube surface area and cooling water flow area while aggravating and 
accelerating corrosion, erosion and pitting of the condenser tubes), 
barnacles/mussels/clams (small marine creatures which block cooling water flow at 
the tubesheet and/or adhere to the inner diameter of the tube surface which increases 
flow velocity and accelerates tube erosion), 
lodged foreign materia1 (which causes flow deflection leading to localized pitting and 
erosion), and 
scale (a hard deposit that adheres to the condenser tube surface which reduces heat 
transfer, decreases plant performance, and causes pitting of the condenser tubes), 

All tube fouIing will increase flow velocity, reduce heat transfer, increase back pressure 
and decrease efficiency of the condenser. 

9.2 Main Condenser Cleaning and Inspection Barrier 
Current nuclear power plants were typically outfitted with she11 and straight-tube 
(copper) condensers with two or three waterboxes. At that time, due to the relatively short 
fuel cycle, it was anticipated that although fouling would occur it would not result in 
significant degradation of the overall plant thermal efficiency. Operating experience 
revealed this assumption to be overly optimistic. Plants experienced significant 
reductions in thermal efficiency (especially those using silted brackish water) as well as 
accelerated corrosion leading to tube leaks. 

As a result of the early condenser experiences many plants have changed (or plan to 
change) their condenser tubes to titanium, which is much less susceptible to corrosion. To  
control fouling a number of strategies have been employed to chemicaIly treat and/or 
mechanically filter the inlet cooling water. The extent to which a given plant employs 
these methods depends strongly on the economic balance between capital investment in .. 
the systems and the ability of the systems to maintain (or slow the reduction of) plant 
overaII thermal efficiency. In some cases, excessive fouling cannot bc prevented for an 



entire operating cycle and a m.id-cycle reduced power window is required to sequentially 
clean the waterboxes. 

Even with the IRIS mid-cycle maintenance shutdown strategy (at the 48 month point), a 
means to clean the main condenser waterboxes during the cycle must be provided. Design 
strategies which enable main condenser waterbox cleaning are discussed below. 

9.3 Application of the Design Resolution Methodology 
Evaluation of the IRIS requirements and main condenser operating history using the 
methodology-of Chapter 5 leads to the conclusion that advances in condenser materials 
will not allow for extended operating cycles without significant fouling, and so a means 
to clean the main condenser tubes at power must be developed. Design solution 
aIternatives which meet the requirements are described beIow. 

9.3.1 On-Line Cleaning Enabled by Multiple Waterboxes 
Access to the condenser tubes during condenser operation can be readily enabled by 
utilizing multiple (independently isolabIe) waterboxes. The strategy requires using n 
waterboxes, each with enough heat removal capability such that only n-I waterboxes are 
required to remove the maximum plant heat load at the least efficient condenser 
conditions. These conditions are caIculated assuming maximum tube fouling for all on- 
service waterboxes, worst case cooling water conditions (maximum inlet temperature, 
minimum flowrate), all auxiliary steam Ioads secured, and maximum plant thermal. power 
(including instrumentation uncertainties). The net effect of these assumed conditions is to 
have maximum condenser heat input under worst-case heat removal conditions. 

Although this method will enable access for tube cIeaning, it suffers from two significant 
drawbacks: clearling is man-intensive and increasing the number of waterboxes increases 
condenser complexity (leading to increased capital cost). The condenser is a large 
component which is fabricated and assembled from a large number of metal parts, and is 
a smaIl but significant portion (typically on the order of 2-3%) of the total capital 
investment. A detailed analysis is necessary to find the optimal economic point which 
balances the number of waterboxes against the amount of installed over-capacity per 
waterbox. General discussions conducted with a condenser manufacturer indicated that 
the optimal number of waterboxes is on the order of ten (each with 10% over-capacity). 

9.3.2 On-Line Cleaning 
Improved on-line cleaning methods have emerged in recent years which are effective in 
reducing fouling to the point where a through off-line mechanical cleaning is required 
only infrequentIy (on the order of ten years). Two methods dominate the on-line cleaning 
market, brush-type and ba~ l - t~~e .~"o th  methods pass an abrasive device through the 
condenser tubes, using the differential pressure across the waterbox to move the device. 
However, although both methods are generally effective enough to prevent heat transfer 
degradation the entire tube circumference may not be thoroughly cleaned. This streaking 

'' There are scveral manufaclurcrs of  both brush-type nnd ball-lypc condenser rube clcaning systcms. The figures and 
descriptions hcrc arc for systerns manufacured by WSA Engjneercd Systcms, Milwaukee, WI.  



inside the tube can result in conditions conducive to galvanic corrosion, although 
titanium tubes are much less susceptible. 

9.3.2.1 Brush-Type On-Line Condenser Cleaning System 
In the brush-type method (Figure 9-1) a brush is inserted into each condenser tube. A 
perforated basket is attached to the end of each condenser tube which prevents the brush 
from leaving the tube and entering the inlet or outIet waterbox head. A diverter vaIve is 
instalIed between the tubeside piping to and from the unit, and is used to reverse flow 
direction through waterbox causing the brushes to travel from one basket (through the 
tube) to the other basket. Figure 9-l(a) shows the flow diverter in the standby normd 
flow position. With flow in the normal direction, the brushes rest in their "home" baskets. 
The flow diverter is shown in the reverse flow position in Figure 9-l(b). The brushes are 
carried through the tubes, cleaning as they pass through the tubes. The brushes are caught 
by the "temporary" catch baskets at the opposite ends of the tubes and held there for a 
brief period. When the flow diverter is brought back to the normal flow position, the 
brushes are carried back through the tubes to their "home" positions where they wait until 
the next cleaning cycle is initiated. After sufficient time delay, the diverter valve reverses 
the flow direction t.hrough the waterbox causing the brush to again travel the Iength of the 
tube. This process is repeated until the waterbox thermal performance is restored. 

~ron1'Inlet 
PLUII~  Discharge 

'-\4h terbox Y 

Figure 9-1: Brush-Type On-Line Condenser Cleaning Flowpath 



9.3.2.2 Ball-Type On-Line Condenser Cleaning System 
The balI-type method (Figure 9-2) uses a large number of abrasive balls which are - 

introduced into the inlet cooling water stream, pass through the condenser tubes, and are 
recovered from the outIet cooling water stream. Unlike the brush-type method (where one 
brush is uniquely associated with one tube) this method does not ensure that a cleaning 
ball will (even after several passes) travel through any individual tube. 

Figure 9-2: Ball-Type On-Line Condenser Cleaning 

9.4 Summary 
This chapter has prcsented several alternatives for consideration in the IRTS design. The 
first alternative is simply an extension of current design practice to make waterboxes 
isolable and accessible. The two on-line methods described use an abrasive object (brush 
or ball) which cleans the condenser tube as it passes through. 

Table 9.1 summarizes the alternatives qualitatively ranked by maintainability, economic 
viabiIity, and technology risk. Within the alternatives generated, instaIIation of n-1 
waterbox redundancy presents essentially no technology risk since it is a simple 
extension of today's technology. However, without an economic assessment of the cost 
impact of the additional waterboxes, valves, and associated piping a recommendation of 
the best alternative to pursue cannot be made. 



Table 9-1: Main Condenser Cleaning Alternatives Summary 
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Chapter 10 Application of Resolution Methodology- 
Turbine Generator Throttle Control 

10.1 Introduction 
The main turbine generator is a multi-stage steam driven turbine coupled directly to a 
large three phase generator. Current turbine generators use an electro-hydraulic control 
(EHC) system to position hydraulicaliy-actuated throttle valves which control steam flow 
to the turbine. Once synchronized to the grid, the turbine generator rotates at constant 
speed and steam flow controls the amount of power sent to the grid. Nuclear generation is 
typically used for baseIine loading, and little throttle valve movement is necessary for 
Iong periods once the plant is at maximum power. When throttle valve movement is 
required, electric signals are sent to electrically-actuated control valves which reposition 
and allow the control system hydrauIic fluid to operate on the throttle valves. 

10.2 Main Turbine Genera tor Maintenance Barrier 
When the turbine generator is synchronized to the grid and producing constant 
(maximum) power, little hydraulic fluid flows through the EHC system. As a result, 
impurities and wear products (sludge) in the hydraulic fluid collect in low flow regions. 
These regions typically are in the immediate vicinity of the eIectricalIy-actuated control 
valves, and often lead to sluggish control valve actuation. 

When this sIuggish actuation occurs, the EHC system does not respond as expected and 
the turbine generator throttle valve tends to cycle about the desired operating point. This 
leads to a plant power output to the grid which osciIIates about the mean (maximum) 
power point. If allowed to grow, the oscillation peak can lead to generator overheating 
and potential stator damage. Operating experience with current EHC systems shows that 
the system operates reliably for the current operating cycle length (on the order of 24 
months), but that sludge deposits do form. Extrapolating this performance data to longer 
operating cycIes indicates that reliable operation cannot be ensured, 

10.3 Application of the Design Resolution Methodology 
Evaluation of the IRIS requirements and main turbine generator EHC system operating 
history using the methodology of Chapter 5 Leads to the conclusion that advances in the 
throttle control system to prevent sludge buildup in low hydraulic fluid flow regions must 
be developed. Potential design solution alternatives which support development of an 
advanced EHC system are described below. 

10.3.1 Prevention of Sludge Buildup 
The root cause of the EHC system reIiability issue is inadequate hydraulic fluid flow 
through the EHC system. In other low hydraulic flow applications, this problem is solved 
by sending dithering signals in a programmed sequence to the control valves causing 
them to stroke and disturb the low flow regions. If sufficient control valves exist in the 
system (which is the case for a modern turbine generator EHC system) then these 
dithering signals move only a small amount of hydrauIic fluid from control valve to 



control valve and do not result in motion of the hydraulically actuated component. 
Although 'as-built' turbine generators did not have this feature, dithering systems are 
finding increasing application in turbine generator control systems for both baseline and 
load following applications. 

Another technique which addresses the low hydraulic fluid flow probIem is the use of 
uItrasonic transducers to agitate the hydraulic fluid at high frequency to prevent sludge 
from settling. Unlike the dithering technique which surges hydraulic fluid from one 
control valve to the next, this method simply keeps the sludge suspended in the fluid 
aIlowing it to move through the system when the control valves are actuated. 

Finally, synthetic oils typically contain much less impurities than do petroleum fluids and 
have (or can be formulated to have) similar properties. Synthetic oil types include 
polyalphaolefins, diesters, polyol esters, alkylbenzenes, polyalkylene glycols, phosphate 
esters, silicones, and halogenated hydrocarbons. Synthetic oils are generally organic 
compounds and cost much more than petroleum oils. However, each type has one (or 
more) specific properties that are better than petroleum oils, and the limitations can 
generally be corrected by chemical additives. For IRIS, a detailed analysis of the EHC 
system characteristics must be made to match the synthetic oiI properties to the 
application. 

10.3.2 Electric Control System 
A controI system which uses electric linear motors to position the throttle valves would 
not be subject to the stability problems exprienced by an EHC system. However, there is 
no industry impetus or manufacturer initiatives to improve the current technology EHC 
system (since it is generalIy reliabIe throughout the current operating cycle). Therefore, a 
significant research and development expenditure would be necessary to make an electric 
control system commercially viable. 

10.4 Summary 
In procuring a main turbine generator, performance specifications are typically given to 
the manufacturer and then the manufacturer uses it's own technologies to meet those 
specifications. Reactor pIant designers rarely are involved directly in the main turbine 
generator design. The IRIS design team intends to be indirectly involved in the main 
turbine generator design process, funding research initiatives where necessary and 
applicable, Directly designing a main turbine generator system (including throttle control 
system) does not adequately leverage the design experience of the manufacturer and 
involves significant technology and economic risk. 

It is likely that integrating available current technologies into the EHC system is more 
cost effective than development of an advanced technology control system. Only 
operating experience with this improved system will determine if thjs solution meets the 
long-term IRIS target cycle length goal of eight years, but it is anticipated that this 
improved EHC system will operate reliably for at least four (and possible to eight) years. 
This 'operate and assess' strategy has been adopted by the IRIS design team to maximize 
the potential for success while minimizing risk. 



Chapter 11 Application of Resolution Methodology- 
Reduced Power Window Surveillances 

11.1 Introduction 
There are a large number of investment based surveillances (67 total) which 
are currentIy performed off-line but could be performed on-line at reduced power. Most 
of these surveiIlances have performance intervals much less than 48 months (typically 18 
months) and therefore can also be considered to be barriers to a 48 month (full power) 
operating cycle. Thcse surveillances have been generalized into six broad categories, and 
their resolution in IRIS is described below. 

11.2 Resolution of Reduced Power Window Surveillances 

11.2.1 Circulating WateriService Water Pump and Traveling Screen Inspections 
To conduct the required pump and traveling screen inspections requires one traveIing 
screen-pump-heat exchanger train to be secured and drained. At the candidate PWR there 
are three identical paraIlel trains, each capable of removing approximately 46% of the 
maximum heat load. 

Therefore, when one train is secured for inspection the totaI plant power (which is 
proportional to heat Ioad) is limited to approximately 92%. In IRIS, additional train heat 
removal capacity or additional redundancy will be utilized to allow these surveillances to 
be conducted on-line with no power restrictions. 

11.2.2 Generator Stator Coolin g 
Current main turbine generator sets use two identical cooling loops to cool the generator 
stator, both of which must be on-tine for full power operation. As above, this limitation 
can be readiIy solved in IRIS using by adding redundancy to allow one cooIing loop to be 
removed from service with no power restrictions. 

11.2.3 Main Turbine Lube Oil System Pressure Switch Calibrations 
These surveiIlances can be performed on-Iine with adequate installed redundancy. 
Installation of one additional pressure switch would maintain the original number of 
required on-service switches while allowing one to be removed from service for testing 
or repair. To avoid an inadvertent turbine generator trip, a digital trip control system will 
need to be developed but the technology required is founded in current practices. 

11.2.4 Nuclear Instrument Cali bration 
Calibration of the power range nuclear instruments cannot be conducted without a change 
i n  power level since a singIe data point cannot establish the required instrument gain 
setting (i.e., the slope of the calibration curve). The current calibration method requires 
steady power to be maintained at a low Ievel (approximately 20% reactor power) for data 
coIlection and then at high (near maximum) power. New techniques are being 



developedM which use automatic data collection from in-core flux monitors and require 
onIy a smalI reduction in reactor power (without a change in steam flow), This 
technology is anticipated to be available in 1-3 years. 

11.2.5 Main Steam IsoIation Valve Maintenance 
Main steam isolation valve stroke check and actuating system surveillances will be 
conducted as part of the integrated passive safety systems operability testing described in 
Section 1 1.3 beIow. 

11.2.6 Feedwater System Inspections and Calibrations 
These surveillances wiIl be conducted as part of the integrated passive safety systems 
operabiIity testing described in Section 1 1.3 below. 

11.3 IRIS Integrated Testing and Coordinated Maintenance 
Based on the AP600 proof of operability burden, it is anticipated that demonstrating 
operability of the IRIS passive cooling scheme will require initiation of cooling and 
measurement of both cooling loop flowrate and heat transferred to the heat sink. 
Although the flowrate and heat transfer can be determined a priori for the (at power) 
primary coolant circuit conditions, proper flow conditions in the passive cooling loop will 
not be estabIished without steam and feed flow being secured. Therefore, this operability 
test could be conducted with the reactor at power but with the steam and feed headers for 
one of 'four passive cooling loops secured. This corresponds to 75% total steam flow, 
since three-fourths of all installed steam generators are operating during testing, 

The integrated test begins with isoIation of steam and feed flow for the emergency heat 
rernoval system Ioop being tested, followed by initiation of passive cooling flow, and 
ends with measurement of the parameters necessary to demonstrate operability. After. 
conducting the operabiIity test, the passive cooling system is then drained to allow for in- 
situ steam generator tube inspections (if these inspections cannot be deferred to a 
maintenance outage). Finally, necessary maintenance on the main steam isohtion and 
feedwater isolation valves is performed. After completion of maintenance and before 
restoring normal operation, feedwater regulating valve maintenance is conducted as we11 
as the containment safety features response time testing of Chapter 6, Section 6.2.1.2. It 
is estimated that this entire maintenance bIock can be compIeted, for one passive cooling 
circuit, in one week. 

Also to be considered is reactivity control testing which may need to be conducted. 
Operation within the reactor safety analysis assumptions regarding rod control system 
performance cannot be assured for eight years of continuous operation without 
demonstration of the normal and emergency reactor shutdown mechanism. The IRIS 
team is currently examining different reactivity control and reactor shutdown methods, so 
it is not possibIc at this point to identify likely testing requirements. What can be 

31 "An In-Corc Power Dcposilion and Fud Thermal Environmenlal Monitor for Long-Lived Rcactor Corcs," U.S. 
Dcpartmenr of Encrgy Nuclear Eriergy Research Iriitiativc, Proposal No.: 2000-069, awardcd to Ohio Srate Universily. 



assumed, however, is the core design must allow for at-power testing of the reactor 
shutdown mechanisms if a mid-cycle reactor shutdown is to be avoided. 

From the above testing profile, it is estimated that IRIS will enter a two week 75% power 
window every two years (testing two passive cooling loops sequentially during each 
reduced power outage). Therefore, IRIS wit1 operate 75% power for two weeks every two 
years or six weeks over the entire eight-year fuel cycle. The fourth testing and 
~naintenance period would be scheduled to coincide with the refueling outage. Including 
a one-month refueling outage over the 96 week fuel cycle, the conservatively estimated 
theoretical unit capability factor is 98.4%. 

11.4 Reduced Power Surveillance Strategy 
It is unlikely that design solutions for all barriers with periodicities Iess than eight years 
can be found to allow maintenance to be performed on-line without power restriction. 
AIthough this investigation has attempted to assist in developing design soIutions which 
enable this condition, surveillances have been identified (specifically, safety system 
operability demonstration and steam generator tube integrity inspections) which cannot 
feasibly be performed on-line without a very significant technology development effort. 
Therefore, given that a reduced power window will be required a strategy that considers 
capital investment, investment protection requirements, and availability should be 
developed. 

For example, the design sotution which allows performing circulating and service water 
system maintenance (Subsection 1 1.2.1, above) is installation of redundancy. However, if 
this maintenance were scheduled for completion during a reduced power window then the 
capital investment for an additionaI cooling train can be avoided without impacting 
overalI plant availability. This analysis is beyond the scope of this investigation, but is 
described here since it contributes to an overall sound design strategy. 

11.5 Summary 
Design solutions to the most significant of the identified maintenance barriers requiring 
reduced power have been proposed, with the notable exception of safety system 
operabiIity testing. Therefore, given that a reduced power window is required in IRIS, a 
strategy which minimizes the duration of this window has been proposed. This strategy 
meets the current regulatory requirements for operability demonstration without 
significant regulatory changes or technological advances. 

It must be recognized that a balanced economic strategy does not atways justify the 
required investment to eliminate reduced power windows. Development of materials and 
technologies to eliminate currently unresolvable reduced power surveillances potentially 
requires a large research and development investment and delay in fielding such 
solutions. Also, the capital cost of solutions which require the installation of additional 
capacity or redundancy may not be justified relative the reduction in avaiIability from 
performing maintenance of lower capacity systems during a reduced power window. 



Chapter 12 Summary and Future Work 

12.1 Summary 
A renewed interest in new nuclear power generation in the United States has spurred 
interest in developing advanced reactors with features which wiIl address the public's 
concerns regarding nuclear generation. However, it is economic performance which will 
dictate whether any new orders for these plants will ~naterialize in the next decade. 
Economic performance is, to a great extent, improved by maximizing the time that the 
plant is on-line generating eiectricity relative to the time spent off-line conducting 
maintenance and refueling. Indeed, the strategy for the advanced light water reactor plant 
IRIS (International Reactor, Innovative & Secure) is to utilize an eight year operating 
cycle. 

A forrndized strategy to address, during the design phase, the maintenance-related 
barriers to an extended operating cycle does not exist. Therefore, the top-level objective 
of this investigation was to develop a methodology for injecting component and system 
maintainabiIity issues into the reactor plant design process to overcome these barriers. 

A primary goal was to demonstrate the applicability and utility of the methodology in the 
context of the LRIS design. The methodology developed has been demonstrated to narrow 
the design space to feasible design solutions which enable a desired operating cycle 
length, yet is general enough to have broad applicability. Feedback from the IRIS design 
team indicates that the proposed solutions to the investigated operating cycle length 
barriers are both feasible and consistent with sound design practice. 

12.1.1 Methodology Developme n t 
The first step in meeting the top-level objective was to determine the types of operating 
cycle length barriers that the IRIS team is Ijkeiy to face. An investigation into the 
regulatory and investment protection surveilIance program barriers preventing a 
candidate o erating PWR from achieving an extended (48 month) cycle has been recently P, completed.- This presented a logical starting point, and the results of the operating PWR 
investigation were examined in the context of the IRZS design. Relative to IRIS, the 
suweillances were generalized and placed into one of the foI1owing categories: 

Category 1: On-Iine surveitlances which will be performed on-line in IRIS; 
Category 2: Candidate surveillances for design resolution to create an on-line 
performance mode in IRIS; 
Category 3: Surveillances requiring further analysis to determine performance mode 
in IRIS; and, 
Category 4: Off-line surveiIIances likely to have performance interval extended to at 
least eight years in IRIS. 

- 

" ~ o o r e  Jr., Thomas Joseph, "A Surveillance Srralegy lor a Four Year Operating Cycle in Cornrncrcial Prcssurizcd 
Warer Rcacrors," Massachuscus Insritutc of Twhnology Department of Nuclcar Engineering. Nuclear Engineer's 
Thesis, May 1996. 



The design methodology was developed to address those surveillances in Category 2. The 
operating PWR investigation addressed a 48 month operating cycle, but the R I S  
operating cycle length goal is eight years. Therefore, the 54 surveilIances resolved to 
Category 2 represent a minimum number of potential IRIS operating cycle Iength 
barriers. It is likely that additional unidentified barriers exist which were already 
compatible with the 48 month operating PWR cycle Iength (i.e., performance 
periodicities already greater than 48 months) but may be a barrier to an eight year 
operating cycle. However, this investigation did not consider surveillances with a 
periodicity greater than 48 months. But, since the 54 known barriers cover a broad 
spectrum of systems and components they were considered representative of the design 
challenges likely to be presented by the unidentified barriers. 

The design methodology developed is a four-step process. The first step is the synthesis 
of the general requirements that the component must satisfy. The second step is the 
synthesis of thc design objectives with the design requirements. The third step is to bound 
the solution space by application of suitable and relevant constraints. The final step is to 
develop design alternatives which meet the specifications of the synthesized design 
requirements, objectives, and constraints. Like any design process, the methodology 
flowchart is iterative in nature. 

12.1.2 Methodology Application 
The methodology was applied to the identified (Category 2) operating cycle length 
barriers. Many of the barriers were considered (based on discussions with the IRIS 
design team) to be readily solved by design, and so a detaiIed investigation into these 
barriers was not conducted. However, several IRIS operating cycle length barriers 
emerged which required further investigation: 

Primary relief valve testing, 
Steam generator eddy current inspection, 
Condenser waterbox maintenance, 
Main turbine throttle control maintenance, 
Safety system testing, 
Reduce power window items, and 
Reactivity control system testing. 

Detailed design of the IRIS core has not been completed and alternate control schemes 
are being investigated, so reactivity control system testing could not be addressed in this 
investigation. The resolution methodology was applied to the remaining barriers and 
feasible (as asscssed by the IRIS design team) design alternatives were proposed which 
enable achievement of the eight year IRIS operating cycle length goal. 

12.1.3 Resolution Methodology Limitations 
The resolution methodology developed and applied in this investigation is not intended to 
eliminate the need for creative thought in the design process. This point cannot be 
emphasized enough, since it  is the creative clement that allows any design to be a 
significant improvement over the current standard. Although the results presented in this 
investigation for overcoming operating cycle length barriers are the product of a 



structured methodology, they cannot be reproduced without including the creative design 
element. What can be reproduced, however, is the synthesis of relevant factors into a 
limited set of governing constraints which guide that creative process toward feasible 
solutions which meet the specified requirements. 

12.2 Future Work 
This is the first attempt at developing a structured methodoIogy to address maintenance 
related barriers to an extended operating cycle. As with any methodology, refinement and 
improvement to the methodology can be made by identifying limitations in it's 
applicabiIity. Although feasible solutions were generated which wilI assist the R I S  
design team in achieving the target operating cycle length goal of eight years, there is a 
significant amount of future work that must be completed to improve the utility of this 
methodology as discussed below. 

Chapter 2, 'Design Methodology Framework,' discussed the methodology inputs 
necessary to develop feasible design solution alternatives. These inputs were developed 
with the prior knowiedge of the barriers requiring design resolution. Additional 
investigation into the creative design process needs to be conducted to ensure that a11 
relevant factors have been adequately captured. If additional factors exist, then the 
methodology of Chapter 5, 'EIiminating the Maintenance-ReIated Barriers,' needs to be 
updated to include them. 

Chapter 3, 'Operating Pressurized Water Reactor Surveillance Program,' presented the 
results of an investigation which considered only those surveillances which have 
periodicities less than 48 months. The identified barriers from the candidate operating 
PWR investigation were considered to be representative of the types of barriers Iikely to 
emerge from the unexamined (greater than or equal to 48 month timeframe) 
surveiIlances. Further examination of this timeframe is required to validate the 
assunlption that the spectrum of potential barriers h u  been bounded. 

Chapters 6 through I I presented design soiution alternatives to identified IRIS operating 
cycle length barriers. As the IRIS design matures, these solutions need to be continuously 
evaluated against the IRIS design requirements, objectives, and constraints to ensure that 
the proposed solutions remain feasible. 

The resolution methodology is structured to generate design solution alternatives which 
enable performing all maintenance on-line at full power. Some barriers have been 
identified which either require a significant research and development expenditure or 
must be performed during a reduced power window. It would be useful to examine the 
economic dependence between lost revenue in reduced power windows and capital 
expenditure to eliminate those windows to develop a more balanced (economically 
driven) design strategy. 

Finally, the operating cycIe length barriers considered in this investigation were well 
defined and a large amount of supporting data was available (since these barriers were 
not IRIS unique) to assist in resolution. As the IRIS design matures, IRIS unique 



operating cycle length barriers not faced by currently operating plants wiIl certainIy 
emerge. Application of the resolution methodology to these barriers will challenge the 
Fundamental structure of the methodology more thoroughly than has been done in this 
investigation. 



Appendix A Identified IRIS M aintenance Barriers 
This appendix summarizes the maintenance-related barriers described in Chapter 3, 
'Operating Pressurized Water Reactor SurveilIance Program. ' Table A. 1 addresses the 
barriers to a four year operating cycle, Tabie A.2 addresses the reduced power window 
items, and Table A.3 addresses the barriers to an eight year operating cycle, 

Table A-1: Maintenance Barriers to Four Year IRIS Operating Cycle 

Description . , . . Discussion . 

relief valves (u~cluding pres- 

surizer relief valves and stean~ 

generator/mairi steam safety 

val\les). 

Periodic testing of ASME 
Class I relief valves ( i nc lud i~ i~  

pressurizer relief valves ;md 

steam generator/~~h~in steam 

safety val\~es), 

The ASkfE EoiIer S: Pressure 

Vessel Code primarily deals 

with relief \.al\le co~~huc t ion ,  

with Iin~ikd discussion of in- 

stallatio~~ requirements. Within 

the Code, installntion of an 

ud~t  isolation vdve is per- 

nutted under certnin (innde- 

qu~te ly  specified) cmnditions. 

INS requires n relief vnl\le in- 

let ix~latioi~ valve to coi~duct in 

situ (but off-service) valve test- 

ing. 

All valvs  of m h  type and 
~nanufricture sl-1211 be tested 

within each subsequent1 5 year 

period with a m h u n u u ~ ~  of 20'5: 

of the vnl\~es tested within any 

24 months. This 2OU/:1 shall be 

previously untested valves, if 

1 they exist. 

Basis 

ASME Boiler & Pressu~e Tres- 

sel Code, %ctiou 111, 'Nuclear 

Power Plant Components,' Ar- 

1 ticle NB-7000, 'Overpressure 

'The Operation and Main- 

tenance of Nuclear Porver 

Plants,' ASME/ANSI OM- 
1989', Part 1, 'Requirements 

ior 111service Performance 
Testing of Nuclear Power 

I Plant Pressure Relief Devices,' 

31.3.3, 'Test Frequel~cy, Class 1 

Pressuir Relief Devices.' 

- 
7;7ble A.  I contin:red on nest page 

' t h ~ r i n ~  Ihr j~iitial 5 ye,lr pi-id, no l ts l in~  Is rqujrvd dttring [tie ru~t 12 mvnths. Tmthilg shall be p r f o r n ~ t ~ d  on 
.I r~lj l l i l~iur~~ 25':: of the valvm of each vp anti n1anuh;rclure during each following I2 month interval suc11 that at !he 
end of M months of opemticm :!i"~ have been t e j t d .  3% in 36 nionll~. 75'K in 43 monlhs, nnd ICWO~ in GO n~a~i!hs.  
.Additia~~lls ,  during an!. running 24 manttl peri~wi ;I niinirnum ol' IG% of the valves (pr-aviuusly c~nttsicll. if h e y  exisl] 
sliall be trsl-I. 

%u1:sequent upd.3tt.s to 'Tlie Opratiam ond hlnintmtancr of Nucleat Po~ver  Planls' have mcuwd hut tire 1959 
Editio~l is wlewncd in 10 CFR [<50.55?(b). 



Basis 
AShE Eooiler & Press~m Vessel 

Cde ,  Section X1, 'R~~les  for In- 

Service Inspection of Nuc l e~ r  

Power PImt Components.' 

ASME Boiler & Pressure Ves- 

sel Code, Sectioti XI, 'Rules 

for hi-5ervice Inspection oi 

Nucle.ar Power Plait Compo- 

netits' supplemetiled by NRC 

Generic Letter 96-05, 'Periodic 

VeriGcation oi Design-Basis 

Capability of Safety-Related 

Motor-Operated ITal\fr?s,' 

issued September 18, IC)96. 

Numerous NRC and ASME 

reg~dn tio~is apply. 

-- 

xlhle A1 c-onhnitef on next p ~ g e  

nble A, ]  cuntinueb &om prerious page 

Descriplion 

In-Service testing of safety re- 

lated pumps and vdvc~. 

Periodic tes tiiig oi motor oper- 

ated u , i l \~ s  (MOVs) in d e t y  

related systems. 

Enghwered safety ie.itu-e ac- 

tuation tests (integaled tests 

~\flucli iri\lolve tlie complete 

mfety signd path from sensor 

to system actuation), 

Discussion . 
All safety related pumps m d  

valve; are required to he tested 

for operability on n quarterly 

bxis.  Under certain circui- 

stances, tests wliici~ cannot be 

conducted ii t power a n  he des- 

igliated as eiher cold sltuldarijn 

k ~ f s  or r i ; / l ~ c l i ~ ~ g  tvsls and be 

deferred to the next outage. 

Neither require prior NRC: ap- 

proval but they niust be justi- 

fied, nugmerited by risk-based 

arguments, ;md are auditible. 

NRC requires all MOVs in 

sdety relti ted systems to be di- 

ngnosticnlly lated aid, where 

practical, tested to their d s i p  

h,asis condition. Testins inter- 

val h determined bv comhin- 

ing the risk significance *md 

failure rate. 

Thew tests are currently per- 

formed encli outase and 

typically se,qregated inlo tluee 

tests: engineered snfepmrds 

actuation, con tainmelit isola- 

tion, and core cooling. 

- .  - 



testing. 

7;ibIe A.1 continued honi pl~vious ptgr 

Periodic testing of ASME 

Class 2 relief \*al\>es used in 

non-primary pressure bound- 

ary oy plicntions. 

testing is c~urently performed 

shut do\\^^ at 16-24 month 

intervds. NRC impectior~ 

guidelines ior steam generd- 

tors dlows for periods between 

stenm generator eddy current 

testing of up to 40 months, 

after two previous sr~ccessful 

uispections at shorter intervds. 

Basis 
N~merous  NRC, ASME, and 

Description . Discussion 

All vaIves of each type and 

n.r,mufirctur~ shall be tested 

ivilt~in each subsecluenb' 10 

year p r i c d  tritli ,I minimum of 

20'X of the val\les tested within 

m y  48 months. This 20% shall 

be previously untPsted valves, 

if they exis[. 

S t~ im generator eddy cumnt 

industry regulations &and rec- 

onunenclations apply NRC let- 
ter SECY-00-0078, 'St<~tus and 

PIms for Revising the Steam 

Generator Tube Integrety Reg- 

ulatory Franietvork,' dtd ?X) 

March, 2000. indicates the in- 

tent for the NRC to accept 

the reconunendnkions and in- 

spection procedures contained 

in the Nuclear Energy Insti- 

tute (NEI) initiative, NEI 97- 

06, 'Steam Ger~er'itor Propan1 

Guideli~ies.' 

Steam gelleator tddy current 

hvestnielit y rotection based. 

Testing is governed by 'The 

Operation and h/lninten,mce 

of Nuclear Power Plants,' 

ASh4E/ANSI 0M-198Yt, P u t  

I, 'Requirements fclr Inser- 

vice Performance Testing of 

Nuclear P o t ~ c r  Plait Pressure 

Relief Devices,' $1.3.4, 'Test 

Frequency, Classes 2 and 3 

Pressure Relief Devices.' 

1 %-~ble A.1 cor~fin~led on nest page ] 

'During tlw i n i f i ~ l  M qmr p i i d ,  I-& iestinp 15 rcquimi durins the ilrst 29 niontlu. &.tin& shall he pedormed on 
a n~l~rlrnunr 25'Kl d thr vzl~~r:. of each typ and nimubcture dr~ring rclcli fcdlofiinji 24 niunkh interval such Ih.it nt the 
em1 of -13 ~u~inths ul uyr~tion 2% h i n ~  btm t ~ t c c l ,  Wb in 71 ~nmths, Z9;r in 96 rnorrllu, and 1m in 12U months 
Additionallp during n~ iy  nninhg 48 mullth period o minimuni crf 20'5, of the v,ilvrs (previously cmlt%\cul, i f  tliey exist) 
slinU Iw tmtd. 

' Subsq~ent  u+,le.% to 'The Clpnt inus  a id  htatntenanie of Nuclear Power Plants' have occuml but the 19S9 
Mitim is  reTvrmc& 111 PO CFK $SO.SSn(h]. 



l;ll,le A.  I conhued horn prrrfious p.13~ 

Control rod drop 

indication testing 

. . 
Description Discussion 

Lotidenser waterbox inspec- I Tlie primary de~redation 

tion a i d  cleaming. 

position 

Basis 

hvestmerrt protection based 

mecliaiusm of tlie Iieat tl-asfer 

cnpability of the condenser is 

debris or marine growth. 

to maintain plillit thermodp- 

nalzuc efficiency. Nunierous 

the fouling and clogging of 

the c o n d e n ~ r  inlet tube sheets 

illid tube S U ~ ~ J C ~ S  fro111 either 

Union, etc.) address personnel 

s;lfetp issues. 

organiwt ions (Occupational 

Safety and Health Adminis- 

tration (OSHA), Employee's 

Tiible A. I con tinueii on nest p a p  

Control and shutdown rod 

drop testing is currently per- 

formed follor~~irig refueling to 

guar.mtee Uia t the colihul rods 

have an u~iimyeded pi th  to Ilie 

botton~ of the core and that 

rrtaximum drop times are mn- 

sistelit ivitli the assumed drop 

tinies Ued in the plant safety 

,analysis. No upper l i n ~ i t  to 

testing frequency is specified 

by the NRC, primarily since 

no current plait operates on 

a long fuel cycle ~vhere fuel 

swelling (Ieading to control rod 

binding) k of concern. Posi- 

tion il~dica tion testing is cur- 

w~itly deferred smce chenu- 

ml reactivity control is used 

ilnd the co11tro1 rods dre fully 

witl~dra\vn for the duration of 

the oper.iting cycle (110 position 

utwerminty). 

Numerous NRC reguln tiom in- 

cludi~ig 'NRC Impro\fed Stan- 

dard Tecli~uc.ll Specifications.' 



.. . 
Basis 

Ve~ldor provided inws tmeo t 

protectio~~. 

Vendor provided ii~vestment 

protection. Ci111 be performed 

on-line if a nun-zcra steam de- 

mand (i.e., from a steam dump 

or large ~ w i l i a r y  loading) can 

be provided. 

- 

fillle A. 1 continued konl previous page 

Description 

Elettricnlly operated safety 

component c irc~~it  breaker 

overcurrent relay checks 

Mrlin turbine Iubricat ing oil 

system loiv-pressure trip 

switch cnlibrati~ln. 

Main turbine elech-011ydmuI.i~ 

col~trol (EHC) svstein dean 

and Lisp ect. 

Discukion ' 

Ovacurrent relay cl~ecks of 

electrically oper.~ted safety 

component circuit breakers 

( p i  mLwi1y y lu11p.s) is per- 

formed periodically to ensure 

&at ;I bo~lnd safety component 

will trip ofi-line not be sensed 

by the safeguards systems as 

being in operation. 

Calibril tion of the maul tur- 

bine .low shaft p u n ~ p  disch,uge 

pressure and loiv bearing oil 

pressure slvitcfies require the 

main turbine to he shutdown. 

A complete E3lC system clean 

and inskwct, including 'soft- 

ware and filter replacement, is 
required nt less than four-yex 

intervals (typically 24 nionths). 

This mahltena~cct requires the 
nnin turbine to be shutdown. 



Table A-2: Maintenance Barriers Requiring Reduced Power 

Feedwater control villve indi- 

cation and s toke  check. 

Feedwater isolation valve 

stroke check. 

L 

Basis 
Investment protection. 

Description Discussion 

Hydm~dically oper,ited valve 

fluid change. (Main steil~n 

isol,~tio~-r kPaI\les and feedwater 

isolation valves are typically 

hydrnulicdly operated.) 

Ske~m 'ind feedwater flow me- 

ter calibril tions. 

hk~ha feed pump goverilor cd- 

ibration. 

Rquirer, the ;~ppfic.ib!f? s t e m  

genera tor to be secured. 

klniia steam isalntioli v ~ l v e  
stroke check. 

Requires the applicable steam 

genera tor to be secured. 

Req~ures the applicable sleain 

gene r~  tor to kc! secured. 

Requires tlae applicable steam 

generator to be secured. 

Investment protection. 

Requires ste'am demand to be 

reduced to the capacity of re- 

mnitring main feed puniy(s). 

Does not req~lire complete 

stroke, .irrd causes only a small 

reduction in steam flow. S t e m  

demand typically reduced 

sufficiently to prevent over- 
. . steaming reninuilng genera tors 

if valve inadvertently closes 

f~dly. 

Investment protection. Regu- 

latory based ii feedwot-er iso- 

lation vdve closure is part of 

safety system actuation. 

hivestment protection. 

Lnvestmeli t protection. 

I E~;.rl.lt? A.2 conlinued on next pitqe I 



I tc111 pump n~.~inten,urce. 

T,~i~lc A.2 crmthinl~ed horn previoas p'lge 

I-Ieat exchanger inlet traveling 

screen clean and inspect. 

Descriy tion Discussion 

Cornpollent cooling water sys- ( Requires total system hmt-10.1d 

to be r edu r~d  to Ule capacity I 
Basis 

Investment protection. 

oi  remilung component cool- 

ing, water systrtli pun~p(s). 

Requires heat exchanger to be 

secrired. Total system heat load 

is req~ured to be reduced to the 

capacity of the remahing heat 

h~vestment protection. 



Table A-3: Maintenance Barriers to IRIS Eight Year Operating cycleJ6 

Description 

Eiectrictll switcl~gear cle,ln 

i u~d  inspect i~~c luding  motor- 

operated valve i~lspections and 

ctlble meggers, starter checks, 

breaker inspectia~ls, unique 

feiitures testing, a ~ d  visual 

i~vpections. 

Periodic mnintena17ce of 

non-safety system manu- 

ally operated v,~I\;es. Scope 

i~ typ i d l y  disassemble- 

inspc-ct-reassemble follorved 

by i~mctionoI testing. 

Reactor cooInnt system and 

contnhunent integrated leik 

rate testu1,q. 

Miihl turbine trip and lhroltle 

\fal\fe inspection. 

Fire station ;u~d  snubber in- 

spections. 

Oiscussi on 

Encompilsses a large nun-  

ber (over 450) of ulspeafied 

sur\~eill;ll~crs r v i  th periodicities 

behvwn 118 and 96 months. 

Shutdown miiy be required to 

yernut accessibility or when 

entire (vital) switchbo,~ds 

must be secured. 

Periodicity established by ven- 

dor, typic~lly between 44 and 

72 months. May require shut- 

down if valve c;u~mot be iso- 

lated from system. 

Extent <ind fi.equenc)r based on 

materid history, 

Major \rnlves UI the main tur- 

bine steam supply path are typ- 
I 

ically u~spected at 46-60 month 

I intervals. 

Investment protection; fire 

Investment protection. 

ASME Boiler k Pressure VeswI 

Cocle, Ect io l~  XI, 'Rules for In- 

Senlice Inspection of Nuclear 

Power PL71it Components.' 

Vendor provided inwstnlent 

protection. 

s tations inside contau~men t are 

not accessible at power. 

Talde A.3 continued next lmgr - 

Typically performed at 4-18- 

60 month intenlals. Son~e 

Includcs all barriers idc~ltihcd in Tablc A-I. 

90 

Investment protection; f i i  

safety 



Control rod ctrive IIIK~L~LUSIII 

(CRDM) motor-generator 

set nlechimical 'inti e l~ t r i ca l  

~nnintenance. 

I 
. . 

Clinqit~g piu-r~p mechanical 

and electrical niaintenance. 

Description , Discussioa 

Maul turbine genera tor (gener- 

ator end) electrical inspections. 

hc l i~des  stator visual illspec- 

tion and niegger, and exciter 

inspection a ~ d  megger. 

'Basis 

l?equires motor-generator set 

to 1% secured. Typicnliy per- 

fom~ed a t  54 month intervals. 

Periorrncd at 48-72 month in- 

tervals. Requires shu tdotvn if 

ix~sufficient chargins cap~city 

is av,lilable. 

Typ ically performed at 

51 month intervals, 

Investment protect ion. 

Investment protection and reg- 

ulatory based, 

Vendor provided investment 

protection. 




