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ABSTRACT

An accident, thermal fluids, and reactor physics phenomena identification and ranking process was
conducted by a panel of experts on the next generation nuclear plant (NGNP) design (consideration given
to both pebble-bed and prismatic gas-cooled reactor configurations). Safety-relevant phenomena,
importance, and knowledge base were assessed for the following event classes:

1. normal operation (including some reactor physics aspects),
2. general loss of forced circulation (G-LOFC),

3. pressurized loss-of-forced circulation (P-LOFC),

4.
5
6
7

depressurized loss-of-forced circulation (D-LOFC),

. air ingress (following D-LOFC),

. reactivity transients—including anticipated transients without scram (ATWS),

. processes coupled via intermediate heat exchanger (IHX) (IHX failure with molten salt), and
8.

steam/water ingress.

The panel’s judgment of the importance ranking of a given phenomenon (or process) was based on
the effect it had on one or more figures of merit or evaluation criteria. These included public and worker
dose, fuel failure, and primary (and other safety) system integrity. The major phenomena of concern that
were identified and categorized as high importance combined with medium to low knowledge follow:

core coolant bypass flows (normal operation),
power/flux profiles (normal operation),
outlet plenum flows (normal operation),

reactivity-temperature feedback coefficients for high-plutonium-content cores (normal
operation and accidents),

fission product release related to the transport of silver (normal operation),
emissivity aspects for the vessel and reactor cavity cooling system (G-LOFC),
reactor vessel cavity air circulation and heat transfer (G-LOFC), and

convection/radiation heating of upper vessel area (P-LOFC).
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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 (PIRTSs) in each of the five areas and the
associated documentation (Volumes 2 through 6 of NUREG/CR-6944). The main report (Volume 1 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. 1 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.



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.

G lfowrcll—

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

This section of the Next Generation Nuclear Plant (NGNP) Phenomena Identification and Ranking
Table (PIRT) discusses the application of the Nuclear Regulatory Commission (NRC) PIRT process to
the issue of Accident and Thermal Fluid Analysis (with neutronics), 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. This process heat
application will consume a small (~10%) part of the total thermal power output. The linkage to the
chemical process utilizes an intermediate heat exchanger (IHX) and a long high-temperature (high-
pressure) heat transport loop. The heat transfer medium for this loop has not yet been selected. The safety
implications of coupling to process heat systems have not received much attention; the chemical process,
however, will eventually become a factor in accident scenario development and fission product transport
evaluations. NGNP design options with a high-pressure steam generator (Rankine cycle) in the primary
loop are not considered in this PIRT.

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

accident and thermal fluids analysis (with neutronics),
e high-temperature materials (metals),

e nuclear-grade graphite,

e process heat with hydrogen co-generation, and

e fission product transport and dose.

The NGNP will use either a pebble-type fuel element or a fuel element of prismatic geometry.
United States designs have historically favored the prismatic core, while the pebble-bed modular reactor
(PBMR) of South Africa and the high-temperature reactor—power module (HTR-PM) of China have
adopted the German pebble fuel element. The materials are somewhat different in these two fuel element
types. The PBMR uses fuel particles with uranium dioxide (UO,) kernels; however, a uranium oxycarbide
(UCO) fuel form is being considered for the prismatic fuel element design because of the potential for
improved burn-up capability.' Also, the prismatic-core modular reactor (PMR) utilizes nuclear-grade
graphite block fuel elements, whereas the graphitized coatings on the pebble bed reactor (PBR) fuel
pebbles cannot be processed at the high temperatures needed to produce nuclear-grade graphite, so they
would have a tendency to have higher oxidation rates in air ingress accidents than would prismatic fuel
elements.

Implicit in the accident PIRT panel’s discussions was the role played by high-temperature materials,
including graphite, fission product release and transport, and the dual role that the NGNP reactor would
play in incorporating a high-temperature hydrogen process heat application, in addition to electrical
power production. Hence the accident PIRT panel maintained a high level of coordination with the other

'D. Petti, R. Hobbins, J. Kendall, and J. Saurwein, Technical Program Plan for the Advanced Gas Reactor
Fuel Development and Qualification Program, INEL/EXT-05-00465, Rev. 12, Idaho National Laboratory, August
2005.

’R. Mooremann, H. K. Hinssen, and K. Kuhn, “Oxidation Behaviour of an HTR Fuel Element Matrix Graphite
in Oxygen Compared to a Standard Nuclear Graphite,” Nuclear Engineering and Design, 227, 281-284 (2004).



PIRT groups. Although the thermal-fluids aspects of the accident scenarios were of primary concern, the
neutronic behavior also played a part in some events and was considered as needed.

The role for the accident PIRT is seen as a two-part task. First, normal operation is the starting point
for the accident analyses. During normal operation, some fission products will be released by the fuel due
either to imperfections in particle coatings or to the presence of tramp uranium outside the particle
coatings. Released fission products are then distributed throughout the reactor primary circuit. The major
concern from normal operation is the contamination and dose associated with maintenance and
operational issues. With an accident transient, there could be a possible redistribution of fission products
within the reactor primary circuit in addition to a possible breach of the primary system that leads to
releases. It is ultimately the dose to humans that then becomes of primary interest and is the primary
figure of merit (FOM) for the PIRT.

This report segment first briefly reviews HTGR accident scenarios and then proceeds with the
description of the step-by-step NRC PIRT process adopted for accidents and thermal fluid analysis.



2. MODULAR HTGR ACCIDENT SCENARIO BACKGROUND

Typically the grouping of HTGR accident scenarios is based on either the nature of the challenge to
fundamental safety functions or on dominant phenomena occurring during the course of the event.

A typical grouping based on challenges to fundamental safety functions results in the following:

challenge to heat removal,
challenge to reactivity control,
challenge to confinement of radioactivity, and

challenge to control of chemical attacks.

The PIRT panel’s initial listing of phenomena of interest was organized according to these safety
function categories.

The initiating event and ensuing event sequence for a postulated accident often challenges more than
one safety function, as noted in the following two examples:

1.

Primary system pressure boundary breaks (challenge to confinement of radioactivity). The
common feature of these events is that they result in a release of radioactivity from the
primary system that may result in a dose to workers and/or the public. These include all leaks
greater than normal operational leakage rates. Breaks with an accompanying loss of forced
core cooling result in challenges to heat removal as well. Pressure boundary breaks may also
lead to air ingress, which in turn challenges the control of chemical attack.

Primary system breaks in the interface with cooling water systems (e.g., heat exchanger tube
breaks may result in water ingress). Depending on the design and primary-to-water system
pressure differences, there may be radioactivity releases resulting in worker and/or public
dose. Such events therefore challenge reactivity control if steam in the core introduces
positive reactivity, and control of chemical attack, as well as confinement of radioactivity.

There is a wide variety of event sequences that may be postulated and accident states that could be
encountered. The main objective here is to ensure that the appropriate event phenomena are covered, as
well as to avoid duplication if possible. Events are therefore grouped according to dominant phenomena
in the event sequence. Examples are

primary system breaks;

loss of primary system heat sink;

air ingress events;

steam/water ingress events;

reactivity transients, including anticipated transients without scram (ATWS);
long-term pressurized loss-of-forced circulation (P-LOFC) events;

long-term depressurized loss-of-forced circulation (D-LOFC) events; and

turbine trip and station blackout.

Both the normal operation and accident characteristics of modular HTGRs are very different from
those of most standard power reactor designs, and because of the differences, their passive safety features
and the response of the plant systems and operators need to be considered appropriately. Because of the
constraints put on the modular HTGR design (by the designers), and its passive safety features, traditional
design-basis accident (DBA) events such as loss of flow and coolant do not result in fission product
releases, so the applicability of probabilistic safety assessment (PSA) and risk-informed decision making
differs from those for light-water reactors (LWRs). As a result, ultimate safety is more likely to be



determined by low-probability initiating events. Safety margins are enhanced due to the passive features
that accomplish some of the safety functions. Furthermore, the plant response to “serious” events can
typically be modeled with greater assurance [e.g., no departures from nucleate boiling (DNB), no core
melting, no need for core catchers, etc.].

The NRC preapplication review of the modular high-temperature gas-cooled reactor (MHTGR) in
the 1980s (NUREG-1338) and the extensive supporting documentation provided by DOE in the
Preliminary Safety Information Document (PSID) for the Standard MHTGR (HTGR-86-024) give very
thorough documentation of a multiyear regulatory review of a 350-MW(t) PMR plant similar to those
currently under consideration for the NGNP. A major design difference is the former’s use of a steam
generator balance-of-plant (BOP), where by far the dominant risk was from steam/water ingress via steam
generator tube breaks. The NGNP PMR designs also have higher power ratings, ~600 MW(t). Candidate
NGNP PBR reactor designs, with power ratings in the order of ~400 MW(t), are similar to the German
Module design of ~200 MW(t), but with an annular (and taller) active core utilizing a solid central
reflector. All NGNP candidate designs utilizing steam generators would probably be decoupled from the
primary system via an intermediate heat exchanger (IHX). Another major difference is the inclusion of
the high-temperature process heat (hydrogen production) system in all proposed NGNP designs.

The current series of PIRT reports does not cover TRISO fuel. That was covered earlier in a previous
NRC PIRT report dealing exclusively with TRISO-coated fuel particles (NUREG/CR-6844). In that
PIRT, the assumptions were made that the fuel kernels would be uranium dioxide (UO,) and that the
reactor was a PBR; however, the report authors maintained that the approach was more general and less
plant-specific since “The information needed to develop more detailed specifications was not available to
the panel.” In that case, detailed PIRTs were prepared for fuel manufacturing, normal operation in a
general sense, and four accident scenarios. The four accidents selected for the fuel PIRT emphasized
those scenarios that the panel thought to present the greatest challenge to fuel integrity and included

e reactivity insertion based on the effect of rod ejection in the PMR, given excess reactivity
representative of that in a PMR, but applied to conditions in the PBR;

e power pulse of several seconds duration;
e depressurized core heat-up followed by water ingress; and

e depressurized core heat-up followed by air ingress.

By contrast, the scenarios covered in this PIRT include variations of loss-of-forced circulation
(LOFC) accidents, air and steam/water ingress, reactivity events, and considerations dealing with a
coupled hydrogen (process heat) production plant. Normal operation is also considered.

Major design and technology areas that either influence safety or have relevance to safety in the
context of satisfying regulatory requirements would normally cover the following:

e Design, including design standards and the selection and qualification of materials, especially
those materials used or relied upon in applications for safety-related structures, systems and
components (SSCs).

e Fabrication, installation, preservice inspection and testing, maintenance, and in-service
inspection and testing of materials and components, especially for “a structure, system, or
component that is part of the primary success path and which functions or actuates to mitigate
a design basis accident or transient that either assumes the failure of or presents a challenge to
the integrity of a fission product barrier.”

e Operation, including the safety functions of the operator, the maintenance of the plant within
technical specification limits based on reliable and adequately calibrated instrumentation, and
the potential risk from insider threat in an otherwise “inherently safe” reactor. Particular
attention should be paid to instrumentation that is “used to detect, and indicate in the control



room, a significant abnormal degradation of the reactor coolant pressure boundary,” or that is
“used to detect and quantify a process variable, design feature, or operating restriction that is
an initial condition of a design basis accident, or a transient analysis that either assumes the
failure of or presents a challenge to the integrity of a fission product barrier,” or that is “used
for post-accident monitoring.”

Accident conditions, as affected by design selections, testing, and inspections of key
materials and components to assure continued functionality and operability, operator or
maintenance errors, and potential insider threat.

This PIRT does not cover all of the above functions, however, since it is focused more on
phenomena related to the operations and accident sequence areas. During the PIRT process, panel
members consulted historical data from operational experiences at Fort St. Vrain (NUREG/CR-6839) and
the MHTGR Preliminary Safety Evaluation Report (NUREG-1338), which were useful in the selection,
evaluation and ranking of phenomena for NGNP design, operations, and maintenance aspects of
importance to safety. Two examples are as follows:

Design and maintenance considerations: At Fort St. Vrain, an incident involving failure of
control rods to scram was caused by a design deficiency in the helium purification system
purge flow to the control rod drive mechanisms, which used carbon steel for the purge lines.
Rust formation (resulting from persistent water ingress from helium circulator bearing water
system upsets) and the resulting movement of moisture and rust particles to the control rod
drive winches and cables caused the problems. Also at Fort St. Vrain, failures were
experienced in the actuation of the reserve shutdown system where a high boron oxide (B,03)
content in the boron carbide (B4C) balls allowed for leaching of boric acid during water
ingress events, where the acid formed crystals that stuck the balls together, preventing some
of them from falling into the reserve shutdown system holes in the core blocks when the
reserve shutdown system was activated (in a test). At Fort St. Vrain, the effects of water
ingress events (especially during startups following extended outages) were made more
severe by the lack of adequate moisture monitors and inadequate means for removing large
quantities of water. These resulted in a major control rod drive refurbishment program.

In the design of the earlier PMR concept for the steam cycle-MHTGR (SC-MHTGR), the
inner reflector control/shutdown rods were not required to be scrammed automatically to
achieve hot shutdown, which could be achieved by scram of only the outer reflector control
rods. An additional reason for SC-MHTGR’s no scram of the inner control/shutdown rods
was due to concern about a possible follow-on core heat-up event causing damage to the
inner reflector rods that were being designed to be clad in Alloy 800, which could warp and
become stuck in the reflector during a high-temperature transient. Thus, in the SC-MHTGR,
the operator would have the safety function of subsequently activating the reserve shutdown
system in the inner reflector to achieve cold shutdown. An alternative high-temperature clad
material was later proposed for control rods based on qualifying carbon-carbon composites to
be used in place of Alloy 800.

Depressurized core heatup: Design, inspection, and testing considerations—during a
depressurized core heat-up, two major parameters affect the peak temperature of the fuel: (1)
the decay heat load in the core and (2) the effective core thermal conductivity, which depends
on the graphite’s temperature and neutron irradiation. Other factors involved to a lesser
degree are the emissivity of the metallic surfaces of the core barrel, reactor vessel and the
passive reactor cavity cooling system (RCCS), and the efficiency of the RCCS in removing
heat from the reactor cavity. The effective core thermal conductivity for the PMR varies
somewhat as a function of graphite selection, and its demonstrated thermal-conductivity
characteristics are based on experimental data because no predictive tool exists to predict the
variation based solely on unirradiated properties and calculated neutron exposure. Whether it



is necessary to have removable graphite coupons in the radial reflector to verify actual
irradiation-dependent thermal-conductivity variations may depend on design choices,
available margin, and whether worst case or best-estimate assumptions are made in the safety
analyses.

In addition to the four accident scenarios addressed in the TRISO-coated particle fuel PIRT
(NUREG/CR-6844), several other scenarios were considered based on past plant operating experience.

Restart and operation of the reactor following an undetected major water-ingress during
shutdown.

Restart and operation of the PMR following refueling with an incorrect positioning of fresh
fuel such as reverse loading, which should be observable in the expected critical position of
control rods, and impact on peak fuel temperature during operation.

Conduction cooldown in a D-LOFC accident with degraded emissivity on the core barrel and
inner and outer sides of the reactor vessel, assuming no in-service inspection or testing
regimen.

Impact of control rod misalignment on power peaking and initiation of azimuthal or axial
xenon oscillations with subsequent power peaking, and the subsequent impacts on peak fuel
temperatures during operation.

The development and ranking of phenomena are dependent somewhat on the plant design and
operational requirements. Example requirements and design features that could affect rankings include:

1.

classification (such as safety grade) and reliability of systems and components (both passive
and otherwise) as well as operator actions;

quality specifications (and testing) of the reliability of the billion-or-so TRISO fuel particles’
protective coating barriers; and
characteristics (performance specifications) of the “non-leak-tight” confinement building that

could allow a release of the primary system coolant directly to the environment during a
depressurization accident.

Historically, some of these modular HTGR design features were also key issues for the U.S. DOE
MHTGR, Peach Bottom Unit 1, and Fort St. Vrain reactors.

In view of some of the considerable differences in design philosophy and passive safety features of
the modular HTGRs compared to those of the more conventional reactors, a study identifying and
characterizing the phenomena involved in the important postulated accident sequences is appropriate. The
event selection process was based on the PIRT panel’s study of these features. Some members had been
involved in various aspects of HTGR programs, with direct involvement in these studies. For others, it
involved a familiarization with the historical events in previous HTGR operation and licensing exercises.
All contributed to the selection process defining the important event sequences.



3. ACCIDENT AND THERMAL FLUIDS ANALYSIS PIRT PROCESS

The NRC has adopted a nine-step process for implementing a standard PIRT.

3.1 Step 1—Issues

In anticipation of future licensing applications for modular HTGRs as the NGNP, the NRC seeks to
identify and recommend needed work on major design and technology areas for NGNP candidates that
either influence safety or have relevance to analyses satisfying applicable regulatory requirements. This is
a multi-step process, one of which is to identify phenomena that are characteristic of the NGNP designs.
Certain phenomena come into play in influencing the response of the plant to initiating events and the
postulated event sequences that follow. The issue addressed by this PIRT is the importance of these
phenomena in the prediction of the eventual outcome of the sequence, and how well these phenomena can
be characterized by existing data and analytical techniques.

3.2 Step 2—PIRT Objectives

For the case of this PIRT, the objectives are to

1. identify safety-relevant NGNP phenomena,;
establish evaluation criteria;

3. rank phenomena applicable to plant operation and postulated accident scenarios, accounting
for interaction with the other four topical PIRTs;

4. 1identify and rank the knowledge base associated with safety-relevant phenomena; and
5. provide a reference database for subsequent NRC reviews and evaluations.

3.3 Step 3—Hardware and Scenario

3.3.1 Hardware

The NGNP is currently in the conceptual design stage, and the Department of Energy’s (DOE’s)
selection of the design of the reactor and process heat sectors is in progress. Reactor candidates include
the direct-cycle prismatic-block gas turbine HTGR [such as the GT-MHR design by DOE/NNSA and
Rosatom (Russia)], and an indirect-cycle prismatic core version by AREVA, and a pebble bed reactor
version similar to the South African PBMR.

Prismatic fuel elements consist of fuel compacts inserted into holes drilled in graphite hexagonal
prism blocks ~300 mm across the flats and 800-mm long (very similar to the Fort St. Vrain reactor fuel
elements). Pebble fuel elements, developed in Germany in the 1960s, are 6-cm-diam spheres containing a
central region of TRISO fuel particles in a graphitized matrix material, surrounded by a 5-mm protective
outer coating of graphitic material (only). The pebble bed employs continuous refueling, with pebbles
recycled approximately six to ten times, and depending on measured burnup.

Several confinement and containment options have been investigated in the past, with the vented
confinement option generally selected as a baseline (with or without filters). Any early fission product
release is usually assumed to be very small, requiring no holdup, while any later releases are assumed to
be modest with little or no pressure differential driving force.



3.3.2 Accident scenarios

While classification of plant events is not within the scope of this PIRT, some judgments of the
importance of phenomena were affected by risks posed by the accidents being considered, and the
potential frequency of occurrence of those events. A typical set of event classifications are given below.

e Anticipated Operational Occurrence (A00): An AOQ is an expected event that may occur
one or more times during the life of a plant. AOOs typically have a mean frequency of
occurrence of 107 per plant year or higher.

e Design Basis Accident (DBA): A DBA is an infrequent event not expected within the
lifetime of one plant, but perhaps occurring once during the collective lifetimes of a large
number of plants. Plants are designed to mitigate the effects of a DBA using only equipment
classified as safety grade. DBAs typically have a mean frequency between 107 and 10™* per
plant year.

e  Beyond Design Basis Accident (BDBA): A BDBA is a rare event that is not expected to
occur even within the collective lifetimes of a very large number of similar plants. However,
the plant is designed to mitigate their consequences, taking credit for available safety-related
equipment, operator actions, any existing or ad hoc non-safety-related equipment, and
accounting for long time periods potentially available for corrective actions. BDBAs are
usually associated with events having a mean frequency between 10 and 5 x 107 per plant
year. Typically, the lower frequency limit is considered a cut-off frequency below which
consideration and analyses are not required.

The accident scenarios selected for consideration in this PIRT were
the P-LOFC accident;

the D-LOFC accidents;

the D-LOFC followed by air ingress;

reactivity-induced transients, including ATWS events;

Al

steam-water ingress events; and
6. events related to coupling the reactor to the process heat plant.

“Normal Operation” was also considered because it can affect the plant’s vulnerability in subsequent
postulated events.

3.3.2.1 The P-LOFC accident

The reference case P-LOFC assumes a flow coast-down and scram with the passive RCCS
operational for the duration of the event. The natural circulation of the pressurized helium coolant within
the core tends to make core temperatures more uniform, lowering the peak temperatures, than would
otherwise be the case for a depressurized core where the buoyancy forces would not establish significant
recirculation flows. The chimney effect in P-LOFC events makes the core (and vessel) temperatures
higher near the top. Maximum vessel head temperatures are typically limited by judiciously placed
insulation. The use of Alloy 800H (or equivalent high-temperature steel) for the core barrel allows for
extra margin in that area. In P-LOFCs, the peak fuel temperature is not a concern because it falls well
within nominal limits for TRISO fuel; the major concern is more likely to be the maximum vessel
temperature and the shift in peak heat load to locations near the top of the reactor cavity.

3.3.2.2 The D-LOFC accident

The D-LOFC reference case assumes a rapid depressurization of the primary system helium along
with a flow coast-down and scram, with the passive RCCS operational. It also assumes that the



depressurized coolant is helium (no air ingress). This event is known as a “conduction heat-up” (or
“cool-down”) accident because the core effective conductivity is the dominant mechanism for the transfer
of afterheat from the fuel to the reactor vessel. Typically the maximum expected fuel temperature would
peak slightly below the limiting value for the fuel (by design), and the peak would typically occur ~2
days into the accident. For these cases, the peak fuel (and vessel) temperatures occur near the core center
(beltline) rather than near the top as in the P-LOFC case because the convection effects for atmospheric
pressure helium are minimal.

There are several parameter variations of interest for this accident, which is generally considered to
be the defining accident for determining accident peak fuel temperatures. These variations are: effective
core graphite conductivity (which is a function of irradiation history, temperature, orientation, and
annealing); afterheat power vs time after shutdown; and, to a much lesser extent, the power peaking factor
distribution in the core after shutdown.

3.3.2.3 Airingress following a D-LOFC accident

The more extreme case of the D-LOFC accident involves a significant and continued inflow of air to
the core, which is only possible with a major reactor building and reactor system fault that establishes a
convective air path between the reactor vessel and the environment. The significant areas of concern for
such events are

1. graphite structure oxidation to the extent that the integrity of the core and its support is
compromised;

2. oxidation of the graphite fuel elements that leads to exposure of the TRISO particles to
oxygen, with possible subsequent fission product release; and

3. release of fission products previously absorbed in the graphite structures.

The most significant features of the event are configurations and conditions that would support
sustained (and large) flows of ingress gas and the long-term availability of oxygen in the gas. The
characterization of air ingress accidents is made particularly difficult by the extremely large set of
possible scenarios.

3.3.2.4 Reactivity events, including ATWS accidents

The most common postulated reactivity events assume a LOFC (either P- or D-) accompanied by a
long term failure to scram. These are extremely low-probability events because for the modular HTGRs,
the core heatup transients are unaffected by a scram (or not) until recriticality finally occurs upon the
decay of the xenon poisoning, which is typically nearly 2 days from the initiation of the accident. One
must assume long-term failure of operation of two independent (safety-grade) scram systems, plus a
failure of the nonsafety control rods.

Other potential reactivity events include the compaction of the pebble bed core during a prolonged
earthquake (which can cause a significant reactivity increase), and the potential for a positive reactivity
insertion from a steam-water ingress event or a “cold-slug” induced by a sudden decrease in core inlet
coolant temperature.

3.3.2.5 Other events: process heat plant-related accidents

The consideration of other events was influenced by difficulties in postulating any accidents relating
to pertinent plant design features because those features are not yet defined for NGNP. As an example
consideration for coupling to a process heat (hydrogen) plant, a scenario was arbitrarily devised for a
postulated IHX failure involving a molten-salt heat transport loop coupling the reactor and the hydrogen
plant.



Note that spent fuel storage is also a potential area for accidents that could result in fission product
releases. As the NGNP design matures, this area should be considered if it has vulnerable subsystems for
controlling contamination and releases.

3.4 Step 4—Evaluation Criteria

Each factor, characteristic, process, or phenomenon is assessed relative to its importance to fission
product release from the fuel, or in a more licensing-specific term, its impact on source term. Specific
evaluation criteria established by the panel at the initial PIRT meeting were

1. top level: dose at the site boundary or radioactive release from the confinement structure;
2. second level: worker dose;

3. third level: fuel failure fraction during events (accidents); and

4. lower level criteria:

» Fraction of fuel above a critical fuel temperature for a critical time period (as designated
by an applicable fuel performance model). This criterion is considered as a precursor to
the level 3 fuel failure.

» Reactor pressure vessel (RPV) and vessel supports, core barrel, and other crucial in-
vessel metal components service conditions (time-at-temperature, pressure, etc.).

» Reactor cavity concrete time-at-temperature.
» Circulating (primary system) coolant activity (including dust).

3.5 Step 5—Knowledge Base

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

e recent design information available for both reactor types;

e relevant operational experience from Fort St. Vrain, the Thorium High-Temperature Reactor
(THTR-300) in North Rhine Westphalia, Germany, and the Atomgeneinschaft Versuchs
Reaktor (AVR) in Jiilich, Germany;

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

e adatabase of extensive and comprehensive international reports available for downloading
from the International Atomic Energy Agency (IAEA) website (www.iaea.org).

An extensive set of references may also be found in the “Bibliography” section.

3.6 Step 6—Ildentify Phenomena

As in the TRISO-coated particle fuel PIRT effort, the panel members first identified and then refined
the phenomena lists. The term “phenomena” was expanded to include the terminologies “factor, process,
and characteristics” as well.

Accident phenomena are typically classified by their challenges to the safety functions noted
previously. The challenges to the designer-operator and the regulator are to ensure and confirm that the
defense-in-depth provided will reduce the probability and risks of serious accidents to acceptable levels.
The PIRT activity is part of a larger effort that will lead to a comparison of the requirements with the
existing (or developing) capabilities determining the analytical tools and data needed for confirmatory
analyses. The applicability of confirmation activities, such as “proving code capability” via benchmarking
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(both code-to-code and code-to-experiment), is subject to varied interpretations because severe accidents
cannot be simulated experimentally in their entirety.

Noting the major licensing issues listed previously, it is clear that both technological and regulatory
perspectives will be needed to provide essential “importance rankings” to the elements involved.

Phenomena identification involves the listing of potentially significant situations and sequences,
characterizing them with respect to their effect on core cooling, reactivity control, and radionuclide
confinement, for the three classifications of events noted previously. The following are examples:

1. normal operation—peak fuel temperatures, fission product plateout (e.g., Ag-110m
maintenance dose), loss of shutdown cooling system (SCS);

2. design basis accidents (DBAs)—Ilong-term P- and D-LOFC accidents. control rod withdrawal
accident, water and air ingress,... where single-failure criterion applies;

3. beyond DBA—multiple failures of safety-grade and/or passive systems, failure to maintain
subcriticality, inadequate defense for a major earthquake, inability to limit air ingress, loss of
all core heat sinks, ...

In addition to equipment successes and failures, operator actions (both positive and negative) are
considered, accounting for the typical very long accident response times. Examples (negative) are
maintaining flow on loss of heat sink or restarting flow during either ATWS or enhanced air ingress
situations. A complete listing of the phenomena identified by the panel is compiled in Table 1.
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Table 1. Accident and T/F PIRT chart

e Rearrangement into phenomena categories roughly according to their basic safety
functions:
o core heat removal,
o reactivity control, and
o radioactivity confinement and control of chemical attack.

Note:
1. Items that were discussed at the PIRT-1 meeting but NOT recorded in the original chart are denoted
by “@”
2. Items that were added for consideration by the panel at the PIRT-2 meeting are denoted by “&”
Sl 2l=le|l=| 8| &
S|8|z]2]3|2]| ¢
A& || =2 2
Factors affecting core cooling
and coolant distribution:
* Core geometry and effects
— core coolant (channel) bypass flows x x
— flow distribution (and changes due to): X
&  —temperature gradients X
&  — graphite irradiation X
&  — core barrel geometry X
+ prismatic core:
— fuel block warping X
@  —fuel block stability X
+ pebble core:
— compaction (packing fraction) X
@  — bridging
@  —wall interface effects X
* Core coolant flow and properties:
— friction/viscosity effects
— heat transfer correlations
— coolant properties
— helium X X X
— mixed gases X X X
— mixed convection
— control system
— circulator stall/surge
* Inlet plenum
— inlet flow distribution X
— thermal fluid mixing from separate loops X
@  — stratification and plumes
& —radiant heat to vessel head X
* Qutlet plenum
— flow distribution X
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Table 1 (continued)

P-LOFC

D-LOFC

Air In

ATWS

H20 In

H, Upset

NormOp

— mixing of core outlet (channel) flows

— steady-state and fluctuations

&  —support/component thermal stresses

& * Pebble flow channeling: viscosity vs temperature

e Il kN

* Core properties:

— effective core thermal conductivity

@  — fuel element annealing (prismatic)

— reflector conductivity

@  — reflector annealing

— fuel and reflector specific heat

Eo T Rt ol A

Lol T o Rl

Lol T o Rl

ET R T R

— stored (Wigner) energy releases

* Side reflector—core barrel—vessel heat transfer

— core barrel emissivity

— heat transfer to inlet coolant

& —vessel conductivity

— vessel emissivity (inside and outside)

b

>

b

e I ke

* Reactor vessel cavity

— RCCS panel emissivity

>

— cavity air recirculation flow, heat transfer

— vessel—RCCS effective view factors

— participating media (“gray gas”)

SN I

Ll N IE

Sl Il Rl

Sl Il Rl

ol ol k]

** RCCS Performance:

& — fouling (coolant side)

@ — axial/azimuthal heat load redistribution

— failure of 1 of 2 channels

— failure of both channels—transfer to ground

— blowdown loads on structures in/out vessel

— panel damage from missile(s); leakage

— misplaced insulation

— forced—mnatural circulation transitions

— single-phase—boiling transitions

— subcooled boiling

— liquid/steam phase separation

— parallel channel interactions

& —horizontal panel natural circ flow distribution

@ * Shutdown Cooling System (SCS)

@ — startup flow/temperature transients

& — maintaining water coolant inventory

@ — water/steam ingress into primary

@ — thermal shocks

& * Intermediate Heat Exchanger (IHX)
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Table 1 (continued)

P-LOFC

D-LOFC

Air In

ATWS

H20 In

H, Upset

NormOp

@ - over/under cooling transients

=

=

=

@ - transients involving pri/sec AP transients

=

@ — ruptures leading to coolants—ingress

=

=

@ * Brayton cycle coolers—ruptures as w/IHX

Factors affecting reactivity, power
transients, and power distribution

* Power/flux profiles, peaks at boundaries

* Excess reactivity

@ — burnable poisons

& — FP/actinide buildups

s Rl Rl

ol Rl Kol

* delayed neutrons

* decay heat:

— Vs time

— spatial distribution

* Reactivity-temperature coefficient

— fuel (Doppler), moderator

— outer/inner reflectors

* Control rod, scram, reserve shutdown worths

*Xenon and samarium buildup

Sl Il Rl

@ *xenon oscillation and control

bl T e I

* Scram and reserve shutdown failures

@ * Rod ejection prevention (design)

@ * Coolant flow restarts during ATWS

* water/steam ingress reactivity effects

* water/steam ingress pressure transients

* reactivity: (pebble) core compaction—quake

Control of chemical attack and
confinement of radioactivity

* Dust accumulation in primary (pebble bed)
and associated radioactivity

* Dust distribution, liftoff, dispersion

* Molecular diffusion following depressurization

* Critical flow at break

* High-temperature steam-graphite reactions

* Radioactivity washoff

& * Ag-110m (and other) release and plateout (maint)

@ * Fuel performance modeling:

— heatup accidents (time at temperature)

— with oxidation (air ingress)

— with steam (water ingress)

* Graphite oxidation modeling

— core support structures

— fueled core: prismatic blocks, pebbles
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Table 1 (continued)

Sl2|l=l2e|=]|8| S
ol B B =T - e
A&~ = = = 4
—reflectors X X
* Confinement building (cavity)
X X

— cavity leakage rates (performance)
— cavity gas composition and temperature

— cavity gas stratification/mixing

— cavity air in-leakage

— cavity combustible gases
— cavity structural performance

— cavity filtering performance

3.7 Step 7—Importance Ranking

The panel ranked applicable phenomena in each table relative to one or more evaluation criterion or
figure of merit (FOM), for example, “worker dose.” 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:

Importance ranks and definitions

Importance rank Definition
Low (L) Small influence on primary evaluation criterion
Medium (M) Moderate influence on primary evaluation criterion
High (H) Controlling influence on primary evaluation criterion

Plant designs include various lines of defense to mitigate the consequences of postulated accident
sequences. The panel evaluated the importance of the phenomenon or process to these sequences.
Characterizations vary depending on plant design features (such as pebble or prism core, process heat
plant type, IHX, and loop design, ...), as well as on the sequence assumptions. Coordination of these
issue identification and importance rankings with the other PIRT panels was helped in certain cases. A
compilation of the rankings for all the scenarios covered is found in Tables 2.1 through 2.7.

3.8. Step 8—Knowledge Level Ranking

Panel members assessed and ranked the current knowledge level for applicable phenomenon in each
PIRT table. Compiled (averaged) values for each of the knowledge level assessments are also shown in
Tables 2.1 through 2.7. High, medium, and low designations were assigned to reflect knowledge levels
and adequacy of data and analytical tools used to characterize the phenomena, using the NRC-supplied

definitions shown below.
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Knowledge levels and definitions

Knowledge level Definition
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 Step 9—Documentation of the PIRT—Summary

The lists and tables generated at the PIRT panel meetings document the discussions of phenomena
identification plus the importance and knowledge level rankings, with accompanying rationales. The
resulting charts document both the collective and individual member assessments. In cases where the
“collective assessment” or averaged result differed significantly from that of an individual panel member,
the “minority view” could be noted in the “rationale” column of the table. Further descriptions of the
individual assessments and rationales are in the panel members’ individual charts (see Appendix), which
were typically generated prior to the discussion by the panel. In some cases the discussions resulted in
some members’ changing their rankings.
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4. PIRT TABLES

4.1 Organization of Tables for the Accident and Thermal Fluids (T/F) PIRT

For the accident evaluations, it was recognized that many of the phenomena involved were
important, to varying degrees, in a variety of different postulated accident or event scenarios. To avoid
duplication of considerations and importance/knowledge rankings for phenomena applicable to each
accident, an accident and T/F PIRT matrix was developed that listed all phenomena of interest, with
check marks in columns pertaining to accident cases where each phenomenon was judged to be
particularly applicable (see Table 1). This table was used as a guide to create PIRT tables for each
individual scenario or accident type considered.

Furthermore, most modular HTGR accidents of primary interest are based on the assumption of a
long-term LOFC, so therefore a generalized PIRT table was created that included common LOFC
phenomena. This table is meant to be the basic building block for variations of the LOFC accident, such
as for the pressurized (P-LOFC) and depressurized (D-LOFC) cases. For example, to evaluate D-LOFC
events, one should consider entries in both the general and D-LOFC tables. A possible follow-on for the
D-LOFC case would be air ingress after the depressurization; therefore a third table, for air ingress
accidents, is added for consideration along with the first two. Other PIRT tables were developed for
reactivity events, steam/water ingress accidents, and accidents involving the coupling of the reactor
system with high-temperature process heat (hydrogen production) systems. Because plant “normal
operation,” including transients and anticipated operational occurrences (AOOs) is crucial, in some cases,
for providing initial conditions for postulated accident scenarios, a special PIRT table was developed for
normal operations as well. AOOs can be considered as possible precursors for next-level (DBA) events,
and a means of characterizing vulnerabilities that could affect the outcomes of DBA events.

A prevailing challenge in the PIRT deliberations was that many major design features of the NGNP
system being evaluated were not yet established. For example, the modular HTGR may have either a
prismatic or pebble-bed core; the primary system may or may not include a direct-cycle gas turbine with a
small IHX for coupling to the process heat plant, or it may have a large IHX for coupling to all BOP
systems; and the heat transport loop that couples the IHX to the process heat plant—potentially a half-
mile or more long—may use, for example, pressurized molten salt or high-pressure helium. Pressurization
on the secondary side will probably be required to assure the design integrity of the IHX structure, given
the high-pressure helium on the primary side.

Considering resource limits for this PIRT, some of the many possible options and design variations
were not covered here and should be revisited as appropriate in subsequent PIRT activities.

Other process problems related to the limited availability of some panel members for the three PIRT
meetings. Some were not available for one or more of the meetings, and in the third meeting, two
additional panel members joined to provide additional expertise in the neutronics area.

Tables resulting from the PIRT panel deliberations are attached in the following order:

e normal operation,
e general LOFC,

e P-LOFC,

e D-LOFC,

e air ingress,

e reactivity transients—including anticipated transients without scram (ATWS),
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e processes coupled via IHX (IHX failure with molten salt), and

e steam/water ingress.

The first set of tables represents conglomerates of the rankings and rationales for the accident
categories listed above. The importance and knowledge level rankings were averaged, often representing
a consensus of the responses of the participating panel members. Summary ranking tables follow (denoted
Table 3—Accident T/F PIRT Rankings after PIRT Meeting 3), where the H-M-L entries of individual
participants are shown for each phenomenon in the table. In cases where there were disparities between
member rankings for a given phenomenon, explanations were typically given in the rationale sections of
the conglomerate tables, with elaborations noted in individual members’ tables. The conglomerate tables
also identified the primary figure of merit (FOM) for safety/licensing concerns most affected by each
phenomenon listed. The FOMs were derived from the list assembled at the first PIRT meeting (see Sect.
3.4. “Step 4: Evaluation Criteria”). Member tables for each of the accident categories follow in groupings
by member, for panel “voting” members, as a set of tables numbered 4.1 through 14.8 (in the Appendix).

4.2 Accident and Thermal-Fluid PIRT Chart (Table 1)

This chart was created at the first PIRT meeting, where the panel decided to list the phenomena
pertaining to any and all accidents or events and then check off their major applicability to each of the
selected accident types. The phenomena in this table are grouped roughly according to function (heat
removal, reactivity control,... etc.). In most cases, this grouping method, plus use of the building block
charts for variations on the LOFC accidents, helped to avoid unnecessary duplications.

In certain cases, such as those where a phenomenon was important in one accident type but
unimportant in another, multiple evaluations were given. Although some of the phenomena listed were
not considered in any of the subsequent ranking tables, the full listing in this table may be useful in future
more comprehensive studies, after more details of the NGNP design have been established.

4.3 PIRT Tables: Combined Evaluations for Accident Sequence Categories
(Tables 2.1 through 2.7)

Tables 2.1 through 2.7 show the combined evaluations for each of the phenomena considered in
seven of the eight accident categories, noting “averaged” H, M, and L values for the importance and
knowledge levels. (See “water—steam ingress” section below for an explanation of why Table 2.8 is
omitted). In most cases, these evaluations represent a consensus of the panel members, while in some
others there were rather wide spreads due to variations in panel members’ interpretations, understanding,
or opinions about the potential effects on accident outcomes. Further elaborations on individual opinions
may be found in the collections of individual ranking and rationale tables (Tables 4.1 through 14.8) in the
Appendix. Some highlights of the discussions are noted in these rationale columns. Rating letters in the
combined evaluation tables (2.1-2.7) that have asterisks (*) indicate “close races” in the arrival at an
average evaluation.

4.4 Normal Operation (Table 2.1)

Normal Operation refers here to steady-state, routine load changes, startup and shutdown, and other
conditions and transients not involving failures of safety-grade systems or components. Some event
sequences nominally classified as AOOs were arbitrarily considered by the panel to fall into this category.
Event classification was not meant to be one of the panel’s tasks; the objective here was simply to try not
to exclude any significant phenomena, processes, or events.
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One of the major safety-related concerns in the normal operation category is the possibility of
maximum operating fuel temperatures being significantly higher than expected. Factors considered
included, for example, such phenomena as “core coolant bypass flow,” which refers to the fraction of the
total primary coolant flow that does not directly cool the fuel elements. In the PMR, direct cooling is done
by the flow through the fuel element cooling holes, and in the PBR, it is the flow through the main
annulus containing the fuel pebbles. The bypass flow is typically a factor very difficult or impossible to
measure or even infer in HTGRs because most bypass is typically through the spaces between fuel and
reflector blocks, which vary with temperature, temperature gradient, and block shrink/swell effects due to
irradiation. While important in normal operation, the bypass flow fraction would be an insignificant factor
in D-LOFC accidents, thus providing a good example of how one phenomenon can be of high importance
in one case and low in another. Core coolant bypass flow was ranked by the panel as high importance (H)
and the knowledge level low (L*), or overall an (H, L*) ranking, indicating suggested further study.

Another form of bypass flow in PBRs is the flow at the pebble-wall interfaces. In annular core
designs, this applies both to the side and central reflector interfaces. This was also ranked (H, L) by the
panel, although a number of studies have been able to successfully characterize the effective gap (flow
area) as a function of distance from the wall. Other mechanisms related to core coolant flow distributions
and its variations were considered and ranked (M, L) or (H, M), indicating the interest in refining
predictions in these areas.

Power/flux profiles in PBRs (H, L) were of concern to the panel due to the history of pebble
operating temperature prediction problems (in the AVR), and the lack of operating experience with tall
annular cores. Furthermore, the flux tends to peak sharply in the areas of pebble-wall interface. The panel
concern (H, L) about the reactivity-temperature feedback coefficients is also due to the relative lack of
experimental data for this core configuration and the eventual large plutonium content due to the use of
low-enriched uranium (LEU) (and no thorium). These coefficients (for fuel, moderator, and reflector) are
important for establishing inherent reactivity control safety, and vary with temperature and burnup. On-
line tests can be used to infer these parameters. Such tests run to date on current experimental reactors
(HTTR and HTR-10) with cylindrical cores have shown good agreement with predictions so far, at least,
at low burnups.

Other phenomena characterized as (H, L) by the panel included the outlet plenum flow distribution.
This was significant because the temperature differences in the coolant discharges from the bottom of the
core can be large due to variations in both axial flows and radial peaking factors, and can lead to both
steady-state and fluctuating jets in the lower plenum. While not normally considered a direct safety
concern, this phenomenon presents stress concerns for the plenum and outlet duct and the downstream gas
turbine, where applicable.

Fuel performance modeling (a cross-cutting issue) was also ranked as very important (H, L) by the
panel because such performance is a crucial factor in the overall safety case, particularly for designs
utilizing confinement buildings (with controlled leakage) rather than containments.

Another (H, L)-ranked phenomenon relates to fission product release and transport of silver
(Ag-110m), where, for example, the potential for deposition on turbine blades for direct-cycle gas-turbine
BOPs is a maintenance or worker dose concern. Silver is released from in-tact SiC TRISO particles by a
yet-to-be-understood mechanism, primarily at very high operating temperatures and high burnups. The
problem is likely to be greater for plutonium-bearing fuel, since the silver generation from plutonium
fissions is ~50 times greater than for uranium fissions.

The radioactive dust component in the primary circulating gas (for the PBR) that could be released to
the confinement, along with other dust shaken loose, originates during normal operation. Its potential
release in a rapid-depressurization accident is addressed in the D-LOFC table, and in more detail in the
fission product transport PIRT.
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Events that included failure to start or a delayed start of the SCS, which is typically a nonsafety
grade system, is considered here to be in the AOO category. This concern received a (H*, M) ranking.
While delayed starts were a significant concern for the large HTGRs, analyses have shown it to be of a
much lesser concern for the modular designs. This is because LOFC peak core temperatures in the
modular HTGRs are much lower than those in the large HTGRs, so the core exit (SCS inlet) temperatures
upon restart are lower. However, SCS performance and reliability are likely to be subjects of technical
specification limiting conditions for operation (LCOs), because the SCS is in the primary success path for
responding to LOFC events.

Other features of normal operation that could lead to persistent (unexpected) high temperatures in
other areas (such as the reactor cavity concrete), or high thermal gradients and/or temperature
fluctuations, were noted as a general concern for RCCS performance (ranked H, M). These included
concerns for potential RCCS panel differential expansion/contraction problems and cooling water flow
distribution disparities, especially in horizontal regions such as at the top of the reactor vessel cavity.
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4.5 General LOFC (Table 2.2)

The building block approach to this PIRT documentation led to the creation of a general LOFC table
(G-LOFC) that included common elements for the variations on the LOFC theme, encompassing both the
pressurized (P-LOFC) and depressurized (D-LOFC) cases. It also has the flexibility of adding air ingress
phenomena to the D-LOFC PIRT or an ATWS (or reactivity event) to either. RCCS behavior is generally
very important in LOFC events because the RCCS becomes the only effective means of removing
afterheat from the core and vessel. The processes are generally the same for variations in the LOFC, but
some differences exist, such as the heat redistribution in the core and vessel for the P-LOFC (hotter at the
top), potential for “gray gas” (particulates) in the air cavity between the vessel and RCCS that reduces the
effective emissivity, and potential mode changes (e.g., to and from boiling) in a water-cooled RCCS.

In initial discussions of the G-LOFC, two interpretation problems came to light for phenomenon
knowledge level (KL) rankings. In the first case, some panelists’ rankings of KL as high (H), or
sufficient, was influenced by the fact that the phenomenon had little effect on the outcome (e.g., core
effective thermal conductivity in a P-LOFC), while ranking KL lower (M or L), possibly insufficient, for
the same phenomenon where it has a major effect (e.g., in a D-LOFC). In a second case, some panelists
tended to give lower KL rankings due to the uncertainties in the current NGNP design—the details of
which are yet to be established. Other panelists tended to disregard this as a KL consideration, assuming
design features, once established, would not necessarily affect R&D needs.

One phenomenon in this category ranked by the panel as (H, L) was the emissivity estimate for the
vessel and RCCS panel, particularly due to uncertainties from aging effects. Emissivities are key factors
in the ultimate heat sink performance in LOFCs because at high temperatures most of the heat removal
(~80-90%) is by thermal radiation to the RCCS, the rest being by convection. Steels have been shown to
have high emissivities (~0.8) at high temperatures given that an oxide layer (typically formed in most
service conditions) is in tact; however, there was concern that this layer, particularly for surfaces inside
the vessel in a relatively pure helium atmosphere, might be compromised, resulting in significantly lower
emissivities.

The other phenomenon given (H, L) ratings was the reactor vessel cavity air circulation and heat
transfer. While this typically provides only a small fraction (~10-20%) of the total heat removal in an
LOFC, it is a crucial factor in the temperature distributions within the reactor cavity, where the chimney
effect tends to make the upper cavity regions much hotter.

Conductivities and other heat transfer mechanisms in the side reflector and core barrel areas were
also of concern to the panel, some receiving (H, M) and (M, L) rankings, indicating the advisability for
some further study.
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4.6 Pressurized P-LOFC (Table 2.3)

Characterizations of P-LOFC events (for a given design) are relatively straightforward compared
with other LOFC accident sequences, which can have a myriad of variations to consider. The P-LOFC is
characterized simply by “helium forced circulation stops.” The subsequent natural circulation of
pressurized helium that takes place within the core tends to equalize core temperatures, thus reducing the
tendency to form very hot regions, as would happen in D-LOFC cases, where the heat transfer mechanism
is primarily conduction (PMR) or thermal radiation (PBR). In the P-LOFC case, the main concern shifts
to the tops of the core and vessel, which become the hottest, rather than the coolest, areas. While no
phenomena were given (H, L) rankings, several concerns rated (H, M) related to the convection and
radiation heating of the upper vessel area, which is the basis for the design of the special insulation inside
the top head. High-temperature insulation development is typically an important issue in HTGR designs,
due to considerations such as behavior during rapid depressurization events (which tend to dislodge it),
and dry-out following water ingress events (which might not be a factor in NGNP designs).

4.7 Depressurized D-LOFC (Table 2.4)

The D-LOFC, unlike the P-LOFC, has many variations, including the size of the “break” and its
location(s) within the primary system. A large break/rapid blowdown of very hot helium could cause
structural damage of critical items in the path of the discharge that may need to be factored into
consequence estimates and postulated mitigation schemes. Its location can affect the atmospheric
conditions impacting the potential for subsequent air ingress and the ingress gas’ effective oxygen
content. A very slow depressurization can put the reactor into a “limbo” state (between P- and D-) for
long periods, possibly making effective emergency response planning perplexing. Following
depressurization, the effective core conductivity, along with afterheat (vs time), become the two major
influences on peak fuel temperatures. The D-LOFC accident is typically the design determinant for
reactor maximum operating power level (for a given vessel size).

No phenomena received (H, L) rankings by the panel, although there was considerable attention
given to the major factors affecting peak fuel and vessel temperatures. The consensus (with H, M
rankings) was that although there are uncertainties in these factors (core effective conductivity and
afterheat for fuel temperature, plus RCCS performance for vessel temperature), the importance factors
were mitigated somewhat considering the large safety margins typically included in the designs.

Fuel performance modeling, as it applies to heat-up accidents, was also ranked (H, M), noting its
importance and the need for accommodation to fuel design, quality assurance (QA)/quality control (QC)
in fuel manufacture, and operating conditions, in addition to heatup trajectories.

Dust suspension in the reactor vessel cavity (considering dust possibly dislodged by the helium
discharge) could impede the radiant heat transfer from the vessel to the RCCS. This phenomenon was
rated (H, M) by the panel, considering the difficulty of predicting geometry and deposition effects.
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4.8 AirIngress Following Depressurization (Table 2.5)

Events involving significant air ingress are generally considered to be of very low probability;
however, they add considerably more possible complications and degrees of severity to an already
potentially complex D-LOFC event. The two primary crucial factors here are the propensity to ingest
“air” into the core and the oxygen content of the ingested gas.

For some single-break scenarios, there could be a long (~days) delay before a significant air ingress
flow would occur—depending on the break size and orientation and other factors. This delay would allow
major shifts in the core temperature profiles to occur before the onset of oxidation (as well as several days
to take corrective action). For large postulated breaks, as the pressurized blowdown is in its last stage, a
phenomenon known as “exchange flow” is likely to occur. This phenomenon, best characterized by the
densimetric Froude number, results in the confinement gas (air) moving into the vessel to replace the
helium that is discharged from the vessel. The net result is a filling of the lower reaches of the reactor
vessel only a short time (minutes) after the break occurs, and sets the stage for air to move into the core as
the oxygen begins to react with the hot graphite structures in the lower plenum. The process of air
encroaching into the space originally occupied by helium, known as molecular diffusion, is typically a
very slow process, and as long as the helium “bubble” in the top region of the vessel is intact, the
substantial ingress flow is inhibited.

The first impact of air ingress (from natural circulation) in the lower plenum area where the graphite
core support structure resides might, in some scenarios, affect core structural integrity.

Not specifically considered here is the scenario in which forced convection augments the air ingress
process, with the potential net graphite oxidation rates increasing considerably (clearly a more bounding
event). There are also wide variations in the possible composition of the ingress gas. In the panel’s initial
deliberations on air ingress, the various means of defining the cavity that surrounds the RPV (a potential
location of the break) were not clearly established. The question was does the gas consist of an average
atmosphere in the confinement building or rather the gas in a compartment or cavity within the
confinement building. The answers are clearly design-dependent.

A crucial factor in determining the extent of long-term graphite damage if no mitigating action is
taken is the ingress of fresh air into the confinement and its eventual access to the area of the break.
Factors such as gas density, stratification, and confinement out-leakage significantly affect these
predictions. Because the availability of the air (oxygen) to the break location, along with the in-leakage of
air to the confinement, can vary widely depending on the scenario assumptions, bounding calculations
with very large boundaries would be applicable, especially until more design details are available.

The possibility for a double break that exposes both the reactor upper and lower plenum to the
confinement cavity was also considered, even though any double vessel break would be of extremely low
probability. A chimney effect would result in a larger ingress flow rate (with minimal delay in starting);
however, total long-term graphite oxidation damage would be more dependent on total oxygen
availability in the confinement building. An earlier start of the oxidation would reduce the time for
corrective actions to be taken.

The panel’s judgment was that no phenomena considered have (H, L) rankings, in part due to the fact
that for the bounding condition calculations, there are wide variations in the unknowns (as noted above),
so that the imprecise, but available, data would likely be sufficient.

Another mitigating factor in the importance rankings was that considering the possibilities for fuel
oxidation damage, tests have shown that fission product releases (for SiC TRISO) are not likely in the
projected accident temperature ranges in the lower part of the core, where the oxidation would take
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place.’ The very low probability of occurrence of these scenarios also tended to enter into this ranking
process.

The integrity of the graphite core support system would depend on its design details as well as the
conditions for oxidation, where oxidation at lower temperatures tends to result in more structural damage.
This phenomenon was ranked as (H, M) by the panel.

3Section 5.4 of Fuel Performance and Fission Product Behavior in Gas Cooled Reactors, INEA-TECDOC-
978, International Atomic Energy Agency, Vienna, Austria, November 1997.
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4.9 Reactivity (ATWS) Events (Table 2.6)

These were initially referred to as ATWS events, but several other events were considered that
involved reactivity insertions, not necessarily “without scram.”

A classic ATWS case (for PBRs) is a reactivity insertion due to pebble bed core compaction in a
severe, prolonged earthquake event. Bounding calculations of the potential positive reactivity insertion
have shown that significant positive reactivity could theoretically result; however, realistically the
reactivity increase would occur over a relatively long time period (minutes). Even without a scram or
other corrective action, the natural negative temperature-reactivity feedback mechanisms would prevent
damaging power excursions.

The possibility of positive reactivity insertions from steam/water ingress was also considered.
Depending on design and operating conditions, the ingress may or may not cause a significant positive
reactivity insertion. It was assumed, however, that credible mechanisms for significant ingresses (during
reactor power operation) did not exist in this case because the potential water sources would remain at
pressures lower than those in the primary system, and water inventories in the secondary systems were
assumed to be limited to small values by design. The conclusion was predicated on the assumption that
the design does not include a steam generator in the primary circuit.

There were no (H, L) panel rankings in this category. However, the reactivity-temperature feedback
coefficients for the fuel, moderator, and reflectors were ranked as (H, M*). This negative feedback is
crucial to the inherent defenses against reactivity insertions, and due to the complex and untested (to date)
design features such as the very tall annular core, there were some predictability concerns, particularly for
high burnup conditions.
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4.10 IHX Failure, Assuming Molten Salt (MS) as the Transport Medium (Table 2.7)

Initially this PIRT table was developed as a more general coverage of phenomena associated with the
coupling of the modular HTGR to a high-temperature process heat hydrogen plant. In extensive
discussions with the process heat PIRT panel chair (C. W. Forsberg) at PIRT meeting 3, the panel
concluded that because there were still very large uncertainties in the selection of an eventual NGNP
process heat component design, the focus instead should be on an example event for one of the “likely”
designs. The panel also decided to consider internal events instead of external hazards from upsets in the
chemical plant. The focus would be specifically on the interfacing component (IHX) and pipeline
between the two plants. If MS were chosen to be the intermediate heat-transport coolant, its selection
would lead to a significantly different (and interesting) set of phenomena from those addressed to date in
this PIRT exercise.

With the MS pipeline coolant selected, the event was developed using a transport loop that was
pressurized to help balance the pressure difference between the IHX primary and secondary sides. The
loop is coupled to a nonspecific high-temperature hydrogen production plant. The event scenario is
described in the table’s preamble and summarized as follows:

The heat transport pipelines are assumed to be quite long (~0.5 miles or more), so the molten salt
inventory is large. An initial break in the IHX tubing allows the higher pressure primary helium coolant to
penetrate (“blowdown”) into the pipeline, with some of the primary system helium escaping to the outside
via a secondary relief valve in the pipeline, bypassing the reactor confinement building. From the inertia
of the flowing MS in the pipeline, and other factors, MS flows into the reactor primary system and
partially fills some of the reactor vessel. The MS is assumed to contain no nitrates.

While the IHX failure as assumed would initially lead to primary system helium penetration into the
MS-filled heat transport loop (and possible release of part of the helium’s circulating activity to the
environs), the more interesting part involves the possible back-flow of salt into the reactor primary
system, and eventually into the reactor core.

Some current NGNP exploratory designs employ MS as the coolant fluid of an “HTGR,” so such a
back-flow is not likely to have any major adverse impact, except for potential thermal shocks from hot
salt impacts on the vessel and in-vessel metals being a possible source of high transient stresses. As the
SCS will not be started up under a pool of MS, the longer-term decay heat removal mode through the
vessel wall will end up with higher vessel wall temperature changes due to the higher conductivity of salt
compared to the radiation heat transfer through helium.

There were no (H, L) panel rankings in this category. Some concerns (H, M) were raised about
possible doses to the public from the initial release of activity in the primary circuit; however, this was
tempered by the likely scrubbing action during the countercurrent MS-helium flow. All other concerns in
the (H, M) category were due to possible thermal shocks from hot MS entering primary system areas that
had normally cooler operating temperatures.

One design variation was also discussed (but not evaluated)—that of using high-pressure helium
(instead of MS) in the heat transfer loop. An IHX break scenario that causes eventual leakage of the heat
transfer loop’s huge (hot) helium inventory into the reactor confinement building would have a major
impact on the building and any filter design employed.

Several panel members had addressed the more general process heat scenarios prior to the meeting
and completed draft ranking tables for these event/design phenomena. In those cases, their individual
PIRT tables appear (in the appendix) as Tables X.7a. More general accident scenario descriptions and
evaluations are covered more thoroughly in the process heat (hydrogen) PIRT report, including a much
wider variety of design options and accident scenarios.
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4.11 Water-Steam Ingress

As noted in the discussion of the reactivity PIRT (Table 2.6), originally the intent was to cover
events including potential design options for a steam generator (SG) in the primary loop, as well as for
direct-cycle gas turbines and IHXs only in the primary BOP. In the former case, steam in-leakage from a
high-pressure SG would be a dominant risk factor; in the latter cases, where the primary water-cooled
heat exchanger secondary sides in the Brayton cycle design run at lower operating pressures, they present
minimal risks of any substantial steam-water ingress during power operation. Hence, after much
discussion, the panel decided to eliminate this accident type from the current ranking process. The table
used in the discussion (originally Table 2.8) listed the initial concerns (but without summary rankings).
Since no rankings were assigned by the panel, the table was eliminated. For further discussions of the
originally posed phenomena, refer to Tables X.8 in some individual member evaluations (X =4 to 14) in
the Appendix. The reader should note that for just about every HTGR that was ever operated, significant
water ingress events occurred. However, no significant reactivity insertion events of this type were
recorded in the experience base.

4.12 Summaries of Rankings for All PIRT Tables (Table 3)

These tables summarize the rankings by individual PIRT panel voting members for each
phenomenon associated with the various accident tables. Voter identification (by initials) is shown in the
first set of columns for importance (IMP) and in the second set of columns for knowledge level (KL).
Panel member individual ranking tables, with rationales for importance and knowledge level evaluations,
are in the Appendix.
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5. SUMMARY AND CONCLUSIONS

In the Accident and T/F PIRT conducted for the DOE NGNP design, the panel evaluated phenomena
and processes deemed pertinent to the plant’s safety characteristics. The objective was to assist NRC in
determining areas where additional information may be needed to substantiate licensing-related cases. In
some instances, important specifics of the NGNP design had not yet been established, so evaluations were
either made of the general features (e.g., common to the likely design alternatives), or else specific
assumptions were made about the design selection. For example, certain phenomena common to PBR
designs-only were evaluated and likewise for the PMR. It was assumed that more specific evaluations
would be made again after the major NGNP design selections are completed.

As one of five PIRT exercises conducted simultaneously, the Accident—T/F PIRT panel benefited
greatly from interactions with the other panels.

The PIRT panel evaluated both normal operation and postulated accident scenarios, concentrating on
the T/F aspects of the events, but considering the neutronic behavior as well where appropriate. Four
types of challenges were evaluated: challenges to heat removal, reactivity control, and confinement of
radioactivity, and challenges to the control of chemical attacks.

The panel’s evaluation of the importance ranking of a given phenomenon (or process) was based on
the effect it had on one or more FOMs or evaluation criteria. Such rankings were sometimes subject to
different interpretations—and discussions, however. For example, the effective core conductivity would
not be important to peak fuel temperature concerns for the P-LOFC accident scenarios, but would be a
major factor in the D-LOFC. Also, RCCS performance is crucial to reactor vessel and reactor cavity
overheating concerns in LOFC scenarios but has little effect on peak fuel temperatures. In cases where
rankings were not straightforward, explanations were given in the rationale comments. Importance
evaluations are functions of the reactor design, and because of some of the inherent safety features of
modular HTGRs, the importance of some phenomena typically of concern in reactor accident sequences
were reduced significantly.

The panel was not uniformly in agreement on some KL assessments. One view was that the KL
should be based on a judgment of how much is known about the phenomenon independent of its
importance. In the other view, the KL was judged as a relative, rather than absolute, factor because it
relates to a judgment of whether or not more work is needed. This difference in views, which affected
some individual KL rankings, should be noted in interpreting the results.

The PIRT evaluations were done using a matrix—building block format that allowed consideration
of all the important phenomena or processes without having to resort to unwelcome repetition. The nine-
step PIRT process developed by the NRC was employed. Consideration of a wide range of postulated
accidents was based in part on extensive review of operating experience as well as on detailed and
extensive accident analysis and licensing exercises for designs similar to NGNP (but without the process
heat component).

Phenomena with average or consensus rankings of high importance (H) with a corresponding low
knowledge level (L) were flagged (H, L) as the major candidates for further consideration. In some other
cases, phenomena ranked (H, M) or (M, L) were given consideration as well, especially in view of the
concern about possible differences between the panel’s “assumed” plant design and the eventual NGNP
design feature selections.

The phenomena highlighted in the consensus ranking tables (Tables 2.1-2.7) included those having
to do with fuel potentially running at or reaching higher-than-expected temperatures, the concern about
RCCS performance, particularly during accident scenarios, and the uncertainties in scenarios of
postulated air ingress accidents that, however unlikely, could lead to major core and core support damage.
The panel discussed the potential accidents involving the high-temperature process heat (hydrogen plant)
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design, but since that design was essentially undefined, opted instead to select and evaluate one example
event for a specific (MS heat transport loop) design. Followup studies of these and other areas of
uncertainty are recommended.

In Table 3 and the summary rankings tables (Tables 4 through 14), PIRT members are identified by
initials. An initials key listing, along with notes on which of the three PIRT meetings they participated in
(and individual table numbers), is as follows:

DM = David Moses (ORNL)—Meetings 1 and 3 (Table 4)

GG = Genevieve Geftraye (CEA, France)—Meetings 1 and 2 (Table 5)

JG = Jess Gehin (ORNL)—Neutronics discussions in meeting 3 (Table 6/7)
JR = John-Paul Renier (ORNL)—Neutronics discussions in meeting 3 (Table 6/7)
MC = Michael Corradini (Univ. Wisconsin}—Meetings 1 and 2 (Table 8)
RG = Randall Gauntt (SNL)—Meetings 1 and 2 (Table 9)

RS = Richard Schultz (INL)—Meetings 2 and 3 (Table 10)

SB = Syd Ball (ORNL)—AIIl meetings (Table 11)

SF = Steve Fisher (ORNL)—Meetings 2 and 3 (Table 12)

TW =Tom Wei (ANL)—AII meetings (Table 13)

YH = Yassim Hassan (Texas A&M)—AlIl meetings (Table 14)

The wide variety in the attendance record helps explain, in part, why some evaluations in some PIRT
processes are not covered by all participants. Clifford Davis (INL) substituted for Richard Schultz in
Meeting 1, participating in the phenomenon selection process, but not in the rankings, which were done in
Meetings 2 and 3. Rankings for all LOFC cases and air ingress events were evaluated in PIRT Meeting 2,
and all other areas in Meeting 3.

Panel deliberations were aided by non-voting participants that provided technical support in various
areas; these included members of the other four PIRT panels, and industrial representatives Charles Kling
(Westinghouse), Larry Parme (General Atomics), and Farshid Sharokhi (AREVA). Special assistance in
the reactivity-related discussions was from lan Gauld (ORNL) on decay heat R&D, and by Don Carlson
(NRC). Administrative support was provided by Kent Welter, Peter Cochran, and Samina Sheikh (NRC).
Overall PIRT direction and support was provided by Sud Basu (NRC).
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