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ABSTRACT

Here we report the outcome of the application of the Nuclear Regulatory Commission (NRC)
Phenomena Identification and Ranking Table (PIRT) process to the issue of nuclear-grade graphite for the
moderator and structural components of a next generation nuclear plant (NGNP), considering both routine
(normal operation) and postulated accident conditions for the NGNP. The NGNP is assumed to be a
modular high-temperature gas-cooled reactor (HTGR), either a gas-turbine modular helium reactor (GT-
MHR) version [a prismatic-core modular reactor (PMR)] or a pebble-bed modular reactor (PBMR)
version [a pebble bed reactor (PBR)] design, with either a direct- or indirect-cycle gas turbine (Brayton
cycle) system for electric power production, and an indirect-cycle component for hydrogen production.
NGNP design options with a high-pressure steam generator (Rankine cycle) in the primary loop are not
considered in this PIRT. This graphite PIRT was conducted in parallel with four other NRC PIRT
activities, taking advantage of the relationships and overlaps in subject matter.

The graphite PIRT panel identified numerous phenomena, five of which were ranked high
importance-low knowledge. A further nine were ranked with high importance and medium knowledge
rank. Two phenomena were ranked with medium importance and low knowledge, and a further 14 were
ranked medium importance and medium knowledge rank. The last 12 phenomena were ranked with low
importance and high knowledge rank (or similar combinations suggesting they have low priority). The
ranking/scoring rationale for the reported graphite phenomena is discussed.

Much has been learned about the behavior of graphite in reactor environments -in the 60-plus years
since the first graphite rectors went into service. The extensive list of references in the Bibliography is
plainly testament to this fact. Our current knowledge base is well developed. Although data are lacking
for the specific grades being considered for Generation IV (Gen IV) concepts, such as the NGNP, it is
fully expected that the behavior of these graphites will conform to the recognized trends for near isotropic
nuclear graphite. Thus, much of the data~needed is confirmatory in nature. Theories that can explain
graphite behavior have been postulated and, in many cases, shown to represent experimental data well.
However, these theories need to be tested against data for the new graphites and extended to higher
neutron doses and temperatures pertinent to the new Gen IV reactor concepts. It is anticipated that
current and planned future graphite irradiation experiments will provide the data needed to validate many
of the currently accepted models, as well as providing the needed data for design confirmation.

iii





FOREWORD

The Energy Policy Act of 2005 (EPAct), Public Law 109-58, mandates the U.S. Nuclear Regulatory
Commission (NRC) and the U.S. Department of Energy (DOE) to develop jointly a licensing strategy for
the Next Generation Nuclear plant (NGNP), a very high temperature gas-cooled reactor (VHTR) for
generating electricity and co-generating hydrogen using the process heat from the reactor. The elements
of the NGNP licensing strategy include a description of analytical tools that the NRC will need to develop
to verify the NGNP design and its safety performance and a description of other research and
development (R&D) activities that the NRC will need to conduct to review an NGNP license application.

To address the analytical tools and data that will be needed, NRC conducted a Phenomena
Identification and Ranking Table (PIRT) exercise in major topical areas of NGNP. The topical areas are:
(1) accident analysis and thermal-fluids including neutronics, (2) fission product transport, (3) high
temperature materials, (4) graphite, and (5) process heat and hydrogen production. Five panels of
national and international experts were convened, one in each of the five areas, to identify and rank
safety-relevant phenomena and assess the current knowledge base. The products of the panel
deliberations are Phenomena Identification and Ranking Tables (PIRTs) in each of the five areas and the
associated documentation (Volumes 2 through 6 of NUREG/CR-6944). The main report (Volume I of
NUREG/CR-6944) summarizes the important findings in each of the five areas. Previously, a separate
PIRT was conducted on TRISO-coated particle fuel for VHTR and high temperature gas-cooled reactor
(HTGR) technology and documented in a NUREG report (NUREG/CR-6844, Vols. I to 3).

The most significant phenomena (those assigned an importance rank of "high" with the
corresponding knowledge level of "low" or "medium") in the thermal-fluids area include primary system
heat transport phenomena which impact fuel and component temperatures, reactor physics phenomena
which impact peak fuel temperatures in many events, and postulated air ingress accidents that, however
unlikely, could lead to major core and core support damage.

The most significant phenomena in the fission products transport area include source term during
normal operation which provides initial and boundary conditions for accident source term calculations,
transport phenomena during an unmitigated air or water ingress accident, and transport of fission products
into the confinement building and the environment.

The most significant phenomena in the graphite area include irradiation effect on material properties,
consistency of graphite quality and performance over the service life, and the graphite dust issue which
has an impact on the source term.

The most significant phenomena in the high temperature materials area include those relating to
high-temperature stability and a component's ability to withstand service conditions, long-term thermal
aging and environmental degradation, and issues associated with fabrication and heavy-section properties
of the reactor pressure vessel.

The most significant phenomenon in the process heat area was identified as the external threat to the
nuclear plant due to a release of ground-hugging gases from the hydrogen plant. Additional phenomena
of significance are accidental hydrogen releases and impact on the primary system from a blowdown
caused by heat exchanger failure.

V



The PIRT process for the NGNP completes a major step towards assessing NRC's research and
development needs necessary to support its licensing activities, and the reports satisfy a major EPAct
milestone. The results will be used by the agency to: (1) prioritize NRC's confirmatory research activities
to address the safety-significant NGNP issues, (2) inform decisions regarding the development of
independent and confirmatory analytical tools for safety analysis, (3) assist in defining test data needs for
the validation and verification of analytical tools and codes, and (4) provide insights for the review of
vendors' safety analysis and supporting data bases.

Farouk Eltawila, Director
Division of Systems Analysis
Office of Nuclear Regulatory Research
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1. INTRODUCTION

Here we report the outcome of the application of the Nuclear Regulatory Commission (NRC)
Phenomena Identification and Ranking Table (PIRT) process to the issue of nuclear-grade graphite for the
moderator and structural components of a next generation nuclear plant (NGNP), considering both routine
(normal operation) and postulated accident conditions for the NGNP. The NGNP is assumed to be a
modular high-temperature gas-cooled reactor (HTGR), either a gas-turbine modular helium reactor (GT-
MHR) version [a prismatic-core modular reactor (PMR)] or a pebble-bed modular reactor (PBMR)
version [a pebble-bed reactor (PBR)] design, with either a direct- or indirect-cycle gas turbine (Brayton
cycle) system for electric power production, and an indirect-cycle component for hydrogen production.
NGNP design options with a high-pressure steam generator (Rankine cycle) in the primary loop are not
considered in this PIRT.

This graphite PIRT was conducted in parallel with four other NRC PIRT activities, taking advantage
of the relationships and overlaps in subject matter. The five NRC PIRT topical panels in this exercise are

" nuclear-grade graphite,

* accident and thermal fluids analysis (with neutronics),

* high-temperature materials (metals),

" process heat with hydrogen cogeneration, and

" fission product transport and dose.
The graphite PIRT panel maintained communications and coordination with the other PIRT groups
throughout the exercise.

The NGNP will use either a pebble-type fuel element made from powdered graphite and carbonized
resin or a graphite fuel element of prismatic geometry. United States designs have historically favored
the prismatic core, while the PBMR and the high-temperature reactor (HTR- 10) of China have adopted
the German pebble fuel element. There are significant differences in the materials in each of these fuel
element types. The prismatic-core modular reactor (PMR) utilizes nuclear-grade graphite block fuel
elements, whereas the PBR fuel pebbles are formed from a mix of artificial graphite, natural flake
graphite, and resin. The final processing temperature is limited in the fuel pebbles by the presence of the
coated particle fuel so the resin-derived carbon (glassy) carbon is only processed to 1800-1900'C.

The two reactor concepts (PMR and PBR) both utilize nuclear-grade graphites for the moderator and
core structural material. The temperature ranges for the two concepts are broadly similar, but the graphite
core component peak neutron dose in a PBR is substantially in excess of those in a PMR.

The graphite PIRT was conducted according to the eight-step PIRT process:

1. identification of issues,

2. define PIRT objectives,
3. hardware and scenario,

4. evaluation criteria,

5. knowledge base,
6. identify phenomena,
7. importance ranking, and

8. knowledge level ranking.
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After deliberation, the panel concluded that the figures of merit (FOM) for graphite should be split
into three categories: regulatory, system, and component. The graphite-related phenomena were
evaluated against these FOMs. The primary FOM for the graphite phenomena was the regulatory FOM
for maintaining the dose at the site boundary within regulatory limits.
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2. GRAPHITE PIRT BACKGROUND

Graphite will be used as the structural material and neutron moderator for HTGR cores, permanent
side reflectors, and for the core support structure. A significant challenge related to graphite for HTGRs
in the United States is that the previous graphite grade qualified for nuclear service in the United States,
H-45 1, is no longer available. The precursors from which H-451 graphite was manufactured no longer
exist and, furthermore, the present understanding of graphite behavior is not sufficiently developed to
enable the H-451 database to be completely extrapolated to nuclear graphite grades currently available.
Hence, it will be necessary to qualify new grades of graphite for use in the NGNP. It will be necessary to
qualify the new graphite(s) with regard to both non-irradiated and irradiated performance. In reactor
designs that impose large irradiation damage doses (i.e., beyond volume change turnaround) it may
become necessary to replace cores, components, and structures during the lifetime of the reactor, with
associated in-service inspection and assessment of the structural integrity of these structures. Thus the
operators will require data and understanding for decisions to be made on replacement timing.

In qualifying new grade(s) of graphite, it would be highly desirable to gain a. more robust
fundamental understanding of irradiated graphite behavior to ensure that new theories and models have a
sound, in-depth, scientific basis. To the extent that this is achieved, it would provide increased
confidence for design and licensing and reduce the extent of experimental verification that is required
when additional new graphite grades must be qualified in the future. Because of the inherent variability
in the important properties of graphite, a good understanding of the variability of the physical,
mechanical, and thermal properties for a given graphite grade within billet, between billets, and between
lots is needed to establish behavioral models of (degradation) phenomena during reactor life. Moreover,
the effects of reactor environment (temperature, neutron irradiation, and chemical attack) on the physical
properties must be elucidated. Finally, for each grade of graphite the irradiation- induced dimensional
change (which drives the generation of graphite component stresses) and irradiation creep behavior
(which relieves graphite component stresses) must be determined over a representative temperature and
fluence range.
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3. GRAPHITE PIRT PROCESS

The graphite PIRT panel used the specified PIRT process in their deliberations. Specifically, the
panel first discussed the PIRT process; establishing an understanding of the various steps and
requirements. These are given below:

1. identified the FOM;
2. defined the phenomena that affect FOM;
3. organized the phenomena at component level;
4. individually established the importance and assigned rank of high (H), medium (M), or low

(L) based upon the phenomenon influence on the FOM;
5. individually established the knowledge base and rated it as H, M, or L and identified pertinent

literature; and
6. reconciled rankings and collectively recommended panel rankings.

3.1 Step 1-Potential Graphite Issues

Specific phenomena that will need to be evaluated related to graphite are itemized in the list that
follows. Note that all artificially manufactured graphite exhibits some degree of anisotropy. Although
near-isotropic graphite is expected to be used in critical components, there are other components where
some isotropic behavior may be encountered. In such cases, the listed properties must be determined in
several directions of the billet.

0 Property variations

o The physical, mechanical, and thermal properties of graphite vary within a billet due to
process-induced texture and density gradients.

o The properties vary from billet to billet within a given production lot, and between lots and
batches.

o These statistical variations must be quantified and modeled.

0 Temperature

o The physical properties of graphite are temperature-dependant. The effect of temperature
must be quantified and modeled.

* Neutron irradiation
o Graphite undergoes dimensional change when subjected to neutron irradiation. The rate of

change is temperature dependant. Initial shrinkage "turns-around" into growth.
o The dose and temperature dependency of dimensional change must be determined and

mathematical models developed.
o Dimensional change under stress (irradiation creep) must be elucidated and irradiation

creep models developed. (Note graphite thermal creep is negligible below 1800°C.)
o The effect of fatigue on graphite needs to be assessed. Historically, fatigue failures have

not been observed, but limited experimental data show that a fatigue failure can occur in
graphite.

o Graphite physical and thermal properties are altered by neutron irradiation, and thus the
effects of neutron dose on properties and the temperature dependency of these effects must
be determined.

* Thermal oxidation

o Helium coolant gas impurities (H20, 02, CO2, CO) will cause thermal oxidation of
graphite at temperatures above -300'C. Similarly, air oxidation will occur during air-
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ingress accidents. The kinetics of the oxidation reactions must be determined as a function
of temperature, pressure, reactant concentration, and gas flow rate.

o The effect of oxidative weight loss on the physical properties of graphite must be
determined.

o Because neutron irradiation causes damage to graphite microstructure, oxidation studies
should be performed on irradiated graphite. The accident conditions of air- and moisture-
ingress will most likely occur for irradiated graphites, and thus accident analysis will
depend on this information for risk assessment.

* Fracture behavior

o The fracture behavior of graphite must be elucidated and modeled and the influence of
neutron dose and oxidation on fracture determined.

In support of graphite design, manufacturing, qualification, and operation, the following should also
be developed and/or integrated within the framework of industrial codes and standards. The following
relate to tools that may be used by the designer to mitigate the effects of the phenomena identified above.

* Design codes and standards and material specifications

o Standard test methods are needed for certain graphite physical, thermal, and mechanical
properties (others already exist) and must be developed through a consensus body
[American Society for Testing & Materials (ASTM)].

o Test methods and procedures are required for irradiation testing and oxidation testing.
o Graphite materials specifications must be developed.
o Graphite "failure"/"performance" criteria, design codes, and methodologies must be

developed and approved via consensus standards bodies [American Society of Mechanical
Engineers (ASME)].

* Nondestructive testing

o Nondestructive examination (NDE) methods must be developed for the inspection of
graphite components. These methods should have sufficient range and resolution to image
"critical defects."

o Automated NDE methods are needed.

" Inspection codes and standards

o Inspection criteria, methods, codes, and personnel requirements need to be developed and
approved in consensus manner to examine and approve graphite materials and components
for HTGR use.

o In-service inspection criteria, methods, codes, and personnel requirements need to be
developed and approved in consensus manner to examine and approve graphite materials
and components for further reactor operation, repair, or replacement.

* In-service inspection

o In-service inspection methods are needed to assess the condition of systems, structures,
and components during reactor operation and during outage. Methodology to further
assess the observed condition to the start-up condition is needed to determine any
compromise in safety margins and to ensure the adequacy of safety margin.

Additionally, significant activity is required to bring the existing graphite codes and standards to an
acceptable condition. The proposed section III Division 2, Subsection CE of the ASME Boiler and
Pressure Vessel (B&PV) Code (Design Requirements for Graphite Core Supports) was issued for review
and comment in 1992, but only limited action has been taken on this code since that time, and it must be
updated and adopted. During 2006, a Special Group (SG) was commissioned under Section III of the
ASME B&PV Code Committee to develop codes and standards for the design of graphite components for
high temperature gas-cooled reactors. This SG has made significant progress since then, including the
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development of educational material for introducing those familiar with metallurgy and materials to the
unique requirements for intrinsically anisotropic graphite exhibiting nonlinearity in stress-strain response
and variability in properties. Since 2004, ASTM has also been developing material specification
standards and recommended practices for determining properties of graphite that are important for reactor
design. The material specification standard for graphite core components was issued in 2006. Another
material specification standard for graphite core support components that are not subjected to high-dose
irradiation is under development and is expected to be issued during 2008. A thorough review of the
existing properties measurement standards has revealed that many of these standards must be expanded to
cover test methods for fracture toughness, lattice parameter determination by x-ray diffraction (XRD),
graphite-air oxidation, boron equivalency determination, chemical inventory (for decommissioning
considerations), specimen size issues, and overall nuclear-grade graphite material specifications.

3.2 Step 2-PIRT Objectives

The objectives of this PIRT exercise were to

1. identify aspects of the (graphite materials usage) PIRT that impact radiological safety at the
highest-level;

2. identify the graphite degradation phenomena for systems, structures, components, in HTGRs
that could potentially impact safety by reducing the available safety margin during normal
reactor operation, off-normal anticipated occurrences, design basis accidents, and beyond
design basis accidents;

3. assess the importance of several phenomena for their relative importance, based on a
consensus FOM; and

4. assess the adequacy of the state-of-knowledge of understanding the phenomena to provide
technical information for regulatory safety decisions.

3.3 Step 3-Hardware and Scenarios

3.3.1 Hardware

The NGNP is currently in the conceptual design stage, and the Department of Energy's (DOE's)
selection of the reactors concept and process heat systems is in progress. Reactor candidates include the
direct cycle prismatic-block gas turbine HTGR (such as the GA concept),.an indirect-cYCle prismatic core
version by AREVA, and a pebble-bed version similar to the South African PBMR.

Prismatic fuel elements consist of fuel compacts manufactured from natural flake graphite, synthetic
graphite, and a pyrolyzed binder resin, inserted into holes drilled in graphite hexagonal-prism blocks -300
mm across flats and 800 mm long (very similar to Fort St. Vrain reactor fuel elements). Pebble fuel
elements, developed in Germany in the late 1960s, are 60-mm-diam spheres containing a central region of
TRISO fuel particles in a matrix material comprised of natural flake graphite, artificial graphite, and a
pyrolyzed resin binder, surrounded by a 5-mm-thick fuel-free layer of the matrix material. The pebble
bed employs continuous refueling, with pebbles recycled approximately six to ten times, depending on
measured fuel burnup.

The use of graphite is envisioned primarily as a structural material and neutron moderator for the
NGNP core, permanent side reflectors, and core supports. The particular challenges related to graphite
for the NGNP relate primarily to the fact that the previous grades of graphite qualified for nuclear service
are no longer commercially available. The precursors from which those grades of graphite were made no
longer exist. Hence, it will be necessary to qualify new grades of graphite for use in the NGNP. Likely
potential candidates currently exist, including fine-grained isotropic, molded, or isostatically pressed,
high-strength graphites suitable for core support structures, fuel elements and replaceable reactor
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components, as well as near isotropic, extruded, nuclear graphites suitable for the above-mentioned
structures and for the large permanent reflector components.

Graphite is a composite materials manufactured from a filler coke and pitch binder. Nuclear
graphites are usually manufactured from isotropic cokes (petroleum or coal-tar derived) and are formed in
a manner to make them near-isotropic or isotropic materials. Figure 1 shows the major processing step in
the manufacturing of nuclear graphite. After baking (carbonization) the artifact is typically impregnated
with a petroleum pitch and re-baked to densify the part. Impregnation and rebake may occur several times
to attain the required density. Graphitization typically occurs at temperatures >2500'C. Additional
halogen purification may be required. Typical manufacturing times are 6-9 months.

RAW PETROLEUM
OR PITCH COKE

CALCINED AT 1300 0C

CALCINED COKE

i CRUSHED, GROUNED
AND BLENDED

BLENDED PARTICLES BINDER PITCH

MIXED

COOLED

EXTRUDED, MOLDED OR
ISOSTATICALLY PRESSED

F GREEN ARTIFACT /

BAKED AT 10000C

IMPREGNATED TO DENSIFY

7GRAPHITIZED 2500-28000C

GRAPHITE

Fig. I. The process steps in the manufacturing of nuclear graphite.

The forming and densification processes will impart property variation within the billet. The
properties will be somewhat different in the forming direction compared to the perpendicular to forming
direction. Moreover, a density gradient will exist from billet edge to center. These variations must be
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quantified for the selected grades of graphite. In addition, variations in property will arise from billet to
billet within a batch, and between production lots. Finished graphite is machined to the complex
geometries required for the reactor components (fuel elements, reflector blocks, core support post, etc.).

3.3.2 Scenarios relevant to graphite

The panel discussed scenarios that would lead to identifiable phenomena for the graphite
components of an NGNP. The following contributing factors to phenomena occurrence were identified.

" effect of air oxidation on properties after air ingress;

" external (applied) load;

* creep strain (irradiation-induced stress-modified dimensional change);

" internal stress (strain) temperature, fluence, coefficient of thermal expansion (CTE), E,
dimensional change, f(gradient in temperature, fluence);

* chemical attack (impure helium, graphite purity, for example);

" variability in properties (textural and statistical);

" consistency in graphite quality over the lifetime of the reactor fleet (for replacement, for
example);

* temperature-induced change in specific heat;

" change in thermal properties due to annealing, including stored energy;

* graphite dust generation (tribological behavior in helium, f(temperature, pressure, fluence);

" graphite specification;

* oxidation of graphite dust;

* emissivity, f(surface roughness);

* cyclic fatigue;

* thermal shock;

* subcritical crack growth;

* component NDE;

* online monitoring;

* in-service inspection;

* irradiation- induced dimensional change;

* irradiation-induced strength change;

* irradiation-induced thermal conductivity change;

* irradiation-induced Young's modulus change;

* irradiation-induced change in CTE;

* irradiation-induced change in shear modulus;

" irradiation-induced change in stress-strain curve; and

* irradiation-induced change in fracture behavior.

3.4 Step 4-Evaluation Criteria

The panel identified three levels of FOM. The top-level FOM was the requirement to maintain dose
levels to the public within the regulatory requirements. It was concluded in early discussions that no
graphite-specific phenomena (e.g., analogous to primary pressure boundary failure) could directly result
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in radionuclide release to the environment. On this basis, the focus of the analysis was shifted to
identifying phenomena that could potentially lead to increases in the likelihood of radionuclide releases or
in the severity of radionuclide releases, should they occur. This led to the identification of Level 2 and
Level 3 FOM that relate to that potential. The second level consisted of three "System" FOM that could
influence the top-level FOM, and were identified as those (1) leading to increased activity in the helium
coolant, (2) leading to challenges to the primary pressure boundary, and (3) adversely affecting the ability
to attain and maintain cold shutdown and hold down. These FOMs, in turn, are influenced by and
through the third-level "Component" FOM, which were ability to maintain passive heat transfer; maintain
ability to control reactivity; ability to protect adjacent components from excessive heat; ability to shield
adjacent components; ability to maintain coolant flow path; ability to prevent excessive mechanical load
on the fuel; and, ability to minimize activity in the coolant. These FOMs are given in Table 1.

Table 1. FOMs for the graphite phenomena

Level I Regulatory Dose
Level 2 System 1 Increased activity in the coolant

2 Challenge primary pressure boundary

3Degraded ability for cold shutdown and hold
down

Level 3 Component I Ability to maintain passive heat transfer

2 Maintain ability to control reactivity
3 Thermal protection of adjacent components

4 Shielding of adjacent components
5 Maintain coolant flow path
6 Prevent excessive mechanical load on the fuel

7 Minimize activity in the coolant

3.5 Step 5-Knowledge Base

The panel compiled and reviewed (to some extent) the contents of a database that captured

* recent design information available for both reactor types;
* relevant operational experience from Fort ST. Vrain, the Thorium High-Temperature Reactor

(THTR-300) in North Rhine Westaphalia, Germany, the Atomgeneinschaft Versuchs Reaktor
(AVR) in-Julich, Germany, and from the operation of Magnox and Advanced Gas-Cooled
Reactors (AGRs) in the United Kingdom (UK);

" the findings from the NRC preliminary safety evaluation of the steam-cycle MHTGR
(NUREG-1338);

* a database of extensive and comprehensive international reports available from the
International Atomic Energy Agency (IAEA) Web site (www.IAEA.org);

" a database of irradiated graphite properties available to participating nations from the IAEA
Web site; and,

* an extensive set of open literature reports that are listed in the Bibliography section.
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3.6 Step 6-Plausible Graphite Phenomena

The panel identified many phenomena that affected the FOMs in various ways and determined which of
the component FOM applied to these phenomena. A summary of the number of phenomena associated
with each of the FOM is provided in Table 2.

Table 2. Total number of phenomena influencing each FOM

FOM FOM Number of
ID phenomena

3-1 Ability to maintain passive heat transfer 22
3-2 Maintain ability to control reactivity 25
3-3 Thermal protection of adjacent components 22
3-4 Shielding of adjacent components II
3-5 Maintain coolant flow path 23
3-6 Prevent excessive mechanical load on the fuel 14
3-7 Minimize activity in the coolant 19

The phenomena identified by the graphite PIRT panel, plus several others that were passed to the
graphite panel from the other PIRT panels are listed in Table 3. The relevant FOM are also listed along
with a brief Comment explaining the relevance of nature of the phenomena.

Table 3. Plausible phenomena

ID
No. FOM Phenomena Comment

I All Level 3 Statistical variation of non-irradiated The variability in properties of graphite
properties. manufactured to given specifications must be

accounted for, including the degree of
anisotropy. There are implications for
mechanical and heat transport properties, as
well as for response to chemical attack
(purity level), degradation in service and
decommissioning.
(This aspect is well-understood by the
graphite designers and has been implemented
in the design code of various HTGR designs
in the past. The currently ongoing ASME
Code development is expected to incorporate
these aspects in the design codes and
standards.)

2 All Level 3 Consistency in graphite quality over the The concern is with variation in the quality
lifetime of the reactor fleet (for of graphite supply over long-periods of time
replacement, for example). (e.g., the lifetime of any reactor), and with

manufacturing levels associated with a
multiple reactor fleet.

3 3-2 Graphite contains inherent flaws. Need improved methods for flaw evaluation.
through 3-6

4 3-2 Cyclic fatigue (nonirradiated). Implications for structural reliability..
3-4
3-5
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Table 3 (continued)

IDNo FOM Phenomena CommentNo.

5(a) 3-1 Temperature dependence of non- Need analytical models that correlate
3-3 irradiated thermal properties. fundamental graphite properties, such as

porosity (size, shape, and orientation),
distribution, grain (size, shape, and
orientation distribution), and density with
non-irradiated properties and predictive
models for irradiated properties from non-
irradiated properties data.

5(b) 3-2 Temperature dependence of non- The knowledge level associated with
3-5 irradiated mechanical properties. properties influencing these Level 3 criteria
3-7 was considered higher by one reviewer.

6 All Level 3 Irradiation-induced dimensional Largest source of internal stress. Need
change. predictive models for irradiated properties

from non-irradiated properties data.
7 All Level 3 Irradiation-induced creep (irradiation- Could potentially reduce internal stress

induced dimensional change under significantly.
stress).

8 3-1 Irradiation-induced thermal Concern is that thermal conductivity might
3-3 conductivity change. be lower than required by design basis for
3-5 licensee basis event (LBE) heat removal due
3-7 to (a) inadequate database to support design

over component lifetime and (b) variations in
characteristics of graphites from lot to lot;
potential is to exceed fuel design
temperatures during LBEs.

9 3-2 Irradiation-induced changes in elastic
3-3 constants, including the effects of creep
3-5 strain.
3-6

10 3-2 Irradiation-induced change in CTE,
3-3 including the effects of creep strain.
3-5
3-6

1.1 3-2 Irradiation-induced changes in Tensile, bend, compression, shear
3-3 mechanical properties (strength, (multiaxial), stress-strain relationship,
3-5 toughness), including the effect of creep fracture, and fatigue strength.
3-6 strain (stress).

12 3-1 Stored energy release. Above 150'C, this is considered not to be an
issue and above 350'C to be insignificant.
Low-temperature release of stored energy is
not an issue for HTRs. The reported
minimal high-temperature reduction (due to
irradiation) of specific heat needs to be
confirmed by additional experiments and
analyses.

13 3-1 Annealing of thermal conductivity. During accident improves heat conduction,
has beneficial implications for maintaining
fuel temperature limit.

14 3-7 Oxidation of graphite dust. See report: A. Wickham (EPRI report).
15 3-7 Graphite dust generation. Tribological behavior in helium, f(T,

pressure, fluence). Dust particle size
distribution.
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Table 3 (continued)

IDNo FOM Phenomena CommentNo.

16 3-1 Potential changes in irradiated graphite Emissivity, f(oxidation, surface roughness).
emissivity.

17 3-5 Tribology of graphite in (impure)
helium environment.

18 3-7 Irradiation-induced change in graphite Link to FPT panel.
pore structure.

19 3-7 Temperature-dependent release of Link to FPT panel.
fission product (FP) from graphite.

20 3-7 Oxidation of irradiated graphite, Irradiated graphite will have degraded
including potential adsorbed/absorbed structure, potentially having enhanced
FP. oxidation; it will potentially increase the

release of FP. Link to FPT panel.
21 3-1 Degradation of thermal conductivity This has implications for fuel temperature

limit for loss-of-forced cooling accident.
21(a) 3-3 Degradation of thermal conductivity Has implications for maintaining temperature

limits for adjacent (metal) components.
22 3-1 Annealing of thermal conductivity During accident improves heat conduction,

has implications for maintaining fuel
temperature limit.

22(a) 3-3 Annealing of thermal conductivity During accident improves heatconduction-
detrimental to adjacent metallic component
temperature.

23 3-1 Stored energy release Above 150'C, this is considered not to be an
issue and above 350"C to be insignificant.
Low-temperature release of stored energy is
not an issue for HTRs. The reported
minimal high temperature reduction (due to
irradiation) of specific heat needs to be
confirmed by additional experiments and
analyses.

24 3-5 Blockage of fuel element coolant Results in increased fuel temperature in
channel (prismatic fuel). localized areas.

24(a) 3-5 Foreign object (debris) Broken pieces of non-graphite core
components, such as ceramic tie-rods, etc.
Tied to high-temperature materials [carbon
fiber composite (CFC)I.

24(b) 3-5 Due to graphite failure, spalling Debris generated from within the graphite
core structures.

24(c) 3-5 Channel distortion Deformation from individual graphite blocks
and block assemblies. There is a link to the
metallic core support structure.

26 3-1 Blockage of reflector block coolant Results in reduced thermal capacity of the
channel core during accident conditions.

26(a) 3-1 Foreign object (debris) Broken pieces of non-graphite core
components, such as ceramic tie-rods, etc.
Collapse of upper insulation and deposition
onto channel (PCR). Tied to high-
temperature materials (CFRC hanger rods).

26(b) 3-1 Due to graphite failure, spalling Debris generated from within the graphite
I_ I core structures.

13



Table 3 (continued)

No. FOM Phenomena Comment'
26(c) 3-1 Channel distortion Deformation from individual graphite blocks

and/or block assemblies. There is a link to
__________ _____________________________the metallic core support structure.

27 3-2, 3-3 Blockage of coolant channel in Results in damage to the reactivity control
reactivity control block components; physical misalignment of

channel interfaces.
27(a) 3-2, 3-3 Foreign object (debris) Broken pieces of non-graphite core

components, such as ceramic tie-rods, etc.
Tied to high-temperature materials [carbon-

_____________________________fiber-reinforced composite (CFRC)I.
27(b) 3-2, 3-3 Due to graphite failure, spalling Debris generated from within the graphite

________________________________core structures.
27(c) 3-2, 3-3 Channel distortion Deformation from individual graphite blocks

and/or block assemblies. There is a link to
_____________________________the metallic core support structure.

28 3-2 Blockage of reactivity control channel Results in inability to freely insert absorber
_______________________________materials.

28(a) 3-2 Foreign object (debris) Broken pieces of non-graphite core
components, such as ceramic tie-rods, etc.

_____________________________Tied to high-temperature materials (CFRC)
28(b) 3-2 Due to graphite failure, spalling Debris generated from within the graphite

________________________________core structures.
28(c) 3-2 Channel distortion Deformation from individual graphite blocks

_____________________________and/or block assemblies.
29 3-5, 3-7 Increased bypass coolant flow channels Due to channel distortion, cracking in

by break, distortion, etc. graphite bricks, etc. Reduced coolant flow
through fuel requires higher fuel temperature

_______________________________to maintain the same core outlet temperature.
30 3-3 Increased bypass coolant flow channels If the bypass is near to the adjacent metallic

by break, distortion, etc. structures, this phenomenon may challenge
__________ _____________________________the temperature limit of metallic structures.

31 Outlet plenum collapse Gross collapse of structures that define the
____________________________core outlet plenum.

3 1 (a) 3-1 Outlet plenum collapse Disrupts heat conduction path.
31(b) 3-2 Outlet plenum collapse Potentially distortion/displacement of

_______________________________reactivity control channels.
3 1(c) 3-5 Outlet plenum collapse Disrupts coolant flow path.
3 1(d) 3-6 Outlet plenum collapse Could potentially result in excessive

__________ _____________________________mechanical load in the fuel.
32 3-7 Chemical attack During air/moisture ingress accident,

chemical impurities in graphite have effect
__________ ___________________________on the rate of chemical attack.

32(a) 3-1, 3-2, 3-7 Catastrophic chemical attack. Excessive change in component geometry,
such as reduction in cross section, due to

___________large and sustained chemical attack.
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Table 3 (continued)

IDNo FOM Phenomena CommentNo.

32(b) All Level 3 Effect of chronic chemical attack on Change in graphite internal pore structure
properties due to (slow) chemical attack over long

period of time. Degradation of strength,
thermal conductivity, Young's modulus.
CTE not relevant as per existing data
[Hacker, P. J., et al. (1999)]. The
consequences have been dealt with for
phenomena 12, 13, 14, 15, 16, and 17.

33 3-2, 3-3, 3-4, External (applied) loads Can become significant if not properly
3-5, 3-6, 3-7 addressed in design. For example, heat up

(thermal expansion of core barrel,
deformation of the integrated, whole-core
graphite structure, dimensional change).
Consequences of these phenomena have
been addressed in others (e.g., 12 through
17).

34 3-1, 3-2, 3-3, Fast neutron fluence All graphite component life (structural
3-4, 3-5, 3-6, integrity) predictions rely on an accurate

3-7 time and spatial calculation of fast neutron
fluence (data supplied to graphite specialists
by reactor physicists).

35 3-1, 3-2, 3-3, Gamma and neutron heating About 5% of the heat in a graphite-
3-4, 3-5, 3-6, moderated reactor is generated within the

3-7 graphite components due to gamma and
neutron heating. Predictions of the graphite
temperatures for use in structural integrity
calculations rely on this quantity. Accurate
calculation of the spatial distribution of
gamma and neutron heating is required to be
supplied to the graphite specialist by reactor
physicist).

36 3-1, 3-2, 3-3, Graphite temperatures All graphite component life and transient
3-4, 3-5, 3-6, calculations (structural integrity) require

3-7 time-dependent and spatial predictions of
graphite temperatures. Graphite temperatures
for normal operation and transients are
usually supplied to graphite specialists by
thermal-hydraulics specialist. Although in
some cases gas temperatures and heat
transfer coefficients are supplied, and the
graphite specialists calculate the graphite

I component temperatures from these.

3.7 Step 7-Importance Level Ranking

The panel ranked applicable phenomena in each table relative to one or more evaluation criterion or
FOM, for example "maintain ability to control reactivity". Each phenomenon was assigned an importance
rank of "High," "Medium," or "Low," accompanied by a discussion and rationale for the assignment.
The NRC definitions associated with each of these importance ranks follow:
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Importance rank and definition

Importance Definition
rank

Low (L) Small influence on primary evaluation criterion
Medium (M) Moderate influence on primary evaluation criterion

High (H) Controlling influence on primary evaluation criterion

A compilation of the rankings for all the scenarios covered is found in Table 4 and in the PIRT Table in
Sect. 5.

3.8 Step 8-Collective (Panel) Knowledge Level Ranking

Panel members assessed and ranked the current knowledge level for applicable graphite phenomena
in the PIRT table (Table 5, Sect. 4). Compiled (averaged) values of the panel member's individual
rankings are also given in Table 6. High, medium, and low designations were used to reflect knowledge
levels and adequacy of data and analytical tools used to characterize the phenomena, using the NRC-
supplied definitions shown below.

Knowledge level and definitions

Knowledge Definition
level

H Known: Approximately 70-100% of complete knowledge and understanding
M Partially known: 30-70% of complete knowledge and understanding
L Unknown: 0-30% of complete knowledge and understanding

3.9 Documentation of the PIRT-Summary

The collective PIRT table and panel scoring is in Sect. 4. The panel's phenomena importance and
knowledge ranking are summarized in Table 4 below. In the table, "I" refers to the importance of the
phenomenon and "K" refers to the present level of knowledge. "H," "M," and "L" refer to high, medium,
and low, respectively.

Table 4. Summary of the phenomena importance
and knowledge rankings

PIRT rank Number of phenomena

I-H, K-L 5
I-H, K-M 9
I-M, K-L 2
I-M, K-M 14
I-L, K-H 0
I-L, K-M 2
I-L, K-L I
I-H, K-H 8
I-M, K-H I
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The phenomena ranked with HIGH importance and LOW or MEDIUM knowledge bases are of the
utmost concern. Similarly, phenomena with a MEDIUM knowledge rank and LOW or MEDIUM
knowledge base are of concern.

3.9.1 Phenomena ranked I-H, K-L

LD. No. 7: Irradiation-induced creep (irradiation-induced dimensional change under stress)

Stress due to differential thermal strain and differential irradiation-induced dimensional changes
would very quickly cause fracture in the graphite components if it were not for the relief of stress due to
irradiation-induced creep. The phenomena and mechanism of irradiation-induced creep in graphite is
therefore of high importance. Currently there are no creep data for the graphite grades being proposed for
use in the NGNP. However, creep at low dose follows a linear law that can be explained through a
dislocation pinning/unpinning model due to Kelly and Foreman [39]. Marked deviation from this law has
been observed at intermediate neutron doses. The applicability of the law has been extended by taking
into account changes in the pore structure that manifest themselves as changes in the CTE with creep
strain [15]. However, the current creep law breaks down at high-temperature, moderate-dose and
moderate-temperature high-dose combinations. A new model for creep is needed that can account for the
observed deviations from linearity or the creep strain rate with neutron dose. Existing and new models
must be shown to be applicable to the currently proposed graphite grades. Knowledge rank was therefore
considered as low.

ID. No. 10: 'Irradiation-induced change in CTE, including the effects of creep strain

Differential thermal strains occur in graphite components due to temperature gradients and local
variation in the CTE. Variations in the CTE are a function of the irradiation conditions (temperature and
dose) and the irradiation induced creep strain [20, 33, 15, 10]. Thus the importance ranking is high for
this phenomenon. Irradiation-induced changes in CTE are understood to be related to changes in the
oriented porosity in the graphite structure. The changes are observed to be different when graphite is
placed under stress during irradiation. The direction and magnitude of the stress (and creep strain) affect
the extent of the CTE change. Only limited data are available for the effect of creep strain on CTE in
graphite, and none of this data is for the grades proposed for the NGNP. Thus, the knowledge rank is
low.

I.D. No. 11: Irradiation-induced changes in mechanical properties (strength, toughness), including
the effect of creep strain (stress)

The properties of the graphite are known to change with neutron irradiation, the extent of which is a
function of the neutron dose, irradiation temperature, and irradiation-induced creep strain. Differential
changes in moduli, strength, and toughness must be accounted for in design. The importance of this
phenomenon is thus ranked high. Although data exist for the effect of neutron dose and temperature on
the mechanical properties of graphite, there are few data on the effects of creep strain on the mechanical
properties. Moreover, none of the available data is for the grades currently being considered for the
NGNP. Knowledge ranking is therefore low.

LD. No. 25(b): Blockage offuel element coolant channel due to graphite failure and/or graphite
spalling

Significant uncertainty exists as to the stress state of any graphite component in the core. Moreover,
the strength of the components changes with dose, temperature, and creep strain. The combination of
these factors makes the probability of local failure, graphite spalling, and possible blockage of a fuel
element coolant channel difficult to determine. Consequently the panel rated this phenomenon's
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importance as high. Although the changes in properties of graphite have been studied for many years,
there are still data gaps that make whole core modeling very difficult (e.g., effect of creep strain on
properties). Moreover, data on the grades selected for NGNP are not available. Therefore, the panel
rated the knowledge base for this phenomenon as low.

LD. No. 2 7(b): Blockage of coolant channel in reactivity control block due to graphite failure and/or
graphite spalling.

Significant uncertainty exists as to the stress state of any graphite component in the core. Moreover,
the strength of the components changes with dose, temperature, and creep strain. The combination of
these factors makes the probability of local failure, graphite spalling, and possible blockage of a coolant
channel in a reactivity control block difficult to determine. Consequently the panel rated this
phenomenon's importance as high. Although the changes in properties of graphite have been studied for
many years there are still data gaps that make whole core modeling very difficult (e.g., effect of creep
strain on properties). Moreover, data on the grades selected for NGNP are not available. Therefore, the
panel rated the knowledge base for this phenomenon as low.

3.9.2 Phenomena ranked I-H, K-M

ID. No. 1: Statistical variation of non-irradiated properties

The graphite single crystal is highly anisotropic due to the nature of its bonding (strong covalent
bonds between the carbon atoms in the basal in the plane and weak van der Waals bonds between the
basal planes). This anisotropy is transferred to the filler coke particles and also to the crystalline regions
in the binder phase. Thus, the mechanical and physical properties of graphite vary within a billet due to
texture introduced during forming and thermal processing. Moreover, there is statistical variability in the
properties between billets within the same lots, between lots, and between batches due to variations on
raw materials, formulations, and processing conditions. Therefore, it is necessary to develop a statistical
data base of the properties for a given graphite grade. Variations in the chemical properties (chemical
purity level) will have implications for chemical attack, degradation, decommissioning). Probabilistic
design approaches are best suited to capturing the variability of graphite. The panel rated this
phenomenon as high importance. Although other nuclear graphites have been characterized and full
databases developed, allowing an understanding to de developed of the textural variations, only limited
data exist on the graphites proposed for the NGNP. Therefore, the panel rated this phenomenon's
knowledge level as medium.

LD. No. 2: Consistency in graphite quality over the lifetime of the reactor fleet (for replacement,
for example)

Graphite is manufactured from cokes and pitches derived from naturally occurring organic sources
such as oil and coal (in the form of coal tar pitch). These sources are subject to geological variations and
depletion, requiring the substitution of alternate sources. Therefore, consistency of graphite quality and
properties over the lifetime of a reactor, or the reactor fleet (for replacement, for example), is of
importance. The panel ranked the importance of this phenomenon as high. Our understanding of this
phenomenon is sufficient that we are able to develop generic specifications (ASTM D02.F, D 7219-05)
that should assure quality and repeatability. However, this has not been proven. The panel assessed the
knowledge base for this phenomenon as medium.

I.D. No. 6: Irradiation-induced dimensional change

Neutron irradiation causes dimensional changes in graphites. Theses changes are the result of
anisotropic crystal growth rates (a-axis shrinkage and c-axis growth), the interaction of crystal
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dimensional change with porosity, and the generation of new porosity. The amount of irradiation-induced
dimensional change is a function of the neutron dose and irradiation temperature. Consequently,
gradients in temperature or neutron dose will introduce differential dimensional changes (strains).
Irradiation induced dimensional changes are the largest source of internal stress. Because of the
significance of dimensional changes in generating core stresses, the panel gave this phenomenon as high
importance. Irradiation-induced dimensional changes have been researched for many years, and several
dimensional change models have been proposed. However, there is a paucity of data for the dimensional
changes of the graphites proposed for the NGNP. Therefore, the knowledge rank was considered as
medium.

LD. No. 8: Irradiation-induced thermal conductivity change

Displacement damage caused by neutron irradiation introduces additional phonon scattering sites to
the graphite crystal lattice and consequently reduces the thermal conductivity. The nature of the
irradiation-induced damage is sensitive to the temperature of irradiation. Consequently, the extent of
degradation is temperature dependant. In addition, phonon-phonon (Umklapp) scattering increases as the
measurement temperature increases, and thus the thermal conductivity falls as the temperature increases.
At very high irradiation dose, thermal conductivity reduces further, at an increased rate, attributed to
porosity generation due to large crystal dimensional change. The thermal conductivity is also subject to
some recovery (annealing) on heating above the irradiation temperature (such as during an accident
thermal transient). The exact thermal conductivity under all core conditions is therefore subject to some
uncertainty. A thermal conductivity lower than required by design basis for LBE heat removal due to (a)
inadequate database to support design over component lifetime, or (b) statistical and textural variations in
characteristics of graphites from lot to lot have the potential to allow fuel design temperatures to be
exceeded during LBEs. The importance of this phenomenon was therefore considered high. Irradiation-
induced thermal conductivity changes have been researched for many years and several conductivity
change models have been proposed. However, there is a paucity of data for the conductivity changes of
the graphites proposed for the NGNP. Therefore, the knowledge rank was considered as medium.

LD. No. 9: Irradiation-induced changes in elastic constants, including the effects of creep strain

Neutron irradiation induces changes in the elastic constants of graphite. Initial increases in the
moduli are attributed to an increase in dislocation pinning points in the basal plane, which reduce the
crystal shear compliance, C44. Subsequent changes in the elastic modulus are attributed to pore-structure
changes (initial pore closures followed by pore generation). Although the understanding of irradiation
modulus changes is plausible behavior, there are no direct microstructural observations or sufficiently
well developed models of these mechanisms. Therefore, the knowledge rank was considered as medium.

ID. No. 17: Tribology of graphite in (impure) helium environment

Graphite is a naturally lubricious material. However, its behavior is modified by the helium
environment of the NGNP. The abrasion of graphite blocks on one another or of the fuel pebbles on the
graphite moderator blocks may produce graphite dust. Studies are needed to assess the effect of the
helium environment on the friction and wear behavior of graphite. The possibility that fuel balls can
"stick" together and cause a fuel flow blockage must be explored, although German pebble bed
experience was positive in this regard (i.e., no blockages). The consequences of dust generation (possible
fission product transport mechanism) and possible fuel ball interactions resulted in the panel ranking the
importance of this phenomenon as high. Some literature exists on this subject mostly from the past
German program. Consequently, the panel ranked the knowledge level as medium.
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1.D. No. 21: Degradation of thermal conductivity (see No. 8 above)

The degradation of thermal conductivity in graphite components has implications for fuel
temperature limits during loss-of-forced cooling accidents.

I.D. No. 28(b): Blockage of Reactivity Control Channel due to graphite failure, spalling

Significant uncertainty exists as to the stress state of any graphite component in the core. Moreover,
the strength of the components changes with dose, temperature, and creep strain. The combination of
these factors makes the probability of local failure, graphite spalling, and possible blockage of a reactivity
control channel in a reactivity control block difficult to determine. Consequently, the panel rated this
phenomenon's importance as high. Although the changes in properties of graphite have been studied for
many years, there are still data gaps that make whole core modeling very difficult (e.g., effect of creep
strain on properties). Moreover, data on the grades selected for NGNP are not available. NGNP designs
are known to be capable of safe shutdown without control rod entry. Therefore, the panel rated the
knowledge base for this phenomenon as medium.

LD. No. 36: Graphite temperatures

All graphite component life and transient calculations (structural integrity) require time-dependent
and spatial predictions of graphite temperatures. Graphite temperatures for normal operation and
transients are usually supplied to graphite specialists by thermal-hydraulics specialists. Although, in some
cases, gas temperatures and heat transfer coefficients are supplied, and the graphite specialists calculate
the graphite component temperatures from these.

3.9.3 Phenomena ranked I-M, K-L

I.D. No. 15: Graphite dust generation

Abrasion between adjacent block, or fuel pebbles and reflector blocks, will cause the formation of
dust. This may become a vector for fission products or could possibly impede coolant flow (see below).

LD. No. 26(b): Blockage of reflector block coolant channel-due to graphite failure, spalling

Blockage of coolant channels by graphite debris could cause local hot spots in the core.

3.9.4 Phenomena ranked I-M, K-M

I.D. No. 3: Graphite contains inherentflaws

Graphite contains a distribution of inherent flaws that control the strength of the material. This flaw
population must be established, along with the mechanical properties, in order to design the reactor
graphite structures, The flaw structure is one of the components of the graphites texture.

LD. No. 4: Cyclic fatigue (non-irradiated)

The extent to which a given grade suffers from fatigue reduction in strength must be determined for
both unirradiated and irradiated graphite. However, prior data show this to be a small effect.
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I.D. No. 13: Annealing of thermal conductivity

When graphite is heated above its previous irradiation temperature by -50'C, annealing of the defect
structure (caused by displacement damage) can occur. Thus, there is some recovery of the thermal
conductivity because the internal resistance caused by phonon-defect scattering is reduced.

I.D. No. 21(a): Degradation of thermal conductivity

See I.D. No. 8 (above).

I.D. No. 22: Annealing of thermal conductivity

See I.D. No. 13 (above).

ID. No. 22(a): Annealing of thermal conductivity

See I.D. No. 13 (above).

I.D. No. 25(c): Channel distortion

ID. No. 26(c): Channel distortion

LD. No. 27(c): Channel distortion

ID. No. 28(c): Channel distortion

Channel distortions may occur because of differential strains. These, in turn, are caused by local
differences in dimensional change rates due to temperature and dose gradients.

I.D. No. 29: Increased bypass coolant flow channels by break, distortion, etc.

ID. No. 30: Increased bypass coolant flow channels by break, distortion, etc.

Channel distortions may occur because of differential strains. These, in turn, are caused by local
differences in dimensional change rates due to temperature and dose gradients. Differential strains may
eventually cause failure of graphite core components

ID. No. 32(b): Effect of chronic chemical attack on properties

Oxidation by air of impurities in the helium coolant to chronic levels will reduce graphites
mechanical integrity and increase the rate of dust formation. Predictive methods are needed for the extent
of weight loss and the effect of weight loss on graphite.

I.D. No. 33: External (applied) loads

Such loads must be quantified and properly accounted for in the design process.
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4. PIRT TABLES

Table 5. PIRT table for graphite material
(Bu = Burchell, M = Marsden, Br = Bratton, P = Panel)

Material: Graphite

ID FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
All Statistical Variability in H H H H Graphite has a significant M M M M Statistical methods

Level 3 variation of properties (textural spread in properties; need agreeing,
non-irradiated and statistical); therefore, a statistical improving on, and
properties isotropic. Probabilistic approach is essential, validating. Standards

approach use is That is within block, need establishing.
prudent. Purity level; block to block within the
implications for same batch and batch to
chemical attack, batch. This has to be
degradation, known and understood.
decommissioning.

2 All Consistency in Consistency in H H H H Raw materials and M M M M While there is a
Level 3 graphite graphite quality over manufacturing general understanding

quality over the lifetime of the techniques may change of graphite behavior
the lifetime of reactor fleet (for with resultant change in for similar types of
the reactor replacement, for properties and irradiation graphite, research is
fleet (for example). Over behavior, required to enable a
replacement, multiple reactor fleet, reasonable prediction
for example). and over the lifetime of irradiated graphite

of any reactor. behavior to be made
from knowledge of
the microstructure of
unirradiated graphite.
Thus, reducing the
need for large
databases which may
take many years to
carry out.

t)tOj



Table 5 (continued)

Material: Graphite
ID
No FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
3 3-2 Graphite Need methods for H M H M Available techniques M M L M New improved NDE.

thru 3-6 contains flaw evaluation. * need further methods require
inherent flaws development, developing.

demonstration, and
confirmation. New
improved component
NDE techniques are
desirable.

4 3-2 Cyclic fatigue Structural reliability L M M M Probably number of M M M M Unirradiated data
3-4 (nonirradiated) cycles too low to be exist, irradiated data
3-5 important. required.

5(a) 3-1 Temperature H H H H Thermal and mechanical H H H H Empirical data can be
3-3 dependence of behavior different than easily obtained on

nonirradiated metals and need to be - unirradiated
thermal understood. In particular properties,
properties. CTE, thermal temperature

conductivity, conversion rules need
to be defined in
standards.

5(b) 3-2 Temperature L L L L In particular Young's M H H H Empirical data can be
3-5 dependence of modulus and strength. easily obtained on
3-7 nonirradiated Could add margin to the unirradiated

mechanical safety case at high properties,
properties. - temperature. temperature

conversion rules need
to be defined in
standards.

6 All Irradiation- Largest source of H H H H Required for graphite M M H M Data available or can
Level 3 induced internal stress FEM stress analysis, be measured, but

dimensional main driver for stresses. better mechanistic
change -- understanding

desirable.

k)



Table 5 (continued)

Material: Graphite

ID
No. FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale

Bu M Br P Bu M Br P
All Irradiation- Could potentially H H H H Required for graphite L L L L It is essential that

Level 3 induced creep reduce significantly FEM stress analysis, acts irradiation creep is
(irradiation- internal stress? to reduce stress. better understood,
induced mechanistic
dimensional understanding
change under - essential. There are
stress). interaction effects

with CTE and maybe
dimensional change
and modulus. New
models are needed
along with data on
new graphites.

8 3-1 Irradiation- Thermal conductivity H H H H Important input to loss- M M H M Low fluence data
3-3 induced lower than required by of-coolant accidents and available and
3-5 thermal design basis for LBE used to define understanding
3-7 conductivity heat removal due to temperatures for FEM adequate. High

change. (a) inadequate irradiated graphite fluence data and
database to support component stress understanding
design over analysis. required.
component lifetime Methodology for
and (b) variations in temperature
characteristics of dependence requires
graphites from lot to validation see Kelly.
lot; potential is to (1967).
exceed fuel design
temperatures during
LBEs.

k,)



Table 5 (continued)

Material: Graphite
ID
No FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale

Bu M Br P Bu M Br P

9 3-2 Irradiation- H H H H Essential for input into M M M M Data available or can
3-3 induced irradiated graphite FEM be measured, better
3-5 changes in stress analysis. mechanistic
3-6 elastic understanding

constants, desirable. Concept of
including the increase in modulus
effects of due to "pinning"
creep strain. needs further

"investigation.
10 3-2 Irradiation- H H H H Essential input into L M L L Extensive database,

3-3 induced irradiated graphite some micro-
3-5 change in component stress structural/
3-6 CTE, analysis, also affected by mechanistic studies

including the irradiation creep. required.
effects of
creep strain.

11 3-2 Irradiation- Tensile, bend, H H H H Essential input into L L L L Extensive database,
3-3 induced compression, shear irradiated graphite some micro-
3-5 changes in (multiaxial), stress- component stress structural/
3-6 mechanical strain relationship, analysis. mechanistic studies

properties fracture, and fatigue required. Better
(strength, strength. understanding of
toughness), fracture process
including the required.
effect of creep
strain (stress).



Table 5 (continued)

Materialh Graphite

No. FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale

Bu M Br P Bu M Br P
12 3-1 Stored energy Above 350'C, this is L L L L Not an issue. But, high- M M M M At low temperatures,

release not an issue. Low- temperature long-term enough information is
temperature release of behavior needs to be available. However,
stored energy is not an confirmed by fuirther for high temperatures,
issue. The reported experiments, experimental data and
minimal high- model would be
temperature reduction needed.
(due to irradiation) of
specific heat needs to
be confirmed by
additional experiments

_____and analyses.
13 3-1 Annealing of During accident H M M M Information on recovery M L H M Physics well-

thermal improves heat of thermal conductivity understood. Data
conductivity conduction, has during transients will be lacking for relevant

implications for needed. grades.
maintaining fuel
temperature limit.

14 3-7 Oxidation of See report: A. M M M M Kinetics of graphite dust H H M H A significant amount
graphite dust Wickh~am (EPRIT can be different than of work has been

report) bulk graphite; dust carried out in this
adsorbs/absorbs FP and area related to
has implications for FP decommissioning.
transport and relocation.
Addlitionally, exothermic
heat generation from dust
oxidation can heat

______________ ____________I graphite._____________



Table 5 (continued)

I'.

Material. Graphite
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
15 3-7 Graphite dust Tribological behavior M M M M Potential circulating L L L L There appears to be a

generation in helium, activity. lot of contradictory
f(temperatures, statements and
pressure, fluence). evidence as to the
Dust particle size level of dust involved
distribution. and where it comes

from, that is, graphite
pebbles, blocks.
Requires validated
evidence.

16 3-1 Potential Emissivity, L L L L Emissivity change H H H H System specific data
changes in f(oxidation, surface probably has low impact may be required.
irradiated roughness). on heat transfer.
graphite
emissivity

17 3-5 Tribology of H H M H Depends on design. L M M M Limited data
graphite in Impacts seismic available.
(impure) assessments. Whole-
helium core modeling needs
environment these data.

18 3-7 Irradiation- Link to FPT panel. M M L M Related to pore structure M M L M There is a significant
induced of graphite and amount of UK work
change in "tortuosity." on porosity
graphite pore Permeability, gas development in
structure. diffusivity, and form and radiolytically

location of impurity oxidized graphite, but
within the pore structure much less on graphite
may factor into FP irradiated in an inert
transport. May influence atmosphere. There is
the fission product empirical data on FP
transport. Needs to be in graphite, little
coordinated with FP know how they and
panel. The graphite other impurities are
panel needs more bonded into structure,



Table 5 (continued)

Material: Graphite
ID FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale

No.

Bu M Br P Bu M Br P

information for this subject is part of
importance ranking. EU FP7 Carbowaste

program.

19 3-7 Temperature- Link to FPT panel L L L L Stored FP. The graphite L L L L Irradiation high-
dependent panel needs more temperature release
release of FP information for mechanism is
from graphite. importance ranking. postulated. No

experimental
evidence.

20 3-7 Oxidation of
irradiated
graphite,
including
potential
adsorbed/.
absorbed FP.

Irradiated graphite
will have degraded
structure, potentially
having enhanced
oxidation; it will
release FP and a link
to FP transport.

M H I L IM After irradiation, does
the chemical reactivity of
graphite change? The
graphite panel needs
more information on the
need and relevance of
this phenomenon from
FP panel.

H IH H H

00

A significant amount
of data available from
UK, Germany, United
States, Russia, etc.
System-specific data
may be required.
Some very high-
temperature tests may
be required.



Table 6. PIRT for graphite components
(Bu = Burchell, M = Marsden, Br = Bratton, P = Panel)

Graphite Component
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
21 3-1 Degradation of Has implications for fuel H H H H Important input to loss- M M H M Low fluence data

thermal temperature limit for of-coolant accidents and available and
conductivity loss-of-forced cooling used to define understanding

accident. temperatures for FEM adequate. High
irradiated graphite fluence data and
component stress understanding
analysis. required.

Methodology for
temperature
dependence
requires validation;

I see Kelly (1967).
21(a) 3-3 Degradation of Has implications for H M M M Presumably metal parts M M M M Low fluence data

thermal maintaining temperature are well away from available and
conductivity limits for adjacent maximum flux. understanding

(metal) components. adequate.
Methodology for
temperature
dependence
requires validation;
see Kelly (1967).

22 3-1 Annealing of During accident M M M M This can be categorized M L H M Physics well-
thermal improves heat as "nice to have" data understood. Data
conductivity conduction, has and understanding, will lacking for relevant

implications for help with safety margins. grades.
maintaining fuel Experimental data
temperature limit, required, probably

generic to all
graphite, except at
high fluence.

N)



Table 6 (continued)

Graphite Component

Comment Importance rank Rationale Knowledge rank Rationale

Bu M Br P Bu M Br P
During accident
improves heat
conduction-detrimental
to adjacent metallic
component temperature.

M M L M Not required? M L H M Physics well-
understood. Data
lacking for relevant
grades.
Experimental data
required, probably
generic to all
graphite, except at
high fluence.

-l +-~ +-~

23 i-I Stored energy
release

Above 350'C, this is not
an issue. Low-
temperature release of
stored energy is not an
issue. The reported
minimal high-
temperature reduction
(due to irradiation) of
specific heat needs to be
confirmed by additional
experiments and
analyses.

M L L L Not an issue as
temperatures in HTR too
high to be a problem.
But, high-temperature
long-term behavior needs
to be confirmed by
further experiments.

M M M M

0

At low
temperatures,
enough information
is available.
However, for high
temperatures,
experimental data
and model would be
needed. May need
limited validation
experiments, (DSC
up to 1600'C);
however, data
probablv available.

24 3-5 Blockage of Results in increased fuel
fuel element temperature in localized
coolant areas.
channel

25(a) 3-5 Foreign object
(debris)

Broken pieces of
nongraphite core
components, such as
ceramic tie-rods, etc.
Tied to high-temperature
materials [carbon fiber
composite (CFC)1

M M H M Since this is failure of
nongraphite, the
materials panel should
consider this issue.

M IMI L M Nonvalidated codes
are available. Codes
are likely to be
reactor specific.



Table 6 (continued)

Graphite Component
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
25(b) 3-5 Due to Debris generated from H M H H Two mechanisms: (a) L M L L Generic graphite

graphite within the graphite core component failure due to codes available for
failure, structures. internal or external the prediction of
spalling component stresses, (b) internal stresses in

component failure due to irradiated graphite
very high irradiation and components,
severe degradation of the however, they
graphite. require validation.

There are also
whole-core models
for component
interaction;
however, these are
reactor specific;
these codes will
also require
validation.

25(c) 3-5 Channel Deformation from H M H M Individual graphite M M L M Generic graphite
distortion individual graphite component dimensional codes available for

blocks and block changes are normally the prediction of
assemblies. There is a significant but relatively deformations in
link to the metallic core small. However, in irradiated graphite
support structure. damaged components components;

dimensional changes can however, they
become quite large. The require validation.
accumulation of There are also
dimensional changes in whole-core models
an assembly of for component
components can result in interaction;
significant overall however, these are
dimensional changes and reactor specific;
kinking, that is, in a these will also
column of graphite require validation.
bricks.



Table 6 (continued)

Graphite Component
ID FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale
No.

Bu M Br P Bu M Br P
26 3-1 Blockage of Results in reduced

reflector block thermal capacity of the
coolant core during accident
channel conditions

26(a) 3-1 Foreign object Broken pieces of non- M M M M Since this is failure of M M L M
(debris) graphite core non-graphite, the

components, such as materials panel should
ceramic tie-rods, etc. consider this issue.
Collapse of upper
insulation and
deposition onto channel
(PCR); Tied to high-
temperature materials
(hanger rods).

26(b) 3-1 Due to Debris'generated from H M M M L M L L Generic graphite
graphite within the graphite core codes available for
failure, structures. the prediction of
spalling internal stresses in

irradiated graphite
components;
however, they
require validation.
There are also
whole-core models
for component-
interaction;
however, these are
reactor specific;
these codes will
also require
validation.

tj



Table 6 (continued)

Graphite Component
IDImotnern

FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale
No.

Bu M Br P Bu M Br P
26(c) 3-1 Channel Deformation from M M M M M M L M Generic graphite

distortion,- individual graphite codes available for
blocks and block the prediction of
assemblies. There is a deformations in
link to the metallic core irradiated graphite
support structure. components;

however, they
require validation.
There are also
whole-core models
for component
interaction;
however, these are
reactor specific;
these will also
require validation.

27 3-2 Blockage of Results in damage to the M M H M
3-3 coolant reactivity control

channel in components; physical
reactivity misalignment of channel
control block interfaces.

27(a) 3-2 Foreign object Broken pieces of non- M M H M Since this is failure of M M L M
3-3 (debris) graphite core non-graphite, the

components, such as materials panel should
ceramic tie-rods, etc. consider this issue.
Tied to high-temperature
materials [carbon fiber
composite (CFC)I.

27(b) 3-2 Due to Debris generated from H M H H L M L L Generic graphite
3-3 graphite within the graphite core codes available for

failure, structures. the prediction of
spalling internal stresses in

irradiated graphite
components;
however, they
require validation.



Table 6 (continued)

Comment Importance rank Rationale Knowledge rank Rationale

Bu I M Br I P Bu M Br_ _P
There are also
whole-core models
for component
interaction;
however, these are
reactor specific;
these codes will
also require
validation.

Deformation from
individual graphite
blocks and block
assemblies. There is a
link to the metallic core
support structure.

M M H M M M L M Generic graphite -
codes available for
the prediction of
deformations in
irradiated graphite
components;
however, they
require validation.
There are also .
whole-core models
for component
interaction;
however, these are
reactor specific;
these will also
require validation.

28 3-2 Blockage of Results in inability to
reactivity freely insert absorber
control channel materials.

28(a) 3-2 Foreign object Broken pieces of non- M M H M Since this is failure of M M L M
(debris) graphite core non-graphite, the

components, such as materials panel should
ceramic tie-rods, etc. consider this issue.
Tied to high-temperature
materials [carbon fiber
composite (CFC)].



Table 6 (continued)

Graphite Component
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
28(b) 3-2 Due to Debris generated from H M H H Two mechanisms: (a) L M L M Generic graphite

graphite within the graphite core component failure due to codes available for
failure, structures. internal or external the prediction of
spalling component stresses, (b) intemal stresses in

component failure due to irradiated graphite
very high irradiation and components;
severe degradation of the however, they
graphite. require validation.

There are also
whole-core models
for component
interaction;
however, these are.
reactor specific;
these codes will
also require
validation.

28(c) 3-2 Channel Deformation from M M H M Individual graphite M M L M Generic graphite
distortion individual graphite component dimensional codes available-for

blocks and block changes are normally the prediction of I
assemblies, significant but relatively deformations in

small. However, in irradiated graphite.:
damaged components components;
dimensional changes can however, they
become quite large. The require validation.
accumulation of There are also
dimensional changes in whole-core models
an assembly of for component
components can result in interaction;
significant overall however, these are
dimensional changes and reactor specific;
kinking; that is, in a these will also
column of graphite require validation.
bricks.



Table 6 (continued)

Graphite Conmponent
ID FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.I

IBu M Br PBu IM IBr IP
29 3-5

3-7
Increased
bypass coolant
flow channels
by break,
distortion, etc.

Due to channel
distortion, cracking in
graphite bricks, etc.
Reduced coolant flow
through fuel requires
higher fuel temperature
to maintain the same
core outlet temperature.

M
M M Component cracking due

to either internal
generated or external
component stresses.
Individual graphite
component dimensional
changes are normally
significant but relatively
small. However, in
damaged components
dimensional changes can
become quite large
leading to development
of by-pass flow paths.
The accumulation of
dimensional changes in
an assembly of
components can result in
significant overall
dimensional changes and

.kinking that is, in a
column of graphite
bricks. Once significant
bypass flow is
established this can
change temperature
gradients and hence,
dimensional change
rates. This can feed back
to greater gaps and
2reater bv-Dass flow.

M M L M Graphite codes
available for the
prediction of
irradiated
component
displacements;
however, they
require validation.
There are also
whole-core models
for component
interaction and gap
formation; however,
these are reactor
specific; these will
also require
validation.0~.

I I ± I ~



Table 6 (continued)

Granhit9 Conmnonent
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
30 3-3 Increased If the bypass is near to M M M M M M L M

bypass coolant the adjacent metallic
flow channels structures, this
by break, phenomenon may
distortion, etc. challenge the

temperature limit of
metallic structures.

31 Outlet plenum Gross collapse of
collapse structures that define the

core outlet plenum.
3 l(a) 3-1 Outlet plenum Disrupts heat conduction H H H H Low irradiation area. H H M H Effect can be

collapse path. Serious if occurs but limited by good
unlikely, good design design, statistical
important. data required for

within block, block
to block within
batch and batch to
batch.

3 1(b) 3-2 Outlet plenum Potentially H H H H Low irradiation area. H H M H Effect can be
collapse distortion/displacement Serious if occurs but limited by good

of reactivity control unlikely, good design design, statistical
channels. important. data required for

within block, block
to block within
batch and batch to
batch.

3 l(c) 3-5 Outlet plenum Disrupts coolant flow H H H H Low irradiation area. H H M H Effect can be
collapse path Serious if occurs but limited by good

unlikely, good design design, statistical
important. data required for

within block, block
to block within
batch and batch to
batch.



Table 6 (continued)

Granhite Comnonent
IDa--i- .... .. enID FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
3 l(d) 3-6 Outlet plenum Could potentially result H H H H Low irradiation area. H H M H Effect can be

collapse in excessive mechanical Serious if occurs but limited by good
load in the fuel. unlikely, good design design, statistical

important. data required for
within block, block
to block within
batch and batch to
batch.

32 3-7 Chemical During air/moisture Data needed for fault Data required for
attack ingress accident, studies. specific graphite,

chemical impurities in effect of irradiation
graphite have effect on and impurities from
the rate of chemical existing work.
attack. There is a

significant amount
of work available
from UK, Germany,
and United States.
Higher temperature
data understanding

I_ may be required.
32(a) 3-1 Catastrophic Excessive change in H H H H Could lead to H H M H Data required for

3-2 chemical component geometry, considerable damage. specific graphite,
3-7 attack. such as reduction in effect of irradiation

cross section, due to and impurities from
large and sustained existing Work.
chemical attack. There is a

significant amount
of work available
from UK, Germany,
and United States.
Higher temperature
data understanding
may be required.

00



Table 6 (continued)

Graphite Cormonent
ID FOM Phenomena Comment Importance rank Rationale Knowledge rank Rationale
No._____________ _

Bu M Br P Bu M Br P
32(b) All Effect of Change in graphite pore M H L M Could lead to problems if L H M M Data required for

Level 3 chronic structure due to (slow) remained undetected, on- specific graphite,
chemical chemical attack over line monitoring effect of irradiation
attack on long period of time. important. and impurities from
properties. Degradation of strength, existing work.

thermal conductivity, There is a
Young's modulus. CTE significant amount
not relevant as per of work available
existing data (University from UK, Germany,
of Bath). The and United States.
consequences have been Higher temperature
dealt with for data understanding
phenomena 12, 13, 14, may be required.
15, 16, and 17.'

33 3-2 External Can become significant M M M M Should be mitigated by M H M M FEM codes for
3-3 (applied) loads if not properly addressed good design. individual and
3-4 in design. For example, whole core models
3-5 heat up (thermal available, or could
3-6 expansion of core barrel, be easily developed.
3-7 deformation of the

integrated, whole-core
graphite structure,
dimensional change).
Consequences of this
phenomena have been
addressed in other (e.g.,
12 through 17)

34 3-1 Fast neutron All graphite component H H H H All graphite component H H H H Although the
3-2 fluence life (structural integrity) life (structural integrity) knowledge rank is
3-3 predictions rely on an predictions rely on an high, the accuracy
3-4 accurate time andspatial accurate time and spatial depends on the
3-5 calculation of fast calculation of fast quality of the codes
3-6 neutron fluence (data neutron fluence (data and nuclear data
3-7 supplied to graphite supplied to graphite used.

specialists by reactor specialists by reactor
physicists). physicists).



Table 6 (continued)

Graphite Component
IDNo FOM Phenomena Comment Importance rank Rationale Knowledge rank RationaleNo.

Bu M Br P Bu M Br P
35 3-1 Gamma and About 5% of the heat in H H H H About 5% of the heat in H H H H Although the

3-2 neutron the reactor is generated the reactor is generated knowledge rank is
3-3 heating in the graphite due to in the graphite due to high, the accuracy
3-4 gamma and neutron gamma and neutron depends on the
3-5 heating. Predictions of heating. Predictions of quality of the codes
3-6 the graphite the graphite temperatures and nuclear data
3-7 temperatures for use in for use in structural used.

structural integrity integrity calculations rely
calculations rely on this on this quantity.
quantity. Accurate Accurate calculation of
calculation of the spatial the spatial distribution of
distribution of gamma gamma and neutron
and neutron heating is heating is.required to be
required to be supplied supplied to the graphite
to the graphite specialist specialist by reactor
by reactor physicist. physicist.

36 3-1 Graphite All graphite component H H H H All graphite component M M M M Justification for the
3-2 temperatures life and transient life and transient use (or not of EDT
3-3 calculations (structural calculations (structural equivalent DIDO
3-4 integrity) require time integrity) require time- temperatures)
3-5 dependent and spatial dependent and spatial requires validation.
3-6 predictions of graphite predictions of graphite
3--7- temperatures. Graphite temperatures. Graliite

temperatures for normal temperatures for normal
operation and transients operation and transients

-are usually supplied to are usually supplied to
graphite specialists by graphite specialists by
thermal-hydraulics thermal-hydraulics
specialist. Although in specialist. Although in
some cases gas some cases gas
temperatures and heat temperatures and heat
transfer coefficients are transfer coefficients are
supplied, and the supplied, and the
graphite specialist graphite specialist
calculates the graphite calculates the graphite
temperatures from these. temperatures from these.

0



5. SUMMARY AND CONCLUSIONS

Much has been learned about the behavior of graphite in reactor environments in the 60 plus years
since the first graphite rectors went into service. The extensive list of references in the next section is
plainly testament to this fact. Our current knowledge base is well developed. Although data are lacking
for the specific grades being considered for Generation IV concepts, such as the NGNP, it is fully
expected that the behavior of these graphites will conform to the recognized trends for near isotropic
nuclear graphite. Thus, much of the data needed is confirmatory in nature. Theories that can explain
graphite behavior have been postulated and, in many cases, shown to represent experimental data well.
However, these theories need to be tested against data for the new graphites and extended to higher
neutron doses and temperatures pertinent to the new Generation IV reactor concepts. It is anticipated that
current and planned future graphite irradiation experiments will provide the data needed to validate many
of the currently accepted models, as well as providing the needed data for design confirmation.

41



6. BIBLIOGRAPHY

6.1 Recent UK Open Literature

1. Tsang, D. K. L., and B. J. Marsden, "Development of A Stress Analysis Code for Nuclear Graphite
Components," Journal of Nuclear Materials, 350(3), 208-220 (2006).

2. Berre, C., S. L. Fok, B. J. Marsden, L. Babout, A. Hodgkins, T. J. Marrow, and P. M. Mummery,
"Numerical Modelling of the Effects of Porosity Changes on the Mechanical Properties of Nuclear
Graphite," Journal of Nuclear Materials, 352, 1-5 (2006).

3. Hall, G., B., J. Marsden, and S. L. Fok, "The Microstructural Modeling of Nuclear Grade Graphite,"
Journal of Nuclear Materials, 353, 12-18 (2006).

4. Tsang, D. K. L., B. J. Marsden, S. L. Fok, and G. Hall, "Graphite Thermal Expansion Relationship
for Different Temperature Ranges," Carbon, 43, 2902-2906 (2005).

5. Preston, S. D., and B. J. Marsden, "Changes in the Coefficient of Thermal Expansion in Stressed
Gilsocarbon Graphite," Carbon, 44, 1250-1257 (2006).

6. Zou, Z., S. L. Fok, S. 0. Oyadiji, and B. J. Marsden, "Failure Predictions for Nuclear Graphite
Using a Continuum Damage Mechanics Model," Journal of Nuclear Materials, 324, 116-124
(2004).

7. Mitchell, B, C., J. Smart, S. L. Fok, and B. J. Marsden, "Mechanical Testing of Nuclear Graphite,"
Journal of Nuclear Materials, 322, 126-137 (2003).

8. McLachlan, N, R. T. Szczepura, M. A. Davies, R. C. B. Judge, and B. J. Marsden, "A Probabilistic
Approach to Assessing AGR Core Life," Nuclear Energy, 35(1), 15-23 (February 1996).

9. Marsden, B. J. (Ed.) "Characterisation, Treatment and Conditioning of Radioactive Graphite from
Decommissioning of Nuclear Power Plant," IAEA-TecDoc-1521, September 2006.

10. Marsden, B. J. (Editor and contributor), "Irradiation Damage in Graphite Due to Fast Neutrons in
Fission and Fusion Systems," IAEA-TECDOC-1 154, September 2000.

11. Marsden, B. J., "Graphite for High-Temperature Reactors," Electric Power Research Institute, Palo
Alto, CA, ID #11003013, 2001.

12. Wickham, A. J., and D. Bradbury (principal authors), "Graphite Dust Deflagration: A Review of
International Data with Particular Reference to the Decommissioning of Graphite Moderated
Reactors," Electric Power Research Institute, Palo Alto, CA, ID # 1014797, Final Report, March
2007.

6.2 Graphite Irradiation Creep Papers

1. Kelly, B. T., The Interaction of Dimensional Changes and Irradiation Creep in Reactor Graphite,
ORNL/NPR-92/60, Oak Ridge National Laboratory (May 1993).

2. Kelly, B. T., The Analysis of Irradiation Creep in Reactor Graphite, ORNL/NPR-92/58, Oak Ridge
National Laboratory (June 1993).

3. Kelly, B. T., Analysis of the Changes in Graphite Properties under Neutron Irradiation Due to
Structural Changes, ORNL/NPR-92/61, Oak Ridge National Laboratory (May 1993).

4. Platonov, P. A., I. Ya, V. I. Strombach, B. A. Karpukhin, 0. K. Gurovich, and E. I. Trofimchuk
Chugunov, Radiation Effect on the Graphite of High- Temperature Gas-' Cooled Reactors, Meeting
of Specialists on Designing Graphite Moderators for HTGR. pp 201-206 (December 22, 1986).

5. Kelly, B. T., A Review of Irradiation Creep in Reactor Graphite, Specialists' Meeting held in Tokai-
mura, Japan, IAEA, pp. 200-204.

42



6. Marsden, B. J., S. D. Preston, N. McLachlan, and M. A. Davies, The Interaction of Strain, The
Coefficient of Thermal Expansion and Dimensional Changes in Graphite, Meeting held in Bath,
United Kingdom, 313-319, IAEA (September 24-27, 1995).

7. Davies, M. A., and M. R. Bradford, Modelling Graphite Ageing: Black Art or Forensic Science?
IAEA Meeting on Graphite Decommissioning, UK, March 2007.

8. Mechanical Properties and Irradiation Creep of Graphite. IAEA, pp. 95-112 (1967).
9. Kelly, B. T., and T. D. Burchell, "Structure-Related Property Changes in Polycrystalline Graphite

under Neutron Irradiation," Carbon, 32(3) (November 1993).

10. Gray, W. J., Constant Stress Irradiation-Induced Compressive Creep of Graphite at High Fluences,
Battelle Pacific Northwest Laboratories, February 1, 1973.

11. Neighbour, G. B., "The Prediction of Irradiation Creep," lEA Conference on High Temperature
Engineering, Department of Engineering, University of Hull, September 11-12, 2003.

12. Brocklehurst, J. E., and B. T. Kelly, "Analysis of the Dimensional Changes and Structural Changes
in Polycrystalline Graphite Under Fast Neutron Irradiation," Carbon, 31(1) (August 4, 1992).

13. B. T. Kelly, "Irradiation Creep in Graphite-Some New Considerations and Observations," Carbon,
30(3) (September 11, 1991).

14. Kennedy, C. R., M. Cundy, and G. Kleist, The Irradiation Creep Characteristics of Graphite to
High Fluences, International Conference on Carbon, September 18-23, 1988.

15. Kelly, B. T., and T. D. Burchell, "The Analysisof Irradiation Creep Experiments on Nuclear
Reactor Graphite," Carbon, 32(1), 119-125 (July 9, 1993).

16. Haag, G., Irradiation-Induced Creep in Graphite and Use of Creep Data in Reactor Design,
INGSM-1, Oak Ridge National Laboratory, September 5, 2000.

17. Kennedy, C. R., W. H. Cook, and W. P. Eatherly, "Results of Irradiation Creep Testing Graphite at
900'C,'" Extended Abstracts and Program 13'h Biennial Conference on Carbon, July 18-22, 1977.

18. Engle, G. B., Irradiation Behavior of Nuclear Graphite's at Elevated Temperatures, Gulf General
Atomic Company, August 3, 1970.

19. Brocklehurst, J. E., and R. G. Brown, "Constant Stress Irradiation Creep Experiments on Graphite in
BR-2," Carbon, 7, 487 (1969).

20. Kelly, B. T., "Irradiation Creep in Graphite-Some New Considerations and Observations,"
Carbon, 30(3), 379-383 (1992).

21. Brocklehurst, J. E., and B. T. Kelly, The Dimensional Changes of Highly-Oriented Pyrolytic
Graphite Irradiated with Fast Neutrons at 430°C and 600°C, AEA Technology, February 18, 1992.

22. Blackstone, R., L. W. Graham, and M. R. Everett, "High Temperature Radiation Induced Creep in
Graphite," Ninth Biennial Conference on Carbon, The American Carbon Committee, pp. 101-102
(June 15-20, 1969).

23. Veringa, H. J., and R. Blackstone, "The Irradiation Creep in Reactor Graphite's for HTR
Applications," Carbon, 14(5), 279-285 (1976).

24. Oku, T., M. Eto, and S. Ishiyama, "Irradiation Creep Properties and Strength of a Fine-Grained
Isotropic Graphite," Journal of Nuclear Materials, 172, 77-84 (1990).

25. Cundy, M. R., G. Kleist, and D. Mindermann, "Irradiation Induced Creep in Graphite with Respect
to the Flux Effect and the High Fluence Behavior," Carbon 84 Conference Proceedings, pp. 406-
407 (July 2-6, 1984).

26. Perks, A. J., and J. H. Simmons, "Dimensional Changes and Radiation Creep of Graphite at Very
High Neutron Doses," Carbon, 4, 85-98 (1965).

27. Oku, T., K. Fujisaki, and M. Eto, "Irradiation Creep Properties of A Near- Isotropic Graphite,"
Journal of Nuclear Materials, 152 (1988).

43



28. Oku, T., "Irradiation Creep Coefficient of IG-1 10 Graphite," J. Nuc. Sci & Tech., 24(8) (August
1987).

29. Oku, T., and M. Ishihara, "Lifetime Evaluation of Graphite Components for HTGRs," Nuclear
Engineering and Design, 227 (October 6, 2003).

30. Oku, T., M. Eto, and S. Ishiyama, "Irradiation Creep Properties and Strength of A Fine-Grained
Isotropic Graphite, Journal of Nuclear Materials (February 13, 1990).

31. Morgan, W. C., "Effect of Low Compressive Stresses on Radiation-Induced Dimensional Changes
in Graphite, Carbon 1964, 1, 255-261 (July 30, 1963).

32. Hausen, H., R. Lolgen, and M. Cundy, "Uniaxial Tensile Graphite Creep Capsules with Continuous
Train Registration," Journal of Nuclear Materials, 65, 148-156 (1977).

33. Kelly, B. T., and J. E. Brocklehurst, "UKAEA Reactor Group of Irradiation-Induced Creep in
Graphite," Journal of Nuclear Materials, 65, 79-85 (1977).

34. Jouquest, G. G. Kleist, and H. Veringa, "Review of a Test Programme on Irradiation Creep of
Graphites and Systemisation of Results," Journal of Nuclear Materials, 65, 86-95 (1977).

35. Kennedy, C. R., M. Cundy, and G. Kleist, "The Irradiation Creep Characteristics of Graphite to
High Fluences," International Conference on Carbon, September 18-23 1988.

36. Neighbour, G. B., and B. McEnaney, "Creep and Recovery in Graphites at Ambient Temperature:
An Acoustic Emission Study," Carbon, 32(4), 553-538 (September 14, 1993).

37. Haag, G., Properties of A TR-2E Graphite and Property Changes Due to Fast Neutron Irradiation,
FZJ Report.

38. Price, R. J., Irradiation-Induced Creep in Graphite: A Review, GA-A 16402, Gulf General Atomic,
August 1981.

39. Kelly, B. T., and A. J. E. Foremen, The Theory of Irradiation Creep in Reactor Graphite - The
Dislocation Pinning-Unpinning Model, Carbon, 12, 151-158 (1974).

6.3 Graphite Mechanical Properties Papers

1. Burchell, T. D., "A Microstructurally Based Fracture Model for Polygrannular Graphites," Carbon,
34(3); 297-316 (1996).

2. Burchell, T. D., Studies of Fracture in Nuclear Graphite. University of Bath, UK, Ph.D. Thesis,
1986.

3. Yahr, G. T., R. L. Battiste, D. T. Goodwin, C. R. Luttrell, and W. F. Swinson, Multiaxial Testing,
DOE-HTGR-90-389, ORNL-6779, Oak Ridge National Laboratory, 326-63 (1990).

4. Bradshaw, W., and J. Lowe, "Particle Size of Coke Filler Fines," Extended Abstracts, l1h Biennial
Conference on Carbon, University of Kentucky, American Carbon Society, 418-9 (1985).

5. Burchell, T. D., and J. P. Strizak. "Modeling the Strength of H-451 Nuclear Graphite," Extended
Abstracts, 21Jt Biennial Conference on Carbon, SUNY at Buffalo, New York; American Carbon
Society, 687-8 (1993).

6. Kelly, B. T., The Physics of Graphite, London, Applied Science Publishers. 1981.

6.4 Graphite Irradiation Effects Papers

1. Snead, L. L., A. M. Williams, and A. L. Quails, "Revisiting the Use of SiC as a Post Irradiation
Temperature Monitor," in The Effects of Radiation on Materials: 21st International Symposium,
2003, ASTM International, West Conshohocken, PA, 2003.

2. Tahon, B., and F. Gerstgrasser, "Nuclear Graphite Grades," presented at the Generation IV Reactors
International Forum, Knutsford, Cheshire, UK, September 7, 2004.

44



3. Simmons, J. W. H., Radiation Damage in Graphite, Pergamon, New York, London, 1965.

4. Nightingale, R. E., Nuclear Graphite, Academic Press, 1962.

5. Kennedy, C. R., and E. M. Woodruff, Irradiation Effects on the Physical Properties of Grade TSX
Graphite, Westinghouse Hanford Company, Richland, Wash., 1989.

6. Burchell, T. D., and A. J. Wickham, "The Dimensional Change in Pile Grade-A Graphite
Irradiated in CEGB Magnox:Power Reactors," in Proceedings Carbon '87, 18th Biennial
Conference on Carbon, 1987.

7. Burchell, T. D., Neutron Irradiation Damage in Graphite and its Effects on Properties, in
Proceedings Carbon '02, Beijing, China, September 15-19, 2002.

8. Price, R. J., Thermal Conductivity of Neutron-Irradiated Reactor Graphites, GA-A 13157, General
Atomic, October 8, 1974.

9. Engle, G. B., et al., "Development Status of Near-Isotropic Graphites for Large HTGRs," General
Atomics, 73 (1974).

10. Burchell, T. D., "Materials Properties Data for Fusion Reactor Plasma Facing Carbon-Carbon
Composites," in Physical Processes of the Interaction of Fusion Plasmas with Solids, Plasma-
Materials Interactions, W. 0. Hofer and J. Roth (eds.), .pp. 341, Academic Press, 1996.

11. Snead, L. L., T. D. Burchell, and A. L. Qualls, Strength of Neutron Irradiated High-Quality 3D
Carbon Fiber Composite, Journal of Nuclear Materials, 321, 165 (2003).

12. Eto, M., et al., "Mechanical Properties of Neutron-Irradiated Carbon-Carbon Composites for Plasma
Facing Components," Journal of Nuclear Materials, 212-215, 1223 (1994).

13. Arnold, L, Windscale 1957, Anatomy of a Nuclear Accident, St Martin Press, London, 1992.

14. Brocklehurst, J. E., and B. T. Kelly, "Analysis of the Dimensional Changes and Structural Changes
in Polycrystalline Graphiteunder Fast Neutron Irradiation," Carbon, 31, 155-178 (1993).

15. Burchell, T. D., "Radiation Damage in Carbon Materials," in Physical Processes of the Interaction
of Fusion Plasmas with Solids. J. Roth and W. 0. Hoffer (eds.), Academic Press, San Diego, Calif.,
1996.

16. Burchell, T. D., "A Microstructurally Based Fracture Model for Polygranular Graphites," Carbon,
34, 297-316 (1996a).

17. Burchell, T. D., "Radiation Effects in Graphite and Carbon-Based Materials," MRS Bulletin, XXII,
29-35 (1997).

18. Burchell, T. D., "Fission Reactor Applications of Carbon," in Carbon Materials for Advanced
Technologies. T. D. Burchell (ed.), Elsevier Science, Oxford, UK, 1999.

19. Burchell, T. D., "Thermal Properties and Nuclear Energy Applications," in Graphite and
Precursors. P. Delha~s (ed.), Gordon & Breach Science Publishers, The Netherlands, 2001.

20. Burchell, T. D., and W. P. Eatherly, "The Effects of Radiation Damage on the Properties of
GraphNOL N3M," Journal of Nuclear Materials, 170-181,205-208 (1991).

21. W. P. Eatherly, and E, L. Piper, "Manufacture," in Nuclear Graphite, R. E. Nightingale (ed.),
Academic Press, New York, 1962.

22. Engle, G. B., and W. P. Eatherly, "Irradiation Behavior of Graphite at High Temperatures," High
Temperatures-High Pressures, 4, 119-158 (1972).

23. Kelly, B. T., Physics of Graphite, Applied Science Publishers, London, 1981.
24. Kelly, B. T., Nuclear Graphite in Materials Science and Technology-A Comprehensive Treatment:

Vol. lOA-]Nuclear Materials, R. W. Cahn, P. Haasen, and E. J. Kramer (eds.), Wiley VCH,
Weinheim, 1994.

25. Kelly, B. T., and T. D. Burchell, "Structure-Related Property Changes in Polycrystalline Graphite
under Neutron Irradiation," Carbon, 32, 499-505 (1994).

45



26. Kelly, B. T., and T. D. Burchell, "The Analysis of Irradiation Creep Experiments on Nuclear
Reactor Graphite," Carbon, 32, 119-125 (1994a).

27. Inagaki, M., "Applications of Polycrystalline Graphite," in Graphite and Precursors. P. Delha~s,
(ed.), Gordon & Breach Science Publishers, The Netherlands, 2001.

28. Ishiyama, S., T. D. Burchell, J. P. Strizak, and M. Eto, "The Effect of High Fluence Neutron
Irradiation on the Properties of a Fine-Grained Isotropic Nuclear Graphite," Journal of Nuclear
Materials, 230, 1-7 (1996).

29. Bell, J. C., H. Bridge, A. H. Cottrell, G. B. Greenough, W. N. Reynold, and J. W. H. Simmons,
"Stored Energy in the Graphite of Power Producing Reactors," Phil. Trans. R. Soc. London Ser A
245, 361-395 (1962).

30. Price, R. J., "High-Temperature Neutron Irradiation of Highly Oriented Carbons and Graphites,"
Carbon, 12, 159-169 (1974).

31. Ragan, S., and H. Marsh, "Review: Science and Technology of Graphite Manufacture," J Mater.
Sci., 18, 3161-3176 (1983).

32. Ruland, W., "X-Ray Diffraction Studies on Carbon and Graphite," Chem. Phys. Carbon, 4, 1
(1968).

33. Simmons, J. W. H., Radiation Damage in Graphite, Pergamon Press, Oxford, UK, 1965.

34. Snead, L. L., and T. D. Burchell, "Thermal Conductivity Degradation of Graphite Due to Neutron
Irradiation at Low Temperature," Journal of Nuclear Materials, 224, 222-229 (1995).

35. Taylor, R., B. T. Kelly, and K. E. Gilchrist, "The Thermal Conductivity of Fast Neutron Irradiated
Graphite, J. Phys. Chem. Solids, 30, 2251-2267 (1969).

36. Thrower, P. A., and R. M. Meyer, "Review Article: Point Defects and Self Diffusion in Graphite,"
Phys. Status Solidi (a), 14, 11-37 (1978).

37. Tucker, M. 0., A. P. G. Rose, and T. D. Burchell, "The Fracture of Polygranular Graphites,"
Carbon, 24, 581-602 (1986).

6.5 Graphite Oxidation Papers

1. Bhattacharya, A. K., P. Bandopadhyay, and P. Das, "Oxidation Reaction in Graphite-Role of
Particle Characteristics," Ceramic International, 29, 967-969 (2003).

2. Fuller, E. L., and J. M. Okoh, "Kinetics and Mechanism of the Reaction of Air with Nuclear Grade
Graphites: IG-I 10," Journal of Nuclear Materials, 240, 241-250 (1997).

3. Hahn, J. R, "Kinetic Study of Graphite Oxidation along Two Lattice Directions," Carbon, 43, 1506-
1511 (2005).

4. Hurt, R. H., and B. S. Haynes, "Origin of Power-Law Kinetics in Carbon Oxidation," Proc.
Combustion Institute, 30, 2161-2168 (2005).

5. Jiang, W., G. Nadeau, K. Zaghib, and K. Kinoshita, "Thermal Analysis of the Oxidation of Natural
Graphite-Effect of Particle Size," Thermochimica Acta, 351, 85-93 (2000).

6. Kim, E. S., K. W. Lee, and H. C. No, "Analysis of Geometric Effects on Graphite Oxidation through
Measurements of Internal Surface Area," Journal of Nuclear Materials, 348, 174-180 (2006).

7. Moorman, R., H. K. Hinssen, and K. Kuhn, "Oxidation Behaviour of an HTR Fuel Element Matrix
Graphite in Oxygen Compared to a Standard Nuclear Graphite," Nucl. Engn. Design, 227, 281-284
(2004).

8. Propp, W. A. "Graphite Oxidation: Kinetics/Thermodynamics," DOE/SNF/REP-018, Idaho
National Engineering and Environmental Laboratory, Idaho Falls, Idaho, September 1998.

46



9. Xiaowei, L., R. Jean-Charles, and Y. Suyuan, "Effect of Temperature on Graphite Oxidation
Behavior," Nucl. Eng. Design, 227, 273-280 (2004).

47





NRC FORM 335 U.S. NUCLEAR REGULATORY COMMISSION 1. REPORT NUMBER
(9-2004) (Assigned by NRC, Add Vol., Supp., Rev.,
NRCMD 3.7 and Addendum Numbers, If any.)

BIBLIOGRAPHIC DATA SHEET
(See instructions on the reverse) NUREG/CR- 6944, Vol. 5

(ORNL/TM-2007/147, Vol. 5)

2. TITLE AND SUBTITLE 3. DATE REPORT PUBLISHED

Next Generation Nuclear Plant Phenomena Identification and Ranking Tables (PIRTs) MONTH YEAR
Volume 5: Graphite PIRTs March 2008

4. FIN OR GRANT NUMBER

N6376

5. AUTHOR(S) 6. TYPE OF REPORT

T. D. Burchell (ORNL); R. Bratton (INL); B. Marsden (University of Manchester) Technical

7. PERIOD COVERED (Inclusive Dates)

8. PERFORMING ORGANIZATION - NAME AND ADDRESS (If NRC, provide Division. Office or Region, U.S. Nuclear Regulatory Commission, and mailing address; if contractor,
provide name and mailing address.)

Oak Ridge National Laboratory
Managed by UT-Battelle, LLC
Oak Ridge, TN 37831-6088

9. SPONSORING ORGANIZATION - NAME AND ADDRESS (If NRC, type "Same as above", if contractor, provide NRC Division, Office or Region, U.S. Nuclear Regulatory Commission.
and mailing address.)

Division of Systems Analysis, Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

10. SUPPLEMENTARY NOTES

S. Basu, NRC Project.Manager
11. ABSTRACT (200 words or less)

Here we report the outcome of the application of the Nuclear Regulatory Commission (NRC) Phenomena Identification and
Ranking Table (PIRT) process to the issue of nuclear-grade graphite for the moderator and structural components of a next
generation nuclear plant (NGNP), considering both routine (normal operation) and postulated accident conditions for the NGNP.
This graphite PIRT was conducted in parallel with four other NRC PIRT activities, taking advantage of the relationships and
overlaps in subject matter.

The graphite PIRT panel identified numerous phenomena, five of which were ranked high importance-low knowledge. A further
nine were ranked with high importance and medium knowledge rank. Two phenomena were ranked with medium importance
and low knowledge, and a further 14 were ranked medium importance and medium knowledge rank. The last 12 phenomena
were ranked with low importance and high knowledge rank (or similar combinations suggesting they have low priority).
Although data are lacking for the specific grades being considered for Generation IV (Gen IV) concepts, such as the NGNP, it is
fully expected that the behavior of these graphites will conform to the recognized trends for near isotropic nuclear graphite.
Thus, much of the data needed is confirmatory in nature. It is anticipated that current and planned future graphite irradiation
experiments will provide the data needed to validate many of the currently accepted models, as well as providing the needed
data for design confirmation.

12. KEY WORDS/DESCRIPTORS (List words or phrases that will assist researchers in locating the report.) 13. AVAILABILITY STATEMENT

PIRT, Next Generation Nuclear Plant, graphite unlimited
14. SECURITY CLASSIFICATION

(This Page)

unclassified
(This Report)

unclassified

15. NUMBER OF PAGES

16. PRICE

NRC FORM 335 (9-2004) PRINTED ON RECYCLED PAPER







A
Adnted

Federal Recycling Prognram





NUREG/CR-6944, Vol. 5 Next Generation Nuclear Plant Phenomena Identification and
Ranking Tables (PIRTs): Graphite PIRTs

March 2008

I

UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, DC 20555-0001

OFFICIAL BUSINESS


