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FOREWORD

This report is intended as an introduction to the burgeoning field of graphite high temperature gas-
cooled nuclear reactors with particular emphasis on nuclear graphite.

There is a brief review of the use of bulk graphite as a moderator in fission reactors around the world
from the beginnings in 1942 to Generation IV prismatic and pebble bed High Temperature Reactor
(HTR) potential. The characteristics, manufacture, properties and irradiation behavior of bulk
graphites are outlined. A bibliography is provided for further study.

Established in 1880, the American Society of Mechanical Engineers (ASME) is a professioial not-
for-profit organization with more than 127,000 members promoting the art, science and pi~ctic2 of
mechanical and multidisciplinary engineering and allied sciences. ASME develops ¢odex and
standards that enhance public safety, and provides lifelong learning and tecknicol e..change
opportunities benefiting the engineering and technology community. Visit www.asr. 0rg ior more
information.

The ASME Standards Technology, LLC (ASME ST-LLC) is a not-for-pror.t. .imited Liability
Company, with ASME as the sole member, formed in 2004 to carry cut v.ark izlated to newly
commercialized technology. The ASME ST-LLC mission includes meeting 1.2eneeds of industry and
government by providing new standards-related products and services, vhich advance the application
of emerging and newly commercialized science and technology and groviding the research and
technology development needed to establish and maintain 1 2 technical relevance of codes and
standards. Visit wwwe.stllc.asme.org for more information.
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ABSTRACT

This technical report presents the basic information relative bulk graphite production, structure,
chemical properties, physical properties and neutron irradiation behavior.  Bulk graphite
characteristics, its manufacture, properties and irradiation behavior as well as a new generation of
nuclear grades are briefly reviewed. An overview of graphite moderated gas-cooled reactor designs is
also presented. The report serves as a summary of the training seminar on Nuclear Graphite
conducted during the ASME Boiler and Pressure Vessel Code week, October 30—-November 3, 2006,
in Louisville, KY.

There is no universally accepted code for the design of graphite moderator structures. The history of
graphite moderated reactors is traced from the beginnings in 1942 to the most recent utility start-uyp.in
1989. Developments have continued over the intervening years especially in the area of he'iun.
cooled High Temperature Reactors. Prismatic 30MWth, and pebble-bed 10MWth, test re-cto.s vere
brought into operation in Japan and China, respectively.

Vi
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1 INTRODUCTION

Graphite has extraordinary abilities to both slow down fast neutrons and to sustain the collateral
damage. In particular, structural integrity is retained over a wide range of neutron fluence and reactor
temperatures such that commercial graphite moderator systems have run for over forty years.

Graphite is a member of a class of materials known as moderators which are effective in slowing high
energy fission neutrons to thermal energies so as to maximize fission collisions. (Other moderators
include beryllium, beryllium oxide, heavy water and water as well as certain metal hydrides and
certain hydrocarbons.) The slowing down of neutrons is the result of multiple collisions with the
nuclei of the moderator.

Graphite produced synthetically in large blocks is particularly attractive as a moderator be-auc= it is
produced in quantity around the world by relatively simple industrial processes in &« wide 1:nge of
sizes and grades at reasonable cost. (In this report, blocks of synthetic graphite will'.= tei.iied bulk
graphite as distinct from other forms such as single crystal, powder and fibers) The blocks are
readily machined into quite intricate shapes. Furthermore, graphite is refractor\ ir. the sense that, in
the absence of both air and neutron irradiation, at temperatures up to aitaut 200°C, structural
integrity is retained. The strength is actually enhanced: for instance, the ten.ile ¢wrenyth of graphite at
2000°C is about 50% higher than its room temperature value.

Thus, it should come as no surprise that the first fission reactors in.the US.:A (1942), the USSR (1947),
the UK (1947), Belgium (1956) and France (1956) were all xrinhite moderated. The early civil
power reactors in France, the UK and the USSR were large-scale derivatives and currently form the
backbone of nuclear electricity generation in the UK.

The refractory capability of graphite moderated reactors .= evident in the increase in coolant gas outlet
temperatures from 140°C in the early air-cooled versions tu 950°C in the helium cooled pilot units in
Germany and Japan. There is great interest around .»2 world in the commercial exploitation of the
high helium gas temperatures for the production of hydrogen, sea water desalination and direct cycle
power generation.

Currently, there is no universally acceptea <ade for the design of graphite moderator structures. In
1990, ASME (Section Ill, Div. Z) isc'ed 1 draft code proposal for Graphite Reactor Core Supports.
More recently, a diverse grovo ~f Generation-1V Very High Temperature Reactor (VHTR)
stakeholders have expressed th= nced Tor a unified approach to design code. The stakeholders include
the DOE and the NRC in«ine USA, the nuclear regulator in the Republic of South Africa and the
designers AREVA, Genzra! Atumics and the PBMR Company. Therefore, an ASME Project Team
on Graphite Core Compunents was established in 2002, initially under Section 1l. The Team was re-
assigned to Sectich N in 2006. The work of the Project Team had matured and justified the
preparation of a tran ‘g seminar on Nuclear Graphite for presentation during the Louisville ASME
Code week, ;udt. 30-Nov. 3, 2006. The seminar focused on bulk graphite production, structure,
chemical anu nhysical properties and neutron irradiation behavior.

The 2im of wiis technical report is to capture the essentials covered in the Louisville seminar and to
orevide a brief introduction to nuclear graphite.
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2 DEFINITIONS
(See also ASTM C 709 on Terminology Relating to Manufactured Carbon and Graphite)
Anisotropy — defined in terms of properties:

With grain — parallel to extrusion direction, perpendicular to molding axis.

Against grain — perpendicular to extrusion axis, parallel to molding axis.
Crystallite — fundamental region of three dimensional order as revealed by X-ray diffraction.
Grain — filler particle (calcined coke, recycled graphite).

Isotropy Ratio — usually defined in terms of the ratio of the thermal expansion coefficient (measuid
over a defined temperature range) (against-grain)/(with-grain).

Isotropic Graphite — a graphite in which the ratio of the against-grain to with-grain vai.'e of the
coefficient of thermal expansion measured from 25°C to 500°C is between 1.0 and 1.1.

Near-Isotropic Graphite — a graphite in which the ratio of the against-grain to wit>-gra:. value of the
coefficient of thermal expansion measured from 25°C to 500°C is between 1.1 axd 1.:5.

Nuclear Graphite — any bulk graphite with the desired properties, suitc'le ¢1d known irradiation
behavior, with unwanted impurities removed. (See also ASTM D7219 Sicidard Specification for
Isotropic and Near-Isotropic Nuclear Graphites.)

RMBK - reaktor bolshoy moshchnosti kanalniy (Russian)
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3 GRAPHITE MODERATED GAS-COOLED REACTORS

3.1 Developments 1942-1989

The early graphite moderated reactors in the USA, the USSR, the UK and France were dedicated to
the production of plutonium, the fundamental investigations of fission and graphite behavior and the
preparation of radioisotopes. The operating temperatures were initially relatively low (typically
<150°C) and cooling was achieved indirectly with air initially and more commonly with water. The
Hanford reactor cores were contained in a mixed gas blanket of helium and carbon dioxic»
However, the potential for harnessing the heat released to raise steam for turbine genera‘ion of
electricity was recognized.

The first generation of graphite moderated civilian power reactors in France and the UK we: > cuoled
directly with carbon dioxide. In the reactors of the former Soviet Union, heat was re,xoved from the
RBMK 1000MWe cores indirectly by cooling water. The RBMK graphite core was contained in a
mixed gas blanket of helium and nitrogen, typically a 90%/10% mixture.

The first electric utility systems in the UK (so-called Magnox because of the ai'oy u:2d to contain the
fuel) were relatively small (49MWe per reactor, Calder Hall 1957), growing to <90ivIWe per reactor
in the final build (Wylfa 1972, scheduled to close in 2010). A comg!'cau.an with these commercial
Magnox reactors was the concomitant radiolytic oxidation. Some mitigaic:i was achieved with small
amounts of hydrogen and methane in the coolant circuit. Tie ¢ame grade of medium grain, high
purity, extruded needle coke graphite, grade PGA, was used in eve' y wiagnox reactor.

A second generation of graphite moderated electric utility.rec.~tor; were built in the UK between 1976
and 1989 with a combined generating capacity of alriast AaGWe. These so-called Advanced Gas-
cooled Reactors (AGR) were all relatively large at.555M'Ve to 625MWe per reactor. Each reactor
required about 3000 tonnes of graphite. The grap: ite jrade, GCMB (also known as Gilsocarbon),
was a medium grain molded isotropic type using coke produced from Gilsonite, a natural asphalt
occurring in Colorado and Utah. A typical ar-angament of the graphite moderator blocks in an AGR
core is shown in Figure 1. The last AGR otattn is scheduled to be closed in 2022, representing an
average generating life of about 35 ye=s
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