o, R TG . 1 October 23, 1987

Dr. Arthur Johnson
Chairman, TRTR
Radiation Center
Oregon State University
Corwallis, Oregon 97731
Dear Dr. Johnson:
Enclosed for your information and for dist-ipution to members of the TRTR,
as appropriate, are the following generic documents, which are relevant
to non-power reactors.

1. Federal Register Notice on the denial of the CBG petition for

rulemaking regarding fire response plans for graphite fires

(52 FR 3732, October 6, 1987).

2. A BNL Report, NUREG/CR-4981, A Safety Assessment of the Use of
Graphite in Nuclear Reactors Licensed by the U.S. NRC.

Sincerely,

original signed by

Theodore S. Michaels, Project Manager

Standardization and Non-Power Reactor
Project Directorate

Division of Reactor Projects - III,
IV, V and Special Projects

Office of Nuclear Reactor Regulation

Enclosure:
As stated
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E i ; WASHINGTON, D, C. 20655
M har 2 ) October 23, 1967

Dr. Arthur Johnson
Chairman, TRTR

Radiation Center

Oregon State University
Corwallis, Oregon 97731

Dear Dr. Johnson:

Enclosed for your information and for distribution to members of the TRTR,
as appropriate, are the following generic documents, which are relevant

to non-power reactors.

1. Federal Register Notice on the denial of the CBG petition for

rulemaking regarding fire response plans for graphite fires

(52 FR 3732, October 6, 1987).

2. A BNL Report, NUREG/CR-4981, A Safety Assessment of the Use of
Graphite in Nuclear Reactors Licensed by the U.S. NRC.

Sincerely,

/
A b S ML \
}heodore S, Michaels, Project Manager
Standardization and Non-Power Reactor
Project Directorate
Division of Reactor Projects - III,
|
:

1V, V and Special Projects
Office of Nuclear Reactor Regulation

Enclosure:
As stated
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*The State of Montsna." in alphabetical
order.

Done in Washington, DC, on this 18t day of
Oclober, 1987,
B. G. Johason,
Acting Deputy Administrator, Veterinary
Services, Animal and Plant Health Inspection
Service.
[FR Doc. 8723108 Filed 10-56-87; 8:45 am|
BILLING COOE 3410-34-4
]

NUCLEAR REGULATORY
COMMISSION

10 CFR Part 50

[Docket No, PRM-50-44)

Committee To Bridge the GAP; Denial
of Petition for Rulemaking

AGENCY: Nuclear Regulatory
Commission.

AcTioN: Denial of petition for
rulemaking.

sumMMARY: The Nuclear Regulatory
Commission (NRC) is denying a petition
for rulemaking submitted by the
Committee To Bridge the Gap. The
petitioner requested that the
Commission amend its regulations to
require all licensees whose reactors
employ graphite as a neutron moderator
or reflector and whose licensed power is
greater than 100 W to: (1) Formulate and
submit for NRC approval fire response
plans for combating a reactor fire
involving graphite and other constituent
reaclor parts (e.g., fuel); (2) formulate
and submit for NRC approval
evacuation plans in case of a reactor
fire; and (3) perform measurements of
the Wigner energy stored in the graphite
of their reactors and submit these
measurements to the NRC for review,
together with a revised safety analysis
that shall address the risks and
consequences of a reactor fire.

The petitioner believes these
requirements are necessary because the
previous NRC safety evaluations of
these reactors allegedly were based on &
belief that graphite fires were not
credible and on an inability of the NRC
and its contraclors to properly calculate
Wigner energy in the graphite. The
Commission is denying the petition
because Fort St. Vrain Nuclear
Generating Station and all NRC-licensed
reaearch and test (non-power) reaclors
have approved plans for dealing with
emergencies in accordance with existing
regulations. The protective actions are
based on conservative dose calculations
consistent with those proposed by the
pelitioner.

Graphite burning is a very low-
probability (i.e., noncredible) event und

R A R R

its potential is essentially independent
of stored energy in graphite. Empirical
measurements of slored energy in
graphite are not needed to perform an
evaluation of the releasable stored
energy. Furthermore, the requirement for
such measurements could result in
personnel exposures that would be
inconsistent with NRC's as low as is
reasonably achievable (ALARA)
principle.

ADDRESSES: Copies of the petition,
public comments and abstracts of the
comments received on the petition, and
the Brookhaven National Laboratory
Report NUREG/CR-4981 are available
for inspection and copying under Docket
No. PRM-50-44 in the NRC Public
Document Room, 1717 H Street NW.,
Washington, DC. Copies of NUREG/CR-
4981 may be purchased through the U.S.
Government Printing Office by calling
(202) 275-2060 or by writing to the U.S.
Government Printing Office, P.O. Box
37082, Washington, DC 20013-7082.
Copies may also be purchased from the
National Technical Information Service,
U.S. Department of Commerce, 5285 Port
Royal Road, Springfield, VA 22161

FOR FURTHER INFORMATION CONTACT:
Theodore S. Michaels, Standardization
and Non-Power Reactor Project
Directorate, Office of Nuclear Reactor
Regulation, U.S. Nuclear Regulatory
Commission, Washington, DC 20555,
Telephone (301) 492-8251.

BUPPLEMENTARY INFORMATION:

The Petition

A petition for rulemaking was filed by
the Committee To Bridge the CAP (CBG)
on July 7, 1886. The petition was
docketed by the Commission on July 7,
1986 and was assigned Docket No.
PRM-50-44. A notice requesting
comments on the petition was printed in
the Federal Register on September 3,
1986 (51 FR 31341). The petition reques!s
that the Commission amend its
regulations.

Basis for the Request

The petitioner offered the following
justification for the proposeod revision
of the regulations:

* The occurrence of a graphite fire at
the Chernobyl plant in the Soviet Union
demonstrates that such fires are credible
events. The NRC and its licensees have
mistakenly dismissed graphite fires as
noncredible events.

¢« New experimental data show that
NRC's generic analysis of stored energy
in research reactor graphite significantly
underestimates the actual amount of
stored energy, and thus underestimates
the associated risk of graphite fire

* The NRC failed to required basic
safety measures that could help to
reduce the threat of such a fire.
Licensees whose reactors use graphite,
including dozens of non-power reactors
and one commercial power reactor, have
no fire response plans for combating |
graphite fires in their reactors. Non-
power reactor licensees do not have \
adequate emergency plans to evacuate
members of the public in the event of a
graphite fire or other severe accident

For these reasons, the petitioner
would require a!l licensees whose
reactors employ graphite as 8 neutron
moderator or reflector and whose
licensed power is greater than 100 W to:

(a) Formulate and submit for NRC !
spproval fire response plans for
combating a reactor fire involving
graphite and other constituent reactor
parts (e.g.. fuel) which might be involved
in such a fire, taking into consideration
the potential for explosive reactions.

Response plans shall identify precisely
which materials will be used to suppress
a fire without increasing the risk of
explosion, and shall indicate where and
in whal quantities these materials will
be stored.

(b) Formulate and submit for NRC |
approval evacuation plans for a reactor i
fire. Plans should include evacuation out
to a sufficient distance from the reactor |
such that no member of the public
receives a dose to the thyroid greater
than 5 rem, assuming a release to the
environment of 25% of the equilibrium
radioactive iodine inventory.

(c) Perform measurements of the
“Wigner energy" stored in the graphite
of their reactor, and submit these
measurements to NRC for review
together with a revised safety analysis,
which shall address the risks and
consequences of a reaclor fire. A
sufficient number of graphite samples
shall be measured to identify the
location of maximum stored energy, and
to determine the maximum quantity of
stored energy within :10%.

Public Comments on the Petition

On September 3, 1988, the
Commission published a notice in the
Federal Register (51 FR 31341)
requesting comments on the petition.
The NRC received nine requests for an
extension of the comment period. An
extension of the comment period was
granted, changing the closing date for
the comments from November 3, 1986, to
February 2, 1987. A total of 27 comments
were received, six of which supported
the petition and 21 of which opposed the
petition. Of the six commenters
supporting the petitinn, two were
individual citizens e. 2 four were from




37322

Federal Register / Vol 52, No. 193 / Tuesday, October 6, 1987 / Proposed Rules
o

citizen's groups. Of the 21 commenters
opposed to the petition, 15 were
universities or university-related
organizations, four were companies
involved with the nuclear industry, one
wiis & state government agency. and one
was an individual citizen.

Of the comments in support of the
petition, none offered ln{l specific
technical insights but rather simply
endorsed the information and basis of
the petition. These commenis covered
general concerns that include:

* The potential for graphite fires,

* Training of firefighters to manage
graphite fires,

* Evacuation of persons on-site and
in nearby areas in the event of an
sccident.

Highlights from the comments
opposing the petition are as follows:

* CBG's comparison of research
reactors to the Chernoby -4 (RBMK)
reactor ignores the extreme differences
in power level, core size, tiasion product
inventory, operating temperature,
reactor control systems, and inherent
design characteristics.

¢ CBG's inference that graphite fires
were the initiating events in both the
Chernobyl and Windscale accidents
cannot be substantiated.

* The operating temperature of the
Chernobyl graphite (700°C) dismisses
CBG's contention that stored energy in
the irradiated graphite played any role
in the Chernoby! accident.

* CBG ignores the necessity for an
initiating event to raise the graphite
temperature 50C*-100C* above its
normal operating temperature before
any Wigner (stored) energy in graphite
can be relcased.

« CHG ignores the fact that only the
rileasuble stored energy, not the total
stored energy, in graphite, in accordance
with the annealing temperature, can
contribute to a graphite temperature
INCrease

* The conditions necessary for
graphite burning do not exist nor can
they be created by random events in
non-power reactors.

* The conditions necessary for
graphite burning do not exist in the Fort
St. Vrain reactor

¢ Operating temperatures of the
graphite in the Fort St. Vrain reactor
preclude the accumulation of any
significunt quantity of stored energy
(i.e., the graphite is self-annealing).

¢ NRC-approved emergency pfanl
(required by 10 CFR Part 50, Appendix
E) are in place at all NRC-licensed
reactors and are adequate and
scceplable,

* Measurement of stored energy is
not consistent with the ALARA
philosophy, since it requires the

ur.necessary exposure of reactor
personne}

¢ CBU fails to provide a technical
basis for any of the petition's proposed
requirements.

The comments opposing the petititon
are too numerous to address
individually. However, each comment
has been considered by the staff and its
rontractors in analyzing the petition and
in developing the NRC position.
Abstracts of all comments received and
the full text are available at the NRC
Public Document Room in the Docket
file PRM-50-44, as noted in the address
section above.

Analysis of the Petition

(1) The petitioner asserts that “the
occurrence of a graphite fire at the
Chernobyl plant demonstrates that such
fires are indeed credible events.”

CBG filed its petition on July 7, 1986.
Consequently, only fragmentary
information, mostly conjecture, was
available before the petition was filed.
More detuiled and definitive information
was first made available, outside th
Soviet Union, during a meeting held by
the International Atomic Ennrgy Agency
(IAEA) in Vienna, Austria an August 25
to 29, 1886. Without the beuefit of the
detailed Soviet report, the basis of the
petititon is seriously flawed.

In response to the CBG assertion
regarding the Chernoby! event, the NRC
selected Brookhaven National
Laboratory (PNL), operator of the
Brookhaven Graphite Research Reactor,
whose staff is recognized internationally
for its research on reactor-grade
graphite and its properties, to review the
published information and dete,mine its
relevancy to the cse of graphite in MRC-
licensed reactors In addition, BNL
personnel reviewed the Chernobyl and
Windscale acuitiats and the role, il
any, of the graphite moderator in these
events. The results of this review are
coatained in NUREG/CR-4901, "A
Safety Assessment of the Use of
Graphite in Nuclear Reactors Licensed
by the U.S. NRC." July 1687. This report
is available as noted in the address
section above.

The stafl has used the BNL report,
comments received from the public, and
its own understanding of and expertise
relevant to the use of grephite in non-
power reactors and Fort 5t. Vrain to
evaluate and respond to the assertions
and prop sed requirements of the CGB
petition (PRM-50-44).

In their evaluations of the Chernoby!
accident, both Soviet and international
scientists argee that graphite burning
did occur during this accident. However,
most of the experts, including the

scientists at BNL, consider the graphite
burning a secondary or corollary event
yesulting from the explosions that
occurred as a result of a very rapid
reactivity insertion that overheated the
fuel and cladding. The explosion created
the conditionJ necessary to initiate and
sustain grapnite burning (e.g.,
fragmentation of fuel and graphite,
rupture of the moderator inert gas
boundary, admission of air, a favorable
ratio of graphite volume-to-surface area,
sustained heat input from asphalt fires,
and decay heat). Although the petition
considers the Chernobyl accident a
demonstraiion of graphite fire
credibility, the accident confirms that
initiation and sustained burning of
graphite require the existence of a
complex combination of ideal
conditior.s, which are extremely difficult
to achieve in any real situation and are
virtually incredible in the reactors being
considered under this petition. The
words “credible” and “incredible” have
been used in many AEC/NRC safety
analyses. As used by the staff, these
words have always been a qualitative
statement of the likelihood or
probability of an event or condition
occurring. Accordingly, the staff's
conclusion that sustained or self-
sustained graphite burning is not a
credible event in NRC-licensed reactors
is still valid (i.e., the random
simultaneous occurrence of the several
conditions necessary for sustained
graphite burning or self-sustained
graphite burning is an event with a very
small probability of occurring). The staff
thus concurs in the conclusion reached
in the BNL report: “There is no new
evidence associated with the analyses
of either the Windscale accident or the
Chernobyl accident that indicates a
credible potential for a graphite burning
accident in any of the reactors
considered in this review, Nor is there
any new evidence that detailed case-by-
case safety analysis of the role of
graphite in NRC-licensed reuctors are
warranted." Accordingly, there hac been
no change in the staff's assessment of
graphite burning, the Chernobyl
sccident notwithstanding, in NRC-
licensed reactors, and no changes are
required in the staff s previous findings
in the safety evaluation reports prepared
for these reactors.

(2) The petitioner states that "the NRC
has failed to require basic safety
measures to reduce the threat of a
graphite fire."

The petitioner did not identify the
“basic measures” the NRC has failed to
require and provided no basis for this
statement. The staff considers that the
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elements of the NRC regulatory and
licensing process represent the basic
nafety measures required of licensees to
ensure the safe design and operation of
their reactors as well as to provide
specific plans and procedures for
managing and responding to off-normal
conditions and accidents. Some
examples that are relevant to fire !
detection, protection, and mitigation are
listed below:

* Safety reviews of non-power
reactors include an assessment of the
fire protection systems at each facility.
F re detection, fire extinguishers, fire
alurms, fire prevention, fire fighting
training of facility personnel, and onsite
and offsite response to fire alarms are
typical areas included in the safety
review. Inadequacies identified during
the review mus! be corrected before a
license is granted

* Each non-power reactor licensee is
required by conditions of the license
(Technical Specifications) to provide a
sulety review for experiments to be
inserted in their reactors and for
changes in reactor operation. Among
many other safety considerations, an
assessment of fire potential (e.g.,
flammable materials) is included.

¢ Each non-power reactor licensee
has responded to the requirements of 10
CFR 50.54(q) and 10 CFR Part 50,
Appendix E, in submitting an emergency
plan for NRC review and approval. All
licensed non-power reactors now have
approved emergency plans and the
necessary implementing procedures.
These plans were reviewed against
ANS!/ANS-15.16-1982 and Regulatory
Guide 2.8, proposed Revision 1, as
outlined in NUREG-0849, "Standard
Review Plan for the Review and
Evaluation of Emergency Plans for
Research and Test Reactors.”

Examples of the evaluation items that
are relevant to "basic safety measures
to reduce the threat of . . . fire" are
listed below:

(a) The [emergency] plan should also
describe non-radiological monitors or
indicators * * * (2) Fire detectors * * *

(b) The emergency plan should
Zeuscribe an initial training and periodic
retraining program designed to maintain
the ability of emergency response
personnel to parform assigned functions
for the following:

* * *{ Police security, ambulance,
and fire fighting personnel * * *
(NUREG-0840, Sections 8.0 and 10.0)

The licensee for Fort St. Vrain has
satisfactorily met the requirements of 10
CFR Part 50 48 and 10 CFR Part 50,
Appendix R. Appendix R, "Fire

' Covers all types of fires Including graphite fires

Protection Program for Nuclear Power
Facilities Operating Prior to January 1,
1979," sets forth fire protection features
required to satisfy Criterion 3 of
Appendix A to 10 CFR Part 50. These
NRC requirements include the "basic
safety measures to reduce the threa! of a
v A

It is the stafl's judgment that the NRC
has required adequate basic saflety
measures to reduce the threat of fire as
well a8 to mitigate the consequences of
uny fires that do occur. These measures
have been reviewed, approved, and
implemented for all licensed reactors.
They generally apply to all fires and
have been found to provide acceptable
protection for the health and safety of
the public.

(3) The petitioner alleges that “licensees
have no fire response plans for graphite
fires."

As discussed in item 2, above, all
licensees have NRC-approved
emergency plans in accordance with 10
CFR 50.54(q) and 10 CFR Part 50,
Appendix E. These plans provide for
response to fires, for training of fire
fighting personnel, and for periodic drills
to demonstrate proper operation of the
plan tn accordance with procedures
developed for each facility. One
commenter opposing the petition
reported that the offsite fire fighters and
their supervisors were regularly trained
in fire fighting procedures for their
facilities and that the fire fighters were
confident that they were prepared to
deal with the type of fires they could
encounter, including a fire involving
graphite. This is consistent with BNL
research,® which recommends a basic
fire fighting technique for graphite fires,
that is, exclude air or oxygen and cool
the graphite. Success in using this basic
“cool-and-smother" technique was
demonstrated during the Chernobyl
accident Gold nitrogen gas was pumped
into the bottom of the reactor to
successfully cool the graphite and fuel
debris while excluding oxygen to
smother any burning. Also at Chernobly,
graphite blocks were successfully
quenched using water (NUREG-1250, pp
4-12, 4-21, and 7-23). Since this basic
cool-and-smother technigue is effective
for most fires, the staff has concluded
that the licensee' existing emergency
plans provide an adquste response for
graphite fires as well as any other type
of fire

*RW Powell RA Meyer. and R.C Bourdesu
“Contm! Radiation Effects in o Graphite Resctor
Structure " Proceed ings of the Second United
Notions Internotiona! Conference on the Peoceful
Liemw of Atomic Enesgy. Vol 7. 1982 p W3

{4) The petitioner asserts that “non-
power reactors do nol have adequale

emergency plans o evacuale members
;’f the public in the event of a graphite
ire."

Neither the petitioner nor any of the
citizens' groups or individuals
supporting the petition provided a basis
in support of this assertion. The staff
has reconsidered the need to provide a
plan to evacuate members of the public
located off site in the very unlikely
event of a graphite fire and, in the
course of evaluating this petition, has
not identified any such need.

As stated in Regu'atory Guide 2.8,
Revision 1:

In the judgment of the NRC stafl, the
potential radiological hazards to the public
associated with the operation of research and
test reactors are considerably less than those
involved with nuclear power plants. In
addition. because there are many different
kinds of non-power reactors, the potentia! for
emergency situations arising and the
consequences thereof vary from facility 1o
facility. These differences and variations are
expected to be reflected realistically in the
emergency plans and procedures developed
for each research and test reactor facility.

Accordingly, each non-power reactor
licensee has developed an emergency
plant based on the identified
characteristics of its reactor facility. To
assist licensees in meeting the
requirements of 10 CFR Part 50,
Appendix E, Regulatory Guide 2.6
(ANSI/ANS-15.16-1982, Table 2)
provides an "Alternate Method for
Determining the Size of an Emergerncy
Planning Zone (EPZ)." Table 2 is based
on highly conservative does calculations
that are generically applicable to non-
power reactors. These calculations
include the very conservative
assumption for non-power reactors that
25% of the equilibrium radioactive
iodine is gaseous and will escape from
the reactor building into the
environment, It is the current and
standard practice of the NRC staff to use
the 25% iodine source term with regard
to 10 CFR Part 20 recommended dose
considerations in its safety evaluations
of non-power reactors. Table 2, which is
based on power level, recommends that
reactors with power levels less than or
equal to 2 MW use their “operations
boundry" for their EPZs, which
essentially recognizes that & reactor of
this power level will only need to
initiate protective actions for members
of the general public on site and will not
pose an unacceptable radiological
hazard to members of the public off site.
There are only five licensed non-power
reactors containing graphite that have
power levels greater than 2 MW. Three
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of the reactors huve power levels less
than 10 M'%/, one has a power level of 11
MW, and Jne has a power level of 20
MW, Tuv.4 2 recommends an EFZ of 100
melers of non-power reactors with
power levels greater than 2 MW and
eyual (o or less than 10 MW, and 400
meters for those with power levels
groater than 10 MW end equal to or less
then 20 MW. The licensee for each of
these rewctors has an NRC-approved
emergency plan that takes into
consideration the specific
characteristics of each reactor (e.g.,
fision product inventory and engineered
safety featur 1s) in the development of
the ection levels, procedures, and
protective actions necessary to protect
all members of the public within its EPZ.
Regulatory Guides 13 and 14
recommend *he use of the 25%
radioactive icdine source term in
determining the compliance of power
reactors with the siting, noiwinment,
and dose guidelines of 12 CFR fart 100,
The staff bel.ever the surverd regulatory
Eractir.n gre suitable to eisure ihat the

asic statutory requirement, for
adequate protection of pub'ir bealth and
safety, is met.

These emergency planiing
considerations are appropriate f ¢
reactors utilizing graphite compon:ats.
Because the graphite contains no fission
products and very few activation
products, ev=n the remote possibility of
the graphite burning would not
contribute to the radiological source
term. Therefore, a graphite fire in and of
itsell presents essentially no
raciological hazard to the publ'z

Because of the major dilferences in
design, power level, core s.ze, fission
product inventory. reacor conirol
systems, and inherent reactor
neutronics, comparison of the Chernobyl
accident and its consequences with
aceidents and the resulting
consequences for non-power reactors 18
not appropriate. nor is it meaningful
Many of the comments received in
opposition 1o the petition epeak of the
impropriety of comparing NRC-licensed
non-power reactors with the Chernobyl
RBMK-1000 reac‘or.

The petitioner hu® 0t provider sny
proof of inadequacy in the emergency
plans for non-power reactors. On the
basis of a review of the guidance for
emergency planning contained in
Regulatory Guide 2.6 and ANSI/ANS
15.16-1882 and the requirements of 10
CFR Part 50, Appendix E. the stafl has
concluded that the emergency plans
previously approved by NRC are still
appropriate and adequate. Neither the
petitioner nor the commenters
supporting the pelition hve supplied

information that demonstrates that,
nuen in the remote case of graphite
burning, there is & need to modify any
e.is'ing emergency plans.

(5) 1%.e petitioner states that "NRC's
cunetic analysis of stored energy in
cenearch reactor graphite significantly
underestimates the actual amount of
stored energy and thus underestimates
the associated risk of graphite fire.”

The conditions necessary for ¢1ored
energency releases in graphite are
described in section 3 of the BNL report.
The staff agrees with the methodology
derived for estimating the stored energy
that can be released from g-aphite and
in the analysis applied to the estimation
of stored energy releasec in Section 6 of
the BNL report.

In section 2 of the BNL report, the
necessary conditions for grephite to
burn are discussed in deta{’. A
reassessment of the literature o the
experiments previously per/ armed at
BNL and the reported details of ihe
Windscale and Chernobyl accidents are
included in the B* . study. The
¢orclusions reached as a result of tnzae
e alysen ane

[T)he potentiai to initiate or maintain a
graphile bumning inr/aant is essentially
independent of “=e slored energy in the
graphite, and dej2nds on other factors that
are unique for ench research reactor and for
Fort St. Vrain. I» a-der \o huve self-sustained
rapid grephite oxsidetion in any of these
reactors, certain necessary conditions of
geometry, temperature, oxygen supply,
yraction product removal and a favorable
(eat balance must be maintained. There is no
new evidenoe assnciated with either the
W indscale s:oident or the Chernobyl
Accident that indicates a credible potential
for & graphite burning accident in any of the
reactors considered in this review

On the basis of its review of the BNL
report, the literature on BNL
experimert . und *he information on the
Windscale and Chernobyl events, the
staff finds that tre conclusions reached
by BNL are correct and adopts them as
its own

{(6) The petitioner asserts that “actual
empirical measurements of Wigner
energy will be required to assess the
magnitude of the energy stored in
resenr h reactor graphite”

Measurements of stored energy in its
research reactor graphite were made by
the University of California, Los
Angeles, in the course of
decommissioning ita Argonaut research
reactor. Several things learned from its
program of sampling ans ineasuring
stered energy were reported by a
com menter who opposed the petition,
Thia information was also reported in a

paper by Ashbaugh, Ostrander, and
Pearlman ? at the American Nuclear
Society annual meeting in June 1986,

* Stored energy decreases with
increusing distance from the fuel region
(e.g. 561 al/gm at 18 inches, 1.34 cal/
a#m at 22 irches, and an unmeasurable
umuun! 8t 26 inches).

* ‘Within the graphite island, stored
enczgy decreases from 33.3 cal/gm al the
fuel box graphite interface 10 19.2 cal/
gm about 3 inches from the fuel box
toward the center of the graphite island.

These resul s illustrate the principles
associated with the proposed
requiremen! to measure the Wigner
energy stored in the research and test
reactor graphite. The significant changes
in store:! energy with relatively small
diffevercos in location demunstrate the
difficulty ir, selecting the locations and
the numbes of samples needed to
charrcterize the "maximum stored
energy end to determine the maximum
quantity of stored energy to within
+10%."

The hoses fore storage and release of
Wigner energy in graphite are
delineated in the BNL report, which
shows that thave is no unique
cannection between total stored energy
and the releasable energy. Thus,
establishing the magnitude of the stored
energy in non-power reactor graphite by
empirical measurements would not
provide the information needed to
evaluate this potential. Because the
releasable stored energy saturates, an
upper bound on the stored energy thal
can be released to 700°C can be
determined from existing data
Therefore, no measurement of stored
energy is required.

Also, because of the severai
condihons required to initiate graphite
burning in addition to a graphite
temperature of 850°C, the potential to
initiate oy maintain @ graphite-burning
incident is 2sentially independent of
stared enesgy in the graphite. This
further supports the conclusion that no
measurement of stored energy is
needed

Many of the commenters who
opposedl the petition cited a violation of
ALAR.\ considerations because stored
energy measurements would not provide
needed information, but would incur
radiological exposures. The
impracticality of taking the scamples and
making the measurements was also
pointed out. For example, sampling the
graphite reflector pieces in the ends of &

* CE Ashbaugh N.C. Ostrander. and H Periman
“Cirnphie Stored Energy in the UCLA Reseunrch
faeuctor” Tronsoctions of the ANS. Vol 52 1966, p
192




Federal Register / Vol. 52, No. 193 / Tuesday, October 6, 1987 / Propused Rules
e

37325

-

TRIGA fuel pin would require breaching
the fuel pin cladding as well as
providing shielding against the fuel pin's
radioactivity. Similar challenges would
be associated in taking a sample from
graphite reflector companents clad with
metal. In addition, it was pointed out
that numerous samples would be
required to establish the true magnitude
of stored energy in the various graphite
components.

The staff has considered the relevant
BNL findings and the comments
received and has concluded that
empirical measurement of stored energy
In non-power reactor graphite
components is not practical nor is it
necessary to ensure the health and
saflely of the public.

(7) The petitioner refers 10 “one
commercial power reactor,” indicating
that it has no fire response plans for
combating graphite fires. The petitioner
also states that "graphite is used as a
moderator in the Fort St Vrain nucicar
power plant in Colorado.”

Other than the lack of graphite fire
response pians, the petitioner does not
identify specific concerns related to Fort
St. Vrain. However, it 1s implied that all
reactors using graphite components are
subject to CBG's concerns and
assertions. In reality, the petition and
requirements are really directed at NRC-
licensed non-power reactors.

Fort St. Vrain is a high-temperature
gas-cooled reactor (HTGR) owned and
operated by Public Service Company of
Colorado. Its design capacity is 330
MWe. It uses a ceramic fuel particle
{uranium and therium carbide) clad with
silicon carbide and multiple layers of
pyrolytic carbon. The fuel particles are
compacted into small rods and installed
in fuel holes in the hexagonal graphite
fuel blocks. Including the reflectors there
are 500 tons of reactor graphite in the
core. The reactor coolant is helium with
an average inlet temperature of 762° F
(405°C) and an outlet temperature of
1445°F (785°C). The average graphite
moderator temperature is 1380°F (749°C)
These characteristics are far different
than those of the non-power reactors.
BNL has reviewed Fort St. Vrain
parameters in relation to graphite stored
energy and concludea in section 7 of its
report, “Fort St. Vrain operates at
temperatures that preclude
accumulation of stored energy. There
are no know problema associated with
stored energy in graphite for operating
temperatures associated with HTGRs."
The stafl agrees with BNL's conciusion
and can find no reason to empirically
measure the stored energy in Fort St
Vrain's graphite components.

In response to an NRC request, Public
Service Company of Colorado
addressed the implications of the
Chernoby! accident for the Fort St.
Vrain. The licensee submitted a final
report entitled “Design Differences, Air
Ingress and Graphite Oxidation, and
Steam Ingress and Water Gas
Generation" (P-86641, December 4,
1986). The stafl has reviewed the report
and concludes that the only significant
similarity between Chernobyl and Fort
St. Vrain reactors is that they both
contain a large amount of graphite
moderator. There are design differences
between these reactors that preclude an
accident similar to the Chernobyl
accident at Fort St. Vrain

Furthermore, on the bas's of its
reviews, the staffl concluded that the
structural integrity of the Fort St. Vrain
prestressed concrete reactor vessel
would be maintained dunng and after
the assumed accident scenarios.
Although the initiating events aie
beyond the plant's original design basis,
the plant design appears to have an
adequate margin of safety to withstand
these events.

The stall's comments and conclusions
can be found in the NRC Public
Document Room under Docket No. 50~
267, in a letter deted April 1, 1987,
Accession No. 8704090248

The petitioner's assertion that
graphite buming and oxidation were not
included in the staff's evaluation for Fort
St. Vrain is in error. This subject was
thoroughly reviewed in both the
construction permit and operating
license safety evaluations. These staff
evaluations may be found in the Public
Document Room in the 50-267 docket
file. The licensee's updated Fort St
Vrain Final Safety Analysis Report,
section 14, contains much of the
information and analyses submitted for
NRC review. The staff concluded that
significant graphite oxidation at Fort St
Vrain was not credible. (Note: In
addition to the previously discussed
conditions necessary for graphite
bumning, Fort 8t. Vrain mus! suffer
simultaneous independent structural
failures resulting in the release of the
inert helium and the subsequent supply
of an adequate air/oxygen flow). The
staff finds no basis for changing its
previous conclusions. The licensee for
Fort St. Vrain has met the requirements
of 10 CFR Part 50, Appendix R (which
sets forth fire protection features
required to satisfy Critzrion 3 of 10 CFR
Part 50, Appendix A) and has an NRC-
approved emergency plan that meets to
10 CFR Part 50, Appendix E. The Fort 5t
Vrain fire protection program and
emergency plan specify the necessary

organization, plans, and procedures to
rivide the necessary protection of the

:ealth and salety of the public even in

the very unlikely event of a graphite fire,

Basis for Denlal

The NRC denies the petitioner's
request to amend 10 CFR Part 50 to
require licensees whose reaclors employ
graphite as a neutron moderator or
reflector and whose licensed power is
greater than 100 W to:

(1) Formulate and submit for NRC
approval fire response plans for
combating a reactor fire involving
graphite and other constitutent reactor
parts (e.g., fuel);

(2) Formulate and submit for NRC
approval evacuation plans in case o/ a
reactor fire; and

(3) Perform measurements of the
Wigner eneigy stored in the graphit ol
their reactors, and submit these
measurements to the NRC for review
together with a revised safety anulysis
that shall address the risk and
consequences of a reactor fire.

This denial is a based on the
following:

(1) Each licensee of 8 non-power
reactor has submitted an amergency
plan that has been approved as meeting
the requirements of 10 CFR Part 50,
Appendix E. The petitioner has not
demonstrated that these plans do not
provided an appropriate level of
protection of the health and safety of the
public.

(2) The licensee for Fort St. Vrain has
an approved emergency plan that meets
the requirements of 10 CFR Part 50,
Appendix E, as well as an approved fire
protection program that meets the
requirements of 10 CFR Part 50,
Appendix R. In addition, at the reques!
of the NR”, the licensee has submitted a
report ada essing the implications of the
Chernoby! accident for Fort St. Vrain.
The report hgs been reviewed and
approved by the staff. The petitioner has
not provided a technical basis that
would show that an additional fire
response plan would enhance the
protection provided for the health and
ss’ety of the public by the existing
emergency plan and fire protection
program.

(3) Measurement of maximum stored
energy in non-power reaclors are no!
necessary to ascertain the releasable
stored energy in graphite components
below 850°C. Existing knowledge
provides this information which is
adequate for a safety evaluation of the
effect of stored energy on the potential
for graphite burning end the associated
danger to the health and salety of the
public. Additionally, such measurements
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are contrary to the NRC's ALARA
principle, since unneeded knowledge
would be sought at the expense of
unnecessary personnel exposure

Accordingly, the Commission denies
the petition.

Dateds at Bethesda, Marylund. this 23
day of September 1987,

For the Nuclear Regulatory Commission
Victor Stelle, Jr.
Executive Director for Operotions
[FR Doc. 87-23073 Filed 10-5-87; 845 am|

BILLING CODE 7590-01-M

FEDERAL TRADE COMMISSION

16 CFR Part 3

(Docket D-8908|

Prohibited Trade Practices;
Encyclopaedia Britannica, Inc., et al.

AGENCY: Federd' Trade Commission.
acTion: Notice of period for public

comment on petition to reopen the
proceeding and modify the order.

SUMMARY: Encyclapnedu Britannica, a
corporate respondent in the order in
Docket No. D-8908, §s prohibited from
making misrepreseniations while
recruiting sales reprepentatives,
promoting merchandise or services, or
attempting to collect Yebts, and filed a
petition on April 2, 1987 requesting that
the Commission reopen the proceeding
and either set aside the order, now or at
a fixed future date, or modify the order.
A supplemental request Jo reopen the
proceeding has been filed on September
22, 1907, This document apnounces the
public comment period orghe
supplemental petition v
DATE: The deadline for filihng comments
on this matter is October 37, 1987.
ADDRESS: Comments should be sent to
the Office of the Secretary, Rederal
Trade Commission, 6th Streel and
Pennsylvania Avenue NW,, V\y«shmgmn
DC 20580, s
Requests for copies of the patition
should be sent to Public Relercgpe
Branch, Room 130. .
FOR FURTHER INFORMATION CONTACT:
Jock K. Chung, Enforcement Divigion,
Bureau of Consumer Protection, Federal
Trade Commission, Washington, DC
20680, (202) 3202084, s
SUPPLEMENTARY INFORMATION: The |
order in Docket No. D-8808 was
published at 41 FR 17884 on April 28,
1076. A correction lo the order was *
published st 41 FR 18301 on May 12, *
1976. The original request to reopen the
proceeding was published at 52 FR  *
12430 on April 16, 1987. The petitioner. }
Encyclopaedia Britannica. sells

Federal Register /| Vol. 52, No. 193 / Tuesday, O

encyclopedias and related products und

scrvices difect to the consumer by
means of inthome, over-the-counter,
direct mail gnd telephone sales
solicitation. The order modification

request is baged on claimed charges of
fact and law. Yhe supplemental petition
was placed ongthe public record on
September 22, 3987,

List of Subjectsgn 16 CFR Part 13
Encyclopedisisales, Trade practices.

Emily H. Rock,

Secretary y

[FR Doc. 87-23014 Biled 10-15-87; 8:45 am)

BILLING CODE m\o-mr

DEPARTMENT oﬁ ENERGY

Federal Energy Regulatory
Commission .

18 CFR Part 37 {

[Docket No. RMB7-35-000)

Generic Detcrmim;on ol Rate of

Return on CommonyEquity for Public
Utilities ’

Issued. Seplember 3051937.

AGENCY: Federal Enetgy Regulatory
Commission, DOE.

acTion: Notice of proposed rulemaking.

SUMMARY: The FederJEnergy
Regulatory Commission hereby
institutes 8 proceedingtunder Part 37 of
its regulations. The purpose of this
proceeding is to determjne an estimale
of the average cost of common equity for
the jurigdictional operagonb of public
utilities for the year ending June 30, 1867
and a quarterly indexing procedure to
establish benchmark ra%s of return on
common equity for use il individual rate
cases. 1i is proposcd thatithese
benchmark rates of returg remain
advisory only, These ben€hmark rates of
return on equity establishpd as the
result of this proceeding. should be used
as 8 guide to companies agd intervenors
in individuul rate cases ar:'gnr‘u a
reference point for the Commission in its
deliberations. The Commisgion may
take official notice of them #n individual
rate proceedings. {

oATE: Comments addressing the issues
in this proceeding are due o‘November
5, 1987, p
aoonress: All filings should rgference
Docket No. RM87-35-000 andshould be
addressed to: Office of the lary,
Federal Energy Regulatory Commission,
825 North Capitol Street NE.,
Washington, DC 20426, '

FOR FURTMER INFORMATION CONTACT:
Ronald L. Rattey, Federal Energy

Regulatory Commission, 825 North
Capitol Street NE., Washington, DC
20426, (202) 337-8293.

SUPPLEMENTARY INFORMATION:
1. Introduction

Pursuant to Pprt 37 of its regulations,
the Federal Eneggy Regulatory
Commission (Commission) hereby
institutes its founth annual proceeding to
determine: (1) An estimate of the
average cost of common equity for the
jurisdictional operstions of public
utilities for the yegr ending June 30,
1987; and (2) & quarterly indexing
procedure to estatjish benchmark rates
of return on comme@n equity for use in
individual rate casgs.

The benchmark rgtes of return
resulting from the figst three annual
proceedings were advisory.! The
Commission proposes to make the
benchmark rates of geturn established
by this proceeding atvilory also.

11. Discussion 1

A. Base Year Averg, ¢ Cost of Common
Equity: Market Raqu:i\ed Rate of Return

The Commission praposes to adopt
the same method of anglysis used in
Order Nos. 420, 442-A, and 461.2 The
Commission believes tha! the nethod
adopted in those prior orders has
received a full airing of the issucs and
represents the most reasonable way to
determine the benchmark Yate of return.
Therefore, the Commissioff proposes to
rely on the following constdnt growth
diccounted cash flow (DCF)\model to
determine the average markg! required
rate of return for electric utikties for the
vear ending June 30, 1987

k=(1+ 58 y+8 4

where ‘

k= murket required rate of return

vy = current dividend yield (currentpnnual
dividend rate divided by current marke!
price) "

g = dividend growth rate M

.

' In the third annual benchmark rale proceeding
the NOPR proposed 1o presumptively set the
allowed rate of relurn on common equityfor
individual utilities at the benchmark rate of return
in effect at the time a compeny filed. See Notice ol
Proposed Rulemaking Generic Deterniination of
Rate of Return on Common Equity for Public
Utilities. Docket No. RM86-12-000, 61 FR 27050 (july
21.1088). The fina! rule. alter consideratign of
comments filed. allowed the benchmark rates of
return to remain advisory only See Ordes No. 461,
Generic Determination of Rate of Return on
Common Equity for Public Uulities, 52 7R 31 8112
(january 2. 1988),

% Order No. 420, Ceneric Determination of Rate of
Return on Common Equity for Public Utilities, 80 FR
21802 (May 20. 1988). Order No. 442-A. Ganeric
Determination of Kate of Return oo Common Equity
for Public Utilities, 51 FR 22505 (June 20. lr-).

]

Ocder No 481, see supro fn 1,
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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
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Most documents cited in NRC publications will be available from one of the following sources:
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Washington, DC 20013-7082

3. The National Technical Information Service, Springfield, VA 22161
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Referenced documents available for .nspection and copying for a fee from the NRC Public Docu
ment Roum include NRC correspondence and internal NRC memoranda; NRC Office of Inspection
and Enforcement bulleting, circulars, information notices, inspection and investigation notices,
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence
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such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries
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proceedings are available for purchase from the organization sponsoring the publication cited

Single copies of NF.C draft reports are available free, to the extent of supply, upon written
request to the Division of Information Support Services, Distribution Section, U.S. Nuclear
Regulatory Commission, Washington, DC 20555 ¢

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be |
purchased from the originating organization or, if they are American National Standards, from the |
American National Standards Institute, 1430 Broadway, New York, NY 10018 ;
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A Safety Assessment of the Use of Graphite
in Nuclear Reactors Licensed by the U.S. NRC

D. G« Schweitzer, D. H. Gurinsky, E. Kaplan and C. Sastre

ABSTRACT

This report reviews existing literature and knowledge on graphite burning
and on stored energy accumulation and releases in order to assess what role,
if any, a stored energy release can have in initiating or coniributing to
hypothetical graphite burning scenarios in research reactors. It also
addresses the question of graphite ignition and self-sustained combustion in
the event of a loss-of-coolant accident (LOCA).

The conditions necessary to initiate and maintain graphite burning are
gsummarized and discussed. From analyses of existing information it is con~-
cluded that only stored energy accumulations and releases below the burning
temperature (650°C) are pertinent. After reviewing the existing knowledge on
stored energy it is possible to show that stored energy releases do not occur
spontaneously, and that the maximum stored energy that can be released from
any reactor containing graphite 1s a very small fraction of the energy
produced during the first few minutes of a burning incident.

The Windscale and Chernobyl accidents are summarized and reviewed. It is
shown that there is no evidence from the Chernobyl ‘event that stored energy
releases played a role either initiating or contributing to this accident. An
improperly controlled process of annealing the graphite at Windscale with nu-
clear heat resulted in damage to the fuel elements that initiated fuel burning
which resulted in a graphite fire. Stored energy releases did not initiate or
contribute to this accident either.

The conclusions from these analyses are that the potential to initiate or
maintain a graphite burning incident is essentially independent of the stored
energy in the graphite, and depends on other factors that are unique for each
research reactor and for Fort St. Vrain. In order to have self-sustained
rapid graphite oxidation in any of these reactors, certain necessary condi-
tions of geometry, temperature, oxygen supply, reaction product removal, and a
favorable heat balance must be maintained. There is no new evidence associ~-
ated with either the Windscale Accident or the Chernobyl Accident that indi-
cates a credible potential for a graphite burning accident in any of the
reactors considered in this review.

l. Research reactors as used herein means research, test, and training
reactors.,



INTRODUCTION

On September 3, 1986 the NRC published in the Federal Register [S51FR3134,

1986] a notice of receipt of a petition for rule making filed by The Committee
to Bridge The Gap to consider the subject of graphite fires in U.S. research
nuclear reactors. Under contract with the NR( staff, Brookhaven National
Laboratory staff with past experience in safety evaluation of graphite burning
and stored energv releases initiated a reevaluation of graphite burning and
stored energy information. 7The objective of this evaluation was to develop an
analysis of the potential role of stored energy releases in initiating or con=-
tributing to graphite burnirng scenarios, as well as an analyses of graphite
ignition and se! f-sustained combustion in the event of a LOCA accident.

The 1986 accic at Chernobyl motivated studies describing the causes
for the accident \ 1 result of this new information, BNL has undertaken a
reevaluation of the Windscale Accident, graphite burning scudies, and stored
energy informati that might be relevant to hvpothetical graphite burning

scenarios in nu " reactors.

Prior to a detailed analysis of the Windscale Accident, the British mis~
takenlvy assumed that the accident might have been initiated by a stored energy
release that took place during the anneal of the reactor. Subsequent work by
both the team at Brookhaven National Laboratory aud the Britlsh showed that
this was not true, and that the accident was triggered by an uranium fire. In

'

the Prime Minister's report to Parliament, [Penney, i1957], the following

statement was made,

f the accident was the combined
heating and the high temperature
n the lower front part of the pile. In
nd caps of the cans of fuel elements

xposed

out at BNL, a great
1f fecting both the
ccurred during

more

harcoals




The literature on the oxidation of graphite under a very wide range of
conditions is extensive. Effects of temperature, radiation, impurities, por-
osity, etc., have been studied in great detail for many different types of
graphites and carbons [Nightingale, 1962]. This information served as a foun-
dation for the full scale detailed studies on graphite burning accidents in
air-cooled reactors initiated and completed at Brookhaven National Laboratory
[Schweitzer, 1962a-f]. After British experimenters at Harwell confirmed the
results obtained at BNL [Lewis, 1963] there appeared to be no neu conclusions
from additional work in this field. The aspects of the work pertinent to
evaluating the potential for graphite burning accidents are described here in
some detail,

Burning, as uced here, is defined as self-sustained combustion of graph-
ite. Combustion 1s defined as rapid oxidation of graphite at high tempera-
tures. Self-sustained combustion produces enough heat to maintain the react-
ing species at a fixed temperature or is sufficient to increase the tempera-
ture under actual conditions where heat can be lost by conduction, convection,
and radiation, 1In the case where the temperature of the reaction increases,
the temperature will continue to rise until the rate of heat loss is just
equal to the rate of heat production. Sustiined combustion is distinguished
from self-sustained combustion when, in “Fe first case, the combustion is sus-
tained by a heat source other than the g.aphite oxygen reactions (e.g., decay
heat from reactor fuel).

Early attempts to model the events at Windscale [Robinson, 1961; Nairn,
1961) were followed by the BNL work described here.

Some 50 experiments on graphite burning and oxidation were carried out in
10-foot long graphite channels at temperatures from 600°C to above 800°C. To
obtain a lower bound on the minimum temperature at which burning could ocecur,
the experiments were specifically designed to minimize heat losses from radia-
tion, conduction, and convection.

The objectives of the full scale channel experiments were to determine
under what conditions burning might initiate in the Brookhaven Graphite
Research Reactor (BGRR) and how it could be controlled if it did start. Chan=-
nels 10-feet long were machined from the standard 4 in. x 4 in. blocks of
AGOT2 graphite used in the original construction. The internal diameter of
the BGRR channel was 2,63 inches. Experiments were also carried out on chan-
nel diameters of one to three inches on l0-foot long test channels in order to
obtain generic information. The full length of the channels was heated by a
temperature controlled furnace and was insulated from conductive heat losses.
At intervals along the length there were penetrations in the furnace through
which thermocouples used to read the temperature of the graphite and air were
introduced, and from which air and air combustion products were sampled. A
preheater at the inlet of the graphite channel was used to adjust the air to
the desired temperature. The volume of air was controlled and monitored by
flow meters to allow flow measurements in both laminar and turbulent flow
conditions.

2. Trade name for nuclear graphite used in the BGRR.




In a typical experimental run the graphite was first heated to a prese-
lected temperature. The external heaters were kept on to minimize heat losses
by conduction and radiation. The temperature changes along the graphite chan~-
nel were then measured for each flow rate as a function of time with the
heaters kept on. It was observed that below 675°C it was not possible to
obtain temperature rises along the channel if the heat transfer coefficient
(h) was greater than 10~ cal/cm-sec-°C. Below 650°C it was not possible to
get large temperature rises along the channel with 30°C inlet air temperatures
at any flow rate. For h values lower than 10™" cal/cm-sec-°C maximum tempera=
ture rises were 0-50°C and remained essentially cgnstant for long periods of
time (five hours). For h values greater than 10~ cal/cm-sec-°C the full
length of the channel was cooled rapidly.

There were two chemical reactions occurring along channels. At low tem-
peratures the reaction C + 03 to form CO- predominated, As the temperature
increased along the channel CO formed ei’.ner directly at the surface of the
channel or by the reaction CO; + C. At temperatures above 700°C, CO reacts in
the gaseous phase to form CO, with accompaniment of a visible flame. It was
observed that the unstable conditions which were accompanied by large and
rapid increases in temperature involved the gas phase reaction CO + 02 and
occurred only for h values below 10=* cal/cm-sec~-°C below 750°C. Temperature
rises associated with the formation of CO, from C + 0, were smaller than those
due to CO + 0; and decreased with time. They too occurred at h values below
107" cal/em=sec=°C.

In a channel which was held above 650°C there was an entrance region run=-
ning some distance down the channel which was always cooled. A position was
reached where the heat lost to the flowing gas and the heat lost by radial
conduction through the graphite was exactly equal to the heat generated by the
oxidation of the graphite and of the CO. This position remained essentially
constant with time. Beyond this point rapid oxidation of graphite occurred
with the accompaniment of a flame (due to the CO-0 gas phase reaction). Under
conditions of burning, the phenomena were essentially independent of the bulk
graphite chemical reactivity. Rate controlling reactions during burning were
determined by surface mass transport of reactants and products,

The experiments were used to develop an equation which expressed the
length of channel that can be cooled as a function of temperature, flow rate
(heat transfer coefficient), diameter and reactivity of the graphite. It was
found that the maximum temperature at which thermal equilibrium (between heat
generated by graphite oxidation and heat removed by the air stream) will occur
in a channel can be predicted from the heat transfer coefficient, the energy
of activation and a single value of the graphite reactivity at any tempera-
ture. Above this maximum temperature the total length of channel is unstable
and graphite will burn. The studies show that the bounding conditions needed
to initiate burning are:

l+ Graphite must be heated to at least 650°C.

2. This temperature must be maintained either by the heat of combustion
or some outside energy source.




3, There must be an adequate supply of oxidant (air or oxygen).

4, The gaseous source of oxidant must flow at a rate capable of removing
gaseous reaction products without excessive cooling of the graphite
surface.

5, In the case of a channel cooled by air these conditions can be met.
However, where such a configuration is not built into the structure
it is necessary for a geometry to develop to maintain an adequate
flow of oxidant and removal of the combustion products from the
reacting surface. Otherwise, the reaction ceases.

To 1llustrate how difficult it is to "burn" graphite thg following was
excerpted from a report by Woodruff and Bogert [Reich, 1986]°., These tests
were carried out in a search tor methods for extending the useful life of the
N-Reactor. (The following is quoted directly from text of the report.):

“Dry Burning Test: Three pieces of graphite were weighed and
stacked together as indicated in Figure 1. Grafoil and carbon felt
were placed under and around the blocks. This wrapping material was
used as thermal insulation to hold heat in the blocks, and as a buf-
fer to prevent catalysis by contact with the stainless steel tank
used to contain the test. Thermocouples were placed at 5 locations
in the blocks to monitor temperatures through the test. Two oxy=
acetyleng torches delivering a combined heat output of approximately
2.7 x 10° BTU/Hr. through rosebud nozzles were positioned about 2
inches above the graphite. Oxygen flow rates to the torches were
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Figure 1. Graphite burn configuration.

3. The receipt of this report from Mr. W. Quapp of United Nuclear
Corporation, Inc. is gratefully acknowledged.




adjusted to produce nearly neutral flames. Still photographs and a
video tape were made to visually record the test.

"Five minutes after ignition, the surface of the top block 1in
regions directly below the torches was glowing yellow-white at an
estimated temperature of 1832°F (1000°C).

"Twenty~five minutes after ignition, the lower blocks were also
red over their entire surface. Block temperatures continued to rise
at rates of a few degrees centigrade per minute until fuel to the
torch over the thermocouples was shut off 57 minutes into the test.
The peak recorded temperature for thermocouple #1 was 2300°F
(1260°C). Other temperatures appear in Table 1. Using an optical
pyrometer, the blocks maximum surface temperature was estimated to
be approximately 3000°F (1650°C) directly under the torches.

TABLE 1: PEAK TEMPERATURE DATA
Thermocouple Dry Test

TC #1 2300°F (1260°C)

TC #2 2140°F (1170°C)

TC #3 1890°F (1030°C)

TC #4 1615°F ( 880°C)
TC #5 15315% ( 825%¢C)

FUEL AND BLOCK WEIGHT DATA

Acetylene Consumed: 13.0 1b (2.69 x 10° BTU)
Oxygen Consumed: 20.0 1b
Total Block Weight Loss: 1.314 1b -
BTU/1b Weight Loss: 2,05 x 107

"With the acetylene to one torch shut off, oxygen was being blown
onto the hot block at a rate of approximately 0.16 pounds per minute
(1.9 c¢fm). The oxygen alone could not sustain a reaction with the
graphite and the region below the nozzle cooled quick.y. “ixty-five
minutes after starting the test, both torches were ' moved, and the
blocks were allowed to cool. When cool, the blocks were reweighed
to determine weight loss.

"In the dry burn test, small craters were formed directly beneath
each of the two torches. They are approximately 2 inches in diam-
eter and their bottoms average 3/8 inch below the original graphite
level. These craters account for only a small portion of the total
weight loss. The remainder of the weight loss is the result of
oxidation on the blocks surfaces that were exposed to air.

"In the interface areas where one block rested on top of or beside
another, there are no visible signs of oxidation.




"DISCUSSION:

There is a common perception taken from our experiences with coal and
charcoal that when a maes of these fuels achieves a glowing red condition a
self-sustaining combustion is underway. Transferring this perception to
graphite has led to repeated references to "burning” graphite when in fact a
gself-sustaining reaction was not in progress. The test sequences described in
these tests demonstrate how difficult it can be to achieve conditions for
self-sustained combustion of graphite.”

3 STORED ENERGY
3.1 Summar

A review was made of existing literature and knowledge on stored energy
accumulation and releases in order to assess what role, if any, a stored
energy release can have in initiating or contributing to hypothetical graphite
burning scenarios in research reactors.

From analyses of existing informetion it is concluded that only stored
energy accumulations and releases below the burning temperature (650°C) are
pertinent. A review of existing information on stored energy has shown that
stored energy releases do not occur spontaneously but are initiated by mecha-
nisms that raice the graphite temperature above the irradiation temperature.
Moreover, the maximum releasable graphite s*ored energy that could be produced
by combustion from any reactor containing graphite is a very small fraction of
the energy produced if graphite burning were to occur.

Conclusions from these analyses are that the potential to initiate or
maintain a graphite burning incident is essentially independent of the stored
energy in the graphite.

3.2 Wigner Energy -- Its Generation and Buildup

From the earliest days of the Manhattan Project, E. P. Wigner [Wigner,
1946] recognized th.t if graphite was used as a moderator in nuclear reactors
used to produce plutonium, “the collision of neutrons with the atoms of any
substance placed into the pile (reactor) will cause displacement of these
atoms. ... The matter has great scientific interest because pile irradia-
tions should permit the artificial formation of displacements in definite num-
bers and a study of the effect of these on thermal and electrical
conductivity, tensile strength, ductility, etc. as demanded by theory.”

The theoretical prediction has heen amplified by the work of F. Seitz
[Seitz, 1958], the experimental work of Burton [Burton, 1956] and many
others. One of the many observed effects of neutron bombardment of graphite
in slowing down the fast neutrons produced in fission to thermal energies is
the production of large numbers of displaced carbon atoms and vacancies. Many
of these displaced atoms of carbon come to rest in between the planes which
constitute the structure of the graphite. The rest of the displaced atoms may




either wander back to their equivalent positions in the lattice, or to crystal
boundaries. This introduction of new atoms between the planes increases the
spacing between the original planes. This can be measured by the increase in
the dimensions of the C-axis. This change in C-axis dimensions 1is reflected
by a change in the grose dimensions of the graphite specimen. Distortion of
the lattice results in an increased energy of the overall system. This
increase in lattice energy is called the Wigner energy or stored energy.

It was recognized that these two effects, dimensional changes and Wigner
energy, might prove to be troublesome in the operation of graphite moderated
reactors. The total stored energy of the graphite increases with neutron
exposure and is a function of the temperature of the exposure, and the energy
distribution of the neutrens. The stored energy that can be released is
spread over a range of temperatures. It has been shown that when graphite
irradiated at moderate temperatures (less than 100°C) is heated above the
irradiation temperature some of the stored energy is released as heat when the
temperature of the test specimen is raised some 50-~100°C above the irradiation
temperature. Increases in exposure to fast neutrons increases the total
energy stored. Eventually the stored energy which is releasable up to a tem-
perature of 700°C saturates even though the total stored energy can continue
to accumulate with increasing exposure. Total stored energy can be determined
by combustion of the sample. Stored energy releases also can be measured by
differential thermal analysis where the difference in behavior of an unirra-
diated specimen and an irradiated specimen are compared in a calorimeter by
increasing the temperature in a pre~determined manner.

Broad experimental programs were undertaken during the Manhattan
Project. This work was followed by basic and applied programs in the late
forties and fifties. Much of this early work was presented at the first
Geneva Conference on The Peaceful Uses of Atomic Energy held in Geneva in 1954
[Woods, 1956]. By the early fifties it was known that large dimensional
expansions take place in reactor graphite structures and that stored energy
accumulated. The British decided to control the stored energy of the Wind-
scale reactor by heating up the graphite moderator (annealing). This process
was carried out at regular intervals. The Brookhaven graphite gas cooled
research reactor (BGRR) was annealed to reduce the dimensional changes
(growth) caused by irradiation and to release the stored energy. Prior to
carrying out this work considerable experimental work was carried out to
determine the rate of growth and the rate of buildup of stored energy as a
function of irradiation exposure and temperature of exposure.

A large body of complex literature exists on the accumulation of stored
energy at different irradiation temperatures and fast neutron exposures., Much
of this work is not pertinent to the problem of how much stored energy can be
released below a given temperature. 1In this report we have analyzed existing
information in order to identify the factors needed to determine the quantity
of stored energy that can be released below the bounding temperature (650°C)
needed to initiate graphite burning.




L adin U R

The energy required to raise graphite from some initial temperature To
to some higher temperature, T, is the enthalpy, which is calculated from the
integral of the specific heat at constant pressure over the temperature inter-
val of interest [Schick, 1966). Consider a starting temperature of 30°C, and
a final temperature of 650°C, the minimum temperature required for graphite to
burn. The energy required to go from 30°C to 650°C is 202 calories per gram.
Energies required to reach 650°C from various starting temperatures are shown

below:
Starting Final
Temperature Temperature Enthalpy

(c) (c) (cal/g)
30 650 202

50 650 195
150 650 175

200 650 160

Observed stored energy accumulation is non-linear, and depends upon irra-
diation temperatures, levels cf exposures to fast neutron fluxes, neutron
energy spectra, spatial distribution of the flux, properties of specific
graphites, geometries of individual reactors, etc.

At low temperatures and at low exposures, the displaced carbon atoms move
{nto interstitial positions [Kircher, 1964; Schweitzer, 1962a], and the re-
sulting forces between these displaced atoms and planes in the lattice force
the lattice apart, leading to expansions that are initially linear with fast
neutron exposure. As neutron irradiation continues, the number of simple
defects increases until they begin interacting and result in the formation of
larger complexes [Schweitzer, 1964b). Similarly, initial stored energy in-
creases are linear with neutron irradiation, until a dose is eventually
reached at which the stored energy tends to saturite.

Figure 2a shows that a sample exposed ior 5000 MWd/AT" at 30°C hae »
total stored energy of 620 cal/g, but only 275 cal/g is released in annealing
temperatures up to 800°C [Davidson, 1959, in Nightingale, 1962). Similar
results for other exposures and annealing temperatures up to 400°C are shown
in Figure 2b [Kinchin, 1956].

Results of calorimetric and heating experiments show that stored energy
will not be released until the annealing temperature exceeds the irradiation
temperature by some specific amount. This threshold temperature increase has
been reported between 50°C to 100°C above irradiation temperatures [Kircher,
1964; Cottrell, 1958; Woods, 1956].

4. Units of neutron dosage are reported in different units by different
authors. For this report we general}x use the conversion one megawatt-day
per adjacent ton [MWd/AT] = 3.9 x 10 thermal neutrons per square centi-
meter [nvt(th)l. For data from Kinchin [Kinshin. 1956] and Bridge
(Bridge, 1962), we use 1 MWA/AT = 5.56 x 10'” avt(th). For these data we
were unable to obtain conversion factors for fast neutron flux.
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At irradiation temperatures above about 150°C the rate of accumulation of
total stored energy is very low [Bridge, 1962; Neubert, 1957; Nightingale,
1958, 1962). At about 30°C and at low total exposures, the total stored
energy increases with exposure at a near linear rate of about 40 * 10 cal/g
per 100 MWd/AT. As the exposure continues, the rate of accumulation of total
stored energy decreases, and the stored energy that can be released below the
minimum bounding temperature to initiate graphite burning (i.e. 650°C) satu-
rates and then appears to decrease. An upper bound on the stored energy that
can be released to 700°C can be found from existing data. Figure 3 shows this
as about 120 cal/g for an irradiation in the temperaturg range of 35-70°C at
an exposure of 930 MWd/AT (equivalent to about 3.6 x 10 O avt (thermal)
[Neubert, 1957]. (This is about 1/60 the heat of combustion of graphite.)

3.3 Stored Energy Releases

A great deal of evidence exists demonstrating that stored energy is
released through a series of complex and interactive thermally activated pro-
cesses. Release of stored energy is generically attributed to the recombina-
tion of various interstitiai defects with vacancies, or the annealing of the
interstitiale to edge atoms or other voids in the graphite crystal. Removal
of interstitials species from between the graphite planes reduces the stored
energy, lattice parameter increases, and other forms of radiation damage.

Existing views of irradiation changes in graphite support the claim that
irradiation produces different defects that thermally anneal with different
activation energies (i.e. different energies are required to initiate the
releases). The type of defects and their respective quantities depend upon
the magnitude of the irradiation, the temperature of the irradiation, and
whether or not the graphite was subjected to anneals between irradiations. 1In
the latter cases [Schweitzer, 1964a, 1964b] data show that defects interact
with each other and that changes that occur during such anneals are very
different from the changes observed after a single irradiation.

At any given temperature the stored energy that can be released with time
can result from several different processes whose rates decrease as the de-
fects anneal. No evidence exists that stored energy releases are spontane-
ous. The observation that a 50-100°C increase above the irradiation temper-
ature is required to observe finite release rates is consistent with the
exponential changes in release rates with reciprocal temperature associated
with thermally activated processes.

From our review of the literature on Wigner energy we have compiled data
on releaseable stored energy at various combinations of exposures, and irradi-
ation and annealing temperatures and have plotted this information in Figure 4
and Figure 5. 1In both figures a curve is shown of the amount of energy re-
quired for a sample of carbon to go from 100°C to the particular temperature
of interest (i.e., the enthalpy between 100°C and some temperature T). Also
shown are curves entitled "envelope of releases,” which simply delineate an
upper bound on stored energy releases found in the technical literature. Data
above the enthalpy curve indicate a region where a sample in an adiabatic
environment would heat up to the upper intersection of the enthalpy curve and
the envelope of releases. Figure 4 shows that the maximum releasable stored

12



Figure 3, Stored energy released [Neubart, 1957],

T{rradiation ™ 30-70°C.
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energy in irradiations below 500 MWd/AT (irrespective of irradiation temper-
atures) is sufficient to raise the carbon temperature from 100°C to about
450°C, Figure 5 illustrates the amount of releasable stored ?gergy at expg;
gsures in the range 16-5700 MWd/AT [equivalent to about 9 x 10°" = 3.2 x 10

nvt (thermal)] and irradiation temperatures greater than 70°C. Figure 5 indi-
cates that irradiations at 70°C or above (irrespective of exposures) have
resulted in temperature rises from 100°C to no more than about 300°C.

3.4 Calculational Approaches

Buildup of stored energy in graphite is a result of the formation of a
large number of ill-defined defects each of which can be associated with a
stored energy release of unknown specific magnitude, unknown activation energy
and unknown temperature range. Since the sum total of these defects deter-
mines the accumulated stored energy and since this in turn depends upon the
level of the irradiation, the temperature of the irradiation, and the history
of irradiations and anneals, BNL does not believe that any of the calcula-
tional approaches involved in the past UCLA license renewal hearings can be
defended. Other calculational approaches such as the bounding method used by
Spinrad [Spinrad, 1986) rely heavily on a number of empirical correlations
which involve appreciable uncertainties. These include determining the frac-
tion of energy transferred to carbon atoms by neutron moderation that goes
into atomic displacement energy. This must be combined with the fraction of
stored energy that self-anneals at various irradiation temperatures. Aside
from the direct dependence of this method on measurements showing a great deal
of uncertainty, these models cannot account for the non-linear buildup of
stored energy the saturation effects, the temperature dependerce of releases,
the exposure dependence of releases and the complex consequences of
{irradiations combined with several anneals.

After review and analyses of existing information on estimating stored
energy pertinent to graphite burning scenarios, we believe the approach pro-
posed in this report is consistent with existiug data and is acceptable for
safety assessments. Total stored energy accumulation has no overall correla-
tion with the stored energy that can be released at temperatures below 650°C.
The stored energy that can be released below this temperature saturates at a
value that can be bounded from existing knowledge. The dependence of the sat-
uration value of the stored energy released on irradiation temperature can
also be bounded from existing data. This approach allows for safety analyses
irrespective of the uncertainties in total exposure and total accumulated
stored energy.

We emphasize again, that the adiabatic assumption that all the released
stored energy goes into heating the graphite is bounding but unrealistic.
Under adiabatic conditione where the decay heat is transfered from the nuclear
fuel to the graphite, steady increases in the graphite temperature could occur
that are much larger than those due to the hypothetical single spike from the
release of stored energy.




Because heating graphite to at least 650°

C 1s necessary but not suffi-
cient to initiate burning, the conclusion of these analyses is that the poten-
tial to initiate or maintain a graphite burning incident is essentially

independent of the stored energy in the graphite.

THE CHERNOBYL ACCIDENT

BNL has examined recent studies analyzing the Chernobyl accident to
determine if any additional information on graphite burning has been devel-
opeds The accident summary described here has been taken from Kouts [Kouts,
19862

On April 25-26, 1986, "The accident took place during an experiment con-
ducted at the start of a normal reactor shutdown scheduled for routine main-
tenance. The operating staff had prepared to do what they considered to be a
test of some electrical control equipment that was meant to serve a safety
purpose,”

The objective of the experiment was to see whether the coastdown of the
turbine of the nuclear reactor system would supply power long enough to allow
for start-up of the standby diesels. The test required that the reactor power
had to be reduced to a level (700 MW[th]) just above the value which was known
to be low enough to become unstable. 1In approaching this level, a series of
unfortunate operations were carried out in which many safety systems were
intentionally by-passed for unknown reasons. In one of these operations, the
power level began to decrease rapidly, and fell to an estimated 30 MW(th)
before the operator could halt the drop by control rod motion. After the
operator had stopped the rapid drop, he managed to achieve some measure of
control at 200 MW(th). At this point, the number of control rods in the
reactor were far lees than regulations permitted.

Further manipulation of the cooling and feed-water systems resulted in
other problems eventually leading to rapid power surge estimated at 300,000
MW(th). Six violations of safety requireme eventually resulted in a steam
explosion that blew off the top o h acto 'he explosion disintegrated
the fuel elements, fragmented th phite, and exposed the graphite and fuel
to air. The force of the steam on | pleces of the core and fuel
through the roof of the reactor buildi: second xplosion t the cover

plate shearing the l channels leasing im y syster n pressure to

the exterior. Fallin ! I je { les sphal ofir materials

ausing extensive
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Se "ACCIDENT AT WINDSCALE NO. 1 PILE ON 10th OF OCTOBER, 1957"5

Windscale Pile No. 1, was a graphite moderated, air cooled reactor,
fueled by natural uranium metal encased in sealed aluminum cans to prevent the
uranium from reacting with the components of the air and to contain the
gaseous and solid fisslon products produced in fission. In 1952, the Wigner
(stored) energy was found to be releasing on a shutdown of this reactor be-
cause the graphite temperature rose above its normal operating temperature
when the forced cooling was reduced on reactor shutdown.

To avoid a recurrence of such an incident the Windscale piles were there-
fore regularly heated above their normal operating temperature to bring about
a controlled release ol the Wigner energy. The accident developed during the
course of one of these controlled releases on October 7th, the day of the
gstart of the Wigner release. Nuclear heating was used, but with cooling
essentially shut down to increase the temperature of the graphite above its
normal operating temperature. In this instance the first nuclear heating was
thought to have inadequately heated enough of the core graphite. To bring
about a more uniform temperature throughout the graphite structure the reactor
was "pulsed again" but according to the investigators of the accident the rate
of increase of nuclear energy input was too rapid, and caused the uranium
cladding to break and expose uranium to air. Uranium is an extremely reactive
metal, It reacts readily with oxygen, nitrogen, and hydrogen with the release
of a large amount of heat. There is also the possibility that the initiating
event in this accident may have been the failure of some aluminum clad
magnesium lithium cariridges which were in the reactor at the time.

The operator of the reactor was not aware of the cladding failure due to
an inadequate number of thermocouples and inadequate radioactive sensing de-
vices at the outlet of the cooling channels. Radioactivity sensing was done
at a point some distance from the channel. Since the anneal procedure re-
quired allowing the heat to be conducted through the graphite structure by
maintaining the cooling shutdown for a day or longer the failed slugs heated
adjacent ones and they too failed. Finally after a couple of days during
which the temperatures of portions of the reactor were noted to be rising,
efforts were made to cool the reactor by admitting air. These efforts failed
to cool the hot sections of the reactor. On October 10th a plug in the charg-
ing wall of the reactor was removed. The uranium cartridges in the four chan-
nels which could be viewed were at red heat. Water was finally used to cool
down the reactor after other efforts falled.

There is no evidence that stored energy releases initiated or played a
gignificant role in the evolution of the Windscale accident.
qu'}]iwzwlﬁvif}:ﬁﬁrft presented to Parliament by the Prime Minister by command

of Her Majesty, November 1957. Other sources on this accident -- "Final
Report of the [Alexander Fleck] Committee Appointed by the Prime Minister
to Make a Technical Evaluation of Information Relating to the Design and
Operation of the Windscale Piles and to Review the Factors Involved in the
Controlled Release of Wiguer Energy.” Presented to Parliament by the
Prime Minister by command of Her Majesty, July 1958.




6. U.S. RESEARCH REACTORS

6.1 Critgria for Stored Energy in Graphite

Analyses
with the initiation and matntenanve ofgﬁraphito burn’ u_.<(nar‘w< are esscn-
tially independent of the onred unexby in the grap nitﬁl.irruu>e(tivv of its
value.

As shown in Section 3, if the irradiation temperature of the graphite was
70°C or above, the maximum stored energy releasable below 650°C for any level
of irradiation cannot raise the graphite temperature to the minimum value
which would be required for luitiating a gself-sustained burning reaction. For
graphite irradiation temperatures below 70°C total exposures of about 500
MWAd/AT (3.5 x 10'” nvt)® are required to continue to heat the graphite from
about 100°C to 650°C if an external heat source can raise the graphite from
its ambient temperature to 101°C. We have assumed that if the stored energy
in the graphite cannot be bounded, any process that heats the graphite to
100°C should be treated as if it heats the graphite to at least 650°C.

The analyses and conclusions on stored energy releases and graphite burn-
ing conditions described above provide a meaningful method of categorizing
nuclear reactors with respect to stored energy releases below 650°C (the

threshold temperature for graphite burning) as follows

(1) Any reactor containing grapnite in which the lowest ir radiation is
70°C or higher, can be excluded from stored energy safety concerns.
¥ ’ r

Any reactor in which the graphite is irradiated at temperatures
below 70°C but has received a t»otal fast neutron exposure that is
much less than 500 MWd/AT (3.5 x 10°° nvt) can be excluded from

stored energy safety concerns.

Those reactors which!QAVv graphite that has received more than about
500 MWd/AT (3.5 x 10° nvt) of fast neutron irradiation below 70°C
without thermal anneals or subsequent reirradiation at higher tem=
peratures would require detalled he t 16 £ ¢ nalyses to determine
if the graphite were capable of ] 1in 20 "¢ llowing an event
that raised its amovient temperatu bout | ( [t is important
to recognize that even under idition ‘ a w the graphite to
reach 650°C or above, this is not ifficler ( nitiate burning.

In order to separate reactors int«

determine only the total fast neutron exposul sached b rraphites irradiated

at temperatures below

6., Estimated fast neutron fluend
conversion factor: ] =1




6.2 Stored Energy in Graphite

The significance of stored energy for U.S. research reactors under NRC's
licensing authority was assessed in light of criteria in Section 6.1. The
information used in the assessment was obtained from Safety Analysis Reports
(SAR's) and other readily available data representing the main types of these
reactors. The objective of the assessment was to determine if stored energy
releases can initiate or significantly contribute to the evolution of graphite
burning accidents, and if graphite would play a role in previously reviewed
potential accident scenarios.

For the purpose of overall screening of the research reactors, rough
estimates of the graphite exposure were made. Only operating research reac-
tors containing graphite and licensed to operate at powers greater than 100 W
were included in the survey.

For TRIGA reactors GA Technologies publication GA-4361 [West, 1963] was
used to derive a maximum neutron fast flux (above 0.] MeV) in the side reflec~
tor. 1In addition, an analysis performed by GA Technologies [GA Technologies,
1987) shows, for three out of the four locations where graphite is found in
the reactor (i.e., graphite reflectors in the top and bottom of the fuel ele~-
ments and in the radial graphite reflectur) that stored energy would not be
sufficient to raise the graphite temperature to 650°C. The reason for this is
that these locations satisfy, in essence, either criterion 1 or 2 in Section
6.1. The dummy elements, which are not in every TRIGA reactor, were found to
have enough stored energy such that the graphite could reach 650°C 1if the tem~
perature of the graphite is elevated to at least 120°C. However, no normal or
abnormal operation would produce an initiation temperature of 120°C. FEven if
this temperature were reached, water cooling of the aluminum clad surrounding
the graphite would preserve the integrity uf the clad and prevent exposure of
the graphite. Additional discuscion on the significance of stored energy in
TRIGA reactors is found in Section 6.3.

The remaining research reactors were reviewed to assess their stored
energy accumulation. These reactors are listed in Table 2. Values of fast
flux at the graphite were obtained from the licensees. Where licensee data
were not avallable, peak fast neutron flux data for the reactor core compiled
by the American Nuclear Society [Burn, 1983] were used, keeping in mind that
the neutron flux that o« i » expected at a graphite reflector located close
to the core would be about & ac ) { y o 10 lower. In the case of MTR
reactors, the published data on ind fas Lux 1 > ANS compilation
were correlated, removing an ( at a flux-to-power conversion
factor.

The total neutron expo n soms pact 8 was avallable from the licen-
sees in terms of MWd « pe lon. n 0se } caseg where these data were
not directly available they ! stima 1 on data of first full power
operation and reported equivalent days ¢ full ) peration for 1983.

From the survey
Electric, North Car
University of Virgini




presence of stored energy above the 5l MWd threshold in parte of the reactor
i i

graphite is not by itself taken as a safety con Vst liscussed in greater

detail in the preceding sections of this report and in Section &.3.

Table 2. Stored energy calculations in graphite fotr non-TRIGA

Research Reactors

Irradiated

Temperature

Ceneral

Westinghe

National
Cintichem
Ohio State
Purdue
Rhode Islar
U:. Lowell
U:. Missourti
Miss {

Virginia




6.3 Craphite Burning

Research reactors which use graphite in or near their cores and are
licensed to operate at power levels greater than 100 watts (thermal) were
categorized with respect to:

l. Quantity and location of graphite in and near the core,

Geometry,

Accident conditions considered by the NRC staff in the licensing

bases of the reactors,
Fast neutron flux,
|

Normal operating sequence, and

6, Graphite irrvadiation temperatures.

Although present information indicates a great deal of variation in fast
AL
flux, operating sequences and graphite temperatures for reactors within a

given type, our analyses of existing information shows that these factors are
not significant to those factors related to graphite burning. 1In scenarios
that postulate graphite burning, the quantity of graphite that can burn is an
important factor in determining the censequences of burning. However, the
credibility associated with a postulated burning accideat depends upon the
existence of ail of the {tions necessary for graphite burning, including
the capability to heat the graphite to temperatures above 650°C and maintain-
ing this temperature in the presence of much cooler flowing air. 1In any given
reactor, this not only depends upon the original geometry, but also upon the
geometry resulting from the accident that allowed the graphite to heat up in

the presence of air.

In assessing the potential for graphite burning in the research reactors
licensed by NRC, consideration has been given to conditions during normal
operation and conditions that may exist following a LOCA. The LOCA was
selected as having conditions most ly to result in high temperatures in
the fuel and graphite and, therefore \( likely to release the graphite
stored energy and to result in itions with the potential for graphite

burning.

All TRIGA reactors operate in water pools. Since graphite does not burn
under water, all accidents in which the core and graphite reflector remain
submerged will not be subje to graphite burning. GA Technologies [GA Tech-
nologies, 1987]) has estim d in a response submitted to the NRC on January
28, 1987 that aluminun | graphite in dummy elements could, under loss of
coolant conditions f« me of the reactors, reach 770°C and result in melting
of the cladding. GA Te logies claims that the hot graphite at 770°C cannot
burn because the specifi requirements for graphite burning cannot be met
since the graphite rad ‘ ; energy rapidly and quickly cools to the ambi-
ent air temperature. Out 1 this claim is based on the experiments
discussed in Secti y 1 18 adiant heat losses to the cooler
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The MTR-D20 reactors have the graphite located away from the core, in a
cavity with restricted air interchange. In the analysis of loss-of-coolant
scenarios of the SAR for the National Bureau of Standards reactor [NRC,
1983¢c], NRC staff agreed that a LOCA will not result in melting of the fuel.
Under such conditions it appears implausible that the graphite could be
subjected to temperatures compatible with burning.

/e FORT ST. VRAIN - GRAPHITE STORED ENERGY

Fort St. Vrain operates at temperatures that preclude accumulation of
stored energy. fhere are no known problems associated with stored energy in
graphite for operating temperatures associated with HTGR's.

8. SUMMARY

8.1 Graphite Burning

The factors needed to determine whether or not graphite can burn in air
are the graphite temperature, the air temperature, the air flow rates, and the
ratio of heat lost by all possible mechanisms to the heat produced by the
burning reactioas [Schweitzer, 1962a~f]. 1In the absence of adequate air flow,
graphite will not burn at any temperature. Rapid graphite oxidation in air
removes oxygen and produces CO, and CO which, along with the residual
nitrogen, suffocate the reaction causing the graphite to cool through
unavoidable heat loss mechanisms. Self-sustained rapid graphite oxidation
cannot occur unless a geometry is maintained that allows the gaseous reaction
products to be removed from the surface of the graphite and be replaced by
fresh reactant. This necessary gas flow of incoming reactant and outgoing
products is intriasically associated with a heat transfer mechanism. When the
incoming air i3 lower in temperature than the reacting graphite, the flow rate
ls a deciding factor in determining whether the graphite cools or continues to
heat. Expeirimental studies on graphite burning have shown that for all the
geometries tested which involved the conditions of small radiation and
conduction heat losses

, 1t was not possible to develop self-sustained rapid

1 - o,

oxidation for graphite temperatures below about 650°C when the air
temperatures were below the graphite temperature. At both high and low flow
rates, the graphite was cooled by heat losses to the gas stream even under
conditions where other heat loss mechanisms such as radiation and conduction

were negligible.

At temperatures above about 650°C in realistic geometries where radia-

’
tion 18 a major heat loss mechanism, graphite will burn only in a limited
range of flow rates of air and only when the air temperatures are high. At
low flow rates, inadequate ingress of air restricts burning. At “igh flow
rates, the rate of cooling by the fl g 18 can exceed the rate of heat

by oxidation.




Studies have shown that burning will not occur when there is no mechanism
to raise the graphite temperature to about 650°C [Schweitzer, 1962a~f]. If
the temperature 1s raised above 650°C, burning will not occur unless a flow
pattern 18 maintained that provides enough air to sustain combustion but not
enough to cause cooling. Since the experiments were designed to minimize all
heat losses other than those assoclated with the air flow, 650°C can be
considered a lower bound for burning.

8.2 Stored Energy in Graphite

Fast neutron irradiation of graphite results in the development of stored
(Wigner) energy. For a research reactor that has accumulated 30 cal/g of
graphite after years of operation, this energy corresponds to about 1/250 of
the energy released by combustion. Existing data show that for graphite
{rradiated at temperatures of 30°C or above, the stored energy that can be
released at 650°C saturates at a value that 1is less than 1/30 of the

combustion energy.

Analyses of the Windscale Accident and the Chernobyl Accident have shown
that stored energy releases were not initiating events nor did they play any
gignt! ficant role in the evolution of the accidents. Although precise details
of the buildup and release of stored energy vary with reactor geometry and
factors relating to reactor operation, this review and analysis did not un-
cover any substantiated evidence or credible scenario in which stored energy
releases were responsible for an accident leading to graphite burning EFIPCL,
1958; Kouts, 1986].

In assessing the role of stored energy releases in graphite burning sce-
narios only the stored energy released below the burning temperature was con-
sidered pertinent. Stored energies released at or above the burning tempera-
ture are a small fraction of the energy released by the burning process.

A large volume of literature exists on the accumulation of stored energy
at different irradiation temperatures and different fast neutron exposures.
Total accumulation of stored energy is a complex phenomenon that depends upon
many factors related to reactor geometries, fast flux distributions, graphite
properties, reactor operating schedules and other conditions. At irradiation

150°

50°C, the rate of accumulation of total stored

temperatures above about
energy is very low with negligible releases occurring if the graphite tempera-
ture remains below the graphiie threshold burning temperature of 650°C. At
about 30°C and at low total exposures, the total stored energy increases at
near linear rate of about 40 t 10 cal/g per 100 MWA/AT [Nightingale, 1962 ls

As the exposure continues, the rate of accumulation of total stored energy
decreases, and the stored energy that can be released below 650°C saturates
and then appears to decrease [Nightingale, 1962; Neubert, 1957; Woods, 1956].
From existing data, an upper bound on the stored energy that can be released

o °

below BO0O"C 1is 28 cal/g 1if the graphite was 1irradiated at 30°C. [f the

°

graphite was irradiated at 70°C, data indicate that the maximum stored energy

releasable below 700°C 1is about 150 cal/g. I'he saturation value for an

irradiation temperature of 135°C is about cal/g released b




Although there appears to be significant differences in the estimates of
total accumulated stored energy calculated in the past [Hawley, 1981; NRC,
1983a, 1983b], these values have little relevance to graphite burning condi-
tions. The total stored energy is always greater fhan, and is not directly
proportional to, the stored energy that can be released below the threshold
temperature associated with graphite burning. 1t requires about 200 cal/g of
stored energy to raise the graphite temperature from 30°C to 650°C if there
are no heat losses. Similarly, it requires about 190 cal/g to raise the
graphite temperature from 70°C to 650°C and 180 cal/g to raise it from 130°C
to 650°C. The evidence on maximum stored energy releasable below 650°C shows
that 1f graphite is irradiated at 70°C, or above, the maximum energy released
below 650°C is not suffic’ent to raise the temperature to the burning tempera-
ture even under the hypothetical conditions of a spontaneous release under
totally adiabatic conditions. In an assumed adiabatic LOCA scenario, the
decay heat in any nuclear reactor should be the major source for raising
graphite temperatures.

The analyses and conclusions on stored energy releases and graphite burn-
ing conditions described above provide a meaningful method of categorizing
nuclear reactors with respect to stored energy releases below graphite burning
temperatures:

Any reactor containing graphite in which the lowest irradiation tem-
perature is 70°C or higher, can be excluded from stored energy

safety concerns.

Any reactor in which the graphite i1s irradiated at temperatures
below 70°C but has received a total fast neutron exposure that is
less than 500 MWA/AT (3.5 x 10" nvt) can be excluded from stored
energy sarety concerns.

Those reactors which have graphite that has received more than about
500 MWd/AT (3.5 x lqu avt) of fast neutron irradiation below 70°C
without thermal anneals or subsequent re-irradiation at higher tem—
peratures require detailed heat transfer analyses to determine if
the graphite is capable of reaching 650°C in an accident that heated
it initially to about 100°C. We emphasize again that graphite tem-
peratures exceeding 650°C are necessary but not sufficient
conditions to initiate and support burning.

In order to separate reactors into these categories, it 1is necessary to
determine only the total fast neutron exposure reached by graphites irradiated
at temperatures below 70°C.

One pound of graphite releasing a stored energy of 200 cal/g is equiva-
lent to running a 100-watt light bulb for one hour. Recognizing that such
releases cannot occur unless another energy source raises the graphite temper-
ature above its operating temperature, spontaneous stored energy releases can-
not be considered credible initiating events for graphite burning phenomena.
Since the maximum energy that can be stored below 700°C is about 1/30 of the




combustion energy, the single release of stored energy that might occur during
a graphite burning accident 1is an insignificant portion of the total energy
released in the first few minutes of burning reactions. These conclusions
are consistent with analyses of both the Windscale and Chernobyl accidents,

8.3 Safety Assessment

Consequences of graphite burning accidents depend upon the amount of
graphite that can burn, and the inventory of radionuclides that can be re-
leased. Both the amounts of graphite and the inventories of radionuclides
in the Chernobyl and Windscale reactors were many orders of magnitude greater
than in NRC-licensed research reactors operating in the U.S.

Analyses of the actual reactor accidents in which graphite burning occur~-
red and analyses of hypothetical accidents show that some mechanism must lead
to either fuel or graphite heatup under conditions where air is available.

The review of a number of research reactors representing the various classes
or types of research reactors currently licensed to operate in the U.S. (esg.
the TRIGAs, ARGONAUTS, PULSTAR, GE=NTR, MTR-D,0, and MTRs) found that undear
normal operating conditions their design features and/or environments shculd
preclude graphite being heated to a temperature at which burning could be ini-
tiated. 1In addition, under LOCA conditions it was judged to be plausible that
the potential for cooling the graphite by passive means (e.g. radiatio
conduction, natural convection) also should preclude graphite burning.

CONCLUSIONS

After review and analyses of existing information on graphite burning,
stored energy accumulations and releases, and causes of the Windscale and
Chernobyl accidents, we have concluded that the above phenomena are suffi-
clently well understood to allow the following evaluations of U.S. research
reactors and Fort St. Vrain.

The conclusions of these analyses are that the potential to initiate or
maintain a graphite burning incident is essentially independent of the stored
energy in the graphite and depends on other factors that are unique for each
research reactor and for Fort St. Vrain. However, in order to have self-sus-
tained rapid graphite oxidation in any of these reactors certain necessary
conditions of geometry, temperature, oxygen supply, reaction product removal
and favorable heat balance must exist.

The reactors considered in this review have all undergone safety evalua-
tions and have been granted operating licenses by the NRC. There is no new
evidence associated with the analyses of either the Windscale Accident or the
Chernobyl Accident that indicates a credible potential for a graphite burning
accident in any of the reactors considered in this review. Nor is there any
new evidence that suggests that detailed case~by~-case safety analyses of the
role of graphite in NRC licensed reactors are warranted.
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