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ABSTRACT

This paper presents the approach used to define
the technology program needed to support design and
licensing of a Modular High-Temperature Gas-Cooled
Reactor (MHTGR). The MHTGR design depends heavily on
data and information developed during the past 25
years to support large HTGR (LHTGR) designs. The
technology program focuses on MHTGR-specific operating
and accident conditions, and on validation of models
and assumptions developed using LHTGR data. The
technology program is briefly outlined, and a schedule
is presented for completion of technology work which
is consistent with completion of a Final Safety
Summary Analysis Report (FSSAR) by 1992.

INTRODUCTION

Technology development for the High-Temperature
Gas-Cooled Reactor (HTGR) has been in progress since
the mid 1960s. Early emphasis was on fuel and
graphite development. Over a hundred HTGR fuel
irradiation capsules have been irradiated in a dozen
research and prototype reactors around the world. A
variety of kernel types and particle designs have been
considered and tested. Structural materials evalua-
tion programs were initiated in the 1970s, focusing on
three major applications for the HTGR (steam cycle
electricity production, direct cycle electricity
production, and process heat generation). Commercial
reactor designs for the 1970s focused on very large
reactors [1170, 22«0, 3000, 4000 MW(t)]. In the early
1980s there was a shift in emphasis for the HTGR. The
Three Mile Island (THI) accident in 1979 focused
attention on reactor safety and investment risk. It
became clear to industry leaders that inherent safety
to protect both the public and the investor would be
required in the next generation of reactors. The
focus shifted to small HTGRs, with steel pressure
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vessels, operating within the envelope of parameters
for which fuels and materials had already been
extensively tested. The focus of the technology
program also shifted. Emphasis increased in the
areas of fission product (FF) behavior, performance
modeling, the production and testing of fuel with
much lower initial defect levels than were required
for LHTGRs (which were designed with containment
buildings), and in the testing of pressure vessel
steels.

This paper describes the planning and methodol-
ogy used to redirect the focus of the HTGR technology
program to support the MHTGR design. Emphasis is
being placed on technology development planning to
support the two primary requirements of the design:
(1) safety, and (2) protection of investment. The
manner in which the extensive existing data base
developed to support LHTGR design is being incorpo-
rated into the MHTGR effort is also addressed.

Approach to Defining Technology Needs
The data accumulated during the past 25 years

from LHTGR technology programs was used to develop
the MHTGR design. However, additional technology
requirements were defined by the need for experi-
mental data t" confirm or validate assumptions made
in the design for specific MHTGR conditions. The
MHTGR design was developed using a disciplined
functional analysis approach. All design selections
flow from top-level goals and functions, which in
turn flow from the top-level requirements for the
MHTGR. Both regulatory and investor requirements are
addressed. Regulatory requirements focus on public
health and safety. Investor requirements focus on
plant safety, performance, availability, and
economics. The goals and functions which flow from
regulatory and investor requirements are:
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(1) To maintain plant operation: This goal requires
reliable operation of the plant under conditions of
(a) normal operation to produce energy, (b) shutdown,
(c) refueling, and (d) startup/shutdown operation.
Reliable operation is defined in terms of unavail-
ability for planned outages (should not exceed 20Z of
the 40-year design lifetime), and worker exposure
(less than 107. of 10 CFR 20 allowance).

(2) To maintain plant protection: This goal requires
that additional design features be incorporated to
protect the plant against damage when failures occur.
These features should be such that unplanned unavail-
ability shall not exceed 102, and outages of 6 months
or longer shall not exceed 107. of the unplanned outage
period. Also, the probability of any deficiency that
could lead to shutdown of other MHTGR plants shall be
less than 10"5.

(3) To maintain control of radionuclide release:
This goal requires that additional design features or
systems be provided to contain radionuclides in the
event that the normal operating conditions cannot be
maintained. These design features or systems should
be such that there is no requirement for off-site
sheltering or evacuation planning.

(4) To maintain emergency preparedness: This goal
requires maintenance of adequate emergency prepared-
ness to protect the health and safety of the public in
the event that control of radionuclide release is not
accomplished.

In order to develop a design for the MHTGR which
incorporates a satisfactory response by reactor
components and systems to the goals and functions
listed above, a set of preliminary conceptual require-
ments and design selections was made. These selec-
tions relate to cost, availability, maintenance,
operation, safety, and investment risk. Analysis of
requirements led in turn to a determination of the
behavior of components and systems in service. Some
of the assumptions used in the design process can be
addressed by existing data, and others require
experimental validation. Typical examples of assump-
tions requiring experimental verification are shown in
the Appendix. Validation of these assumptions define
the data needed in each technology area. The logic of
this process is shown schematically in Fig. 1. The
list of data needs was prioritized based on evaluation
against four parameters:

(1) urgency,
(2) cost benefit,
(3) uncertainty in existing data, and
(4) importance of new data.

Regulatory Technology Development Plan
The MHTGR research and development tasks which

generate technical information directly related to
radionuclide retention and control are a subset of the
overall technology plan. This subset has been docu-
mented in a Regulatory Technology Development Plan
(RTDP). The RTDP has been submitted to the Nuclear
Regulatory Commission (NRC) as part of the application
for a Safety Evaluation Report (SER) on the standard
MHTGR design. The RTDP directly supports the Prelimi-
nary Safety Information Document (PSID) which provides
the primary basis for licensing review.

All experimental programs in the RTDP can be
performed in existing test facilities. The schedules
for completion of the technology development are

OESlGN PROCESS

REQUIREMENTS
1 -

2-

ANALYSES AHO
TRA0€ STUDIES

2-

1

J
OESIGN SELECTIONS
t •

z-

/ EVALUATION:
( DOES DESIGN MEET
\ A L L REQUIREMENTS

YES

DO ANY ASSUMPTIONS
\ REQUIRE VERIFICATIO)

YES

RECYCLE TRADE 1
STUDIES/ANALYSES I

/C 1 REEVALUATE I
| WITH NEW OATA |

END
\ _ J' m ftru arru rn 1

J / ~ loiTI "° 0 D N "LQUIRCD 1

\

|

PLAN AND
CONDUCT

TECHNOLOGY
PROGRAM

t

Fig. 1. Relationship of design data
needs to design process

consistent with a licensing schedule for a Prelimi
nary Safety Summary Analysis Report in 1990 and
Final Safety Summary Analysis Report in 1992.

Overview of MHTGR Technology Program
The MHTGR technology program includes studies ti

produce data in the areas of fuel performance
fission product behavior, and physical and mechanica
properties of graphite and structural materials. Fo:
fuel, graphite, and structural materials, the HHTG1
service conditions of interest are well within thi
envelope defined earlier for the LHTGR. For graphiti
and structural materials, completing the technology
program outlined in the early 1980s for the LHTGf
will meet all the data requirements for the MHTGR.
MHTGR modules are sufficiently small that large PCRVj
are no longer required. Therefore, qualification ol
steel pressure vessels for MHTGR application has beer
a recent addition to the MHTGR technology program.
The MHTGR performance requirements for fuel are more
challenging than those required for the LHTGR. The
quality of as-fabricated fuel, defined in terms of
defective coatings, and the fraction of exposed
uranium, must be 10 times better to meet MHTGR
performance expectations. Meeting these fuel
performance requirements will necessitate improve-
ments to the fuel fabrication processes and the
quality control program. Also required arc models
which accurately predict the performance of the fuel
for use in licensing and experimental data which
validate the model predictions. A comparison of fuel
operating conditions and quality requirements for the
Fort St. Vrain Reactor (FSVR), LHTGR, and HHTGR is
shown in Table 1.





fractions have been reduced by a factor of 10 in the
MHTGR design. Improvements were needed in the
fabrication of fuel compacts to reduce the number of
coatings broken during the pressing operation. The
addition of a porous carbon "overcoat" to the TRIS0-
coated particle has been demonstrated to reduce the
fraction of damaged particles to less than 10'-\
Because of the requirement for better-quality fuel,
improvements in the QC of as-fabricated fuel are also
required. Using the FSVR fuel manufacturing processes
as a starting point, equipment and process modifica-
tions are being made to reduce the fraction of
defective coatings and the damage to particles during
fuel rod fabrication.

Fuel Performance Measurement. Requirements for
fuel performance are established by the MHTGR design,
and one of the primary goals of this task is to
demonstrate that these performance expectations are
met for KHTGR-specific conditions. Fuel performance
models were initiated under the LHTGR fuel technology
program, and these models were used to make perfor-
mance predictions which have been used to develop the
overall design concepts for the MHTGR. Validation of
the models will be required for licensing approval.
Model validation for MHTCR service conditions is the
other primary goal of the task. These two goals will
be accomplished through a series of irradiation
capsule tests.

Fission Product Transport Behavior. The fission
product transport technology development program
addresses transport from the fuel to the site bound-
ary. Transport from the fuel kernel and fuel coatings
are covered under fuel performance. Fission product
behavior outside the coated particles is termed FP
transport behavior and includes consideration of the
fuel rod, the graphite block, component surfaces, and
the reactor building. Specially designed laboratory-
scale test equipment will be used to study the
chemical forms of fission products and the compounds
formed when fission products plate out on metal or
concrete surfaces. Plateout, reentrainment, and
washoff phenomena will be studied in both once-through
systems and laboratory-scale recirculating loop
facilities operating up to 6 MPa (60 atm). Validation
of design methods will be accomplished by experiments
conducted in the COMEDIE Loop in the Siloe reactor.

Graphite Properties. For the permanent core
support graphite the ASME Boiler and Pressure Vessel
Code (ASME code) specifies a design methodology.
General data requirements include a survival probabil-
ity for specified failure criteria and a mean-value
definition for properties used in the constitutive
equation. The tolerance limits (which define the
failure probability) are set as 997. survival with 957.
confidence. A program has been planned for each
element listed. In each case a set of assumptions has
been developed to link the testing program to the
design, and validity of the assumptions will be tested
as the program is conducted.

The design of replaceable core graphite compo-
nents is governed by a more complex design criteria
than the ASME code. The statistical requirements
imposed by the assumptions which drive the technology
program are directed entirely on bounding mean values.
Various failure criteria are developed in terns of
survival pr<?b»bilities (tolerance limits). For
example, fracture of a graphite block is described as
a statistical event with a finite probability.

Structural Materials Properties. The mechanical
property data required for the hot duct, steam
generator, and reactor vessel materials are largely
available from the light water reactor (LWR) and
prior LHTGR programs. Specific requirements relevant
to MHTGR conditions are addressed in this portion of
the technology development program. The planned work
is designed to provide sufficient data to satisfy
provisions of the ASME code which require that the
properties of the materials of fabrication for these
components meet or exceed the design values speci-
fied. Key issues are the irradiation behavior of
pressure vessel materials at fluences and tempera-
tures expected in the MHTGR under normal conditions
and under licensing basis event (LBE) conditions.

Schedule and Costs
Schedules of work to meet the technology needs

were developed to be compatible with the design
schedule for the MHTGR. The design schedule included
completion of the conceptual design in September
1987, a 3-year preliminary design cycle, and a 2-year
final design cycle. The Preliminary Safety Informa-
tion Document (PSID) was completed at the beginning
of FY 1987. The Preliminary Safety Summary Analysis
Report (PSSAR) is scheduled to be completed by the
end of FY 1989, and the Final Safety Summary Analysis
Report (FSSAR) is scheduled for completion at the end
of FY 1993. The design and technology schedules? are,
of course, budget limited. A current estimate of the
base technology cost is shown in Table 2. Technology
schedules to support this design schedule are briefly
summarized below.

Table 2. Base technology program cost

Development area

Fuel and associated process
development

Fission product transport

Graphite development

Materials (metals and ceramics)

TOTAL

Estimated cost, SM

22

21

11

9

63

Fuel Performance. Preliminary data is to be
available during FY 1988 and 1989. Final data
analysis is to be complete by the end of FY 1992.

Fission Product Transport. Plateout/liftoff
testing in once-through systems is scheduled for
completion by 3Q89. Testing in recirculating systems
is to be completed by AQ90. Washoff testing is to be
completed by AQ92, and design verification methods
work (COMEDIE Loop) is to be completed by 4Q92.

Graphite Properties. All work on core support
graphite is to be completed by 4Q91. Fuel element
graphite testing is to be completed by AQ92.

Structural Haterlals Properties. Most work on
Alloy 800H is to be completed by 4Q91. Creep and
fatigue testing of 10,000 and 20,000 h aged specimens



will be completed by 4Q92. Fracture toughness testing
will be completed by 3Q92. Testing of 2.25Cr-lMo
steel will be completed by AQ92, and testing of
pressure vessel steel will be completed by 2Q90.

DISCUSSION AND CONCLUSIONS

The technology for the HHTGR is based upon
development and testing which have progressed con-
tinuously for more than 25 years. The requirements
for experimental data to confirm or validate assump-
tions specific to the MHTGR design have been defined
through a systematic top-down engineering approach.
The top-level regulatory and investor requirements are
quantified within four goals:

(1) to maintain plant operation,
(2) to maintain plant protection,
(3) to maintain control of radionuclide release, and
(A) to maintain emergency preparedness.

The specific development tasks to complete the
technology data base for the MHTGR design have been
planned in detail in the areas of fuel development,
fission product transport, graphite, metals and
structural components. A selected set of tasks from
these program areas have been defined in a Regulatory
Technology Development Plan. This document provides
the description of work to be completed for assuring
the retention and control of all radionuclides during
normal operation and accident events.

The complete HHTGR technology development program
provides a comprehensive and cost-effective basis for
the initiation of an HHTGR project. The MHTGR is an
evolutionary design that has a sufficient foundation
in proven technology so that a first plant should be
able to be licensed without a specific safety demon-
stration test. A schedule for completion of the
technology development program has been established
which is consistent with completion of an FSSAR by the
end of FY 1993.

APPENDIX - EXAMPLES OF ASSUMPTIONS WHICH DRIVE
THE HHTGR TECHNOLOGY PROGRAM

Fuel Performance Assumptions:

- There will be no thermally induced failures during
normal operation

- As-manufactured heavy metal contamination will be
<10"3 at 50% confidence and <2 x 10"5 at 9SZ con-
fidence

- The in-service particle failure fraction will be <5
x 10"5 at 507. confidence and <2 x 10"4 at 95%
confidence

- The incremental particle failure fraction will be
<1.A x 10"4 at 50Z confidence and <6 x 10"4 at 95Z
confidence

Fission Product Behavior Assumptions:

- Radiation due to fission product plateout will be
<10 tnR/h for planned maintenance, and <IOO mR/h for
unplanned maintenance

- Total occupational exposure can be controlled to
<100 rem/GW(e) year

- Personnel exposures can be controlled to <10Z of
the limits specified tn 10 CFR 20

Graphite Performance Requirements/Assumptions:

Fuel Element Graphite

- Capable of operation over a 3-year design life
with peak fluence of 5 x 1025 n/m2 (E>29 fJ)

- Can withstand operating basis event (OBE) and safe
shutdown earthquake (SSE) seismic excitation of
0.15 g and 0.3 g ground acceleration, respectively

- Can withstand a pressure differential of 0.036 MPa
vertically

Can operate in a primary coolant which has a total
oxidant level below 10 ppm

- The maximum stress failure theory is a reasonable
approximation for H-451 graphite under a multi-
axial state of stress

Thermal and irradiation stresses can be linearly
combined

- Miner's rule for estimating cumulative fatigue is
applicable to H-A51 graphite

Core Support Structure Graphite

- Graphite Core Support Structure (GCSS) can with-
stand an operational lifetime of 280,000 h (40
years at 80Z load factor) at temperatures in the
range of 316 to 800 deg C

- Grade 2020 graphite can be manufactured in size
needed for GCSS with minimum strengths of 16.5 MPa
in tension and 20.7 MPa in compression

Properties listed in Graphite Design Data Manual
are valid for Grade 2020

Use of simplified linear elastic stress analysis
methods to show compliance with required stress
limits is valid

The effects of irradiation on the properties of
Grade 2020 graphite are negligible

Structural Materials Performance Assumptions:

The structural materials can operate for A0 years
under the temperature, pressure, and flow condi-
tions of the primary circuit coolant

- The structures can withstand OBE loads with a
maximum ground acceleration of 0.15 g horizontal
and 0.15 g vertical

The structures can withstand SSE loads with a
maximum ground acceleration of 0.30 g horizontal
and 0.30 g vertical

- The structures can withstand a maximum pressure
reduction rate of 0.075 MPa/s during a rapid
depressurization event

- The structural materials can withstand design
acoustic loads and design irradiation levels
without degradation of properties outside the
range of design requirements

Pressure vessel materials are not significantly
embrittled by Irradiation damage over their 40-



Pressure vessel materials can safely withstand the
high temperature associated with depressurization
accidents
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