


DISCLAIMER

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, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



The Operational Performance Technology Section

The Operational Performance Technology (OPT)
Section at Oak Ridge National Laboratory (ORNL) con-
ducts analyses, assessments, and evaluations of facility
operations for commercial nuclear power plants in
support of the Nuclear Regulatory Commission (NRC)
operations. OPT activities involve many aspects of facil-
ity performance and safety.

OPT was formed in 1991 by combining ORNL’s Nuclear
Operations Analysis Center with its Performance
Assurance Project Office. This organization combined
ORNL’s operational performance technology activi-
ties for the NRC, DOE, and other sponsors aligning
resources and expertise in such areas as:

» event assessments * trends and patterns analyses
« performance indicators * technical standards

+ data systems development - safety notices

OPT has developed and designed a number of
major data bases which it operates and maintains for
NRC and DOE. The Sequence Coding and Search
System (SCSS) data base collects diverse and
complex information on events reported through
NRC'’s Licensee Event Report (LER) System.

OPT has been integrally involved in the development
and analysis of performance indicators (Pis) for both
the NRC and DOE. OPT is responsible for compiling

and analyzing Pl data for DOE facilities for submis-
sion to the Secretary of Energy.

OPT pioneered the use of probabilistic risk assessment

(PRA) techniques to quantify the significance of
nuclear reactor events considered to be precursors to
potential severe core damage accidents. These pre-
cursor events form a unique data base of significant
events, instances of multiple losses of redundancy,
and infrequent core damage initiators. Identification of
these events is important in recognizing significant
weaknesses in design and operations, for trends
analysis concerning industry performance and the
impact of regulatory actions, and for PRA-related
information.

OPT has the lead responsibility in support of DOE for

the implementation and conduct of DOE’s Technical
Standards Program to facilitate the consistent appli-
cation and development of standards across the DOE
complex.

OPT is responsible for the preparation and

publication of this award-winning journal, Nuclear
Safety, now in its 36th year of publication sponsored
by NRC. Direct all inquiries to Operational
Performance Technology Section, Oak Ridge
National Laboratory, P.O. Box 2009, Oak Ridge,
TN 37831-8065. Telephone (615) 574-0394
Fax: (615) 574-0382.
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of nuclear. power reactors worldwide and the
research. and ‘analysis activities ‘that: promote
this goal, but. it also encompasses the safety
aspects of the entire nuclear fuel cycle, includ-
ing fuel fabrication, speni-fuel processing and
handiing, .and nuclear waste disposal, ‘the
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EDITORIAL

Ernest Silver, Editor-in-Chief
1984-1995

After ten years of service to the nuclear community, Ernest Silver has retired as
Editor-in-Chief of Nuclear Safety,; one of the most respected journals in'the
nuclear energy field. Silver was only its second Editor, and he has brought it
through the last ten years with great style, an unswerving devotion to technical
excellence and clear presentation that are the hallmarks of the journal. Even as
nuclear energy is passing through a period of travail and distrust, Nuclear Safety
is increasingly the ‘publication ‘that supplies. honest technical ‘answers to ‘the
questions that are being ‘asked. ‘Are reactor systems safe? What about diversion
of plutonium? What do we do about high level waste? What about relicensing?
and so on.

Silver has.guided-the journal into-the present era: He broadened: the scope of
the journal so that it is not only a review journal but also a general scientific and
technical journal that provides descriptions of new work in the nuclear safety
area. Through his efforts he has assured for it a respected place in the continuing
debate about the use of nuclear energy.

Originally a nuclear: physicist who did outstanding neutron research at the
Oak Ridge Electron Linac, Silver turned a lively curiosity and ‘appreciation of
technical content to the issues discussed in this journal. Silver’s deep interest in
language and his ability to communicate ideas and to identify areas of interest to
the readership all have led to a journal that is outstanding both in content and in
form. He took great pleasure in obtaining authors who could do the job, and in
this way he kept in touch with a worldwide community of nuclear experts. He
felt very much at home in their company.

Editing a journal is, in the final analysis, a cultural activity. This plays to
Silver’s strength. He is vitally interested in all facets of our culture, from science
to art, from history to politics, from economics to the Tennessee Lady Vols. This
uncommon breadth of interests is his trademark. It stood him well in his job as
Editor, and the result is plain to all: Nuclear Safety is a journal of great value,
with articles written by the best people in the field on subjects that deal with one
of mankind’s urgent issues. He has done his job well; with his departure go our
thanks and our wishes for a retirement full of the many things he loves and in
which he takes pleasure.

Alvin Trivelpiece
Director, Oak Ridge National Laboratory

In Appreciation of Ernest Silver

Ermest Silver, that brilliant and witty polymath, has retired as editor of Nuclear
Safety after 91/, years. 1 write this editorial to express not only my own apprecia-
tion but also that of the entire nuclear engineering community for Ernest’s un-
selfish and dedicated contribution to nuclear energy.

Ernest came to Oak Ridge in 1954 as a student at the Oak Ridge School of
Reactor Technology. I quickly recognized his unusual talents: a physicist: who
haddone graduate work -at Harvard and who had an excellent ‘instinct for
hands-on nuclear and reactor physics as well :as-an extraordinary, perceptive
writing and speaking style. This is-all the more unusual because in-1941, at the
age of 11, Ernest, a refugee from Hitler's Germany, came to America on: the
last boat to leave Lisbon. English was his second langnage, and he mastered

(Continues on inside back cover.)
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The Chornobyl Accident Revisited, Part ll: The
State of the Nuclear Fuel Located Within the
Chornobyl Sarcophagus

By A. A. Borovoi? and A. R. Sich?

Abstract: Approximately 135 tonnes of the 190.3-tonne initial
core fuel load (=71%) at Chornobyl Unit 4 melted and flowed
into the lower regions of the reactor building to form various
kinds of the now-solidified lava-like fuel-containing materials
(LFCMs) or corium. The results of radiochemical analyses
reveal that only 5% of the LFCM inventory of Ru-106 remains,
whereas, surprisingly, 35% of the LFCM inventory of Cs-137
remains. Moreover, the results of these analyses support the
Sact that little if any of the 5020 tonnes of various materials
(dropped from helicopters during the active phase of the
accident in an attempt to smother the burning graphite) ever
made it into the core shaft, where the bulk of the core was
located. The results appear to support earlier Western
source-term estimates that significantly more volatile radionu-
clides may have been released as a result of the accident.

The 1000-MW(e) RBMK (light-water-cooled, graphite-
moderated multichannel reactor) Unit 4 nuclear power
reactor at the Chornobyl Nuclear Power Station was
“physically started” on November 11, 1983, and achieved

“Ukrainian Academy of Sciences, Kyyiv, Ukraine, and Kurchatov
Russian Research Institute, Moscow.
bMassachusetts Institute of Technology.

criticality 32 days later on December 13, 1983.¢ By April
25, 1986, it had reached the end of its first operating
cycle (with a core-average burnup of 10.9 MWd/kg U for
its 190.3-tonne UO, charge),? and a maintenance outage
was scheduled for the following day. At approximately
01:23:40 on April 26, 1986, after 865 calendar days and
715 effective full-power days in operation,! the most
severe accident in the history of commercial nuclear
power occurred at this unit—characterized as a Level 7
Major Accident (most severe), according to the
International Nuclear Event Scale: “The accident can be

“This is considered fast for the initial startup of a nuclear power
reactor. Normally a period of approximately 4 to 6 months is pre-
scribed for flushing various systems, repairs, tests, etc., between the
“physical startup” and first criticality of a power reactor of this size—
followed by an additional 4 to 6 months between first criticality and
full-power operation. In a March 13, 1984, article in Pravda Ukrainy,
it was announced that Unit 4 had reached full-power operation
2 months ahead of schedule. Not only was it rare to complete a project
ahead of schedule in the Soviet nuclear energy industry but also
the startup date as given was incorrect. Unit 4 actually achieved full-
power operation on May 25, 1984—more than 2 months later.

40ut of the total 1661 technological channels in a 2nd-generation
RBMK-1000, for Chornoby! Unit 4 at the time of the accident 1659
channels were fueled (more than 57% of which contained first-load
fuel assemblies), one was unfueled, and one contained a “supplemen-
tal” absorber. [See Yu. V. Svyntseva and V. A. Kachalova (Eds.),
Chornobyl: Five Difficult Years, 1zdat, Moscow, 1992, p. 102.]
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2 THE CHORNOBYL ACCIDENT

technically classified as a voiding-induced super-prompt
critical power excursion that triggered.a fuel-coolant
interaction steam explosion that simultaneously breached
both the primary system and the containment.”>3

EXTENT OF DAMAGE TO THE
REACTOR BUILDING

As :a result of the accident, ‘the reactor core
was completely destroyed. Approximately 135 +
30 tonnes (=71%) of the fuel melted and flowed into the
reactor building’s lower regions; about 3.5% of the fuel
(6.7 tonnes) was blown upward out of the reactor core
“shaft” and released into the atmosphere, where aerosol-
sized particles were eventually carried over the northern
hemisphere. An estimated 25 to 30 tonnes of fuel, in the
form of “dust” or large broken pressure tubes imbedded
in graphite, are scattered throughout the upper levels of
the ‘damaged reactor. building, mostly under debris or
concrete poured in after the -accident; the balance of
the fuel (=11 tonnes)—most of which is thought to be
inside the reactor building and sarcophagus—has yet to
be positively located,

The reactor building itself, especially above the floor
of the central (reactor) hall, suffered extensive damage
and resulted in the complete destruction of the roof and
upper building structures, which reduced the height of the
building from an initial 71.5 m to an average 46 m
(Ref. 4) (see Fig. 1). Other major components of this unit,
including the emergency core cooling system (ECCS),
deaerator system, steam drums, main coolant pumps, and
primary piping, were heavily damaged or destroyed. The
explosion’s pressure wave significantly displaced those
reactor building support columns not completely
destroyed—compromising the building’s structural integ-
rity ‘and -making construction of the sarcophagus
extremely difficult. Hot core materials (fuel and graphite)
expelled during the explosions started fires in and around
the destroyed unit. Particularly heavy damage was caused
by these fires and flying debris to the roof that covers
Unit 4’s two 500-MW (e) turbogenerators. In many places
the .roof collapsed and thus caused further, widespread
damage to equipment below.

BRIEF DESCRIPTION OF THE
SARCOPHAGUS

The. Chornobyl: Unit 4 postaccident containment
structure—dubbed Ukryttja, or “Shelter,” in Ukrainian,

NUCLEAR SAFETY, Vol. 36, No.:1, January—June 1995

but commonly referred to as the sarcophagus (Figs. 2 and
3)—was compieted .in November 1986, The sheer size
of ‘this .containment (constructed upon the ruins of the
destroyed reactor building) and the extremely hazardous
working conditions (necessitating the use of unique and
remote construction methods ‘in very high radiation
fields) plus the short time span of 6 months make it a
unique “accident clean-up -and isolation -achievement.
After considering 18 different project variants, scientists
and engineers ‘chose a design that would take advantage
of the reactor building’s foundation and remaining super-
structure.” The benefits of their decision were signifi-
cantly lower costs :and high speed of construction. There
were, however, “also disadvantages: (1) information -on
the structural integrity -of the: reactor building was
lacking, (2) remote ‘methods for pouring fresh -concrete
did not always permit -observation and review of work,
and (3) in a number of cases high radiation fields made
welding - key ‘structural -components impossible. "As ‘a
result of these construction difficulties, two essential
deficiencies exist and continue to threaten the integrity of
the ‘sarcophagus: (1) it is unknown how ‘strong are the
supports that buttress the upper sections of the structure,
and .(2) openings ‘and breaks in the walls and the roof of
the sarcophagus are estimated to total about 1200 m?
(Refs, 6.and 7).

During the construction of the sarcophagus, a great
deal of “fresh” concrete flowed into the lower sections of
the damaged reactor building and made it difficuit or
impossible to enter many areas for a structural appraisal
or for investigations of the remains of the reactor.
Conversely, parts of the remains of the reactor core
that melted and flowed into the lower regions of the
reactor building [the corium, or so-called lava-like fuel-
containing materials (LFCMs)] were covered with layers
of concrete, which made entrance easier into areas that
otherwise would have been impossible because of high
radiation fields.

From 1987 to 1991, scientists, engineers, construction
specialists, and. other members ‘of -the. Chornobyl
Complex ‘Expedition of -the Kurchatov: Institute - of
Atomic Energy conducted much scientific and investiga-
tive research into the location and state of the nuclear fuel
remaining within the sarcophagus. Soon after the collapse
of the Soviet Union, all scientific, construction, and
technological work at the sarcophagus site feil under the
direction -of .the Ukrainian Academy of Science’s
Inter-Branch Scientific ‘and ‘Technical Center “Shelter.”
Day-to-day maintenance and surveillance of Shelter -is
carried -out by the enterprise “‘Object Shelter,” which is
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Fig.1 Photograph of the destroyed Chornobyl Unit 4 reactor building in late July or early August 1986 viewed from the south
structural support members (at the deaerator level) inclined away from vertical.

Note the 1-m-thick reinforced concrete
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Fig. 2 Photograph of the nearly completed Chornobyl Unit 4 sarcophagus “Shelter” in November 1986 viewed from the northwest. (Photograph courtesy of Valentin Ivanovich

Obodzinski of the Kurchatov Institute; Moscow.)




THE CHORNOBYL ACCIDENT

Fig.3 General view of the Chornobyl Unit 4 sarcophagus ‘“Shelter.” (Photograph courtesy of Valentin Ivanovich Obodzinski of the

Kurchatov Institute, Moscow.)

formally administered by the staff of the nuclear power
plant. .

The sarcophagus can be described briefly as follows
(refer to Fig. 4a and b): The east side consists of a divid-
ing wall, which separates Unit 3 from the auxiliary sys-
tems building “v,” and is constructed as a combination of
existing building walls and newly erected walls or con-
crete filler. The north side of the building is defined by
the “cascade wall,” which is filled with concrete, radioac-
tive materials thrown in from the roof and surroundings,
building debris, and structural metals and is in the form
of very large cascading steps. These steps conform more
or less to the building debris and eventually rise to meet
the upper levels of the former high bay area of the
reactor’s central hall. The western wall is relatively intact
and is lined on the inside by a buttressed concrete shield-
ing wall 1 m thick and 45 m high (but only partiaily filled
in) and on the outside by large steel contraforce panels
6 by 45 m and weighing approximately 92 tonnes each
(Ref. 5, p. 301). The upper parts of Shelter rest upon
three metallic support beams: B1, B2, and the so-called
160-tonne Mammoth Block. The western supports for
beams B1 and B2 are served by a reinforced concrete
wall about 1 m thick. This wall has a number of serious
cracks and is tilted slightly toward the west. During the
construction of Shelter, direct inspection of this wall was

impossible. The only sources of information concerning
its integrity were photos taken from helicopters flying
approximately 250 to 300 m from it. Before beams B1
and B2 were placed onto the wall, an effort was made to
strengthen it with “fresh” concrete; at the time, however,
it was unclear whether this procedure served its intended
purpose. On the eastern part of the damaged building the
beams rest upon ventilation shafts that appear not to have
suffered major damage. On beams B1 and B2 rests a
series of steel pipes upon which, in turn, a steel-paneled
roof was built. Support for these steel panels on the
southern side is served by the 70-m-long (54 m of which
is “free hanging” and unsupported) and 5.5-m-wide
Mammoth Block, which, in turn, rests upon two concrete
columns.? These columns stand among the debris of the
damaged building and were strengthened by remotely
poured concrete.

Work in 1987 and 1988 on strengthening internal
structures that suffered heavy damage as a result of the
accident has prevented, at least for the time being, an

“There is a small inconsistency in the dimensions and mass of the
Mammoth Block between those given by Kurnosov et al. (Ref. 5,
p. 302) (70 m long X 6 m tall X 2.4 m thick, 147 tonnes) and my
review of the sarcophagus construction plans (70 m long X
5.5 mtall X 2.4 m thick, 160 tonnes).

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995
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Fig. 4a Schematic of the Chornobyl Unit 4 sarcophagus “Shelter.” East-west cross section along axis L.
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8 THE CHORNOBYL ACCIDENT

internal collapse that could lead to further weakening of
Shelter. No noticeable long-term movements of
internal structures have been observed—even though an
earthquake registering 4.0 on the Richter scale occurred
in May 1990, which resulted in only a slight enlargement
of currently existing cracks .in supporting walls.? Visual
inspection of the most difficult to reach eastern column
support of the Mammoth Block, conducted by an inspec-
tion team in 1991, showed that no serious flaws in this
support -exist, -although water was noticed through open-
ings in the structure, which could eventually weaken and
wear away the base of this support.

THE STATE OF THE NUCLEAR FUEL
REMAINING WITHIN THE
SARCOPHAGUS

Remains of the Core and Adjacent Areas

Investigations conducted during 1986 to 1989 showed
that previous notions concerning .the extent of damage
within Unit 4 as a result of the accident in most cases did
not correspond to the actual state of the destroyed reactor.
After a significant number of bore samples (about:70)
were taken of the core region, core-support area -and
subreactor region, steam-distribution corridor, and a
number of other areas, radiation field measurements were
taken to determine which areas were safe enough to
approach for closer inspection.!®!! Visual inspections
of these areas were ‘then conducted either by ‘remote-
control visual aids (video cameras, periscopes, or small
robots) or, if approachable, directly by researchers armed
with cameras and .video equipment. The following
account details what was found within the reactor build-

" ing of Unit 42 (refer to Figs. 5 10 9).

The core. of the reactor and the steel, hermetic
pressure’ casing that contained. the core, “Scheme”
or “Component KZh,” were destroyed,% The upper
biological shield (UBS) and lower biological shield
(LBS) (Components E -and -OR; respectively). were
displaced from their standard design positions.
Cylindrical water tanks surrounding: the core, known as
the lateral biological shields, :Components D and L,
remain more or less in their nominal positions. As far

“In architectural-engineering jargon, the Soviets typically use the
term scheme to indicate a major component of a system. In this case,
the steel ‘hermetic. pressure casing that. contains the core is often
referred to by the shorter expression ‘Scheme KZh from the Russian
word KoZha, or “skin.”

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995

as can be ascertained, the 21.6- by 21.6-m reactor shaft
remains intact, and little if any of the sand and gravel
filler material (between Component L. and the shaft) is
missing.

Part of the reactor fuel and assemblies (in the form of
Zircaloy pressure tubes containing fuel rods, individual
pieces of fuel rods, ‘broken or partially intact graphite
blocks, granules of these; and dust), as a rule, are found
in the upper regions of the reactor building (especially in
the control hall). A significant number of graphite blocks
and some pieces of Component KZh were hurled onto the
roofs of Unit 3 and the turbogenerator hall. A ‘small por-
tion of the reactor graphite block pile along with the asso-
ciated fuel assemblies are scattered ‘among debris and
under concrete? on top of Component OR. The rest of the
fuel is in the form of LFCMs.located in the lower regions
of the reactor: building ‘starting from ‘below. the current
location of Component OR. The LFCMs are a combina-
tion of various structural materials (stainless steel,
serpentine, graphite, etc.) that melted during the active
phase of ‘the -accident, mixed with molten fuel, and
flowed ‘downward into the lower regions of the reactor
building to form varied types of frozen corium.

Component OR " itself ~was significantly damaged:
besides descending approximately 4 m-(compressing the
metallic - reactor -support, .Component S, ‘accordion-
style beneath it), a pie-shaped section (=105°) of the
southeast quadrant is conspicuously missing. Component
OR is also tilted downward through an angle of
approximately 10° in the direction of the missing section.
It is now believed that Component OR descended not as
a result of the initial explosions, but rather because
decay heat from the approximately 75 tonnes of melted
fuel surrounding Component S. served to ‘weaken this
support.  Component S ‘thus soon reached its yield
point, and under a load of approximately 800 tonnes
(the remains of Component OR itself and other debris)
smoothly descended 4 m (Ref. 13).

bThis is the so-called “fresh” concrete ‘poured into the reactor
building during the construction of Shelter.

“Serpentine, . a ‘hydrous magnesium silicate Mg.[Si;O;,]-[OH]g
obtained -from the ‘naturally- occurring ‘rock - Serpentinite,- fills" the
spaces ‘between coolant tubes penetrating-both the UBS and LBS
in the form of coarse sand, pebbles, and smail rocks. Serpentine’s
most significant and ‘unique “feature. isthat most:- of the water ‘of
crystallization is retained at temperatures :as high as 450.t0:500 °C.
As a consequence, serpentine can be used in shielding applications
where high temperatures may be involved. Nominally, approximately
617 ‘tonnes ‘of 'serpentine is found in:the LBS and its peripheral
thermal compensator section.
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Steam-Separator Drum

Spent Fuel Pool (North)

Spent Fuel Pool (South)

Component E
(Upper Biological Shield)

Component D
(Lateral Water Biological Shield)

Component L
(Lateral Water Biological Shield)

Lateral Biological Shield

Component OR
(Lower Biological Shield)

(sand and gravel filler)

“Elephant’s Foot”

Sub-Reactor Region

Steam Distribution Corridor

N

o<

Fig. 5 Sectional view of Chornobyl Unit 4 in its current state. Approximately 71% of the initial 190.3-tonne UQ; fuel load
is now located in areas below the lower biological shield (LBS). Nete that virtually ne fuel or graphite is found in the
reactor shaft region. Also, an approximately one-quarter pie-shaped section of the LBS is missing—presumably taken up
by the corium before it flowed into the lower regions of the reactor building and which later cooled into ceramic glass-like

and pumice formations.

Component E [together with the remains of approxi-
mately 40 upper coolant channels (UCCs), moderator
coolant or fuel and instrumentation channels—so-called
technological channels (TCs), and fragments of
reinforced concrete support structures] is suspended on

its side by the walls of the reactor shaft approximately
15° from vertical. On the northeast side of the shaft,
Component E rests upon the upper portion of Component
D, whereas on the southwest side it rests upon a large
fragment (approximately 2 m by 3 mby 1.5m) of

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995
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Fig. 6 - Level 9 m:. subreactor - region. Locations of ‘fuel-containing masses in the: subreactor. region and
adjoining areas. LFCMs are lava-like fuel-containing materials. (Note that the LFCMs as depicted here are
mostly located under a layer of concrete.)
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Fig. 9 Level 0 m: pressure suppression pool-1. Locations of fuel-containing masses on the second floor of the
pressure suppression pool and adjoining areas. LFCMs are lava-like fuel-containing materials. (Note that the
LFCMs as depicted here are mostly located under a layer of concrete.)
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reinforced concrete and steel panel pinned against Com-
ponent D. This panel was later determined to be part of
the lower bay wall on the south side of the central hall
from ‘approximately Level 45 m, which supported the
fueling machine and provided shielding for the steam-
drum separators located adjacent to the reactor hall in
rooms 804/3 and 4.7 Virtually the entire space between
Component E (normally its upper face) and Component D
on the northwest side is filled in with heavily damaged
stainless steel coolant pipes (which connect the UCCs to
the Zircaloy ‘core ‘pressure tubes) and tangled UCCs.
Driven in between these ‘coolant pipes -are reinforced
concrete blocks about 2 m? in volume. Apparently, these
blocks were at one time part of the same wall from which
the panel pinned on one side beneath Component E (see
above) -originated. The central section of the (formerly)
lower face of Component E (which corresponded to
Level 28.5.m) is stripped of its TCs—approximately 50%
of the core’s total channels are cut off flush with the
surface.” A small number of severely damaged TCs
surrounding the stripped central section on the periphery
of Component E’s bottom face remain dangling from it.
The number of these that are fuel or control channels—as
opposed. to moderator coolant channels (MCCs)—is not
known .at .this time. From -within ‘the .core region at
Level 24.6 m -one ‘can sec approximately 40 badly
damaged channels dangling from what is now.the lower
part of Component E. The bottom edge of Component E
(which is inside the core region) is at Level 25.0 m, and
the top edge (which is clearly seen from the ceniral hall
extending out of the core region) is at Level 43.0 m—
which places the geometric center of Component E 5 m
above its normal position before the accident.

The core region, rather unexpectedly, turned out to be
practically empty. Lying in a pile on top of the northeast-
ern ‘upper face of Component OR and on both sides of
Component KZh (in the space. between the remains
of Component KZh and Component L, and between the
remains of Component KZh and the center of Component
OR):are graphite blocks, ‘eight MCCs oriented vertically
and still connected to Component OR, -and a reinforced

“The .question of how pieces of these high-bay wall panels
managed to fall to the bottom of the reactor shaft remains unanswered.
One credible explanation is that hydrogen generated early during the
accident may have accumulated and detonated in the steam-drum
separator-chambers—blowing parts of the wall in toward the central
hall. Another hypothesis is that pressure waves from the steam
explosion may have reflected into the steam-drum separator chambers
along the water—steam coolant channel paths, also blowing out parts
of the wall.

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995

concrete panel approximately 5 m wide (apparently also
once forming part of the walls of Room 804/4) that is
blocking from sight the northern “emergency alignment”
support (Component NAS) resting at a sharp angle (=70°
from horizontal) while pressing MCCs into Component
L. Lying horizontally in the southwest quadrant of Com-
ponent OR are two reinforced concrete panels, one on top
of the other, with dimensions approximately ‘1.2 by 35 by
1.0 m. On the. northwest ‘section of the ‘upper face of
Component OR is also a pile of graphite blocks, but these
are covered somewhat with “fresh” concrete (that seeped
in through the damaged wall of Room 804/4 during the
construction. of  Shelter’s. Cascade- Wall :in-the fall-of
1986) approximately up to Level 16 m. A space of about
1 ‘m-between ‘the bottom of Component L, 'the upper
remains of Component KZh, and the layer of concrete on
Component OR remains.

The southeast section ‘of ‘Component ‘OR (roughly
along the reactor central axes 47 and L) no longer
exists.4 It is clear that this section melted [together with
its associated lower communications (coolant) channels
(LCCs), stainless steel coolant pipes, and support struc-
tures]. Evidence to support this is located near the area
where the section should be: visible metal ‘structures are
either partially melted or warped from heating, the part
of Component OR to which its “melted” section should
be attached shows signs of some burning and a melting
process having taken place, and the top of the southern
“emergency alignment” support. for Component L
(Component SAS) is tilted 15° toward Component OR
and burned halfway through approximately in the middle.

Component OR descended approximately 4 m straight
down from its normal position and thus crushed Compo-
nent S beneath. On both sides it also crushed and pulled
smoothly downward with itself the 1.CCs that now rest
upon the corner of the upper cover for rooms 302/3 and
4, 303/3 and 4, and 304/3 and 4. Normally, the LCCs
enter the space ‘under the reactor (the ‘upper space
designated ‘as the subreactor region, the lower space as
room -305/2) horizontally from the reinforced ‘‘strong
boxes” (rooms 404/3 and 4) that protect the group
dispensing “headers (GDHs). The LCCs that: descend
vertically from the GDHs before horizontally entering
the subreactor region are relatively undamaged, and one
may walk through rooms 404/3 and 4 (on top of concrete
that seeped -in" during the construction of  Shelter) ‘as
during a routine inspection.  Component NAS (the
northern  alignment -and support beam) remains in its
normal position; in front of it (looking toward the center
of Component OR), the lower section of the cylindrical
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wall, Component KZh, descended together with
Component OR and is more or less intact for 1.5 m
vertically up to its first thermal expansion compensator.

Overview and Material Balance

Summary Descriptions of the FCMs.!*»!S By
current estimates, between 1270 and 1350 tonnes of
fuel-containing materials (FCMs) (material containing
=10.5% of partially “burned” nuclear fuel), 64 000 m3 of
other radioactive material (concrete, building metal, etc.),
approximately 10 000 tonnes of construction metal, and
800 to 1000 tonnes of contaminated water are located
within the sarcophagus.!617 Research conducted during
1987 to 1992 permits classification of the FCMs within
the sarcophagus as follows:

1. Fragments or chunks of destroyed core. These
include parts of destroyed TCs, fuel rods, control rods,
graphite, etc., damaged and thrown out of the core shaft
as a result of the explosions. The greater portions of these
are currently located in the upper floors of the reactor
building—in particular, in the central hall into which
approximately 15 tonnes were thrown from the roof of
the adjacent Auxiliary Building “V,” where they were
scattered by the explosions. Some pieces of the core (fuel
and graphite) were found as far as 150 m from the reactor
building and are now either covered with a thick layer
of concrete or were collected and deposited into the
reactor building’s debris. On the scale of millimeters to
centimeters, they remain more or less intact.

2. Finely dispersed fuel particles (dust) or “hot”
particles. To a greater or lesser extent, these particles
were distributed over the entire Unit 4 area and beyond
the bounds of the station as a result of the explosions and
fires that carried them into the atmosphere. They are
observed in virtually every area or room of the reactor
building—found on open surfaces, imbedded in concrete
and other materials, or occurring as dust particles in
the air. Dimensions of these particles vary in the range
of 0.1 to 100 u, and their total mass is estimated to be
10 tonnes.

3. Solidified LFCMs or metallic fuel-containing
materials (MFCMs). These materials formed during
the active phase of the accident (April 26 to May 6) as a
result of a portion of the core melting and flowing down-
ward along pipes and ducts into the lower regions of the
reactor building and the interaction of this “lava” with
surrounding metal and concrete structures. The LFCMs
are characterized as glass-like or pumice-like siliceous
substances containing varying amounts of fuel and other

materials of the reactor, including metallic alloys.
The MFCMs are in the form of a one-to-several-
centimeter layer of solidified and highly radioactive
metal (composed of fission-product metals and structural
steel) underneath the LFCMs located mainly in the steam
distribution corridor.

4. Contaminated water. In 1990, it was observed that
water located in a number of rooms on several floors
under the former reactor [in particular, in the pressure
suppression pool (PSP)] contained various quantities of
dissolved uranium. Water apparently enters Shelter
through the above-mentioned openings and flows into the
lower regions where most of the fuel is located. There,
both as a result of a slow weakening and breakup of
surface layers of LFCMs from high radiation exposure
and the subsequent washing away of this newly formed
dust by water, the water becomes enriched in uranium.
The concentration of uranium is low, varying in the range
of several milligrams per liter, yielding an estimated
quantity of fuel in water of less than 2 kg.

Quantities and Locations of LFCMs. During the
period from the middle of 1987 through the beginning of
1990, the method used most often to determine the
location and quantity of LFCMs within the sarcophagus
was remote thermographic analysis (thermography).
This technique permitted a thermal survey of areas with
extremely high levels of radiation greater than 2000 R/h
that were also heavily damaged or covered with concrete,
which makes access dangerous and nearly impossible for
researchers, such as room 305/2, which is directly under
Component OR and the subreactor region; and it led to
the discovery in these areas of substantial quantities of
LFCMs. Furthermore, after determining the location
of LFCM accumulations, researchers could estimate the
quantity of material by assuming that the source’s heat
flux (coming through debris and concrete) was directly
related to the mass of material found underneath or
behind the rubble. This was confirmed by measuring the
speed of convective currents of air induced by heat fluxes
in areas where the geometry of the surroundings could be
well established. Therefore, on the basis of peripheral
measurements of heat flux in relatively low areas of
radiation and relatively accessible areas of the reactor
building, researchers succeeded in estimating quantities
of highly radioactive materials buried within the
sarcophagus.

In 1989, with the help of heat flux gages mounted on
long wands, a survey was conducted from the ceiling of
the second floor of the PSP to determine the heat flux
from sources above. More than 100 measurements were

NUCLEAR SAFETY, Vol. 36, No. 1, January-June 1995
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taken that permitted the examination not only of this area
but also of a number of areas with moderately high but
accessible radiation fields between the steam distribution
corridor and the subreactor region. Calculations showed
that in January 1990 the total LFCM heat generated in the
steam distribution corridor was approximately 17 kW(t).
Knowing fairly well the amount of decay heat generated
per. tonne of UO, corrected to that time, researchers
estimated that this area contained 23 + 8 tonnes of UO,.
Similarly, in July 1989 the heat generated in room 305/2,
the subreactor region, was approximately 60 kW(t) (by
far the strongest source found), yielding 75 + 25 tonnes
of UQ,. In this area, even though it is virtually inacces-
sible, a convection geometry could be quite well
established because heated air currents were constrained

to exit through the reactor shaft upward into the central
hall-—thus aiding in the estimation of fuel mass. The

~ balance of the fuel on the fourth floor is located in two

corridors (301/5 and 301/6) and one room (304/3), and
the total amount of fuel on this level is 95.7 + 26 tonnes.
Because the PSP was more accessible than other
areas, dimensional estimates from photographs, dose-
rate measurements, and analysis of samples of LFCMs
found there in open ‘“piles” (to determine their radio-
chemical compositions and densities—see Fig. 10) aided
researchers in estimating volumes, fuel content, and thus
heat generation more precisely ‘than in other areas.
LFCMs were -also known to . be located in the pipes
designed to- direct stearn ‘downward: to lower. levels. of
the PSP. Although the geometry of these pipes is well

Fig. 10 Photograph taken ‘on the second floor .of the pressure suppression pool showing a pumice-like formation of nuclear: fuel.
Concrete poured into the reactor building during construction of the sarcophagus is visible in the foreground. (Photograph courtesy of

NUCLEAR SAFETY, Vol.'36, No. 1, January~June 1995

Konstantin Pavlovich Checherov of the Inter-Branch Scientific and Technical Center “Shelter.””)
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known, it was not cettain how and to what extent LFCMs
were distributed within them. A remote-controlled
collimated gamma detector was used to identify which pipes
contained LFCMs along with their approximate distribu-
tions. The gamma detector also helped to define the gamma
fields throughout the PSP so that dose measurements could
be attributed to specific piles of LFCMs. As a result of these
efforts, five pipes were identified to be the “flow paths” into
LFCM piles and into rooms 012/6 and 012/14. It was also
found that they were completely filled with LFCM; the total
volume was 5.7 m?. If the assumption is made that the pipes
contain UQ, in amounts similar to their associated piles, a
good estimation could be made. Finally, thermography had
to be used to locate and estimate the significant amount

of fuel covered by concrete. The amount of fuel in the
LFCMs of the PSP is estimated to be 12.5 + 3 tonnes
distributed, as shown in Table 1.

Smaller, but no less significant, quantities of
LFCMs were located in various other areas. Three steam
distribution headers in the steam distribution corridor (see
Fig. 7) were found to contain a total of 1.8 + 0.6 tonnes of
fuel. Together with the fuel content of stalactite- and
stalagmite-like LFCM formations (such as the well-
known Elephant’s Foot—see Figs. 11 and 12), the
total amount of UO, located in these third-floor areas is
20 + 5 tonnes distributed, as shown in Table 1.

The amount of fuel distributed throughout the upper
levels of the reactor building is more difficult to establish,

Table 1 Chornobyl Unit 4 Fuel Distribution and Mass Balance?®

Location and description

Fuel mass subtotal, tonne Fuel mass total, tonne

Upper levels of the reactor building (level 235.5 m)
Central hall (estimate of core fragments)
Central hall (hot particles and dust)
Central hall (under pile of materials thrown from helicopters)
Core fragments attached to UBS
Steam separator drum areas
Other areas above reactor
Fragments within the cascade wall of the sarcophagus
Turbogenerator hall (estimate of core fragments)
Fuel fragments beyond reactor building but under concrete

4th floor—subreactor region (level 9.0 m)
Core fragments scattered upon the LBS
Subreactor region (room 305/2)

Room 304/3
Room 303/3
Corridor 301/5
Corridor 301/6

3rd floor—steam distribution corridor (level 6.0 m)
Steam distribution headers (3 units)
Steam distribution corridor (rooms 210/5, 210/6, 210/7)
Corridor 217/2 (stalactites)
Corridor 217/2 (“Elephant’s Foot™)

1st and 2nd floors—pressure suppression (levels 0.0 and 3.0 m)
PSP—(2nd floor)
Open “piles”
Piles covered by concrete or in piping
PSP—(1st floor)
Open piles
Piles covered by concrete or in piping

Total fuel contained within reactor building

Fuel released beyond the Chornobyl station (3.5 * 0.5%)
Total core load at time of accident

Fuel unaccounted for

37.7£5+7?

15

5%2
?

5+£3

2+1
5
1.9
1.9
1.9

95.7+26
05+02
75+25
1415
02101
3£1
3+1

27+8
1.8+06
2318
02+0.1
2+0.8

125+3
(11x3)
61
5£3
(1.5+0.5)
0902
0.6x0.5

1729+ 28 (9)
6.7+ 1

190.3

>10.7 (D)

“Source: Ref. 4, pp. 12-17, 37-42; Ref. 15, pp. 12-17.
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Fig. 11 Photograph of the 2-tonne accumulation of meited nuclear fuel dubbed the “Elephant’s Foot.”” (Photograph courtesy of Aleksandr Aleksandrovich Borovoi of the Inter-
Branch Scientific and Technical Center ““Shelter.”)
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Fig. 12 Phetograph of a nuclear fuel stalactite located near the southern end of Corridor 217/2. (Photo-
graph courtesy of Aleksandr Aleksandrovich Borovoi of the Inter-Branch Scientific and Technical Center
“Shelter.”)
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although attempts have been made; for example, the
amount of fuel contained in hot particles impregnated in
walls and other materials or that eventually settled out
throughout the building was estimated roughly by taking
swipe-samples in various locations of the reactor building
(to determine the amount of fuel deposition per unit area)
and multiplying by.an estimate of the total amount of
area available for deposition. Core fragments (graphite
blocks and fuel assemblies) were counted from
photographs taken before the cleanup efforts began. It is
clear that, because “researchers could not: enter the
extremely -hazardous environment -of ‘the destroyed
reactor building to locate more precisely fragments of
the core; these estimates: introduce . large errors into the
mass balance,

The core mass balance shown in Table 1 also presents
another problem. If we assume that the Soviet value of
3.5+ 0.5% of the core’s 190.3-tonne fuel load at-the time
of the accident (or 6.7 % 1 tonne) was released beyond the
bounds of the station, this leaves approximately 11 tonnes
of the core UO, fuel mass unaccounted for. Because of
the rather imprecise mass estimates in Table 1, however,
the “missing” fuel falls well ‘within the total estimate’s
error margin. Another possibility is ‘that the fuel could
be located under the pile of ‘debris thrown from the
helicopters during-the first: 6 -days of the accident.? To
date, researchers have not been able to verify what may
be under the material pile in the central hall because
the extreme radiation environment and building structural
debris make - this area -inaccessible ‘for ‘drilling
equipment.? A final possibility is that part of the fuel may
have been jammed upward through the UCCs into -the
upper biological shield (UBS) by the initial explosions.

2The material thrown from the helicopters was aimed at a “red,
glowing mass”- obscured .by smoke and debris ‘(i.e., it was never
positively identified what could -be “burning” ‘at that location—
although it was assumed that-part of the core graphite was responsible
for the glow). Because the roof:of Unit 4 was covered with :a large
amount of tar, an argument has been put forth that it wasn’t graphite
that ‘was seen burning (producing the red glow) but rather a large
quantity of tar (bitumen) that collapsed into the central hall together
with the roof. However, considering the fact that the building’s roof
and high bay walls were swept outward with the explosion’s pressure
wave, this hypothesis appears less plausible.

bSharovarov states, “From the existing balance we know that the
full quantity of fuel which remains within Shelter accounts for 96:5%
[~183.6 te ?] of the original load [of 190.3 te], in other words 180 t of
heavy metal. Qur appraisals of visible accumulations. of FCM gives
150 t. The remaining 30 t could be found in the Central Hall (~15 1),
under the northern Cascade Wall, and also in a number of as yet
uninvestigated areas of the upper parts of Unit-4” (from Ref. 4, p. 25).
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With the use of a finely collimated gamma spectrometer
to survey the central hall in 1990, researchers noted a
large source in the center of the UBS—Ileading them
to speculate that LFCMs may be within it; however,
significant plateout on the surface of the UBS during the
active phase could also give rise to the observed source.
Several lower-bound estimates of the amount of fuel
located ‘in the lower regions of the reactor building
have been made. [Recall that Table 1 shows that 135.2 +
27.4.tonnes of fuel are located: below the nominal core
position (i.e., in the lower regions of the reactor build-
ing).] A rather rough lower-bound estimate of 90 tonnes
is obtained by considering that 35% of the initial core
inventory. of Cs-137 remains within the fuel in the lower
regions of ‘the sarcophagus.!$ “Arother ‘rough lower-
bound estimate -of 60 tonnes considers the amount of
magnesium initially contained within the LBS (as part of
the ‘mineral serpentine) that was taken up by the corium
lava as it melted through the LBS.!19 Finally, a group of
researchers attempted to estimate the amount of fuel in
the lower regions of the reactor building by using density
measurements -and ‘visually estimating the volume of
lava; however, their estimate of 22.8 to 32.7 tonnes?® has
been convincingly refuted by other researchers at
Chornobyl ‘who point to the wide range of LFCM
densities (from 0.14 g/cm3 for the pumice-like form of
the ‘corium to 3.2 ‘g/cm3 for ceramic glass-like forms),
to the fact that “chunks” of graphite blocks and fuel
assemblies are found in some accumulations of the lava,
which drastically alters density estimates, and to the in-
correct volume estimates of the very significant lava ac-
curnulations located under fresh concrete,1821-23

Classification of the LFCMs. This section provides
summarized information and data pertinent to the current
discussion -and for the next article in this series. For a
more detailed and rigorous account of the chemistry of
the LFCMs, see Ref. 24. Part of the fuel, having melted
from a combination of decay heat and chemical interac-
tions with surrounding materials, formed peculiar lava-
like flows that entered various areas of the reactor build-
ing ‘beneath the core. Figure 13 is a flow schematic for
the LFCMs located in the lower regions of ‘the reactor
building ‘that includes the locations and mass transfer
mechanisms thought ‘to ‘be responsible for the current
configuration.. These. LFCMs were studied for their
chemical, isotopic, and: mineral content along with the
fraction of fuel contained and burnup. As solid, heteroge-
neous solutions in a silicate glass-like matrix, they may
be classified into four distinct types.
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(vertical drop =5 meters) severely damaged . .
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©l of 210/7. SDH-8 contains ™™ KLU S TLUY] >
lava that dropped to floor T o
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T (s?;il\(n)/asr;;)tofﬂ!l 7(/12‘”” LFCM Lava-like fuel-containing mass Horizontal lava flow
[ MFCM Metallic fuel-containing mass  =«=«===- Horizontal lava transfer
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[A] Data group "A"

Fig. 13 Lava-like fuel-containing material flow schematic. SW is southwest and SE is southeast.
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1. LFCM1. LFCM1 is a chocolate-brown or
anthracite-black ceramic (glass-like) having a density of
2.2 to 2.3 g/lem? and represented by stalactite-like and
stalagmite-like formations in corridor 217/2 (including
the Elephant’s Foot) or by accumulations in the steam
distribution corridor and in the subreactor region (room
305/2). The optical refractive index is in the range of 1.45 to
1.6, and the melting temperature is approximately 1200 °C.

The chocolate-brown ceramic [mainly located along
Flow Path 2 (see Fig. 12)] is brittle and at least at the
surface contains many pores of varying diameters. It-also
contains large quantities -of miniature metallic spheres,
which give it its characteristic color. (At the microscopic
level, the silicate matrix is transparent - with- a-smoky—
yellowish tint.) The surface is mainly lustrous, although
some samples have a more matted shade of brown. It is
found in all cases as an upper layer over a thin layer of
previously melted -and ‘highly active metal—somewhat
resembling a thick layer of impurities in high-temperature
metallurgical smelting processes.

The anthracite-black ceramic (mainly located along
Flow Path 1) in most cases has a matted hue with a great
quantity of rather large voids averaging 1500 cm? in vol-
ume, which make its bulk density low. At the micro-
scopic level, its silicate matrix is transparent with a dark
“bottle-green” tint. This form of LFCMI is most often
observed near the southeast quadrant of the subreactor
region (room 305/2) and in room 304/3 and resembles
coke from a steel smelting process. In a fewer number of
cases that are located significantly far from room 305/2
(in the form of stalactites and the Elephant’s Foot in Cor-
ridor 217/2), the surface of this ceramic has a lustrous
hue.

2. LFCM2.. LFCM2 is a gray-brown, crumbly,
pumice-like material discovered in the PSP area of the
reactor building almost directly below the nominal posi-
tion of -the core. It is assumed that this material was
formed ‘when - the ‘high-temperature lava contacted the
remaining water in the PSP. Interestingly, adhering to the
walls and pipes of the first floor of the PSP about 30 to
40 cm above ‘the floor are several *bathtub ring”
formations -of this type of the LFCM. It is presumed
that, ‘because ‘of its low density (varying tightly around
0.14 g/cm3), it was at one time floating on the surface of
the water and was thus transported away from the main
pile in room 012/7.4

“Water remained-on ‘the first level of the PSP (even though the
PSP. was emptied before the end of the active phase) because the
openings to the drain pipes are Jocated on the walls about 30 cm
above the floor. The pool, therefore, could not be completely drained.
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3. LFCM3. LFCM3 is a red-brown or flat-black
slag-like material (an intermediate formation between a
ceramic and a pumice), some of which is found in the
subreactor region but mainly in the PSP, where its has
formed piles of corium characteristic of that area of the
reactor building.

4. LFCM4. LFCM4 is melted metal discovered in
two forms: (1) as a lower layer beneath the chocolate-
brown LFCM1 in the subreactor region and (2) in the
form - of small (from ‘1  um to several ‘millimeters)
droplets distributed in all other LFCM forms. (Strictly
speaking, the first -form is not considered an 1LFCM
because it does not seem to contain a significant amount
of fuel but does contain enough fission products:to.make
it highly radioactive.)

Analyses of the LFCMs. According to Table 1,
the total amount of fuel contained within the LFCMs
currently -located below . Component ‘OR 'is -approxi-
mately 135+ 30 tonnes. The corresponding mass of the
LFCM:s is 1370 + 300 tonnes.>!7 On the macroscopic
or bulk level, the LFCMs are quite varied in their mor-
phologies and densities—the density of a given LFCM
is a strong function of the void content within the solid
solution. The density of the solid solution:also varies
greatly, depending on the type of LFCM and its loca-
tion with the reactor building; for example, the matte-
black LFCM1 found in room 304/3 (reaching a thick-
ness of 1 m) varies even throughout the bulk of the
material and thus forms three layers based on density
and void content (Table 2).

The chemical compositions of the LFCMs also varied,
depending on their type and locations. There were also
variations within the matrix as well as in the dissolved
constituents; for example, visual examination with a

bAccording to Pantikov et al.,17 of this, 137 £ 30 tonnes is
attributed to core structural materials (stainless steel and zirconium);
266 * 60 tonnes is serpentine from Component ‘OR, including the
thermal compensator region; and 350 + 50 tonnes is concrete from the
floor ‘of room 305/2, which ‘interacted with the lava just before it
solidified. The balance (442 * 130 tonnes) could be materials dumped
during accident mitigation efforts (including the construction of the
sarcophagus). However, this does not make sense given that few, if
any, -of the materials thrown onto the core during the active phase
made ‘it into the core. Moreover, during the construction .of the
sarcophagus, it is difficult to imagine any interaction of the solidified
corium with concrete and other structural materials. If true, however,
the 442 tonnes would still -represent less than 9% of the materials
dumped from the helicopters—and this is not in .agreement with the
results .of radiochemical . analyses of the corium, which appear to
indicate not more than 1% of ‘the dumped materials may have entered
the reactor shaft to cover the core.
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Table 2 Density Variation of LFCMs in Several Locations®

Density,
LFCM type Location Room glen?®
Black ceramic-—upper layer Level 9m 304/3 0.7t0 0.9
Black ceramic—middle layer ~ Level 9m 304/3 09t 1.8
Black ceramic—lower layer Level 9m 304/3 1.8t02.4
Brown ceramic Steam distribution corridor 21017 Upto 3.15
Black ceramic Steam distribution corridor 210/7 1.610 2.8
Black ceramic Steam distribution corridor 210/6 Upto29
Black ceramic Steam distribution corridor 210/6 20%£02
Black ceramic PSP-2 012/15 2102
Pumice PSP-1 012/7 0.14t0 0.18

“Source: Ref. 18, p. 6.

light-microscope shows that the matrix of the chocolate-
brown or anthracite-black ceramic LFCM1s and the slag-
like LFCM3s are a silicate-like glass with complex
morphological features filled with inclusions of varied
size. A scanning electron microscope reveals that the
solid-phase inclusions are on the average 0.5 pum in
diameter; ultrasonic microanalysis provided the chemical
makeup of the silicates and inclusions. The colors of the
lavas are defined by the varying amounts of inclusion
dispersed throughout (primarily by thinly dispersed
yellow-brown inclusions) as well as by the amount of
iron contained in the matrix. Table 3 shows the silicate
matrix chemical composition (average) of several forms
of LFCM1; Table 4 shows the bulk chemical composi-
tion (average) of LFCM1-3 along with various ratios for
comparison.

The fuel content in these materials varies from a
few weight percent to approximately 18 wt %, and the
average is around 7 wt % (Table 5). Fuel burnup in the
LFCMs varies from 7.5 to 14.7 MWd/kgU; the average is

11.7 MWd/kgU. The burnup values are distributed
evenly over all forms and locations of the LFCMs, which
appears to indicate that there was intense and thorough
mixing of core materials sometime before the lava
flowed into the lower regions of the reactor building to
cool and solidify. (This is an important conclusion when,
in an upcoming article, a scenario is hypothesized for the
active phase.) Tables 5 and 6 (following the flow
distribution scheme of Fig. 12) summarize the results of
radiochemical analyses of 118 samples of the LFCMs
from various locations, whereas Table 7 presents a
summary comparison of another approximately 110 samples
showing the ratios of Cs-137 and Ru-106 to Ce-144.

DISCUSSION AND CONCLUSIONS

The consequences of the accident were intimately
related to the specific design features of the second-
generation RBMK-1000 represented by Chornobyl Unit 4
and to surrounding conditions in the vicinity of the core

Table 3 Chemical Compound Composition of the LFCM1 Silicate Matrix?-?
(Weight Percent of Total)

LFCM type K,0 ¢ca0 Mg0 ALO, ZrO, Fe, O, U Sum [SiO, + O]
LFCM from 210/7 chocolate-brown
ceramic 1.5 6.8 5.8 5.2 3.2 — 2.4 24.9 [75.11
LFCM from 210/6 coal-black ceramic 1.7 72 49 5.3 2.8 8.6 2.1 32,6 [67.4]
LFCM from 217/2 “Elephant’s Foot”
ceramic 1.7 7.2 19 5.1 4.5 — 40 244 {75.6]
Average 1.6 7.1 42 5.2 35 (8.6) 2.8 (27.3) [(72.7)]

“Source: Ref. 18, p. 14.

bUranium content is given for all its oxide forms minus the oxygen. Note the lack of boron, carbon, or lead. In addition,
although not reflected in the tables, the silicate matrix also contains small (diameter, <0.1 mm) granules of graphite.
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Table 4 Elemental Composition of Bulk LFCMs (Weight Percent of 75 Samples, 15 to 20% Error)*

LFCM type B(5)  Na(ll) Mg(12) Al(13) Si(14) Ca(20) Ti(22) Cr(24) Mn(25) Fe(26) Ni(28) Cu(29) Zr(40) Ba(56) = Pb(82) Sum

LFCM1 coal-black

ceramic 0.041 42 2.4 4.8 29.8 55 0.11 0.18 0.32 1.40 0.14 0.0045 3.2 0.12 0.0065  52.22
LFCM1 chocolate-

brown ceramic 0.072 4.0 4.0 35 30.9 4.7 0.11 0.20 0.52 0.84 0.18 0.0018 4.8 0.18 0.0012° 5401
LFCM?2 suppression

pool - pumice 0.073 1.4 4.6 2.8 35.6 4.8 0.19 0.18 0.50 1.20 0.30 0.0018 3.3 0.15 0012 . 55.11
LFCM3 suppression }

pool slag 0.052 1.5 6.2 34 323 4.0 0.14 0.18 0.38 0.82 0.26 0.0015 4.5 0.15 0.11 54.00
LFCM3 chocolate-

brown ceramic

(intermediate) 0.068 — 5.0 33 32.7 4.5 0.15 0.22 0.46 0.83 0.27 — 43 0.16 — 51.96
Overall average 0.061 2.8 44 3.6 32.3 4.7 0.14 0.19 0.44 1.02 0.23 0.0024 4.0 0.15 0.032 -+ 54.07
Row 1/Row 2 0.57 1.1 0.60 1.4 0.96 1.2 1.00 0.90 0.62 1.7 0.78 2.5 0.67 0.67 5.4 0.97
Row 1/Row 3 0:56 3.0 0.52 17 0.84 1.1 0.58 1.0 0.64 1.2 047 2.5 0.97 0.80 0.54 095
Row 1/Row 4 0.79 2.8 0.39 14 0.92 1.4 0.79 1.0 0.84 1.7 0.54 3.0 0.71 0.80 0.059 0.97
Row 1/Row 5 0.60 — 0.48 15 0.91 1.2 0.73 0.82 0.70 1.7 0.52 — 0.74 0.75 — 1.01

“Source: Ref. 18, pp. 8-11.

bThe ¢content of these elements is given without the oxygen of their associated oxide forms [i.¢., oxygen accounts for the approximatély 45% (weight) balance].

e
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Table 5 Statistical Summary of FCM Radiochemical Data

(Total of 118 Samples, Corrected to End of Active Phase—May 6, 1986)

Calculated Measured
Data Number of Burnup, U0z, U0z, Ratio of measured to calculated
group  samples Location MWd/kgU wio wio Cs-137 A /A,  Ru-106 A, /A,  Cs-134/Cs-137

Al 3 Subreactor region (305/2) 11.89+0.48 5.15£097 5.26+0.88 0.28 £0.13 0.087 £ 0.053 0.57 £0.02
B.1 23 Room 304/3 11.37+£0.39 4011064 4.44+050 0.34+£0.10 0.033 £ 0.022 0.55+0.02 |
Cl 11 Corridor 301/5 11.55+0.38 349+0.59 4204099 0.36 +£ 0.06 0.038 £ 0.017 0.56 £ 0.02 |
Dl 1 Corridor 217/2 (undefined) 12.02 + 3.47 4261206 4.30+2.07 0.33£0.58 0.050 £ 0.224 0.58 £0.76 —
E.l 2 Corridor 217/2 (Elephant’s 1) 10.57 £ 0.38 5.00£031 5.33%£0.03 0.42+0.04 0.040 £0.010 0.52+£0.02 i
Fl 9 Corridor 217/2 (stalactite 1) 11.70 £ 0.32 467036 4.66%0.31 0.35 £ 0.06 0.040 £ 0.023 0.56 £ 0.01 9
G.l 5 Corridor 217/2 (stalactite 2) 11.62 £ 0.45 47412039 4.78£0.39 0.43 £0.05 0.038 + 0.029 0.56 + 0.02 8
H.1 2 Corridor 217/2 (Elephant’s 2) 11.99 £ 0.61 448 +0.69 4.61+0.22 0.35+£0.06 0.035 £0.015 0,58 £ 0.03 %
Ll 2 Corridor 217/2 (undefined) 11.32+0.05 399+0.03 4.38+0.19 0.41 £0.01 0.020 £ 0.000 0.55+0.00 2
J.1 3 Corridor 017/2 11.77£0.44 496+0.18 5.00%0.18 0.34 £0.05 0.020 £ 0.008 0.57 +£0.02 ';
K.1 20 Steam distribution corridor (210/7) 11.82+0.67 1024110 986+1.05  0.32+0.11 0.042 £ 0.028 0.57+£0.03 8
L1 1 Steam distribution corridor (undefined) 11.77 £ 3.43 5121226 749t2.74 0.68 £ 0.83 0.360 £ 0.600 0.57+0.76 ﬁ
M.l 8 PSP 2 (012/15) 11.68 £ 0.35 959+1.38 993+1.15 0.35+0.09 0.045 £ 0.026 0.56 £ 0.02 3
N.1 2 PSP 2 (undefined) 12.84 + 0.38 11.5+1.78 11.25+0.25 0.34 £ 0.01 0.040 £ 0.000 0.62 £ 0.02
0.1 8 PSP 1 (012/7) 11.85+0.34 9.75+083 993+0.76 0.32+0.03 0.040 £ 0.019 0.57 £0.02
P.l 2 PSP 1 (undefined) 11.38 £ 0.41 10.20+£ 030 14.20+£4.20 0.31 £0.00 0.040 £ 0.010 0.55 £ 0.02
Q. 1 PSP 1 (012/5) 11.53+340 1044+323 890+2.98 0.18 £ 0.42 0.030 £ 0.173 0.56 £ 0.75
R.1 1 PSP 1 (012/8) 11.59+340 10.14+3.18 8.16+2.86 0.23+£0.48 0.030 £0.173 0.56 +£0.75
S 10 Steam distribution corridor (210/6) 12.16 £ 0.49 6.26+1.54 6.39+1.30 0.48£0.11 0.107 £ 0.041 0.58 £ 0.02
T.1 1 PSP 1 (012/6) 10.98 + 3.31 9.05+£3.01 8.61+293 0.16 £ 0.40 0.030+£0.173 0.53+£0.73
U.1 3 Steam distribution corridor (undefined) 11.08 £0.73 6.90+1.38 5.81+£048 0.26 £ 0.06 0.053 + 0.037 0.54 £0.03
<x>ts 11.66 = 0.65 6.59+288 6.78+£2.81 0.35+0.11 0.049 £ 0.046 0.56 + 0.024

]
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Table 6 Statistical Summary of FCM Radiochemical Data
(Total of 118 Samples, corrected to End of Active Phase—May 6, 1986)

B (specific
o, (specific activity) +y (specific activity) activity)
Pu:238, - Pu-230+240, . Am-241, . Cm-242,  Cm-244, Ce-144, Cs-137, Cs-134, Eu-155, Ru-106, Sb-125, Sr-90,
Datagroup Bg/gx10°  Bg/gx10°  Bq/gx10° Ba/gx107 Bg/igx10°  Ba/gx10° Ba/gx10’  Ba/gx107  Ba/gx10°  Bg/gx 107  Ba/gx10°  Be/gx10’

A2 3841058 7294065 1251047 1724027  098+0.17 . 134£025 2524014 . 144£08]1. 2692066 . 372+248 016040

B2 382077 792%1:93° 256+ 171 1774076 117+0.32 - [.06£0.15 226068 1.24+0.37 340139 111+087 146% 144~ 759+0.84
c2 4141077 7824146 2984202  348+176 173%1.66 090015  206+0.55 . 115£030 1642001 0.95+0.50 5.64+1.96
D2 4724001 78430010 LI 00l 2584001 077+000 - 111£001 = 230+001 = .1:33+0.01 1.67 £ 0.01

E2 530001 7970 £0.01 - 144%0.01 - 1.90+0.01 - 1.20£0.01 - 1.27£0.09 327£0.07 168002 - L9001 ~1.43+047

F2 393F0.71 7 9384242 1342016 - 0994040 1224024 . 121£0.09 2641044 148£0.23 196030 138+0.67 3.80£10l

G2 426£070 9341199  135%021 L19+0.67 1.06+0.17 - 123011 . 3324064 = 187043 241052 140+ 119 4.00+025

H2 4384031 - 7231063 0604027 - 1.75%0.13 © 0.81£0.05 . 117£0.19  245+0.01 - 141£0.07 118+0.71 5.93+0.52

12 476075 - 718052 0671004 1994004 0744009 L0300l 2594001 1422000 0.56 +0.06

12 4314089 13283302 143009 1204036 147£0.11 1293005 272+041 155£0.27 - 2:68£028 ~ 075£026  4.52+121

K.2 9024130 2080456 - 2.98%101 ~3.11+092 187097 265+031 ° 520+1.83 208+ 111 567+257 . 2984106 549+3.19 8154091
L2 628001 7 11292001 1352001 = 3514000 - 149£0.01 ~ '133+£001 ~5.60£001 3:1710.01 1426 +0.01

M2 895088 1946561 4791303 4434240 2.18+0.83 . 249+036 526+ 1.01  296+0.57 . 421£050 3.05+126 T55+2.18° ‘1520%1.66
N:2 13.30£0.01 4424001 3024046 - 6320383 - 3.85+041 3.1940.51

02 9:02+£1.33 19612406 430+£2.96 404181 - 240£0.50 - 254022 - 506+0.62 = 2:89%0.37 - 430031 -3.02:127 653087 1530+ 1.14
P2 9.0840.01 17524 0.01 2924001 2114001 264+001 . 506018 2.79+0.19 3.16+0.54

Q2 828001 15381001 . 324+001 3624001 . 1.64£001 2712001 3.07£001 . 171001 1663001 211001 0542001

R2 834001 © 1562001 4354001 . 3754001 2044001 263001 ~378+001.~ 211£001  1509+£001 = 245+0.01 0.58+0.01

S2 673151 11555245 2954 1.04  3.05+1.22 (064067 1641040 480+1.27 281 £075  570+2.00 487+ 1847 077041 - 800+ 121
T.2 7494001 1406001 - 338+001 340%001 -~ 173£000 - 2324001 2314001 1232001 1277+001 . 188+0.01" 044001

U2 561116 1004194 1874075 . 1.82+031 - L10+0.18  177£036. 2724044 1474033 686£3.06 ~ 2781224 0234004
XES 6025247 1269 46.06 2684193 2554159 1494089 1722075 364+ 170 206 101 0 4562314 2424219 3714293 - 8234319

9¢
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Table 7 Comparison of Measured-to-Calculated Relative Quantities®
of Cs-137, Ru-106, and Ce-144

Measured Calculated Cs-137 Measured Calculated Ru-106
Cs-137/ Cs-137/ measured/ R-106/ R-106/ measured/
Lava type Ce-144 Ce-144 calculated Ce-144 Ce-144 calculated
LFCM1 (=50 samples) brown
ceramic vertical flow 0.0216 0.0631 0.34 0.00978 0.295 0.033
LFCM1 (=60 samples) black
ceramic horizontal flow 0.0239 0.0631 0.38 0.0144 0.295 0.049
Average 0.0228 0.0631 0.36 0.012 0.295 0.041

“Reference 18, pg. 8.

during the active phase. Because the reactor had no
containment, the release of fission products included an
important component from the direct ejection of fuel by
the explosion(s), whereas the chemical aspects of the
later releases were determined by a chemically oxidizing
environment dominated by the graphite fire.
Unfortunately, although 9 years have passed since the
accident, relatively little quantifiable data are available on
the state of the melted fuel remaining within the
Chornobyl Unit 4 sarcophagus.? Some radiochemical

“Until the dissolution of the U.S.S.R., the Soviet government was
not particularly interested in a thorough scientific investigation of the
active phase of the accident. Rather, its main concerns were to locate
all the fuel within the sarcophagus; to ensure that criticality could not
be reestablished under any plausible circumstances; to ensure that the
other three operating units and their personnel were not affected
significantly by Unit 4; and to monitor air, water, and soil samples in
the region to ensure that the fuel (at least that contained within the
sarcophagus) was not migrating into the environment. (It is interesting
that the U.S. Department of Energy took a similar position with regard
to detailed study of debris from the Three Mile Island core.) These
concerns are evidenced mainly by the relatively little information
available on the state of the fuel and of the sarcophagus and, surpris-
ingly, by the fact that before myself no Western nuclear engineers
or scientists were permitted to investigate the accident or have access
to what little data were available. The Ukrainian government is
struggling with a severe economic crisis that precludes substantial
funding for basic scientific research at the site (most of the money
goes toward maintenance, cleanup, and monitoring). In fact, Ukraine
has yet to establish a concrete policy regarding the 30-km zone—its
main concern is to attract international aid to construct a second more
reliable sarcophagus and to help clean up the surroundings. To better
grasp the conditions in which the handful of researchers at Chornobyl
conduct their work, during my year-and-a-half stint at Chornobyl,
when necessary I had to drive 120 km to Kyyiv to photocopy material
relevant to my research—which was due as much to a lack of paper as
to the lack of a working photocopier.

data are available (parts of which are presented here),
but much more need to be gathered to gain a clearer
understanding of the processes that occurred during the
active phase and, more important, to properly quantify
the source term. Despite these challenges, however,
some conclusions may be drawn from the data available.
The almost complete lack of lead and boron? in the
radiochemical data strongly indicates that few, if any, of
the bags of materials (thrown into the reactor building to
smother the graphite fire)?> made it into the core region.
In the approximately 71% of the core’s initial fuel load
(135 tonnes) that flowed into the lower regions of the
reactor building, approximately 0.01 wt % lead (averaged
over the entire LFCMs volume) was found in the corium.
This is very roughly 1 tonne (out of 2400 tonnes dumped
from the helicopters), or about 0.1 m? of lead that may
have entered the reactor shaft and reached the corium.
Additionally, the fact that only trace amounts of carbon—
graphite and no carbon compounds are found in the
LFCMs seems to indicate not only that complete
oxidation of the pulverized graphite moderator and
reflector took place (at least the graphite that made up
the remains of the core that settled to the bottom of the

’In the highly oxidizing conditions at Chornobyl, the boron
carbide of the control rods (or what little may have been thrown in
from the helicopters) would have turned into the highly
volatile B,O, (melting point, 450 °C; boiling point, ~1800 °C)
by either of the following reactions:

B,C + 40, - CO, +2B,0,
B,C + 8H,0 - CO, + 2B,0, +8H,

The oxide melt of the fuel-serpentine mixture, however, would tend
to partially retain this product.
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reactor shaft) but also that little if any carburization took
place.? Finally, it appears clear upon comparing the data
from Tables 3 and 4 with the chemical compositions of
Soviet concretes and specialty stainless steels (Ref. 12,
Appendix B) that the major componential contributor to
the LFCMs is the LBS.

The current configuration of the LEFCMs located in a
thick layer above the lower layer of solidified metal on
the -floor of the ‘steam - distribution corridor seems  to
indicate that, before melting through the LBS [whose
center appears to be approximately about the coordinates
(K, 46 + 3:m)], the molten debris had separated into
two .distinct. layers—a .lower ‘molten -metal-containing
layer consisting of structural metal and metallic fission
products and an upper ceramic layer consisting of molten
(U,Zr)0, and oxidation-resistant metals: (Fission-product
release from the ceramic “pool” during the active phase
before the melt-through would be determined by bubble
dynamics and the oxygen potential.) During the initial
period of contact between the ‘molten debris and ‘the
serpentine contained within the LBS, it is expected that
the gas release from the serpentine was very vigorous,?
and in most cases the oxides and the metals in the debris
became well mixed. Later, depending on the initial melt
temperature, the oxide phase would have detrained from
the metal phase forming layers; in general, a metal phase
will be more dense and will be the lower layer in such a
situation.

Of vital interest to a source-term analysis is the almost
complete lack of ruthenium in the LFCMs and the
high activity of Ru-103 and Ru-106 in the MFCMs.>27
Ruthenium metal (generally thought to be .in the .low
volatility - group) would be expected to remain  in the
molten debris and be drawn into the lower metal layer
now observed at Chornobyl;?® however, the high loss of

“For serpentine, a hydrous magnesium silicate, 3MgO 2SiO,
2H,0 or Mg, [Si,0;,lIOH]g, the water of crystalization present in the
mineral is retained at temperatures as high as 450 to 500 °C—as
opposed to ordinary concrete, in which roughly half the water content
is lost because of vaporization at a temperature of 100 °C. A ‘major
feature of serpentinite concrete is that its water content is relatively
higher than that of ordinary concrete—implying that a direct interac-
tion with corium would release more gases for sparging effects.

bThe ‘behavior of ruthenium during the Chornobyl -accident is
important for:two reasons: (1) the. toxicity of the volatile ruthenium
oxides (RuO; and RuQ,) and the radiation hazards of Ru-103.and
Ru-104should be ‘considered in ‘a reevaluation  of :the .Chornobyl
source term:and its effect-on the local population; and (2) ruthenium
characteristics -in - oxidizing : environments “are ‘distinctive enough to
make an understanding of ‘the kinetic ‘behavior of ruthenium releases
very useful for postaccident source-term analyses.
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ruthenium from the ceramic layer seems consistent if it
were exposed to a highly oxidizing atmospbere at high
temperatures during the active phase. The very high
volatility of RuO; and RuQO, would ‘then appear . to
indicate a high release of ruthenium to the environment.
In fact, although the Soviets stated that only 2.9% of
the core inventory of ruthenium was released during the
accident, there-is some. inconsistency in the activity
release data presented in Vienna that seems to indicate
that ruthenium may have been released in greater
quantities. This conjecture, in fact, may be at least
partially supported by findings in Sweden, where some
hot particles deposited there ‘as.a result of the accident
were found to be nearly pure ruthenium.??

One would expect a more complex elemental compo-
sition of hot particles if the release mechanism from the
fuel was mechanical in nature. Demin and Khodakovsky
have noted that hot particles analyzed in the immediate
vicinity of Unit 4 (on the grounds of the power: station)
are greatly enriched in the nonvolatiles barium' and
cerium and that ruthenium was “fractionating” ‘as
tellurium and iodine.3%3! Indeed, one of the . great
puzzles of the Chornobyl source term is how to explain
the simultaneous release of relatively large fractions of
ruthenium, barium, and cerium. Oxidating environments
enhance the release of ruthenium but suppress the release
of barium and cerium. Similarly, reducing conditions
enhance releases of barium and cerium but suppress the
release of ruthenium.32 A strong interaction of fuel with
serpentine—an unsaturated silicate—should suppress the
release of barium, and it might also suppress the release
of cesium (see the following).

The results of the analyses also show that within the
135 tonnes of fuel (=71% of initial core load) now
located in the lower regions of the reactor building in the
form of LFCMs, approximately 35% of the calculated
inventory of Cs-137 remains. This implies that 65 x 71%,
or 46% of the initial 7.0 MCi inventory (3.2 MCi), may
have been released to the environment from the LFCMs.
If one also considers the remaining 29% of the core (in
the form of fragments or chunks ejected beyond the
bounds of the reactor building or now. located under the
pile of materials on the floor of the central hall) and what
contribution to the overall release it may have had, it
is clear that the releases of volatile radioisotopes were
substantially - greater than those reported by the Soviets
in Vienna. This also corroborates Warman’s release
estimates - of 30 to 50% rtadiocesium and 40 to 60%
radioiodine  into - the environment®> and thus ‘may help
to explain why ‘a very significant increase ‘in childrens’
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thyroid cancers are now appearing in Belarus and
Ukraine. (Note that the Soviets reported a 13% release of
Cs-137 and 20% release of I-131 in Vienna.) Unfortu-
nately, no [-129 data appear to be available to further
strengthen this conjecture. Determining the fraction of
1-129 remaining in the Chornobyl fuel is crucial to any
credible source-term estimate. %34

Regarding an estimate of the source term, two things
remain unknown in the findings. The first is whether
there was significant plateout along the release path and
into the environment. By all indications the reactor shaft
was. partiaily blocked by the UBS, some of its highly
damaged MCCs along the periphery, part of the UCCs,
and several larger fragments of the central hall wail from
above the 35.5-m (floor) level. Although certainly the
release was open to the atmosphere, it had what is usually
termed a torturous path, which made plateout quite likely;
however, during the active phase the UBS and other
fragments were probably being heated by the molten
corium (convective heating by hot updrafts, radiative
heating, and self-heating from deposited fission
products). In this case, revaporization (the release to the
environment of volatile fission products previously
deposited on surfaces along the release path) would be a
very likely release mechanism for volatiles such as
cesium and iodine.

The second and more enigmatic finding is that,
although more radiocesium and radioiodine were released
from Unit 4 than previously thought, a considerable
amount of Cs-137 (35%) remains within the solidified
remnants of the core. In fact, the amount of Cs-137
retained in the LFCMs (on the average) is significantly
higher than that retained at TMI-2 in the molten ceramic
lower plenum debris (average of 3% retained) or in the
upper plenum debris (average of 19% retained).>>% This
is particularly unexpected given the long (9-day) duration
of the active phase, the oxidizing environment to which
the core was exposed, the thorough mixing of the core,
and the apparent high volatility of cesium. It seems to
suggest that some of the cesium may be in an involatile
chemical form stable at high temperatures,>2837 or if a

9Fission-product source terms should not necessarily assume
highly volatile forms of iodine. Because iodine and cesium tend to
form condensable species that form aerosols during transport away
from a hot or molten core (at least in the steam environment of
a Western LWR), aerosol behavior must be considered for volatile
fission-product analysis.

bInterestingly, it is thought that “chemical and/or physical
phenomena cause retention of 5 to 15% iodine and cesium for
extended periods in molten corium™* (emphasis added).

significant crust did form above the corium, it may have
presented a very formidable barrier to volatile fission-
product releases. Cesium retention could also be
explained by the interaction of the melted fuel with
serpentine and the formation of fairly refractory cesium
silicates.

Obviously, much remains to be investigated at
Chormobyl because the findings are as yet too sketchy to
provide an accurate account of the active phase. Radio-
chemical analyses and a quantification of large core
chunks ejected beyond the building are needed as well
as more detailed analyses of LFCMs and MFCMs. More-
over, a more precise material balance of the FCMs
located within the sarcophagus is required to account for
all the fuel. (It is imperative, for example, to identify
what is lying under the pile of materials, dumped by
the helicopters, located on the floor of the central hall.)
Western experts, who have considerable degraded-core
experimental and accident experience, should explore
opportunities with the Ukrainians for joint severe-
accident research at Chornobyl.

Although the design of RBMK reactors differs clearly
from that of Western LWRs and the accident sequence is
a special case not directly comparable to Western severe
accident models, any observations that may be of generic
interest should be evaluated for the benefit of improving
the knowledge of severe accidents. More important,
given that 15 RBMKSs continue to operate in Lithuania,
Russia, and Ukraine, safety analyses of these reactors
would clearly benefit from a revisitation of the
consequences of the Chornobyl accident.
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Nuclear Power Safety in Central
and Eastern Europe

By R. Wilson?

Abstract: The Chernobyl accident showed the weaknesses in
the Soviet approach to safety, particularly of nuclear reactors.
Until recently, Western governments, scientists, and engineers
did not understand how to help their Russian colleagues make
a safer society. This article discusses the two main types of
Soviet reactors, their safety problems, and the help Westerners
are giving to make them safer.

Before the Chernobyl accident, few people in the
Western world knew or cared about reactors in the
former U.S.S.R., although the RBMK (light-water-
cooled, graphite-moderated multichannel reactor) had
been described in English.! It took analysts in the United
States less than a week to realize two weak points about
the design: the positive void coefficient and the inability
to protect against the simultaneous failures of several
channel] tubes.

For many years after Chernobyl, there were few
sympathetic government responses to the Soviet
problems. Westerners took the paternalistic position that
the Soviets had to shut down their nuclear facilities
because they were unsafe, but Westerners did not provide
an alternative. This position can only be called an
arrogant conversation stopper.

As always, there is the question, “How safe is safe
enough?” Several analysts have compared the risks to
health and life from different methods of electricity
generation. On average, we are spending too much, both

“Mallinckrodt Professor of Physics, Department of Physics,
Harvard University, Cambridge, MA 02138.

in the United States and Russia, on risks involved in
nuclear safety compared with what we spend on the risks
{especially air pollution prevention) of other electricity
technologies. I would rather live next to an RBMK than
to any coal-fired power plant, I would rather live next to a
VVER than to an RBMK, and I would rather live next to
any Western reactor than to a VVER.2 The effects of coal
burning are as bad each year as those of the single
Chernobyl accident.? This view depends on the belief that
particulate pollution is bad for health at low doses.
Recent data suggesting this may be found in Ref. 4.

According to this logic, the West’s demand that
Russians close down their unsafe power plants should
apply first to their coal-fired power plants, a view many
Russian specialists still hold. Russians made such
calculations in 1985.% The specialists are not wrong, but
they do not reflect the way most people think, especially
those not knowledgeable about nuclear energy.

For about 5 years after Chernobyl, specialists in
the West felt that another accident of that severity
would destroy the world’s nuclear power industry. The
specialists believed that another accident must not
happen, and therefore it was essential for the West to
shut down all the RBMK reactors and the older VVER-
440/230 power plants. That approach is unrealistic
because no financially viable alternative was offered. It
would cost more than $30 billion for a Western country
to replace these power plants with safer nuclear ones; the
United States was willing to spend only a few million
dollars a year—too little by a factor of more than 1000.
The sum has increased in 1994, but it is still less than
a hundred million.
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A tumning point in the thinking of professional engi-
neers occurred at a meeting® where the theme was that it
is our duty to help the Russians and other owner/opera-
tors ‘of Russian-designed nuclear power plants to help
themselves. They alone must make the decisions whether
to operate on the basis of the circumstances in their coun-
tries. The general approach now is to give modest help to
upgrade the RBMKs ‘and the VVER-440/230s but not
enough to encourage them to keep going all their origi-
nally planned lives.

The ‘change -of thinking is emphasized by recent
World Bank studies of the energy needs of eastern and
central ‘European countries. that suggest that shutting
these reactors down would cost more than upgrading

GENERAL SAFETY CONSIDERATIONS

them to reasonable standards and operating them till the
end of their plant lives.” The enthusiasm for doing so,
however, was clearly less for the older RBMK reactors
and for the VVER-440/230s.

TYPES OF REACTORS

Russia has designed two main types of reactors for
electric power generation (Fig. 1).8 The first is a graphite-
moderated,  light-water-cooled ‘multichannel reactor
(RBMK) developed from the early plutonium production
reactors. The RBMK reactor was never sold to a satellite
country of eastern Euvrope (Lithuania was considered an

BWR C PWR ) C FBR ) C NDHP )
Commercial ~ Channel type Vessel type | (NaFBR) |
Start i N o m B
1954 KKW Obninsk
[5 MW(e)] B B B B
1958 ———  KKW Sibir
[100 MW(e})] | | ] |
1959 jce-breaker
(44.000HP)
| | N ! | |
1964 VVER-210 ] B
Nuovovoronesch
| | H |
1965 WK-50 VVER-365 || ||
Belyarsk Dimitrofgrad Nuovovoronesch
1967 [200 MW ()] | =
B Bor-60
1969 Dimitrofgrad
o B | [12 MW(e)] N
VVER-440/V-230
N Nuovovoronesch ] B
1973 -~ RBMK-1000 BN-350 Bilibino
. ~-Leningrad Schewischenko . [Channel type;12 MW(t)]
B i g
1980 VVER-440/V-213 — BN-600
| Kola o0 Belyarsk
1983 RBMK-1500 0 VVER-10 B B
Ignalina uovovoronesch
Under : BN-800 AST-500
construction Belyarsk \\//é)srggletsycprz2

Fig. 1 - Historical overview of nuclear power plant development in the former USSR. BWR is boiling-water reactor, PWR is pressurized-
water reactor, FBR is fast breeder reactor, and NDHP is heat producing reactor. '
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integral part of the U.S.S.R.). It is widely assumed that
this is because these reactors can easily be operated to
produce weapons-grade plutonium (with only a small
amount of 240Py),

The second type of reactor, a water-cooled,
pressurized-water reactor, was also designed in Moscow
(ITEP). These are now the VVER-440/230; a later
development, the VVER-440/213; and a larger type,
the VVER-1000. The locations and construction times
of these are shown in Tables 1 and 2.8

SAFETY OF THE RBMK

Although in August 1986 Professor V. A. Legasov
stressed operator error as the principal cause of the
Chernobyl accident,” the West was unwilling to be so
dogmatic. One committee stated, “There is need to shift
the balance of perception so as to emphasize more the
deficiencies in the safety features of the design and to
recognize the problems conferred by the framework
within which the plant operation was carried out.”10

The 100 or so safety improvements the Russians have
made since Chernobyl!! fall into two main categories: the
neutronics of the core and the hydraulics of the pressure
tubes.!? The neutronics of the core include three
subheads: the positive void coefficient, the control-rod
tip design, and the control-rod insertion speed.

The void coefficient was listed in the papers of
Dollezhal and Emylianov! as 2 x 10~ per percentage
void. Taken literally, this means that reactivity would
increase 2% if all the pressure tubes were initially filled
with water, which would then be converted to steam.
This reactivity increase exceeds the fraction of delayed
neutrons so that it will be prompt with a time constant
comparable to the time to slow down the neutrons (about
1 ms). This reactivity increase (unless compensated)
leads at once to a power increase; the power increase
will, in turn, lead to a temperature increase and evapora-
tion of more water. This becomes a runaway reaction that
is not possible to control, as occurred at Chernobyl. In the
laconic words of Academician Valerii Legasov,® the
reactor had no choice but to “rearrange itseif,” which
Unit 4 at Chernobyl did.

Several possibilities exist to reduce the void
coefficient. The best is to reduce the amount of graphite
in the moderator. This leads to an “undermoderated”
core, and the water is necessary to complete the slowing
down of the neutrons. This can be done only in initial
design, however; a backfit to the existing reactors would
be hard. Other possibilities are to insist on absorbers in

the core at all times. This was the normal operating
procedure for the RBMK with a requirement that
25 control rods be in the core at all times. Under such
circumstances, immediate movement of the control rods
can have an immediate effect on reactivity and power
level and compensate any positive reactivity coefficients
as they occur and before they exceed the fraction of
delayed neutrons. This requirement was not backed up by
interlocks or even by the education of operators concern-
ing the necessity of such a rule. This requirement has
now been changed to demand that 80 control rods be in
the core at all times. Although it is evident that operators
are now made abundantly clear of the need for this, it
seems that no interlock exists. Many people have asked
why. The question was raised at the American Nuclear
Society workshop, for example,® but the answers were
vague. One Soviet reactor expert who is “out of the loop”
has suggested building absorber into the fuel assembly to
prevent its easy removal.!3 The absence of a definite
interlock seems to provide potential for serious problems.
To allow for the increased absorption and increase the
fuel-to-moderator ratio, the enrichment of the wranium
in the core has been increased as fuel has been changed in
all RBMKs.!! The void coefficient is still +(0.5+ 0.2)
beta.* The quoted error seems to be a variation among
plants. Although this void coefficient is less than one-
fourth of what it was before and below unity so that
prompt criticality would be impossible, other reports
suggest that the void coefficient at Chernobyl is still 1%
and positive.

A second weakness is the fact that each control rod
had on its tip a 1-m rod of carbon. When fully inserted,
this carbon matched the carbon in the moderator at the
bottom of the core. But when inserted from the top, this
carbon produced a large positive reactivity insertion,
which was fatal to an unstable reactor. It is widely
believed that the proximate cause of the Chernobyl
accident was the pressing of the scram button by the
operator at 1:23 and 40 seconds on that fateful morning
of April 26, 1986: “The scram just before the sharp rise in
power that destroyed the reactor may well have been the
decisive contributing factor.”l0 Many Westerners have
asked many Russians many times why this stupid design
was ever allowed to be built. I know of no satisfactory
answer except that it was a result of a centralized
planning system with inadequate review. It remains
unclear whether this has been changed in ali RBMK
reactors. No American has seen a publicly available list
of all reactors and the dates the safety improvements
were made to each one. This leads to a suspicion that on
most reactors they have not been made.
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§ Table 1 Reactors Connected to the Grid® 8
Q
o Capacity,
o Reactor MW(e)
» :
4 Code NSSS Construction Grid Commercial CF % to . EAF %
g Country (AEA) Name Type and model - - Net - Gross - Operator - supplier start connection operation 1990 to 1990
é Bulgaria BG-1 Kozloduy-1 VVER-440/230 408 440 EEE AEE 1970-04 1974-07 1974-07 72.0 713
; BG-2 Kozloduy-2 VVER-440/230 408 440 EEE AEE 1970-04 1975-10 1975-11 76.0 832
o BG-3 Kozloduy-3 VVER-440/230 408 440 EEE AEE 1973-10 1980-12 1981-01 78.8 84.8
g BG-4 Kozloduy-4 VVER-440/230 408 440 EEE AEE 1973-10 198205 1982-06 82.8 88.4
- BG-5 Kozloduy-5 VVER-1000 953 .- 1000 EEE AEE 198007 1987-11 1988-09 433 52.0
§ BG-6 Kozloduy-6 VVER-1000 408 1000 EEE AEE 1984-07 1991-03 1991 hH )
=
8 Slovakia CS-2 Bohunice-1 VVER-440/230 408 430 EBO AEE 1974-04 1978-12 1981-06 73.2 74.0
é CS-3 Bohunice-2 VVER-440/230 408 - 430 EBO AEE 1974-04 1980-03 1981-01 77.3 78.1
a CS-13 Bohunice-3 VVER-440/213 408 430 EBO SKODA 1976-12 1984-08 1985-02 74.5 74.6
{é CS-14 Bohunice-4 VVER-440/213 408 430 EBO SKODA 1976~12 1985-08 1985-12 80.9 81.0
> Czechoslovakia CS-4 Dukovany-1 VVER-440/213 408 - 440 EDU SKODA 1978-07 1985-02 1985-08 770 77.0 o
| Republic CS-5 Dukovany-2 VVER-440/213 408 440 EDU SKODA 1980-12 1986-01 1986-09 79.4 76.9 &
| CS-8 Dukovany-3 VVER-440/213 408 440 EDU SKODA 1978-07 198611 1987-05 82.8 79.3 P
} CS-9 Dukovany-4 VVER-440/213 408 440 EDU SKODA 1978-07 1987-06 198712 81.5 78.1 o
>
} Russia SU-96 Balakovo-1 VVER-1000 950 - 1000 MAEP 198012 1985-12 1986-05 48.6 51.0 m
SU-97 Balakovo-2 VVER-1000 950 - 1000 MAEP 1981-08 1987-10 198801 74.8 78.2 3
‘ SU-98 Balakovo-3 VVER-1000 950 - 1000 MAEP 1982-11 1988-12 1989-04 75.5 75.4 8
| SU-21 Belyoarsk-3 BN-600 (FBR) 560 600 MAEP 1966 1980-04 1981-11 72.8 74.0 5
=}
‘ SU-14A Bilibino-A LWGR 11 12 MAEP 1970 1974-01 1974-04 77.0 86.5 m
| SU-14B Bilibino-B LWGR 11 12 MAEP 1970 1974-12 1975-02 78.8 88.9 2
SuU-14C Bilibino-C LWGR 11 12 MAEP 1970 1975-12 1976-02 79.5 89.7 g
SU-14D Bilibino-C LWGR 11 12 MAEP . 1970 1976-12 1977-01 80.6 90.1 7
|
| SU-30 Kalinin-1 VVER-1000 950 - 1000 MAEP 1977-02 1984-05 1985-06 713 70.7
] SU-31 Kalinin-2 VVER-1000 950 1000 MAEP 1982-02 198612 1987-03 76.9 78.3
| SU-12 Kola-1 VVER-440/213 411 440 MAEP 1970-05 1973-06 1973-12 79.1 80.1
} SU-13 Kola-2 VVER-440/213 411 440 MAEP 1973-01 1974-12 197502 78.7 79.6
| SU-32 Kola-3 VVER-440/213 411 440 MAEP 1977-04 1981-03 198212 83.3 833
} SU-33 Kola-4 VVER-440/213 411 440 MAEP 1976-08 1984-10 1984-12 85.3 84.1
| SuU-17 Kursk-1 RBMK 925 1000 MAEP 1972-06 1976-12 1977-10 74.0 74.7
SU-22 Kursk-2 RBMK 925 1000 MAEP 1973-01 1979-01 1979-08 72.2 73.8
SU-38 Kursk-3 RBMK 925 1000 MAEP 1978-04 1983<10 1984-03 754 71.5
SU-39 Kursk-4 - RBMK 925 - 1000 MAEP 1981-05 1985-12 1986-02 75.6 75.8
SU-15 Leningrad-1 RBMK 925 1000 MAEP 1970-03 1973-12 1974=11 58.4 58.3
SU-16 Leningrad-2 RBMK 925 ~ 1000 MAEP 1970-06 1975-07 1976-02 79.0 79.4
SU-34 Leningrad-3 RBMK 925 1000 MAEP 1970-12 1979-12 1980-06 829 83.3

SU-35 Leningrad-4 RBMK 925 1000 MAEP 1975-02 1981-02 1981-08 86.3 86.4
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Table 1 (Continued)

Capacity,
Reactor MW(e)
Code NSSS Construction Grid Commercial CF % to EAF %
Country (IAEA) Name Type and model  Net Gross Operator supplier start connection operation 1990 to 1990
Russia SU-9 Novovoronezh-3 VVER-440/230 385 417 MAEP 1967-07 1971-12 1972-06 724 76.8
SU-11 Novovoronezh-4  VVER-440/230 385 417 MAEP 196707 197212 1973-03 78.0 83.1
SU-20 Novovoronezh-5 VVER-1000 950 1000 MAEP 1974-03 1980-05 1981-02 51.2 52.1
SU-23 Smolensk-1 RBMK 925 1000 MAEP 1975-10 1982-12 1983-09 81.2 81.1
SU-24 Smolensk-2 RBMK 925 1000 MAEP 1976-06 1985-05 1985-07 80.0 80.4
SU-67 Smolensk-3 RBMK 925 1000 MAEP 1984-05 1990-06 59.1 60.4
Ukraine SU-25 Chernobyl-1 RBMK 925 1000 MAEP 1972-06 1977-09 1978-05 70.5 720
SU-42 Chernobyl-3 RBMK 925 1000 MAEP 1977-05 1981-11 1982-06 58.6 58.9
SU-40 Khmelnitski-1 VVER-1000 950 1000 MAEP 1981-11 1987-12 1988-08 73.3 73.8
SU-27 Rovno-1 VVER-440/213 361 392 MAEP 1976-08 1980-12 1981-09 85.8 853
SU-28 Rovno-2 VVER-440/213 384 416 MAEP 1977-10 198112 1982-07 833 85.4
SU-29 Rovno-3 VVER-1000 950 1000 MAEP 1981-02 198612 1987-05 70.9 754
SU-44 So. Ukraine-1 VVER-1000 950 10600 MAEP 1977-03 1982-12 1983-10 60.8 62.0
SuU-45 So. Ukraine-2 VVER-1000 950 1000 MAEP 1979-10 1985-01 1985-04 37.6 38.7
SU-48 So. Ukraine-3 VVER-1000 950 1000 MAEP 1985-02 1989-09 1989-12 68.4 69.4
SU-54 Zaporozhe-1 VVER-1000 950 1000 MAEP 1980-04 1984-12 1985-04 49.1 51.5
SU-56 Zaporozhe-2 VVER-1000 950 1000 MAEP 1981-04 1985-07 1985-10 50.6 56.4
SU-78 Zaporozhe-3 VVER-1000 950 1000 MAEP 1982-04 1986-12 1987-01 76.8 80.2
SU-79 Zaporozhe-4 VVER-1000 950 1000 MAEP 1984-01 1987-12 1988-01 77.8 79.9
SU-126 Zaporozhe-5 VVER-1000 950 1000 MAEP 1985-07 1989-08 1989-10 69.0 69.4
Lithuania SU-46 Ignalina-1 RBMK 1380 1500 MAEP 1977-05 1983-12 198505 54.4 64.3
SuU-47 Ignalina-2 RBMK 1380 1500 MAEP 1978 1987-08 1987-08 60.4 68.6
Finland FI-1 Loviisa-1 VVER-440/213 445 465 vo AEE 1971-05 1977-02 1977-05 824 83.1
FI-2 Loviisa-2 VVER-440/213 445 465 VO AEE 197208 1980-11 1981-01 86.9 88.0
FI-3 Ivo-1 BUR 710 735 VO ASEA 197402 1978-09 1979-10 86.4 87.5
FI-4 Ivo-2 BUR 710 735 VO ASEA 1975-08 1980-02 1982-07 90.3 91.0
Hungary HU-1 Paks-1 VVER-440/213 410 440 MVMT AEE 1974-08 1982-12 1983-08 83.5 84.2
HU-2 Paks-2 VVER-440/213 415 440 MVMT AEE 1974-08 1984-09 1984-11 87.5 86.0
HU-3 Paks-3 VVER-440/213 410 440 MVMT AEE 1979-10 1986-09 198612 87.8 85.8
HU-4 Paks-4 VVER-440/213 410 440 MVMT AEE 1979~10 1987-08 198711 87.7 84.3

“Modified from International Atomic Energy Agency tables.

SNOLLVHIAISNOO AL34VS TVHINIO

e



CE) | 8

E Table 2 Reactors Under Construction®

T

::g Reactor Capacity,

m MW(e) Percent

:_<' Code Type and NSSS Construction First Date of completion

§_ Country (IAEA) Name -~ model Net Gross' Operator supplier start criticality estimate (12/93)

w

'; Slovakia C5-6 Mochovce-1 VVER-440/213 388 432 EMO SKODA 1983-10 1994 90

i C5-7 Mochovee-2 VVER-440/213 = 388 432~ EMO SKODA 1983-10 1995 90

b C5-10 -~ Mochovee-3 VVER-440/213 388 432 - 'EMO SKODA 1985 1995 50

g Cs-11 Mochovce-4 VVER-440/213 388 432 “EMO SKODA 1983-10 1996 30

‘% Czechoslovakia = - C5-23 " Temelin-1 VVER-1000 892 972 . ETE SKODA 1984 1992-05 50

£ Republic C5-24 -~ Temelin-1 VVER-1000 892 972  ETE SKODA 1985 1994-01 10

(0]

2 Russia SU-99 - -~ Balakovo-4 VVER-1000 950 1000 MAEP 1984-04 1994 5/93

& SU-114 . ‘Balakovo-5 VVER-1000 950 1000 .~ MAEP 1987-04 1996 o
SU-115 - Balakovo-6 VVER-1000 950 1000 - MAEP 1988-05 2001 ju
SU-60 - Bashkir-1 VVER-1000 950 1000 - MAEP 1983 o
SU-85 . -Bashkir-2 VVER-1000 950 1000 - MAEP 1983~12 z
SU-130 .~ Gorky (heat only) 500 -MAEP 1982 e
SU-36 . Kalinin-3 VVER-1000 950 1000 - MAEP 1985-10 1995 5/93 10 u
SU-120 - Kursk-5 RMBK 925 1000  MAEP 1985-12 1995 5/93 60 2
SU-59 - Rostov-1 VVER-1000 950 10000 MAEP 1981-09 Restart 5/93 8
SU-62 - Rostov-2 VVER-1000 950 1000 - “MAEP 1983-05 Restart 5/93 4
SU-63 .. Rostov-3 VVER-1000 950 1000 MAEP 1989-01 Restart 5/93 60 g
SU-92 .- Tatar-1-(Kama) VVER-1000 950 1000 - 'MAEP 1987-04 B
SU-93 .. - Tatar-2 (Kama) VVER-1000 950 1000 - 'MAEP 1988-05 =
SU-131 .- Voronezh (heat only)-1 500 MAEP 1983-09 %
SU-135 - Voronezh (heat only)-2 500 " MAEP 1985-05 ®

Ukraine SU-41" - “Khmelnitski-2 VVER-1000 950 1000 - MAEP 1985-02 1995 6/94 80
SU-51" - -Khmelnitski-3 VVER-1000 950 1000 . -MAEP 198603 1997 6/94 50
SU-52 - - Khinelnitski-4 VVER-1000 950 1000 = MAEP 1987-02 1997 6/94 50
SU-69 - Rovno-4 RMBK 950 1000 MAEP 1986-08 1996 6/94
SU-49 - South Ukraine VVER-1000 950 1000 - MAEP 1987-01 50
SU-127  ~Zaporozhe-6 VVER-1000 950 1000 MAEP 1986~04 1994 7194 95
Romania RO-1 Cernovoda-1 CANDU 625 700 MME AECL 1980-09 1994
RO-2 Cernovoda-2 CANDU 625 700 - MME AECL 1982 1995
RO-3 Cernovoda-3 CANDU 625 700 -MME AECL 1984 1997
RO-4 Cernovoda-4 CANDU 625 700  MME AECL 1985 1998
RO-5 Cernovoda-5 CANDU 625 700 ‘MME AECL 1986 1999
“Modified from International Atomic Energy Agency tables.
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A third, less serious problem with neutronics was the
slow speed of insertion of the shutdown rods. They were
allowed to fall in, not with an acceleration caused
by gravity of “g” but with the slowness resulting from
having to unwind from a drum and also with the magnetic
inertia of the control-rod motor. It took 20 seconds to
insert them. Now a new and, I believe, additional
shutdown system has been installed in all RBMK reactors
that inserts the rods in 2 seconds.

Under hydraulics of the pressure tubes are two
subheads: the effect of simultaneous rupture of several
pressure tubes, which has been called the Achilles’ heel
of these reactors,’> and methods to avoid simultaneous
rupture of pressure tubes. Above the core of the RBMK is
a small cavity, or upper plenum, covered by the 2000-ton
reactor cover, which spans the 30 ft of the reactor itself. If
the pressure rises to 40 psi or above in this cavity, the
cover plate will lift and thus break all the pressure tubes
and lift out a/l the absorbing control rods. At Chernobyl
the cover plate was lifted, almost intact. A stereoscopic
photograph taken from a helicopter at the time!® shows
it by the side of the reactor, although more recent exami-
nation from inside the sarcophagus suggests that it is at an
angle above the reactor.!’

A small pressure release tube slowly released steam
from this cavity to the large pressure suppression pool
below. A simple calculation shows that if three tubes
break simuitaneously, the pressure will rise enough to lift
the plate. This is being changed in two reactors
(Leningrad 1 and Smolensk 3) by adding a larger tube to
release pressure faster.!! This should be enough to protect
the reactor if 12 tubes fail simultaneously. Other units
will be fitted when long shutdowns occur to permit it. But
this still leaves a dozen RBMK reactors unfitted.

The probability that two tubes fail simultaneously has
been variously set at less than 10-¢ per year!8 and 10~ per
year.!® There are only three cases of one tube rupturing
during operation, although leaks are common (about 100
cases). At Chernobyl Unit 2 in 1992 a tube ruptured when
an operator inadvertently closed a valve at the coolant
inlet. In March 1992 in Leningrad a tube ruptured as a
result of a partial failure of the inlet valve. In neither
case did a neighboring channel actually rupture, although
serious damage occurred in one. This gives considerable
reassurance. Some engineers have written that “reactor
scram and ECCS [emergency core cooling system]
appear to be adequate to preclude multiple tube
rupture.”? If the problem of tube rupture is decisively
resolved, the major professional concern about the
RBMKs will evaporate.

During 1993 and 1994, 100 man-years of Western
European experts and an equivalent number from Russia
were spent on detailed safety analyses of the RBMK—
using Ignalina 3 and Smolensk 2 as reference plants.
These included a probabilistic risk assessment (PRA).
Fourteen key recommendations were made ‘to improve
safety (Table 3). These would, if implemented, reduce the
core-melt frequency to a number comparable to that of
Western plants.?! Reference 21 states, “Eastern members
noted with satisfaction that Western members have
discovered no fundamental safety issue that would justify
a call for the premature closure of RBMK reactors.”
There is still no containment, however, and a core melt is
likely to be catastrophic in an RBMK, unlike the core
melt at Three Mile Island (TMI), which was contained in
the reactor vessel. Western safety experts still argue,
therefore, that RBMKs should be replaced as soon as
possible.

SAFETY OF THE VVER SERIES

The VVER does not possess some safety features
common in Western reactors, but it has some inherent
positive features, such as a large water inventory and
low power density. Safety analyses show that the most
probable cause of disaster in an American pressurized-
water reactor (PWR) or boiling-water reactor (BWR)
is “station blackout” during some malfunction when
the reactor has scrammed. The core of an American or
western European reactor might start to melt after
1.5 hours of such isolation. In contrast, Soviet reactors
have survived without apparent damage for § hours under
these conditions. Although only a detailed analysis can
show what the safety margins actually are for any
particular power plant, the following design deficiencies
of the VVER-440/230 are compared with those of the
Western PWRs. 2224

1. Absence of containment for pipe breaks above
100 cm in diameter [written as 100 cm in one of the
above references] compared with 200 cm for Western plants.

2. No substantial ECCS.

3. Failure to separate critical electric and fuel
systems, which makes them sensitive to common-mode
failures.

4. Inadequate fire protection.

These deficiencies can be discussed only on a case-by-
case basis because many reactor owners have installed
additional features that reduce these design deficiencies.
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Table 3 The Most Important Key Recommendations for RBMK Safety?!

1. Perform plant-specific safety reviews and develop plant-specific safety analysis reports for all nuclear units.

Develop and install a diverse scram system.

aowow

containment purge system (CPS) channels.

Install full-scope emergency core cooling systems (ECCSs) on all first-generation units.

Ensure introduction of advanced absorber rods to eliminate the void reactivity effect connected with the loss of water in the

5. Upgrade the control and protection system to enhance its reliability and efficiency as well as to minimize the consequences of

human errors.

6. Provide equipment for improving in-service metal inspection of the primary circuit.

7. Perform verification and validation of the transient thermal-hydraulic and neutronic codes on the basis of comparison with

experimental data and other applicable codes.

8. Investigate and solve the problem-of multiple pressure tube ruptures.

9. ‘Equip all RBMK reactors with filtered ventilation systems designed to prevent radioactive releases during major accidents.

10.  Develop methods for using operational experience and create a centralized data base on RBMK operation.

11. Make design changes to protect safety systems (CPS, ECCS, and emergency power supply) against common-mode failures

Tike fire.

12.  Provide plant-specific simulators for regular personnel training, recovery of the skills, development of procedures, etc.

13. Review the safety management system and implement the safety culture enhancement measures.

14. Legalize regulatory regime in Russia by adopting the Nuclear Energy Law.

In Finland, for example, a Western-style containment
vessel has been installed, which has led some humorists
to call them the “Eastinghouse” reactors. The absence of
a Western-style containment is the most important feature
that leads Western countries to urge early replacement of
the VVER-230s.

The VVER-440/213 reactor is more modern than the
VVER-440/230. Tt has some degree of containment with
a bubbler suppression and a large volume inside the
partial -containment. The containment has never been
tested, however, so it is unclear what range of accidents
will be contained. The Czechs and the Hungarians argue
that they will run the reactors no matter what the outcome
of such a test, so why bother about the test? But this is a
narrow - view - of ‘a test program. A test might suggest
small modifications that will greatly enhance the range of
accidents that are contained. Therefore Western help has
been provided for such tests, which are proceeding.

West German experts made recommendations
for safety improvements at the four East German VVER-
440/230 reactors at Lubmin Nord.?* Because ‘at that
particular moment there was an ‘excess of ‘generating
capacity in West Germany, it was decided to shut them
down (together with a VVER-440/213) rather than to
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upgrade them. Three other VVER-440/213 reactors under
construction at Lubmin Nord and two VVER-1000 at
Stendal were canceled at the same time.

All experts seem to agree that the four VVER-440/213
reactors at Paks in Hungary are operated well. This seems
to be appropriate for a country that gave birth to Von
Neuman, Teller, Wigner, and Szilard. Furthermore, two
VVER-440/230 reactors at Bohunice in the Czech
Republic and 6 VVER-440/213 reactors at Bohunice and
Dukovany also seem to be well run. The reactor vessels
made at the Skoda works in Slovakia are of a higher
guality than those originally made in Russia, although the
pressure vessels at Bohunice still needed the annealing
that the ‘early Russian reactors demanded to -avoid
radiation -damage. There is, however, considerable
concern about ‘the two “older VVER-440/230 reactors
in Bulgaria, particularly because the earthquake hazard in
Bulgaria is not negligible.?> The two ' VVER-1000s ‘in
Bulgaria have a good containment but a poor availability
record. This seems to be due to xenon oscillations, which
arise because of the tall, narrow core design. It should not
be a fundamental -or expensive task to fix the xenon
oscillations ‘because the Russians “and - Ukrainians seem
to_have overcome: the problems. If they can be fixed,
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enough additional electricity could be generated to equal
the output of two VVER-440 reactors and thereby bring a
shutdown of these less-safe reactors somewhat closer.

SAFETY ASSISTANCE FROM THE
UNITED STATES

Safety assistance to the former U.S.S.R. and eastern
Europe comes in three ways: (1) through the International
Atomic Energy Agency (IAEA) by participation and
membership of its committees; (2) through formal U.S./
U.S.S.R. cooperative agreements, which set up a Joint
Coordinating Committee for Civilian Nuclear Reactor
Safety (JCCCNRS) on April 26, 1988; and (3) through
industry and private initiatives.

The joint U.S./U.S.S.R. efforts have been extended for
another 5 years with two separate agreements between
the United States and the Russian federation and between
the United States and the Republic of the Ukraine.
Joint agreements have been negotiated with Hungary,
Czechoslovakia, and Poland.

A budget of $21.9 million was available in FY 1992
for JCCCNRS activities. Funds rose rapidly in late
1993 and in 1994 to nearly $100 million. Although the
American government personnel working in JCCCNRS
seem to consider central European countries as part of
their domain because the reactors are similar, this is not a
part of the two agreements mentioned previously, and in
1992 only about $3 million was spent specifically on
assistance to central European countries (defined here as
countries other than Russia and the Ukraine). Again, this
assistance is increasing fast.

The two committees met jointly at the end of March
1993 and again in May 1994.26 The reports, however, are
not very complete.

In respect to industry and private initiatives, the
Institute of Nuclear Power Operations (INPO) in Atlanta
has sent personnel and been involved with many
meetings between Russians and Americans. The ANS
has been arranging meetings. Private foundations, and
in particular the Andrei Sakharov Foundation, the
Soros Foundation, and the Macarthur Foundation,
have arranged conferences, provided equipment, or aided
information transfer. Individuals such as Dr. Milton
Levinson, formerly of Bechtel Corporation; Dr. Robert
Budnitz of Future Resources Associates; Professor Fred
Mettler of the University of New Mexico; and me have
become involved directly on an individual basis.
Although at first this direct involvement often confused

the Russians who were used to an authoritarian structure,
they have now come to appreciate the alternative
methods of information transfer and cooperate fully.

These are extensive funds from western Europe to
help in various aspects of reactor safety. The European
Community PHARE program in contrast allocated
$11.5 million ECU (about $13.2 million) in 1991 for
Bulgarian assistance. European assistance is also increas-
ing. For the Ukraine alone, the G7 Summit approved
$200 million in grants and as much as $600 million in
loans, but this so far is on paper and subject to a commit-
ment to shut down Chernobyl.

As usual, there is reciprocal criticism. U.S. experts
complain that the assistance from European countries is
uncoordinated—but Europeans complain that the U.S.
effort is uncoordinated!

OPERATION

Although Western experts did not agree with the
Russian emphasis on operator error as the principal
cause of the Chernobyl accident, they did agree on its
importance, and much of the Western help has been
directed to improving operation. The most important
contribution is the establishment of a safety culture.

All operators and staff members should think about
safety in all their actions, knowing that their supervisors
will encourage and support them. This is particularly hard
in such societies as Russia, India, and China, where
safety is not a feature of everyday life. Helping them to
develop a safety culture needs patience and understand-
ing. In Ref. 21, for example, the definition of safety
culture in Russian regulations is more restricted than the
TAEA definitions.

Designers should design a reactor so that even bad
operation cannot lead to a serious accident, and operators
should operate a reactor so that even a bad design is safe.
The opposite seems to have been the approach in the
U.S.S.R.! Even today Russians find it hard to understand
why interlocks are necessary to prevent operators from
breaking the rules about withdrawing too many control
rods: “No good operator will violate this rule.”?’

Two large, full-scope simulators (costing $8 million
each), one for a VVER-1000 and the other for a RBMK,
were constructed in the INPO in Moscow with U.S.
funds and help. They have been shipped to Zaparodze
and Smolensk, respectively. A third simulator for a
VVER-440, paid for by Japan, is now being built to be
sent to Kola. The Russians have also widely praised the
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visits of Russian and Ukrainian operators to U.S. power
plants and reciprocal visits of U.S. operators to Russia
and the Ukraine (jointly arranged by INPO and
JCCCNRS).

FIRE SAFETY

At Vienna? the general in charge of the fire brigade
described ‘in great detail the major shortcomings.of fire
protection in the plant. The shortcomings were many and
varied, from the absence of fire extinguishers to the
presence -of materials that were supposed to be inflam-
mable but nonetheless burned readily.

The. first U.S. visitors.to Chernobyl ‘after-the
accident™?8 emphasized that the most important accident
initiators for U.S. reactors are reactor trips ‘with station
blackout. so that pumps cannot operate and fire, which
can simultaneously destroy redundant systems. We were
very. cognizant of the Brown’s Ferry fire in 1975, which
resulted ‘in . the inability ‘to. operate coolant pumps :for
some time, Fire has been common in the nuclear reactors
of the U.S.S.R. The Armenian reactor in about 1983 and
a Ukrainian one in 1985 both suffered fire and blackout.
Fortunately in the VVER-440, as mentioned previously,
the large water inventory enabled them to sit for 8 hours
without a problem. This contrasts with the situation for a
U.S. reactor, in which the core is predicted to melt after
1.5 ‘hours. ‘At least a part of the difference is due to
the large core inventory of the U.S. reactors. In 1988 at
Ignalina (Lithuania) there was a fire in the cable room
of an RBMK that could have been very serious. Less
fortunate ‘was Chernobyl Unit 2, which a turbine fire
destroyed in 1990.

An important component of U.S. assistance has conse-
quently been fire protection. The major part of this has
been “walk-throughs” by ‘U.S. personnel. Numerous
recommendations for upgrades have been made and
some executed. Steel fire doors are in Smolensk Unit 1,
but it appears that the fire doors were replaced by wood
(presumably because of cost or unavailability) in Units 2
and 3. This ‘is being changed. Many millions are now
being spent on such equipment for Russia and the
Ukraine.

EVACUATION EXPERIENCE

After Chernobyl, .everyone had a lot to learn . from
- the Soviet experience in handling the accident. What was
actually done and who did what? In retrospect was .it
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sensible, or would those responsible do ‘something
different if the accident happened again? What proce-
dural steps should be taken to ensure a better response in
the future? How would such procedures depend on the
particular cultural and political system? Unless one can
understand the past, one is condemned to repeat it. At the
August 1986 meeting many Russians said;: “We will be
preparing a full report within the next few months.” The
only report of use is that by Medvedev?® (who was not at
the 1986 meeting!). We still do not know who did what
and when at the end of April and. the beginning of May
1986, nor-do we have a list of names and job descriptions
of the 31 persons who died as a direct result of ‘the
Chernobyl accident. Were these brave individuals mostly
fire fighters, as:some maintain, or were they mostly
reactor staff? What were they doing?

Chernobyl ‘is being ‘used ‘as a political weapon in
the post-U.S.S.R. political  discussions;  truth goes . out
the -window, -and those ‘who had the misfortune of the
awesome responsibility ‘of coping with the accident are
frantically defending their reputations, and perhaps even
their personal freedom.? In the absence of careful reports
by -those concerned, there ‘are many reports by other
organizations. One strongly criticizes the authorities for
not evacuating children and others from Kiev in May
1986.31. Yet the data. available to me at the time, and
further data available now, suggest that, although prepa-
rations for an evacuation were appropriate and were
made, actual evacuation would have been wrong. If the
Russians and Ukrainians who were responsible can be
persuaded to write these reports at long last, it will do
more than anything else to reassure the public that any
future emergency will be properly handled—and perhaps
to reburnish their reputations.

SAFETY ANALYSIS

Russian mathematicians are probably the best in the
world, and Russian theoretical physicists and statisticians
can hold ‘their own: Therefore ‘it ‘might have been
expected that Russians. would ‘be ‘good ‘at: theoretical
reactor safety analyses. This is not the case. In particular,
they are slow to.adopt a systems approach.

This change from ‘merely considering a design basis
accident (and designing an engineered system to prevent
or mitigate it) to performing a full PRA started with
the Reactor Safety Study3? but only took hold after TMI.
The Russians are only just beginning to understand the
importance of this change.
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Before 1986, Russians were welcomed at conferences
where safety matters were discussed, but they usually
remained silent. Even as late as 1991, Russian safety
experts would take refuge in an “official” view. This
changed in 1991,33 where at a conference Russian
experts started arguing among themselves. But they are
still not routinely considering the problems of successive
failures.?

Until 1993 the international assistance from IAEA
seemed to be addressed only to design basis accidents,
which do not seem, for example, to include the simulta-
neous failures of several pressure tubes in an RBMK.

New Reactors Coming on Line!1:34

After Chernobyl, a few reactors were completed, but
construction and planning for many others were stopped
(Table 4). Now that energy problems have become
apparent, various Soviet authorities have announced that
construction will be resumed.!! It is always hard to
understand the approval processes of another country, so
it is unclear when an approval is final.

Russia. Balakovo Unit 4 (VVER-1000) (PWR)
should be finished in 1994, Kalinin Unit 3 ( VVER-1000)
(PWR) should be finished in 1995, Kursk Unit 5
(RBMK) should be finished in 1995, and Rostov
(two units) (VVER-1000) (PWR) will finally be started
and perhaps finished before the year 2000.

Ukraine. The following will probably be completed,
and Western help to finish them and bring them to
Western safety standards was discussed:35 Zaparozhe
Unit 6 (VVER-1000) (PWR) should be finished in 1995,
Khmelnitski Unit 2 (VVER-1000) (PWR) should be
finished in 1996, Rovno Unit 4 should be finished in
1997, and two units in South Ukraine (VVER-1000)
should be finished by the year 2000.

Belarus. Belarus is discussing whether to build its
own nuclear power plant.

Czech and Slovak Republics. In the Czech and
Slovak republics, four more VVER-440/213s are under
construction at Mochovee and two VVER-1000s at
Temelin. Citibank of New York has made a $300 million
loan to complete the Temelin reactors, and Westinghouse
has been awarded the contract to complete them..

Armenia. Armenia has two VVER-440/230 reactors,
which operated through 1989, even during the 1988
earthquake. Somewhat more than 2 million people live
within 30 miles of these uncontained reactors. They were

shut down soon after the earthquake in response to
influential opposition; however, the present energy crisis
in Armenia, caused by unfriendly neighbors, encouraged
the government in 1992 to propose their reopening. The
complete process of recommissioning will take 12 to 18
months. The Armenian government made the decision in
April 1994, and the Russian government agreed to help
provided that the Armenian government pays. The restart
of Unit 2 is anticipated in 1995 and of Unit 1 in 1996.
A safety review committee of the European Bank for
Construction and Development is expected to visit in
June 1995. The major public concem is not from inside
out but from outside in. Because there is no
containment, an Azeri mortar shell might set off a serious
accident.

Two VVER-440/213 reactors under construction at
Zarnowic in Poland and two VVER-1000 reactors at
Paks in Hungary were canceled after Chernobyl. No
restart of construction has been announced.

PROPOSED NEW RUSSIAN REACTOR
DESIGNS

Beyond the year 2000 there are three projects for new
safer reactors: the NP500, the NP1000, and the
MKR900.1" The NP500 is to be an evolution of the
VVER-440 reactors. It will have six primary coolant
loops. The following safety features will be in the NP500
design:

* Double containment systems.

¢ As large a margin of water as in the VVER-440 four
systems of safety (shutdown).

« Estimated probability of core melt of 1075

This reactor will look somewhat like the U.S. project,
the AP600. 1t is interesting that the Russians are adding
U.S. safety features to the VVER-400, and the United
States is reducing the power density and increasing the
water inventory in the AP600, which makes it more like
the VVER-400! Both countries are incorporating the
good features of each design. The NP1000 will be a
larger version of NP600.

The MKR900 is a liquid-metal-cooled reactor (a fast
breeder that is also usable as a plutonium burner). This is
being designed by Professor Adamov. The plan is to
locate it in the Urals, perhaps near Belyoarsk. It would be
convenient for getting rid of the actinides in the nuclear
wastes in the Urals as well as the stocks of military
plutonium.
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Table 4 Reactors Shut Down as of Dec. 31, 1991

Reactor Capacity,
MW(e)
Code Type and NSSS - Construction - First Grid Commercial
Country (IAEA) Narme model Net Gross Operator  supplier start criticality - connection - operation . Shutdown
Armenia SU-18 Armenia-1 (restart - VVER-440/230 376 . 408 MAEP 1973-01 1976-12 1976-12 1979-10 1989-02
1996)
SU-19 Armenia-2 (restart . VVER-440/230 376 408 MAEP 1975-07 1979-12 1979-12 1980-05 1989-03
1997)
Cuzchslvk CS-1 A-1 Bouhunice HWGCR 110 144 EBO SKODA .. 1958 1972 197210 1972-12 1979-05
Germany DE-502 Greifswald-1 VVER-440/230 408 - 440 VE AEE 1970-03 1973-11 1973~12 1974-07 1990-12
DE-503 Greifswald-2 VVER-440/230 408 - 440 VE AEE 1970-03 1974-12 1974=12 1975-04 1990-02
DE-504 Greifswald-3 VVER-440/230 408 440 VE AEE 1972-10 1977-10 1977-11 1978-05 1990-02
DE-505 Greifswald-4 VVER-440/230 408 = 440 VE AEE 1972-10 1979-07 1979-08 1979-11 1990-06
DE-506 Greifswald-5 VVER-440/213 408 440 VE AEE 1976-12 1989-03 1989-04 1989-11 1990~11
DE- Greifswald-6 VVER-440/213 408 . 440 VE AEE Stopped 1990
DE- Greifswald-7 VVER-440/213 408 440 VE AEE Stopped 1990
DE- Greifswald-8 VVER-440/213 408 440 VE AEE Stopped 1990
DE- Stendhal-1 VVER-1000 Stopped 1990
DE- Stendhal-2 VVER-1000 Stopped 1990
Hungary HU- Paks-5 VVER-1000 Stopped 1990
HU- Paks-6 VVER-1000 Stopped 1990
Lithuania SU-72 Ignalina-3 RMBK 1380 1500 MAEP 1985-06 Stopped 5/93
Poland Zarnowici-1 VVER-1000 Stopped 1987
Zarnowici-2 VVER-1000 Stopped 1987
Russia SU-3 Beloyarsky-1 RBMK 102 108 MAEP 1958-06 1963-09 1964-04 1964 1983
SU-6 Beloyarsky-2 RBMK 146 160 MAEP 1956 1967-10 1967-12 1969-12 1990-01
SU-37 Kalinin-4 VVER-1000 950 - 1000 MAEP 1986-08 Stopped
SU-121 Kursk-6 RMBK 925 . 1000 MAEP 1986-08 Stopped
SuU-4 Novovoronezh-1 VVER-440/230 197 210 MAEP 1957-07 1963-12 1964-09 196412 1988-02
SU-8 Novovoronezh-2 VVER-440/230 336~ 365 MAEP 1964-07 1969-12 1969-12 1970-04 1980-08
SU-68 Simolensk-4 RMBK 925 1000 MAEP 1984-10 Stopped
Ukraine SU-26 Chernobyl-2 (fire) -~ RBMK 925 1000 MAEP 1973-02 1978-12 1979-05 1992
SU-43 Chernobyl-4 RBMK 925 1000 MAEP 1979-04 1983-12 1983~12 198403 1986-04

{explosion)
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There is another project, the VPBR600, which
Professor Musibkov is working on (my notes are not
clear on the name spelling) from Nishni Novgorod. This
would not be an evolutionary reactor but a revolutionary
reactor that follows some features of the RBMK but
with a containment and passive cooling after shutdown.

A joint venture has recently been set up for the design
of a high-temperature, gas-cooled reactor together with
General Atomic in the United States. This would use a
gas turbine to generate electricity.

It is clear that these reactors cannot all be built, but no
priority has been set.

CONCLUSIONS

The worldwide interest in ensuring the safety of
nuclear reactors in eastern Europe and the former Soviet
Union is only just bearing fruit. The Russians have
had problems understanding the importance of a safety
culture in their society, and the West has had problems
understanding that each country must make its own
decisions and all the West can do is to offer help. The
present political instability in Russia and the Ukraine
makes it essential that the West continue to approach
these problems with understanding, patience, and a true
spirit of cooperation—especially since the financial aid
that can be given is limited and is still a small fraction of
the replacement cost of the less safe reactors the West
would like to see shut down.
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Safety of Nuclear Power Reactors in the Former
Eastern European Countries

By S. Chakraborty?

Abstract: This article discusses the safety of nuclear power
plants in the former Eastern Furopean countries (including the
Jormer Soviet Union). The current international design, fabri-
cation, construction, operation, safety, regulatory standards
and -practices, . and ways to resolve plant problems are
addressed in light of experience with the Western nuclear
power development programs.

The investigation. after the accident at the Chernobyl
nuclear power plant reaffirmed that the design, operating
procedures, and regulatory safety principles of Soviet-
designed and -constructed nuclear power plants are
afflicted: with intractable problems that emanate from
sociological, economic, and political problems of the
closed, state-controlled societies.

The -changing political and economic landscape in
Eastern Europe ‘and the countries of the former Soviet
Union (FSU) has heightened the concerns about the
safety -of nuclear power plants. currently operating in
these -countries. - The -situation is ‘compounded with the
economic; social, and political problems that have ensued
since -the breakup of FSU-dominated ‘Eastern Europe.
Reviews performed by several international -organiza-
tions, including those of the International Atomic Energy
Agency ((IAEA),L the Organization for -Economic
Cooperation and Development (OECD) countries, and
several other countries, have identified many concerns
related to design, siting (i.e., plant sites near major

“Swiss: Federal ‘Nuclear Safety Inspectorate, Ch-5232 Villigen-
HSK, Switzerland.
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tectonic faults), operation, maintenance, management,
safety culture, and regulatory mechanisms in the nuclear
power industries of the FSU and the former Eastern Bloc
countries.

The largest barrier to solving these problems and
implementing the needed improvements is economically
based. Another problem is. that the universe of safety
concerns keeps growing not only because of the short-
comings in design and operations but also because of the
lack of available information.!

Severe electricity shortages, an increased demand
for electricity, and the large dependence on nuclear
power reduce the likelihood of taking some of these
power plants out of operation.!”3 Today 57 nuclear
power -reactors -are operating in Eastern Europe and
countries of the FSU. Collectively, these operating plants
generate a substantial portion of electricity in the region:
nearly 60% in Lithuania, 51% . in Hungary, 36%.in
Bulgaria, 29% in Czech and Slovak republics, 25% in the
Ukraine, '12%in the ‘Russian Federation, and :12%.in
Kazakhstan.! If the decision is made to restart the shut-
down reactors in Armenia to overcome critical shortages
there, ‘the reactors could account -for 25%. of that
country’s total electricity supply.

The objective of this article ‘is to discuss the safety
concerns with the Eastern nuclear power plants and ways
to address the problems on the basis of the experience
with the Western nuclear. power development programs
and current international design, fabrication, construction,
operation, safety, and regulatory standards and practices.




PROBLEMS WITH SOVIET-TYPE
NUCLEAR POWER PLANTS

The problems that have surfaced since the Chernobyl
accident and since the breakup of the countries under the
former Soviet sphere of influence result from several
factors, including inadequate designs, substandard fabri-
cation, faulty construction practices, insufficient
resources, neglected safety culture, inadequate regulatory
mechanisms, lack of access to modern mathematical
models/analysis tools, and lack of sufficient information
and understanding of design and safety issues peculiar to
Soviet-designed reactors.>=

Currently, 57 nuclear power plants are in operation
and 13 are under construction in Eastern Europe and
the Commonwealth of Independent States (CIS).
These plants consist of 10 VVER-440 Model 230s,
14 VVER-440 Model 213s, 19 VVER-1000s, and
14 Chernobyl-type graphite-moderated reactors
(RBMKSs). The 10 first-generation VVER-440 MW
Model 230 units have the most serious design deficien-
cies. Two units in Armenia and four in Eastern Germany
have already been shut down. Some of the more
pressing design deficiencies of the 14 second-generation
VVER-440 MW Model 213s have already been remedied.

The VVER-1000 is the most modern Soviet-designed
nuclear power plant in service. These units are similar
in concept to the Western-designed pressurized-water
reactors (PWRs), which feature a reactor surrounded by a
full containment structure and are used worldwide. These
power plants have the least serious safety deficiencies;
nevertheless, there are concems related to instrumenta-
tion and control systems, performance of steam genera-
tors, and reactor power stability.

There are 15 operational RBMKs of three design
generations: 2 1500-MW units (the world’s largest
nuclear power reactors) in Lithuania, 11 1000-MW units
in Russia, and 2 at Chernobyl in Ukraine. One unit is
under construction in Russia.’

In general, the design and construction inadequacies
result from a lack of a consistent design basis, failure to
account for adequate separation and system redundan-
cies, and insufficient fire protection and seismic support
systems. Resource constraints are particularly evident in
all aspects of power plant maintenance and support. Plant
layouts and piping and flow diagrams are not always
available and consistent with the as-built facility. Safety
studies are not comprehensive and lack adequate and
full documentation. Basic spare parts and components,
such as valves, pumps, and instrumentation, are in short
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supply. This supply problem is even more severe in
the countries outside the Russian Federation. Most of
these countries lack the economic means to acquire
Russian-made components and spare parts.*

The problem of inadequate resources is also affecting
personnel training at all levels of nuclear power plant
operation. A large number of experienced scientists,
engineers, and technicians are leaving their posts for
better financial rewards elsewhere. This economic and
industrial stagnation is also affecting the morale of the
power-plant engineers and support personnel. Daily
economic chores detract attention from a worker’s
normal responsibilities and duties.*

Conditions are even worse for the nuclear regulatory
side of the industry. Rampant inflation; the government’s
inability to meet workers’ needs; the lack of adequate
controls, a proper mandate, and a clear sense of direction;
and limited authority for oversight have led many to
leave their posts. The lack of a clear government policy
for nuclear regulation compounds this morale problem.

Little attention has been paid to nuclear safety culture
in the former Eastern Bloc countries. Inadequacies in
nuclear safety culture seriously affect the safe operation
of the nuclear power plants in these countries. Recent
reviews reveal that inadequacies exist in all aspects of
nuclear power development, including system design
practices, selection of sites, construction habits, operating
procedures, training, maintenance practices, and accident
response procedures.

Lack of adequate attention to the details of industrial
safety practices by nuclear plant operators, together with
inadequate regulatory requirements, resource constraints,
and a clear national nuclear safety policy, is hindering
implementation of many of the safety improvements
that have been proposed through many international
programs. This is perhaps the most significant hindrance
to nuclear safety within the former Eastern Bloc nuclear
industries. Even if design deficiencies, regulatory short-
comings, and operating procedures are corrected, without
very serious attention to safety culture, a measured
improvement in the nuclear power safety in these
countries could not be achieved.

WESTERN NUCLEAR SAFETY PRACTICES

Since the early days of nuclear power development
in the West, safety has always been given the first and
foremost attention. This includes consideration of mea-
sures for accident prevention and accident mitigation
within the design basis. Stringent codes and standards
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were set for the design, fabrication, and construction of
nuclear power reactors, and regulations were promul-
gated at the national level to ensure the safe operation of
nuclear power facilities (Fig. 1).

Consistent. with the defense-in-depth philosophy
(Fig. 2), the evolution of the Western nuclear power
reactor technology has always relied on multilayers of
protection consisting of a fuel matrix structure, reactor-
coolant-system boundaries, and :a ‘containment_ building
for inhibiting radiological releases to plant workers, the
general public, and the environment during potential
malfunctions. ‘Traditionally, the. licensing process for
Western nuclear power plants has focused on the concept
of -design .basis .accident (DBA), which excluded

Beyond design
basis events

Design basis
accidents

Abnormal
occurrences

Normal operation

Safety stairs

1: Retention of core melt in containment
2: Maintaining short- and long-term
containment functions
3: Assurance of long-term decay
heat removal

Fig. 1 - Typical western safety concept.
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accidents that involved severe core damage. The nuclear
power plants were assessed on the basis of a deterministic
framework for a predetermined spectrum of .accidents
that were assumed to. be limited by design to prevent
potential core damage and to comply with the required
radiation protection standards.® This approach was based
on the premise that severe reactor accidents that involve
multiple failures of emergency systems and protection
barriers were of very low likelihood and could therefore
be -excluded from the DBA envelope. Following the
accident “at the. American Three Mile Island Nuclear
Station Unit 2 (TMI-2) in 1979, however, and as a result
of extensive probabilistic and deterministic studies deal-
ing with the evolution of severe accidents, considerable
changes. are taking place in the approach to-employee
training and the operation, maintenance, and regulation of
nuclear power plants.. Consideration of accidents beyond
the traditional DBA envelope has become an integral part
of the safety decision-making process. Figure 3 displays
the underlying advanced safety concept.

Plant-specific probabilistic safety analyses (PSAs) are
being used to determine specific. plant and containment-
system vulnerabilities. These studies attempted to realisti-
cally address the potential likelihood of multiple failures
leading to loss of core cooling and ultimately core
damage. Results of human reliability and PSA studies are
being used to modify operating procedures, upgrade
control-room designs, and improve human-—machine
interfaces. PSA is a powerful technique for providing a
numerical assessment of safety. An inevitable mathemati-
cal consequence of considering the PSA is that there is no
such thing as zero.risk—the probability simply gets
smaller and smaller as more is done to reduce it.

Safety has ‘become an integral element of manage-
ment, organization, and -operational maintenance. It is
practically impossible to economically design systems to
exclude all potential accidents; therefore the defense-in-
depth concept is being extended to cope with accidents
beyond the DBA envelope. Severe accidents, even highly
unlikely, should be dealt with within the current design of
the plant and containment systems. Therefore accident
management programs are being implemented to extend
emergency operating -procedures to- deal ‘with accidents
beyond -the ‘traditional ‘design " bases, ‘including : core
damage scenarios. “These, ‘together ‘with sometimes
overly zealous regulatory oversight, have led to an ever-
improving operational record for the Western commercial
nuclear power industry. The Western ‘nuclear power
experience ‘shows ‘that the most important -factor “of
safe operation - of  the nuclear power ‘industry is-the
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Fig. 2 The concept of defense-in-depth. (Source: Achieving Nuclear Safety, OECD/NEA, 1993.)
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Objectives General Radiation Technical
nuclear safety = protection safety
objective objective objective
Fundamental Safety Responsibility Regulatory
management culture of operating  control and
principles grganization  verification
Defense- Defense in Accident Accident
in-depth depth prevention mitigation
principles
General Proven Quality Human Safety Radiation Operating
technical engineering  assurance factors assessment and protection experience and
principles practices verification safety research
Specific Siting Design  Manufacturing Commissioning Operation Accident  Emergency
principles and manage- pr%%e;rsed-

construction ment

Fig. 3 INSAF safety objectives and principles for nuclear power plants. (Source; Basic Safety Principles for Nuclear Power Plants, Safety
Series 75-INSAG-3, Interpational Atomic Energy Agency, 1988.)
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* Regulatory oversight 1
| Design | Construction || Operation
l Reactor vendors Architect engineers Utilities
Codes, standards, Codes, standards, Rules and
and-regulations and-quallity-control regulations
| R
Ny Safety
Training culture

Fig. 4 - Interplay of regulations and nuclear power.

implementation of safety culture within the operating
and management environment of nuclear plant operators
and their oversight/regulatory bodies. Figure 4 shows the
interplay of regulatory oversight on the design, construc-
tion, and operation of modern nuclear power reactors.

Typically, regulatory oversight is exercised at all
levels of design, construction, and operation. The design
process is strongly tied to-top-level safety requirements
and is also governed by applicable codes, standards, and
regulatory criteria. Applicable codes and high construc-
tion standards govern the construction of Western nuclear
power plants. The ‘existing national ~and international
regulations ‘are strictly enforced by the nuclear operators;
howeyver, the ultimate responsibility for plant safety falls
under the operating utility management ‘organization.
Safety is a culture and cannot be imported, purchased, or
imposed through regulations aloge.

Before power operation is permitted, all operational
power plants in* European Community countries are
subject ‘to. comprehensive ‘and detailed reviews of ‘the
safety of their design, construction, commissioning, and
proposed -operating: regime. In addition, the -operating
staff and the regulatory staff, who, in general, have
previous - relevant -operating or regulatory. experience,
receive adequate training. The operating staff familiarize
themselves with the plant in the design, construction, and
commissioning - phases. ‘During operation,  the ‘operating
regime of every nuclear power plant is constantly subject
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to inspection and assessment by the national regulatory
body.®

As the Western nuclear industry has matured, its
safety standards and practices have changed as a result of
operational experience, new concepts in safety, and better
analytical methods. One consequence has been a growing
uncertainty regarding the extent or need for operational
plants to satisfy the safety standards and practices being
applied to new. power plants. The demand for high
safety standards can be satisfied in several ways. Experi-
ence in the regulation of nuclear safety in the European
Community caused regulators in the Western countries to
consider that the high safety standards required of ‘the
operating nuclear power plants needed supplementation
to the existing regulatory arrangements through
occasional Periodic ' Safety Reviews (PSRs). Regulators
in some other countries prefer alternative arrangements,
such as. occasional generic reviews of specific safety
issues and full clearance of new problems or changes in
standards and practices as they arise.®

APPROACH TO SAFETY ENHANCEMENT

In this section the -approach to improving- the safety
of nuclear power reactors -in the former Eastern Bloc
countries ‘is proposed on the basis of the lessons learned
from Western nuclear power development, construction,
and operation over the past 40 years.
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A multipronged safety resolution approach consisting
of the following is needed:

1. A rehabilitation of safety culture within the Eastern
nuclear operations and regulatory process.

2. Development of a comprehensive nuclear regula-
tory process and safety acceptability criteria.

3. Assessment of plant vulnerabilities and the most
cost-effective ways of plant modifications.

4. Development of programs for operational training,
testing procedures, and maintenance.

5. Development of revised design standards and
licensing procedures for the modernization of the Eastern
nuclear power industries.

Safety is a culture of no limits. Nuclear safety is an
evolving field. Operational experience with the various
reactor types is growing, and the unresolved safety issues
are slowly being addressed through international nuclear
safety research programs. One of the major lessons of the
TMI accident in 1979 was the relevance of the “human”
element in the progression and evolution of the accident.
The importance of the operator/human element was
quickly recognized within the international nuclear
safety community. In most cases control rooms were
redesigned, operator training procedures were modified,
operational environments were changed, and, above all,
incentives for operational readiness and good practices
were created. This important issue was reinforced in the
1980s by several other industrial catastrophes that clearly
involved human errors of commission, including
Chernobyl, Bhopal, and the Challenger explosion.
Another major issue that surfaced after these catastrophes
was the importance of management and organizational
factors, which are all within the purview of safety culture
and the human factors.

This issue is echoed by the latest update of the IAEA’s
International Nuclear Safety Advisory Group (INSAG)
report on Chernobyl, which concluded that the lack of
safety culture was at the heart of the problem in the FSU.
The INSAG report states that there was a “. .. lack of
safety culture, not only at the Chernobyl plant, but
throughout the Soviet nuclear establishment at the time.
Chernobyl like many other major disasters resulted from
a fundamental failure of the institutions, in which it was
embedded, to deal satisfactorily with safety.” Therefore
the buman and organizational safety culture element is at
the heart of the problem in achieving safety in the former
Eastern Bloc countries. We must recognize the impor-
tance of the role of the human element from the initial
design through the fabrication and construction, testing,

operation, maintenance, and regulation of nuclear power
plants throughout the world, in particular, the former
Eastern Bloc countries.

The regulatory bodies must be reshaped with substan-
tial outside assistance from IAEA and Western nuclear
power nations. This can involve both financial and
technical support and training. Modern computational
methods, computers, and staff training in their use must
also be made available to Eastern regulatory bodies for
a slow development of modern licensing bases and
standards. Recently, several countries have begun initia-
tives to help in building the necessary organizational
structures for independent regulatory organizations in the
various Eastern Bloc countries and countries of the FSU.

Economics and financial incentives must also be
provided, at least in this initial transition period, to ensure
maintenance of the necessary technical competence and
quality for nuclear power oversight. Examples include
the provision of temporary staff positions within the
Western nuclear regulatory community (e.g., industry,
utilities, regulatory bodies, and research centers) as a
means of encouraging retention of nuclear safety exper-
tise, indirect financial assistance to competent engineers,
and direct transfer of Western know-how. Here again
programs are just starting through various bilateral and
multilateral initiatives.

Technical assistance must also be provided for
development of a modern licensing process based on the
most up-to-date research information. Assistance must
also be provided to better understand the unique
problems associated with RBMK-type reactors’ for
which relatively little technical information is available
outside the FSU.

It is unlikely that the older generation of reactors (i.e.,
RBMKSs and VVER-230s) will be totally upgraded, both
for economic and technical reasons. Nevertheless, their
immediate shutdown is not a viable option for many
of these economically stranded nations; therefore, as a
minimum, obvious deficiencies in design and operational
procedures must be resolved immediately through direct
Western assistance to avoid another catastrophe with
wide-ranging implications for Western nuclear programs.
The eventual decommissioning of some of these older
reactors cannot be avoided, however.

Conversely, for the newer generation of power
reactors (i.e., VVER-1000s) with a substantial life
expectancy, a comprehensive safety reassessment is
needed to identify the following:

Category 1:  Crucial “short-term” obvious safety
problems needing immediate attention.
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Category 2:  Less crucial “long-term” safety prob-
Jems that either are not clearly obvious or are of lower
priority than those in the first category.

Category 1 problems should be corrected as soon as
possible with direct outside -assistance and know-how,
whereas Category 2 problems can be deferred to a
longer-term safety resolution program that is best handled
by ‘operator -countries with assistance, on an-as-needed
basis, from Western countries. The longer term Western
assistance. is probably more efficient if it is coordinated
and a systematic program is developed. This program can
include technical  training, hardware, equipment, spare
parts, and-other support.

During the 1980s, the development and application of
qualitative and quantitative safety criteria within the PSA
framework took place. Considerable advances were made
in the development of PSA methodology and its applica-
tion for identification of plant vulnerabilities and in the
resolution of a host of outstanding “safety-related issues.
Shutdown heat removal and reliability .of a-c power
represent just two .important examples. The accident
precursor studies represented an important new applica-
tion .of PSA methodology. The lessons learned from all
incidents must be fully implemented everywhere.
Continuous verification of a plant’s operational safety
level by performance indicators, specific probabilistic
safety evaluations, internal audits, and peer reviews
should be introduced as an early warning -system. for
possible safety degradation and to help prevent any
serious incident. The Swedish program is an excellent
example. In this program the daily operating information
from the 12 operating plants is entered into their living
PSAs to observe trends among the plants and determine
their effect on potential failures.

The safety improvements that are a prerequisite for
a reliable nuclear power industry encompass ‘not.only
reduction of risk from severe accidents but also reduction
of ‘economic risk (which could threaten the fragile
national -economy of Eastern Europe and CIS) ‘and
improvements ‘in operational reliability. International
bodies: such::as TAEA can help by enabling access to
experts and by establishing objective measures of safety.
International reviews of regulatory programs are useful to
ensure that the structure is effective and credible. For
public: confidence ‘at the international level, Western
researchers must join with their Eastern colleagues  to
help the former Eastern countries address these pressing
problems.

' The longer term safety enhancement should include
several important elements, such as.the following.
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Operation and maintenance procedures should be
reassessed, and to the extent possible, symptom-based
plant-specific Emergency Operating - Procedures should
be devised and plant operators should be trained to follow
them. Training simulator centers should be ‘built with
outside assistance to upgrade the training of the Eastern
nuclear operators. A clear line of ‘authority should be
established at the power-plant organizations to be able to
deal correctly with potential mishaps and accident
conditions. A ‘comprehensive operating data collection
process is also needed for Soviet-designed reactors to
improve future trending and ‘PSA studies to support
reactor operations. Maintenance procedures that consider
the realities of Soviet-designed power plants should also
be devised.

Plant-specific accident-management ‘and accident-
mitigation procedures should also be developed to deal
with severe.accidents. One phase of accident manage-
ment covers the actions taken during the course of an
accident by the plant operating and technical staff to
prevent or minimize off-site radiation releases, ‘gain
control, and return the plant to a safe shutdown state.
Inherent in accomplishing these goals is obtaining a clear
picture of the nature of the accident and plant status.
A’ systematic evaluation of accident-management
information sources and their application is the right path
to control the potential risk of operating plants in Eastern
Europe and CIS.

Rigorous attention must be paid to the safety of plants
while they are shut down for refueling and maintenance.
Outage Risk Management Guidelines are under develop-
ment in various Western -countries. -Similar guidelines
should be developed and implemented for Eastern plants.

- Finally, on a much longer time frame, researchers should
work to harmonize and develop revised nuclear power-plant
design standards” -and licensing procedures for moderniza-
tion of the international .nuclear power industries. These
design and safety standards require consistency with state-of-
the-art ‘understanding - of the -existing -power-plant
operations, and the potential for new reactor development
activities in worldwide nuclear safety research will guide
future nuclear power development.
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Technical Note: On the Definition
of Common-Cause Failures

By Henrique Paula?

Abstract: Common-cause failure (CCF) events have occurred
in virtually all complex technological systems that use
redundancy to help achieve high reliability. In particular,
industry experience and the results of probabilistic risk
assessments (PRAs) have indicated that CCFs are major
contributors to the risk posed by nuclear power-plant
operation. Although significant efforts are typically devoted to
analyzing and preventing CCFs, no standard definition exists
Jor CCFs—CCF means different things to different people.
PRA analysts attempt to identify and treat most types of
dependencies (sources of CCFs) explicitly in their PRA
models; the types that are not treated explicitly are addressed
in a separate CCF analysis task. Therefore, for the purpose of
PRA applications, CCFs are dependent failures resulting from
causes that are not explicitly modeled in the PRA.

Most safety-related systems at nuclear power plants are
designed with redundant trains of equipment. As a result
of this practice, accidents cannot usually occur unless
more than one component fails to perform its design
functions. Multiple component failures can occur as a
result of the independent failure of each component
involved; however, operational experience shows that
this type of system failure is rare. This may be

4JBF Associates, Inc., Knoxville, TN 37932-3353.

understood with the following simple, numerical
example: Consider a low-pressure injection system
(LPIS) that consists of three redundant trains of equip-
ment (A, B, and C), each train having a dedicated pump,
valves, piping, and controls. In this example, each train
can perform the system’s safety function by itself. The
probability that each train will fail on demand, P{e},
is assumed constant with respect to time and is equal to
0.01. If it is further assumed that failures of these three
trains are independent, then the probability that the
system will fail on demand, P{S}, is given by the follow-
ing equation:

P{S} =P{A} *P{B} * P{C} = (1023 = 10-¢

"The system is expected to fail from muitiple indepen-
dent failures only once in every one million demands.
It is clear in this example that the assumption that the
three trains are independent resulted in a very low

- estimate for the probability of system failure. This is typi-

cal of probabilistic risk assessment (PRA) evaluations,
and it can lead to very low estimates of the frequency of
core damage accidents at nuclear power plants if other
factors (discussed next) are not considered.
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Design engineers and reliability specialists have long
recognized that system failures can also occur as a result
of ‘a single event that renders multiple components
unavailable (a dependent failure event); for example,
Epler discussed many common-mode failure events (the
original term for certain types of dependent failure
events) in some of his publications in the 1960s (e.g.,
Ref. 1). Because dependent failure events can typically
be attributed to a single cause of failure (e.g., fire, design
deficiency; and maintenance-related error), they are often
called common-cause failures (CCFs).

In fact, operational experience,? as well as the results
of PRAs,3? indicates that CCF events are usually major
contributors to the risk ‘posed by nuclear power-plant
operations. These events have occurred in a variety of
plant types (e.g., boiling-water reactors and pressurized-
water reactors -from different vendors) in the ‘United
States “and -abroad.?3  Also, these ' occurrences *have
involved most types of components ‘in nuclear - power
plants (e.g., diesel generator, pump, and valve). Indeed,
CCF events have been reported in virtually all complex
technological systems that use redundancy to help
achieve high reliability;* for example, Stephenson
discusses two recent, unrelated air tragedies (a Japan Air
Lines ‘Boeing 747 -and a United Airlines DC-10) that
resulted from the complete loss of redundant hydraulic
systems caused by severing of the redundant hydraulic
lines in the rudder of each aircraft, where, on both
aircraft, all hydraulic lines were close together.10

Although the generic data support the contention that
CCFs are potentially major contributors to the unavail-
ability of safety-related systems and should be addressed
in PRAs, there are. generally not enough data from‘a
particular plant to perform a plant-specific CCF analysis
and to. estimate plant-specific. CCF. probabilities. There-
fore generic, industry-wide ‘data must be used for these
purposes; - these -data will ‘supplement ‘(or sometimes
substitute for) plant-specific data. The use of information
from a variety. of plants in a plant-specific CCF analysis
requires (1) interpreting ‘previous.failure ‘occurrences to
identify the mechanisms involved in these ‘events and
(2) reinterpreting these occurrences in light of the design
and operational features of a specific plant.!-14

One of the most widely used sources of generic data is
the -Licensee Event ‘Report (LER) ‘submitted to the
U.S. Nuclear Regulatory Commission by nuclear power-
plant licensees in ‘accordance with U.S. Government
regulations.!® The Sequence Coding and Search System
(SCSS) is a data base used for storing and retrieving
experience data from LERs.!® The SCSS "data base
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contains LER information that has been analyzed and
coded by experienced nuclear engineers on the SCSS
staff. The SCSS has powerful search and screening capa-
bilities that allow users to retrieve useful ‘information
without having to review every event in the data base;
however, the SCSS has no formal search scheme for CCF
events, The first step toward developing such a scheme is
to clearly define CCF events.

Thus this technical note presents many characteristics
of (CCF -events ‘and discusses many aspects of CCF
definitions in. support of .the development of an SCSS
search scheme ‘for CCF events. The. objective is to
develop. a- CCF search :scheme ‘for the SCSS ‘data base
with the following features: (1) a powerful screening
capability that will reduce the number of events for
detailed review and (2) a reliable search scheme to ensure
that no significant event is left out.

CCF DEFINITION-—STILL A DILEMMA

In 1980, Smith and Watson identified a broad
spectrum of CCF definitions used by various authors.!”
Many authors have even used different terminology to
describe this class of events, including “cross-linked
failure,” “systematic failure,” “common disaster,”
“common mode failure,” “common cause failure,” and
“dependent failure.” In the 1980s, the terms “common
cause failure” and “dependent failure” gained popularity
and are now generally accepted within the nuclear
industry; however, .there is still no consensus on the
definition of CCFs.

The nature of the CCF dilemma lies in the nature of
CCF events themselves: A CCF (or a dependent failure)
is not a unique physical phenomenon but a coupling in
the failure times of different components (these failures
are caused by or -associated with underlying component
defects, hardware -and/or -human-related errors, or
destructive chemical or physical phenomenon).

The available literature shows many. causes of CCF
events that are generally no different from those of single,
independent . failures—except for ‘the -addition of -a
condition(s) or coupling factor(s) that is the same for-all
components that failed. The coupling factor(s) is respon-
sible ‘for the occurrence of multiple instead of single
failures; for example, the spurious operation of a deluge
system can result in the (single) failure of ‘an electronic
component (A) in a certain location of the plant. The
same deluge system failure would probably have resulted
in'the failure of both redundant components (A and B)

[E TS




if they were in the same location. The. cause of
component failure is the same in both cases; coupling
(same location in this example) is what separates CCF
events from single failure events. Othet coupling factors
include same design, same hardware, same installation/
maintenance/operations staff, same written procedures,
and same environment. Therefore some authors (justifi-
ably) define CCFs very broadly; for: example, Ref. 17
offers the following example of an all-inclusive definition
of CCFs: “Multiple failures, potential or real, attributable
to a common cause.”

Such a broad definition can be useful in general
discussions of CCFs; for example, the Browns Ferry
Nuclear Power Station fire!® has been quoted as a CCF
event in the risk assessment literature for the chemical
process industry (CPI).1° This well-known and well-
publicized incident can alert (or remind) the CPI and
other industries to the general issue of CCFs and thereby
help reduce the potential for CCFs in many facilities.

A broad definition often includes too many and too
different types of failure mechanisms and physical
phenomena to be of any use in several applications in the
nuclear industry. Many of the events that are CCFs under
a broad definition show more differences than similarities
between themselves; for example, the analysis of mul-
tiple failures caused by energetic harsh environments
(e.g., seismic, fire, and flood) is significantly different
from the analysis of multiple failures caused by a mainte-
nance crew overtightening the packing in redundant
motor-operated valves. The methodology, analysis
techniques, and expertise required in these two types
of analyses are different. Additionally, the defenses and
corrective actions that can be taken to prevent these
events are different. Therefore other authors (also justifi-
ably) define CCFs narrowly and focus on specific failures
of interest. The following is an example of a narrow
definition of CCFs:

Multiple failures of identical, redundant components,
failed in the same mode, failed within a critical time period,
resulting in complete system failure, accompanied by a
challenge, resulting in consequential damage beyond the
original multiple failures, all attributable to a common
cause other than energetic harsh environments, which fails
each of the multiple components directly.

Neither of the two example CCF definitions presented
is wrong, nor are any of the other few dozen or so defini-
tions found in the available literature. They can each be
useful in particular applications or specific uses. But
there is obviously the potential for confusion and
misunderstanding, particularly if the quantitative data
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and qualitative insights derived under one definition are
used and implemented with another definition in mind.

CCF DEFINITION FOR PRA APPLICATIONS

There are many causes of dependent failures, and
analysts performing nuclear power-plant PRAs generally
try to treat a large fraction of these causes explicitly in
their event tree/fault tree models; for example, functional
dependencies of frontline systems on support systems
(such as emergency electric power or service water)
are usually included in the logic models.? Cascading
failures, such as two pumps that fail because a valve in
a common suction line was mistakenly closed, are also
covered explicitly in these models. In addition, certain
operator, errors are among other causes of dependency
that analysts will tend to treat explicitly in their models.
Typically, these actions are described in the plant
emergency operating procedures, such as the failure to
manually realign a safety-related system from the
injection to the recirculation mode.

PRA studies also treat external events [e.g., seismic,
external fire, external flood, and high wind (tornado and
hurricane)] explicitly because these events require
methodologies, analysis techniques, and analysis models
(e.g., event tree/fault tree) that are often different from
those used in the analysis of internal events.?! For the
same reasons, some of the internally initiated energetic
harsh environments (internal fire and internal flood) are
often addressed in separate PRA tasks.

There are several other important causes of dependent
failures, but these are generally not explicitly addressed
in the reliability models: These causes have been associ-
ated with many multiple-component failure events at
nuclear power plants, and they include inadequate
design, manufacturing deficiencies, installation and
commissioning errors, operations- and maintenance-
related errors, and environmental stresses (e.g., excessive
moisture, corrosion, or contamination).!>?2 Rather than
being explicitly addressed, many of these causes are
lumped together into basic events in the models that
represent multiple-component failures that result from
any of these several causes. In general, for the purpose of
PRA applications, CCFs are dependent failures resulting
from causes that are not explicitly modeled.!1-1223.24
(Because, under this definition, the scope of the CCF
analysis includes only the residual sources of
dependency, the terminology “residual dependent
failures” or “residual CCFs” is actually more appropriate
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Table 1 Summary of Dependent or Common-Cause Failures
and Their Treatment in PRAs

Dependency

Typical treatment in PRAs

Typically within the scope of the residual
CCF analysis in PRA applications

Functional dependency (e.g.,
dependency of frontline systems
On support systems)

Cascading failure and failure of
multiple components because of
the failure of a shared component
or piece-part

Inadequate design

Manufacturing deficiency

Installation and commissioning
error :

Operator error associated with
actions described-in the
emergency operating procedures

Other operator errors (e.8:, those
associated with recovery actions)

Included explicitly in the event tree/fault
tree models

Included explicitly in the event tree/fault
tree models

Often not treated separately
Often not treated separately
Often not treated separately

Included explicitly in the event tree/fault
tree models

Included explicitly in the event tree/fault
tree models or in a separate recovery

No

No

Yes

Yes

No, but specific events may have to be
reviewed to ensure that they are

analysis addressed explicitly

Maintenance-related error Often not treated separately Yes s
Environmental stress (e.g., Often not treated separately Yes

excessive moisture, corrosion, or

contamination; high/low

temperature; and vibration)
External harsh environment Analyzed in a separate PRA task No

(earthquake, external fire,

external flood, hurricane,

tornado, etc.)
Internal harsh environment:

Fire and flood Analyzed in a separate PRA task No

Often not treated separately Yes

Missile impact, pipe whip, etc.

for PRA applications, but it is not widely used.) Table 1
summarizes many types of dependencies and shows how
they are -typically addressed in ‘PRA studies. The' last
column in the table indicates whether these dependencies
are inside or: outside. the scope of a ‘“residual” CCF
analysis for PRA ‘applications, and it provides a basis for
the SCSS CCF search scheme for PRA applications.
Table 1 provides some: guidance for developing ‘a
SCSS search scheme for CCF events. The two key
characteristics of a CCF event are (1) the coupling in the
failure times of multiple components and (2) the common
root cause of the failures. The type of failure cause is
also an important feature for the SCSS search scheme
because, as. summarized ‘in Table 1, several types of
CCFs are treated in separate PRA tasks and are therefore
beyond the scope of a typical CCF analysis. All types of
dependency in Table 1 are treated in PRAs, however, and
SCSS search schemes for: the types that ‘are beyond the
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scope of a CCF analysis may be very useful in other PRA
tasks.

Most CCFs that have occurred at nuclear power plants
have ‘involved ‘identical, redundant, active components
within ‘the ‘same. system, which were . operated and
maintained in the same way (same testing scheme, same
preventive -maintenance, -same operating ‘procedures,
etc.). Therefore many PRA studies donot consider CCFs
of passive components or dissimilar. components. Also,
many PRA studies consider CCFs of components within
the same system only. (intrasystem CCFs);. intersystem

‘CCFs are often assumed negligible. However, the limited

scope of many PRAs does not imply that a SCSS search
scheme for.CCFs should. be restricted to identical,
redundant, active components within the same system. In
fact, it is crucial that the SCSS data base be examined for
CCF . events involving passive components,  dissimilar
components, or components - within - different systems.
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Such a search can help justify and support the assump-
tions in current PRAs and thereby add credibility to these
studies.

Finally, many failure occurrences at nuclear power
plants involve partial failure of a redundant system (e.g.,
failure of two trains in a four-train redundant system)
and/or incipient or degraded failures (e.g:, four redundant
pumps that delivered slightly less than the design flow
rate during testing because of partially plugged strainers).
These partial and/or degraded failure events can be of
great value in a CCF analysis by providing (1) qualitative
insights about CCF events and (2) supplemental data for
theé quantification of CCF events.!'-* (In fact, some
analysts argue that even single failure events can provide
useful qualitative insights and supplemental data.)!%14.22
Therefore events involving partial failures and/or events
involving incipient or degraded conditions should not
necessarily be screened out when compiling data for a
CCF analysis.

REFERENCES

1. E. P. Epler, Common Mode Failure Considerations in the
Design of Systems for Protection and Control, Nucl. Saf.,
10(1): 38-45 (January—February 1969).

2. H.M. Paula and D. J. Campbell, Analysis of Dependent Failure
Events and Failure Events Caused by Harsh Environmental
Conditions, Report JBFA-LR-111-85, August 1985.

3. K. N. Fleming, A. Mosleh, and D. L. Acey, Classification and
Analysis of Reactor Operating Experience Involving Dependent
Events, Report EPRI NP-3967, June 1985.

4. G. T. Edwards and I. A. Watson, A Study of Common-Mode
Failures, Report SRD-R-146, July 1979.

5.7 A. M. Kolaczkowski et al., Analysis of Core Damage
Frequency: Peach Bottom, Unit 2; Internal Events, Report
NUREG/CR-4550-Vol. 4-Rev. 1-Pt. 1 (SAND-86-2084, Vol. 4-
Rev. 1-Pt. 1), August 1988.

6. H. M. Paula, A Probabilistic Dependent Failure Analysis of a
D-C Electric Power System in a Nuclear Power Plant, Nucl. Saf.,
29(2): 196-208 (April-June 1988).

7.~ A. Poucet, A. Amendola, and P. C. Cacciabue, CCF-RBE
Common Cause Failure Reliability Benchmark Exercise, Report
EUR-11054, 1987.

8. Seabrook Station Probabilistic Safety Assessment, Report
PB-84-186949 (PLG-0300), December 1983.

12.

3.

14.

16.

20.

21.

22.

23.

24.

Ringhals 2 Probabilistic Risk Assessment, Report NUS-4635,
May 1983.

J.” Stephenson, System Safety 2000: A Practical Guide for
Planning, Managing, and Conducting System Safety Programs,
Van Nostrand Reinhold, New York, N.Y., 1991

A: Mosleh, K: N: Fleming, G. W. Parry, H. M. Paula,
D. H. Worledge, and D. M. Rasmuson, Procedures for Treating
Common Cause Failures in Safety and Reliability Studies:
Volume 1, Procedural Framework and Examples, Report
NUREG/CR-4780 (EPRI-NP-5613), January: 1988.

H. M. Paula, Data Base Features that are Needed to Support
Common Cause Failure Analysis and Prevention: An Analyst’s
Perspective, Nucl. Saf., 31(2): 159-173 (April-June 1990).

H. M. Paula, D. J. Campbell, and D. M. Rasmuson, Qualitative
Cause-Defense Matrices: Engineering Tools to Support
the Analysis and Prevention of Common Cause Failures,
Reliab. Eng. Syst. Saf., 34(3): 389-415 (1991).

A. Mosleh, Common Cause Failures: An Analysis Methodology
and Examples, Reliab. Eng. Syst. Saf., 34(3): 249-292 (1991).
Licensee Event Report System, 10 CFR 50, Fed. Regist.,
50(73) (1987).

N. M. Greene, G. T. Mays, and M. P. Johnson, Sequence
Coding and Search System for Licensee Event Reports:
User’s Guide, Report NUREG/CR-3905-Vol. 1-Rev. 1
(ORNL/NSIC-223, Vol. 1, Rev. 1), April 1985.

A. M. Smith and 1. A. Watson, Common Cause Failures—
A Dilemma. in Perspective, in 1980 Proceedings of the
Annual Reliability. and Maintainability Symposium,
San Francisco, Calif., January 1980.

Report to the Congress on Abnormal Occurrences,
January-June 1975, Report NUREG-75/090 (PB-245404),
October 1975.

Center for Chemical Process Safety, AIChE, New Yoik, N.Y.,
Guidelines for Chemical Process Quantitative Risk Analysis,
1989:

M. V. Frank and K. N. Fleming, Risk-Significant Functional
Dependencies. in Pressurized Water Reactors, Reliab. Eng.
Syst. Saf., 34(3): 293-308 (1991).

R. J. Budnitz, External Initiators in Probabilistic Reactor
Accident Analyses—Earthquakes, Fires, Floods, Winds, Risk
Anal., 4(4) (December 1984).

D. M. Rasmuson, Some Practical Considerations in Treating
Dependencies in PRAs, Reliab. Eng. Syst. Saf., 34(3): 327-344
(1991).

S. Hirschberg, Experiences from Dependent Failure Analysis in
Nordic Countries, Reliab. Eng. Syst. Saf., 34(3): 355-388 (1991).
G. W. Parry, Common Cause Failure Analysis: A Critique and
Some Suggestions, Reliab. Eng. Syst. Saf., 34(3): 309-326
(1991).

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995



58

Modeling and Analysis of Core-Debris Recriticality
During Hypothetical Severe Accidents in the
Advanced Neutron Source Reactor

By S.-H. Kim, V. Georgevich, D. B. Simpson, C. Q. Slater,
-and R. P. Taleyarkhan?

Abstract: This article discusses “salient -aspects of ‘severe-
accident-related “recriticality modeling -and analysis -in the
Advanced Neutron Source (ANS) reactor. The development of
an analytical capability that uses the KENOSA-SCALE system
is ‘described, ‘including ‘evaluation. of suitable nuclear cross-
section .sets: to .account for the. effects of system geometry,
mixture temperature, material dispersion, and other thermal—
hydraulic - conditions.  Benchmarking -and validation 'efforts
conducted with KENO5-SCALE and other neutronic codes and
compared with critical experiment data are described. Poten-
tial deviations and - biases resulting from the -use .of the
16-group Hansen—Roach library are shown. A comprehensive
test matrix of calculations to determine the reactivity of various
hypothetical configurations that might arise, along with the
effects of various parameters on that reactivity, is described.
Strong dependencies on. geometry, material .constituents, and
thermal-hydraulic-conditions- are also discussed as well as the
introduction of designed mitigative features.

Oak" Ridge National Laboratory’s (ORNL’s) Advanced
Neutron Source (ANS) reactor will be a new: user
facility'2 for all kinds of neutron research centered on a
research reactor of unprecedented (~102° m2's-1)
neutron ‘flux ‘available to the beam tubes. A defense-in-
depth philosophy has been adopted to improve system
vulnerability to severe accidents by incorporating design
fixes ‘and developing an effective accident management

“0ak Ridge National Laboratory, Oak Ridge, TN 37831,
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strategy during the early. stage of -ANS . design. In re-
sponse to this commitment, ANS -project management
has initiated severe accident analysis and related technol-
ogy -development early in the design-phase to aid in the
design of a sufficiently robust containment for the reten-
tion and controlled release of radionuclides in the event
of an accident. This step also provides a means for
satisfying on- and ‘off-site regulatory tequirements and
evaluating ‘the accident-related dose exposures. Contain-
ment response and source-term best-estimate analyses for
the Levels 2 and 3 Probabilistic Risk Analyses (PRAs)
are to be ‘provided. Moreover, the analyses will provide
the ‘best possible ‘understanding ‘of - ANS under severe-
accident conditions and :consequently will provide “in-
sights for the development of strategies -and design
philosophies for accident . mitigation, management, and
emergency preparedness efforts.

This article describes salient aspects of the work done
to date on addressing "a potentially important severe-
accident issue dealing with recriticality during hypotheti-
cal severe accidents.

ANS SYSTEM DESIGN

The ‘ANS is currently in the conceptual design stage.
As such, design features of the containment and reactor
system are evolving on the basis of insights from ongoing
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studies. Table 1 summarizes the current principal design
features of ANS from a severe-accident perspective
compared with those of ORNL’s High-Flux Isotope
Reactor’ (HFIR) and a commercial light-water reactor
(LWR). As shown in Table 1, high-power-density
research reactors can give rise to significantly different
severe-accident issues. Specifically, the ANS reactor will
use about 15 kg of highly enriched (~93 m/o #35U)
uranium silicide fuel in an aluminum matrix with a plate-
type geometry and a total core mass of 100 kg. About
13 g of B!? burnable poison is provided in the end caps of
fuel plates to reduce excess reactivity at the beginning of
cycle (BOC) and to help shape the power distribution.
Heavy water (D,0) is used as a moderator and coolant.
The power density of the ANS will be about 50 to 100
times as high as that of a large LWR. Figure 1 shows
a schematic representation of the reactor and cooling
circuit. The reactor core is enclosed within a core pres-
sure boundary tube and enveloped in a reflector tank.
Four inlet pipes deliver D,O coolant upward into the core
at a high velocity (~27 m/s), and D,O then enters a large
stainless steel pipe before branching into several pipes
leading to heat exchangers. Much of the coolant-system
piping is submerged in light-water pools.

IMPORTANCE OF THE RECRITICALITY
ISSUE FOR ANS

A disrupted reactor core during severe accidents could
lead to an undesirable fuel configuration and thus result
in uncontrollable nuclear fission reactions. Such a con-
figuration may become critical again. Such a recriticality
event could lead to damaging steam explosion loads.

Table 1 Severe Accident Characteristics of the ANS®
and Other Reactor Systems

Commercial

Parameter LWR? HFIR ANS
Power, MW(t) 2600 85 300
Fuel U0, U;05-Al  U;Si-Al
Enrichment, m/o 2t05 93 93
Fuel cladding Zircaloy Al Al
Coolant-moderator H,0 H,0 D,0
Coolant outlet temperature, °C 318 69 8.5
Average power density, MW/L <0.1 1.7 4.5
Clad melting temperature, °C 1850 580 580
Hydrogen generation potential, kg 850 10 12

“2ANS, Advanced Neutron Source.
bLWR, light-water reactor.
“HFIR, High-Flux Isotope Reactor.
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Fig.1 Schematic representation of Advanced Neutron Source
reactor and containment.

Additional fission-product generation and high-energy
bursts of radiation are also undesirable by-products. The
scoping study of recriticality in ANS under hypothetical
severe accidents was motivated by the need to gage
the potential for such an occurrence and by the need to
consider designed mitigative features early in the design
process.

MODELING AND PROBLEM FORMULATION
FOR ANS RECRITICALITY ANALYSIS

During hypothetical severe accidents in ANS,
fuel-plate melting may occur either with or without a
flowing medium adjacent to the melting plates.
Hypothetical accident conditions, such as core inlet flow
blockages or large-pipe loss-of-coolant accidents
(LOCAs), may provide such conditions. Under such
circumstances, and if a steam explosion does not occur,
the core mass may slump and agglomerate downward
into the primary coolant-system piping regions. Again,
experiments* with melting aluminum tubes in the
presence of flowing media show that, depending on the
destabilizing surface forces caused by flowing media,
debris dispersal and entrainment in the flowing medium
may occur. Debris dispersal also may occur in the
presence of steam explosions. Such dispersion
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mechanisms can cause fragmented core debris to be
swept into the coolant outlet piping. Hence, for ANS
severe-accident analysis, lumped and dispersed con-
figurations need to be analyzed for gaging recriticality
potential.

The process of modeling and analysis for recriticality
under severe-accident conditions. for ANS .involves
several steps. First, a modeling capability was developed
to account for ANS debris in various configurations and
surrounded with various geometries and materials. The
modeling: framework was ‘benchmarked and validated
against known critical experiments. Next, the potential
for recriticality in ANS under severe-accident conditions
was analyzed. Because of the absence of a mechanistic
core-melt-progression capability, the various geometries
and thermal-hydraulic -conditions ‘were ‘postulated and
analyzed parametrically. <Again, the time-dependent
behavior of ‘the -system following a recriticality event
would require the development of a transient modeling
capability, ‘which was. considered beyond the scope of
this simplified study. Hence a wide range of parametric
studies was conducted to gage the behavior of the system
under -various conditions of temperature and void
fraction. Finally, evaluations were made for the incorpo-
ration of designed mitigative . features to prevent
recriticality. ~Salient aspects of these ‘various steps are
subsequently described.

Modeling Framework Development,
Benchmarking, and Validation

Because of its versatility, the well-known KENOS5A-
SCALE? neutronic -code  system was the modeling

framework of choice for evaluating the recriticality
potential of ANS core debris. A series of experiments
was researched to gage the applicability of this system to
ANS-debris lumped or- dispersed geometries. These
experiments considered : lumped ‘and “dispersed fuel
configurations in the presence of light and heavy water.
In -addition to -using KENOSA ‘for evaluating k.,
transport-theory-based :(viz., XSDRNPM?> ‘and TORT®)
calculations also were conducted to provide a basis for
bias determination and for evaluating the appropriateness
of using the 39- and 99-group ANSL-V cross-section
libraries.” Several details of the comparison are omitted
because of space considerations. ‘An abstract of the
benchmarking and validation exercises is-presented.

Table 2 provides the results of KENOSA and
XSDRNPM calculations for k. against the well-known
GODIVAS8 bare enriched-uranium—metal -sphere  experi-
ment. Note that criticality is evaluated within one
standard deviation of the experiment. This forms an
important benchmark for the cross-section libraries used
in the analysis of ANS reactor lumped-core cases. There-
after ancillary calculations were performed with
XSDRNPM -and KENOSA for ‘three H,O-reflected
spheres and five D,O-reflected spheres. The resulis of
XSDRNPM and KENOSA  agreed  within one
standard deviation of individual calculations, which
represents excellent comparisons.

Five ORNL critical spheres,” consisting of enriched
uranyl nitrate in water in one of two spheres of radius 345.98
or 610.108 mm (the first four spheres having the smaller
radius), were analyzed. The first and fifth spheres (ORNL-1
and ORNL-10, respectively) contain the critical concentra-
tions for unpoisoned solutions within the two spheres.

Table 2 - Comparison of Code Predictions with Critical Experiment Data

ki calculation results

KENO
Measurement , XSDRNPM Calculations calculations
Experiment kotr (39-group) (99-group) (39-group) Netes
GODIVA 1.00 + 0.003 0.9990 0.9979 0.9965 Bare sphere (*°U mass = 49.1 kg) of
radius = 87.401 mm.
ORNL-1 1.00 £ 0.0025 1.0025 1.0012 1.0046 ORNL wranyl nitrate-water solution
ORNL-10 1.00 £ 0.0025 1.0013 1.0031 unreflected critical spheres of different
diameters.
L7 1.0000 1.0090 1.0076 ORNL uranyl fluoride light-water critical
L8 1.0004 1.0103 1.0090 spheres of different shell thicknesses,
LY 1.0000 1.0068 1.0056 radii, and 233U masses.
110 1.0000 1.0069 1.0057
L11 0.9999 1.0069 1.0054
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In the other three, criticality is maintained by counter-
balancing increases in the uranium concentration with in-
creases in the natural boron concentration of the solution.
KENOSA calculations were performed for the first and
fifth critical spheres. Table 2 shows selected results. The
results - of computations are within 0.25%
uncertainty of the experiments, and again excellent agree-
ment is seen between predictions and experiment and
between XSDRNPM and KENOSA calculations. Also,
with the use of 39- and 99-group cross sections, almost
identical results were obtained. Separately, additional
comparisons with the use of XSDRNPM and DORT also
were made with six D,O-reflected spheres!? and five bare
cylinders filled with uranyl fluoride in D,0. Excellent
agreement was obtained between predictions and experi-
ments. Separately, five supplemental ORNL-reflected
and bare critical spheres consisting of enriched uranyl
fluoride in water were analyzed. These experiments
supplemented the earlier uranyl nitrate sphere compari-
sons in that a wider range of H/235U ratios was introduced
and reflected spheres were included.

Predictions were made with both the ANSL-V 39- and
99-group cross-section libraries in the SCALE system
and with XSDRNPM to perform k-calculations. As noted
in Table 2, calculated results were in excellent agreement
with experimental data and confirm the applicability of
the ANSL-V cross-section libraries in the SCALE
system. Together, the previously mentioned comparisons
provide reasonable confidence in the use of the
KENOS5A-SCALE system for evaluation of ke values
for ANS core debris in either lumped or dispersed
configurations.

The KENOSA-SCALE system was ported to work
on an IBM/RISC-6000 workstation platform. Twenty-
five benchmark calculations were executed with the use
of the integrated system. Table 3 compares the k.
value calculated on the workstation with both the
supplied random number generator and an alternate gen-
erator with the reported value for each case. Excellent
agreement was obtained between KENOSA-SCALE
on the ORNL mainframe and that on the workstation
computers.

Table 3 KENOS5A Sample Problem Results

Reported Supplied generator Alternate generator
Problem Kegr Deviation Kegr Deviation kgt Deviation
1 0.9998 0.0041 1.0145 0.0035 0.9993 0.0040
2 0.9998 0.0041 1.0145 0.0035 0.9993 0.0040
3 1.0105 0.0055 1.0121 0.0054 1.0172 0.0050
4 1.0117 0.0046 1.0161 0.0058 1.0116 0.0050
5 1.0244 0.0038 1.0238 0.0035 1.0274 0.0036
6 0.7562 0.0031 0.7451 0.0037 0.7515 0.0039
7 1.0032 0.0044 1.0081 0.0043 1.0093 0.0040
8 0.9436 0.0037 0.9446 0.0042 0.9440 0.0036
9 2.3092 0.0067 2.3022 0.0081 2.3018 0.0049
10 0.9998 0.0041 1.0145 0.0035 0.9993 0.0040
11 0.9998 0.0041 1.0145 0.0035 1.0085 0.0040
2 1.0065 0.0048 1.0127 0.0051 1.0199 0.0056
13 1.0057 0.0042 1.0067 0.0044 0.9956 0.0044
14 0.9990 0.0039 1.0070 0.0042 0.9916 0.0042
15 1.0059 0.0049 1.0066 0.0042 1.0070 0.0043
16 0.9901 0.0027 0.9977 0.0027 0.9937 0.0026
17 0.9921 0.0158 1.0359 0.0176 1.0007 0.0185
18 1.0067 0.0071 1.0385 0.0065 1.0282 0.0079
19 1.0115 0.0051 1.0064 0.0048 1.0203 0.0057
20 1.0063 0.0063 1.0119 0.0055 0.9975 0.0054
21 0.9891 0.0033 0.9893 0.0037 0.9888 0.0033
22 1.0026 0.0039 1.0145 0.0035 0.9994 0.0043
23 0.9987 0.0041 1.0144 0.0035 1.0030 0.0042
24 1.0068 0.0042 1.0062 0.0044 1.0014 0.0038
25 1.0071 0.0041 1.0102 0.0042 1.0017 0.0038
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Establishing a Bias for the Calculated ke

Because for a critical system kg = 1.0, deviations of
the calculated values from unity indicate some bias in the
calculational methods and/or data. For subcriticality of
the ANS core debris, the calculated k. values should be
below established limits. The established limits are set at
K,yvg — 36 — 0.02 (where 0.02 has been subtracted for exira
shutdown' margin). From ‘a comparison of .the SCALE
system ‘results for k. for both lumped and dispersed
configurations, -one -arrivesat: bias keg's of 0.965 for
lumped and dispersed. geometries. Thus any.configura-
tion" with a calculated ks greater than 0.965 would be
considered critical.

ANS DEBRIS RECRITICALITY MODELING
AND ANALYSIS

The "ANS system is ‘being developed. Previous core
designs consisted of about 24 kg of 235U, which now has
been ‘reduced to. 15 kg. Calculations for ks with the
larger fuel ‘loading also have been conducted ‘and are
reported. For the evaluation of the threat of a recriticality
event under different conditions, several different
configurations and thermal-hydraulic conditions needed
to be analyzed. The development of a suitable test matrix
and analysis results are subsequently described.

Test Matrix Development and Modeling

Tables 4 and 5 show the test matrix of calculations.
Calculations for k. were conducted with lumped and
dispersed core-debris materials in a stainless steel
pipe filled with D,O and reflected on the outside by H,O.

The lumped configurations were analyzed first and
were found to be relatively unimportant. Because of the
importance of dispersed configurations, most parametric
calculations were conducted in dispersed geometries. As
mentioned previously, lumped configurations are studied
in a smaller diameter pipe [approximating the core inlet
piping, which has a 488-mm(19-in.) inner diameter and is
10 mm thick]. Dispersed configurations are studied for
debris dispersal in the 610-mm(24-in.) schedule 20 outlet
piping. If ‘a room: temperature was not specifically
indicated, for conservatism, an assumption was used for
the. calculations. Again, unless otherwise ‘indicated, the
core debris is assumed to be contained in a pipe volume
extending more than 3 m. Dispersed configurations are
assumed to-be nominally distributed over-a length of I'm
unless otherwise stated in Table 5.

A ‘typical geometry for dispersed :debris recriticality
calculations-is shown in Fig. 2. As shown, the modeled
regions are: divided - into . four material: zones. Zone .1
comprises the fueled zone. Fuel is assumed to be homo-
geneously mixed with coolant in Zone 1. A reflecting
boundary (Zone 2) extends to a distance of 1 m from both
ends. of the mixing or fuel zone. The 1-m length was
calculated essentially to provide infinite reflection of
neutrons. The stainless steel piping constitutes Zone 3.
Finally, the H,O outside the primary coolant piping is
represented as Zone 4.

As mentioned previously, lumped fuel calculations
(even with 26 kg of 235U) gave rise to significantly
subcritical values of k.g. This was not true for dispersed
geometries. A detailed test matrix thus was developed
for parametrically evaluating the effects of changes in
important variables (Table 5). The base case was
developed in which coolant temperature is set at 50 °C to

Table 4 Criticality Calculations for Lumped and Dispersed Geometries

k¢ calculation results

Case Configuration and debris constitution KENO5“ KENO35? DORT, TORT
1 Lumped: 220-m-diameter sphere of U,Si ,~Al at bottom of D,0-
filled steel pipe submerged in H,0 (pipe ID, 488 mm); 24 kg
By 0.873 0.850 0.866
2 Dispersed: U,Si,, mass uniformly suspended in a 1-m-long section
of D,0-filled steel submerged in H,O (pipe ID, 488 mm); 15 kg
By 1.070 1.030

“These calculations were done with the 39-group cross-section library in the SCALE system.
bThese calculations used the 16-group Hansen~Roach cross-section library.
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Table 5 Test Matrix of Recriticality Calculations for ANS with Dispersed Configuration

Dispersion  Aluminum

Case H,0 mole Void length, content, Temperature, Standard
No. fraction fraction m kg °C K deviation Notes
1 0.002 0 1 40 50 1.0392 0.0034 Base-case light-
2 0.1 0 1 40 50 1.1803 0.0039 water contamina-
3 0.5 0 1 40 50 1.3397 0.0035 tion cases
4 i 0 1 40 50 1.3171 0.0031
5 0.002 0.2 1 40 660° 0.8855 0.0036 Void fraction
6 0.002 04 1 40 660° 0.7262 0.0035 variation cases
7 0.002 0.6 1 40 660° 0.5722 0.0030
8 0.002 0 0.25 40 50 0.8776 0.0033 Dispersion length
9 0.002 0 0.5 40 50 0.9707 0.0035 variation cases
10 0.002 0 1.5 40 50 1.0522 0.0035
11 0.002 0 2 40 50 1.0438 0.0039
12 0.002 0 3 40 50 1.0230 0.0035 Aluminum mass
13 0.002 0 1 0 50 1.0767 0.0038 variation cases
14 0.002 0 1 60 50 1.0211 0.0036
15 0.002 0 1 87 50 0.9919 0.0036 Mixture temperature
16 0.002 0 1 40 72 1.0334 0.0040 variation cases
17 0.002 0 1 40 100 1.0140 0.6037
18° 0.002 0 1 40 50 1.1082 0.0042 Fuel depletion
19¢ 0.002 0 1 40 50 1.0914 0.0040 cases

“For the base case, the fuel contains 13 g of B!,

bThis temperature is only for U3Si,, aluminum, and boron. Coolant temperature for this case is 50 °C.
“These cases are the same as the base case but with 2*3U depletion (30% for Case 18 and 40% for Case 19) and 100% boron depletion.

Note: 40% 233U depletion corresponds to end of cycle.

Dispersion length (m)

Zone 1 = core debris-coolant mixture
Zone 2 = heavy-water moderator
Zone 3 = pipe wall

Zone 4 = light-water reactor pool

Fig. 2 Schematic representation of dispersed core-debris
configuration in Advanced Neutron Source outlet pipe for
recriticality evaluations.

represent a nominal coolant outlet temperature of the
ANS core under normal operation (instead of assuming
room temperature). The BOC inventory of fuel is as-
sumed for the base case, coupled with all the 13 g of B10
burnable poison. The assumption was made that, upon
fuel melting-cum-dispersion, only the aluminum in the
fuel-melt section would accompany the fuel. Hence about
40 kg of aluminum is associated with the recriticality
calculations of base-case debris in Table 5. Further, the
assumption was made that the fuel debris would cool
down to 50 °C by the time the 1-m-length dispersion oc-
curs in the outlet piping. On the basis of ANS Technical
Specifications, the amount of H,O contamination in the
D,0O is specified to a mole fraction of 0.002 [i.e., if there
is no influx of reactor pool H,O in the reactor coolant
system (RCS)].

Under certain circumstances, it is conceivable that the
H,0 fraction in the primary coolant circuit may increase
(e.g., LOCA or in-leakage). An increase in H,O content
in the primary circuit will significantly change the neu-
tronic characteristics associated with debris recriticality.
This is caused by the significantly enhanced moderation
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by H,O compared with D,O. However, this increased
moderation characteristic is compensated by higher
absorption. For such interactions, several mole fractions
of H,O are included in the test matrix.

An important parameter that can significantly affect
reactivity is the degree of voiding generated in the
coolant. Such voiding may initiate in a previously cold
system that has become :critical, whereby the fuel
material heats up to.cause coolant boiling. For purposes
of modeling, voids are -assumed to be homogeneously
distributed in Zone 1 (i.e., with fuel, D,O, and H,0). As
is well known, increased voiding can provide negative
reactivity-feedback, which then may shut down the criti-
cality escalation. Several KENQOS5-SCALE calculations
are included in the test matrix. For these calculations, the
fuel mixture (i.e., uranium, silicon, boron, and aluminum)
is assumed to be at the aluminum melting temperature of
660 °C. Herein a conservative -assumption is. made that
heat from the core debris goes toward only the changing
phase in the coolant. The coolant temperature also may
increase, however. Therefore additional calculations are
included in the test matrix, and Zone 1 contents are
equilibrated at 72 °C (i.e., perfect mixing of fuel at
melting temperature with 281 kg of D,0). An additional
case considered the entire mixture at 100 °C. This was
done to represent a possible situation wherein molten
core debris may have superheated above the aluminum
melting temperature and then mixed with the D,0O cool-
ant to reach boiling conditions at atmospheric pressure.

These calculations evaluate the effect of temperature
on reactivity. The effect of temperature on fuel arises
mainly from.Doppler broadening. Hence mainly
resonance absorption determines the fuel temperature
coefficient of reactivity. Because moderator .density
decreases. with increasing temperature, the moderator
coefficient of reactivity may be attributed to the change
in thermal utilization.!! For these calculations, densities
of D,O and H,O are suitably changed with temperature
to account for the appropriate reduction in number densi-
ties of hydrogen, deuterium, and oxygen atoms. Densities
of other materials are assumed to remain unchanged.

As mentioned previously, the 1-m lengih of the fuel
debris mixture ‘(i.e., Zone '1) ‘was chosen arbitrarily.
Clearly, a change in this length will cause the deuterium/
uranium ratio to change. Therefore system criticality also
can be significantly affected. Hence parametric studies
are conducted for different dispersion lengths.

Different- amounts of aluminum may accompany the
fuel debris in a severe accident. Hence calculations are
conducted:to account for this effect.
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Also, a severe-accident-induced debris recriticality
may occur at the end of the cycle (EOC), when about 30
to 40% of the 23U and all the B'0 are depleted. These
cases also are studied conservatively; the absence of
fission-product poisoning is assumed. Note that the EOC
case with about 40% of the 25U depleted would also tend
to represent a case in which only the unirradiated outer
fuel element undergoes a hypothetical severe-accident-
induced core-debris dispersion (albeit without any
burnable poison).

Analysis Results

Specific KENOS models for .the various cases in
Tables 4 and 5 were set up and executed. The results of
the k¢ calculations are summarized in the tables and are
shown graphically in Figs. 3 to ‘8. Unless otherwise
stated, all calculations were conducted with the KENOS-
SCALE system using the 39-group cross-section library.

As noted in Table 4, even if the UsSi,—Al mixture
consisting of 24 kg of 235U were to form a lump in the
inlet pipe region, the system remains significantly
subcritical (i.e., ke = 0.873). For the same pipe
geometry, a dispersed configuration also was evaluated.
The dispersed geometry leads to a k. value significantly
greater than 1.0. These same calculations also were
conducted with the well-known Hansen-Roach library'?
[with suitable adjustments for selecting the resonance
self-shielding cross sections (s,), as recommended in
Ref. 13]. As shown in Table 4, although the predicted kg
values are in the general vicinity of those predicted with
the use of the 39-group library, use of the 16-group
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Hansen—Roach cross-section library (at least under these
conditions) can lead to significant underprediction of k..
Because the ANS fuel mass is critical in the core region,
it can be surmised that the significantly reduced value for
kegr in lumped configurations results from the poisoning
effect of the stainless steel piping. This aspect was
confirmed through additional calculations wherein the
steel pipe was modified to be made with aluminum.
Significantly higher values by more than 7% were noted
for keff'

Because the lumped core-debris configuration with 24 kg
of 25U remained significantly subcritical, the
decision was made that lumped configurations in the ANS
reactor coolant system (RCS) would not lead to a recriticality
threat. Therefore only dispersed configurations were studied
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further- with the current fuel loading in the ANS core
(viz,, 15 kg of 25U, as shown in Table 1). The results for
individual cases are tabulated in Table 5. Figures 3 to 8
show k. variation with the (D+H)/2*U atom ratio in the
core-debris mixing zone.

Figure 3 indicates that H,O contamination in the RCS
can significantly increase kg values because of enhanced
moderation. The effect tapers off. beyond :50% H,0
mole. fraction, however, and then ‘starts to decrease be-
cause of enhanced neutron absorption. These calculations
demonstrate the need to keep H,O out of the RCS. Note
that; for nonsevere accident conditions, recriticality from
incoming  H,O_ is prevented by design. Under such
circumstances, control rods immediately insert to counter
a reactivity addition from light-water entry into the RCS
or into the reflector tank.

A linear decrease in K. is shown in Fig. 4, and
increasing void fraction occurs in ‘the ‘debris zone. With
only 20% void fraction, the system k. drops from 1.04 to
0.89.(viz., a 15% decrease). The variation with increased
void fraction also tends to.indicate that a strong mecha-
nism exists for limiting a reactivity excursion event.

A strong variation also is shown with. dispersion
length in Fig. 5."A reduction in dispersion length causes a
lumped mass-type geometry and decreases Kqg. As shown
in Fig. 5, k.4 values do not increase significantly beyond
a 1-m dispersion length. Only a relatively mild variation
with mixture temperature was noted. Figure 6 shows that
a kg decreases from .1.0392 at 50 °C to 1.014 at 100 °C
(about 7 .10..8 cents/°C). This result indicates that a
resonance absorption caused .by Doppler broadening
would provide enough negative feedback to compensate
for positive reactivity ‘insertion from increased thermal
pse by the fuel as the temperature increases. Overall,
these variations demonstrate the significance and impor-
tance of properly modeling thermal-hydraulic conditions
during severe accidents.

Figure 7 shows. that the amount -of :aluminum accom-
panying the core debris also can have a significant effect
on system criticality. The variation of k¢ with aluminum
mass. is -almost linear. It is not so strong as that with
variation with void. fraction. It is significant, however,
and -demonstrates  the importance of proper. core-melt-
progression modeling. ,

Finally, Fig. 8 demonstrates the importance of B!? in

the fuel mixture. Under EOC-type conditions when ap- -

proximately 30 to 40% of the °U and all the B are
depleted, the k i value goes up significantly from 1.04 to
about 1.11 and then starts declining. Obviously, this variation
with burnup is: predicated .on the accompaniment of
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the B¢ with the fuel debris at BOC conditions in the first
place.

Prevention and Mitigation of Debris
Recriticality Loads in ANS

An important by-product of the results shown in Fig. 8
deals with a possible. approach for mitigation of
recriticality. It demonstrates that the ‘incorporation of
borated pipe tegions in strategic locations could play a
very important role in preventing recriticality. A prelimi-
nary.calculation was conducted to demonstrate this aspect
wherein ‘a previously supercritical “configuration ‘was
made significantly subcritical by borating the ANS outlet
pipe. This result is currently being studied.

Overall, it is clear that debris recriticality in the ANS
RCS can be effectively prevented if dispersed configura-
tions are avoided. These evaluations demonstrate, to the
extent -that ‘they ‘represent expected conditions, that a
mechanism should be found that prevents dispersion of
a large enough: portion of ‘core debris ‘during severe
accidents.: If fuel dispersion is inevitable, ‘it is clearly
preferable -to introduce ‘design features that allow only
small portions to disperse. ‘Clearly, the need for preven-
tion of debris dispersion must be balanced with the need
for :maintaining debris . coolability ‘(which is enhanced
with dispersion). Thus research efforts are to be focused
toward analytical ‘quantification of melt-progression as-
pects with the potential for leading to recriticality coupled
with qualification through scaled experimentation.

All in all, this is a clear case in which a design fix that
will prevent recriticality is far preferable to an extensive
research program that may solve the problem because not
much is known on modeling and analysis of “transient”
debris recriticality events.

SUMMARY AND CONCLUSIONS

This -article “has described  salient aspects of
benchmarking and validation of ‘the KENO-SCALE
neutronic .code system for the evaluation of 'system
criticality wherein 'lumped -and dispersed . core-debris
configurations may arise ‘during hypothetical severe
accidents in the ANS. Benchmarking and validation were
done ‘against data from a series of critical experiments
and between ‘various codes. These comparisons demon-
strated ‘the suitability ‘of using the KENO-SCALE code
system -in: conjunction with the 39-group cross-section
library. A detailed test matrix of calculations was
developed for evaluating the potential of recriticality in
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the ANS RCS during severe accidents. The evaluations indi-
cated that lumped configurations in the RCS would not pose
a recriticality threat; however, significant potential exists for
recriticality from dispersed debris configurations. Strong de-
pendencies were noted on key thermal-hydraulic param-
eters, such as mixture void fraction, H,O contamination, alu-
minum content in debris, and dispersion length. A relatively
weak dependence on mixture temperature was noted. Mix-
ture void fraction was determined to be the single most im-
portant parameter affecting recriticality. These calculations
indicated the importance of proper core-melt progression and
thermal-hydraulic modeling. It was determined that
prevention of recriticality in the ANS RCS may be achieved
through limitation of debris dispersion coupled with strategic
positioning of borated regions in the RCS piping. Alternative
choices may also be possible (e.g., thickening of pipe walls
for increased parasitic absorption or modifying pipe diam-
eters to stay away from optimum D/235U ratio regions).
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Ignitability of Hydrogen/Oxygen/Diluent
Mixtures in the Presence of Hot Surfaces

By R. K: Kumar and G. W. Koroll?

Abstract: In the licensing process for CANDUP nuclear power
stations..it-is. necessary -to._demonstrate :tolerance to .a wide
range of low-probability accidents. These include loss of mod-
erator.accidents that may lead to. the formation of flammable
mixtures of deuterium, oxygen, helium, and steam in the reac-
tor-calandria vessel. Uncovered. adjuster or control rods are
considered as possible sources-of ignition when a flammable
mixture -is present. ‘A knowledge . of the minimum_ hot-surface
temperature required for ignition is important in assessing the
reactor safety. These hot surface temperatures were measured
using -electrically heated adjuster rod simulators .in a large
spherical vessel (2.3-m internal diameter). Whereas the effects
of geometry on ignition temperature were studied in the large-
scale apparatus, some of the effects, such as those produced
by a strong radiation field, were studied using a small-scale
apparatuys.

Investigations carried out over .a range of hydrogen and
diluent ‘concentrations indicated that, although the ignition
temperatures were fairly insensitive to the hydrogen concen-
tration, they were strongly affected by the presence of steam.
The addition of 30% steam to a dry combustible mixture in-
creased the minimum surface temperature required for ignition
by approximately 100 °C. .Of the diluents investigated, steam
had the most effect on ignition. The effect of initial temperature
of the mixture on the ignition temperature was small, whereas
the effect of initial pressure was significant. The effect of sub-
stituting deuterium for hydrogen -on ignition temperature was

- small.: The effect of a high-intensity gamma-radiation field on

the minimum hot-surface temperature required for ignition was
investigated using .a 2-dni’. ignition vessel placed in a linear
accelerator. Radiation -had -no measurable -effect on ignition
temperature. The results presented. in this article will be of use
in the safety analyses of other reactors or in industrial environ-
ments . where .a _combustible mixture of hydrogen/air or
hydrogen/oxygen/diluent is present.

2AECL Research, Whiteshell Laboratories, Pinawa, Manitoba,
Canada ROE 1L0,

BCANDU (CANada Deuterium Uranium) is a registered trade
name of AECL.
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INTRODUCTION

In the licensing process for CANDU®-nuclear power sta-
tions it is necessary to demonstrate tolerance to a wide
range of low-probability accidents. One of the postulated
accidents in a CANDU reactor involves the loss of mod-
erator (heavy water) resulting from a pipe break in the
moderator circuit, leading to a rapid loss of the moderator
from the reactor calandria vessel. During normal opera-
tion the moderator is exposed to a high radiation field
present in the calandria, which causes the radiolytically
produced -deuterium and oxygen to be released continu-
ously into the cover-gas space containing helium. The D,
and O, so released are circulated through a catalytic
recombiner where they are recombined to form heavy
water and introduced back into the calandria vessel. In
this way, radiolytic gases dissolved in the moderator are
maintained at low concentrations during the normal op-
eration of the reactor. In an accident, the moderator is
assumed to drain from the calandria vessel and cause the
pressure in the vessel to drop. If it is further postulated
that this is concurrent with abnormal moderator chemis-
try, resulting in increased radiolytic yields of D, and O,
and hence abnormally high dissolved gas concentrations,
the decreasing -pressure- in the vessel would lead to a
supersaturated condition and prompt release of the dis-
solved gases into the cover-gas space. If the release rates
exceed.the capacity of the recombiner, it is possible that a
flammable “deuterium/oxygen/helium/steam . mixture
could occur-in the calandria vessel..Should ignition occur,
a deflagration wave may develop and propagate in ‘the
mixture. While - the calandria vessel. can withstand any
foreseeable combustion pressures, ignition and deflagra-
tion in a reactor calandria are undesirable because of po-
tential damage to internal hardware.

A ‘combustion threat requires a source of ‘ignition as
well as a flammable mixture. In the cover-gas space,
there are no obvious. sources .of ignition but a possible
source -of -ignition is the uncovered adjuster or control
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rod. The temperature of an uncovered adjuster/control
rod will increase because of gamma heating. There may
be other hot surfaces as well, such as uncovered calandria
tubes within the calandria vessel. However, calculations
show that the control rod surfaces are expected to attain
the highest temperatures. Figure 1 shows a schematic of
the cross section of a typical CANDU reactor calandria.
The reactor calandria contains a large number of horizon-
tal parallel flow channels. The control and adjuster rods
are introduced into the reactor core vertically. Ignition
and combustion of the combustible gas can be ruled out if
the maximum adjuster rod temperature attainable is lower
than the minimum surface temperatures required for igni-
tion. The margin between the measured (or calculated
using a suitable model) ignition temperature and the
estimated rod temperature is the margin of safety.

Ignition at a hot surface is a complex process involv-
ing heat transfer from the hot surface to the adjacent gas,
formation of the chain-branching radical species, and the
exothermic runaway chemical reactions in the gas phase.
In this connection it is important to note that for ignition
to occur the temperature of a flammable mixture should
be raised to a value known as the autoignition tempera-
ture (AIT). For hydrogen/air mixtures at 100 kPa, this
value is approximately 580 °C (Ref. 1). Below this value
the rate of production of the radical species responsible
for chain branching and the rate of energy release are not
sufficient to overcome the losses, and only a slow oxida-
tion will result. Above this temperature the reactions
become explosive and lead to a spontaneous ignition.

Ignition at a hot surface is essentially an autoignition;
however, because of the steep temperature and concentra-
tion gradients prevailing at or near the hot surface, there
is a high rate of loss of energy and active species from the
hotter to the cooler gases. To overcome these losses and
to allow the ignition reactions to proceed, the hot surface
should be maintained at a temperature above the AIT.
Below this temperature no ignition is possible unless the
gases are contained in an adiabatic enclosure.

Hot surface ignition temperatures for hydrogen/air
mixtures were reported? as early as 1937. Since then,
experiments have been carried out by many investiga-
tors!3-5 using surfaces of different shapes and sizes. The
reported values for ignition temperatures range from
approximately 600 °C to more than 800 °C. Experiments
performed with thin wires and cylindrical rods ranging
from 0.025 mm in radius to several centimeters in diam-
eter demonstrate that the ignition temperature depends
strongly on the size of the ignition source and that it
decreases sharply as the surface-to-volume ratio

decreases. Below a certain surface-to-volume ratio, the
ignition temperature becomes nearly independent of this
ratio. Ignition experiments performed in a 17-dm> vessel
with a 6-mm-diameter glow plug (4-cm? surface area)
and a coil type of igniter (TAYCO®) with a large surface
area corroborate these observations.3* Although the
observed ignition temperatures for mixtures containing
4 to 75% hydrogen ranged from 700 to 800 °C for the
glow plug igniter, they were in the range of 650 to 750 °C
for the coil type of igniter.

For realistic analyses, it is important that the ignition
temperature be determined as a function of the thermody-
namic state of the mixture and the igniter geometry.
Experiments were therefore performed in a large, 2.3-m-
diameter spherical vessel with simulated CANDU
adjuster rod geometries to determine the ignition tem-
peratures.® A CANDU adjuster rod is several meters
long, and a complete simulation is therefore not possible.
Because the adjuster rods are generally made up of many
segments of identical geometry, however, simulation
with the use of one segment is adequate to obtain ignition
temperatures representative of those in an actual
calandria.

Another important aspect of the reactor that cannot be
simulated in a large-scale apparatus is the radiation field.
As mentioned earlier, the high-intensity radiation field
present in a reactor calandria may have a significant
effect on the ignition process. The radiation field is
expected to contribute to the pool of radical species
required for the chain-branching reactions. Intuitively,
such an increased radical concentration would lead to a
lower ignition temperature. Conversely, the rates of gas-
phase reactions have an exponential dependence on the
temperature, and a small increase in the concentration of
radicals may not produce a measurable change in ignition
temperature. Also, because the gases are poor absorbers
of radiation, it is not clear whether the ignition process in
an actual reactor is significantly affected by the radiation
field. It is possible, however, to establish the effects of
radiation theoretically if a reliable theoretical ignition
model can be constructed. Though detailed chemical
kinetic models have been constructed to determine the
AITs in hydrogen/oxygen mixtures,” no such models
exist for ignition at a hot surface.

Most of the work reported to date deals with either
two-dimensional (2-D) steady-state or one-dimensional
(1-D) transient ignition models with global kinetics;>3?
i.e., a simple one-step chemical reaction of the form
[fuel] + [oxygen] — [product]. Although such models
can explain the observed ignition behavior qualitatively,
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Fig. 1. Cutaway sectional view of a typical CANDU reactor calandria.

they. cannot be used for quantitative predictions. These
shortcomings led to the development of ‘a mathematical
model® that could explain the observed ignition behavior
in the absence of a radiation field. The model was then
modified to incorporate the effects of radiation and was

NUCLEAR SAFETY, Vol. 36, No. 1, January-June 1995

used to determine the “ignition temperatures in the
presence of jonizing radiation. The model predicted ‘that
even for the most intense radiation field that can exist
within a reactor core the effect of radiation on ignition
was insignificant. Such a null-effect prediction, from the



ACCIDENT ANALYSIS

reactor safety and licensing point of view, requires an
experimental verification. Beécause radiation fields of the
magnitude that exist in a reactor core can be obtained
only 'in an accelerator, a small-scale (2-m%) ignition
apparatus was constructed; and the ignition temperatures
were determined in a high-intensity gamma field
produced by a linear accelerator. This article describes
the ‘experimental determination of the ignition tempera-
tures in a simulated CANDU cover-gas environment with
simulated adjuster rod configurations, the development of
a theoretical ignition model, and its validation.

EXPERIMENTAL DETAILS

The experiments were performed in apparatuses of
two different sizes—a bench-scale (2-dm®) nearly

71

cylindrical vessel and a large spherical vessel (2.3-m
internal diameter). The bench-scale apparatus was used
to study the isotope, “diluent substitution, and radiation
effects on ignition. Also, as mentioned earlier, determina-
tion of the ignition temperatures in an accelerator

~required a small-scale apparatus because of the size limi-
tations. Moreover, comparison of the results of ignition
experiments performed. in two different size apparatuses
provides useful information on the effects of scale on the
ignition behavior.

Description of the Bench-Scale Apparatus

Figure 2 shows a schematic of the small-scale appara-
tus and its instrumentation. It consisted of an upright
cylindrical vessel with an internal diameter of 5 cm and
a volume of 2 dm®. The vessel was trace-heated by hot
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water .and insulated to maintain a steady wall tempera-
ture. The vessel was equipped with two quartz windows
for viewing the igniter and the surrounding volume.:The
igniter was a commercial stainless steel resistance heater
with an outer diameter of 0.7 mm and a length of 10 ¢m.
The 3-cm-long heated section of the igniter was instru-
mented with four K-type thermocouples spot-welded to
the surface.” The rod.temperature -was controlled by a
programmable - temperature controller, and ‘the feedback
to the controller was provided by one of the ‘thermo-
couples ‘welded to the rod. ‘Pressure development in the
vessel during “ignition ‘and - subsequent ‘combustion was
measured by a piezoelectric transducer (see Fig. 2).

The -experimental procedure consisted of ‘evacuating
the vessel and adding the required gases sequentially into
the vessel with the use of the method of partial pressures.
Analyses -of ‘gas mixtures. in large- and small-scale
apparatuses. with ‘the use of ‘mass spectroscopy.and a
hydrogen gas ‘analyzer: (commercial type) have

established -that the partial pressure method of ‘gas
addition is accurate -and -reliable. The -precision .of gas
additions was 10.05 kPa. The gases in the vessel were
mixed by circulating them through a pump for several
minutes. Ignition was achieved by ramping ‘the rod
temperature over.a period of :2:to 3 ‘min.. The instant of
ignition was detected by an abrupt pressure rise :in the
vessel, ‘and the rod surface . temperature ‘corresponding
to the instant of ignition was taken to be the ignition
temperature.

Description of the Large-Scale Apparatus

Figure 3 shows a view of the large-scale experimental
apparatus used in the ignition experiments. The apparatus
consists of an insulated  spherical steel vessel with a
2.3-m internal diameter trace-heated by steam to maintain
a desired vessel temperature. The vessel is ‘designed to
withstand internal pressures of up to. 10 MPa. The vessel

Fig. 3 A view of the large-scalé test facility.
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has several large penetrations to allow personnel to enter
it to install the required equipment (fans, igniter, probes,
etc.). Several small penetrations are provided to allow for
the installation of pressure transducers, the removal of
cables and thermocouple lead wires, gas addition, and gas
sampling:. Two.45-cm fans were placed in the vessel
diametrically opposite each other to mix the gases.

Several different igniter geometries were investigated.
Two of the igniter geometries used simulated segments of
four-pin (adjuster rods used in Pickering reactors) and
annular (adjuster rods used in Darlington reactors)
CANDU adjuster rods. These have been identified as the
possible sources of ignition. In some investigations a
resistance-heated circular flat plate mounted horizontally
or vertically at the center of the vessel was used.

Outer tube
(9-cm diam) S\

Igniter

RPT
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The Four-Pin Adjuster Rod Simulator

Figure 4 shows a schematic of the four-pin igniter
arrangement simulating a segment of the Pickering
CANDU adjuster/control rod and its instrumentation. The
igniter consists of four 8-mm-diameter stainless steel/
Inconel igniter rods mounted vertically inside a stainless
steel tube around a central support rod. In some experi-
ments a perforated tube was used to simulate the adjuster
rod configuration during a postulated accident. With the
perforated tube, a convective upward flow prevails over the
igniter surface so that effects of convection can be studied.

Three fine-wire (0.15-mm-diameter), type-K thermo-
couples were spot-welded to the surface of each of the
igniter rods (T| to Ty, in Fig. 4). Because the heating

Power

Fine-wire

thermocouples

(T1 3 and T1 4)

NANNNY AN

Surface
thermocouples
(T1t0 Tyo)

Igniter rods (4)
(8-mm diam,
20-cm long)

5-cm pitch
circle

RTD

PZ AN

Fig. 4 Schematic of the igniter arrangement and instrumentation in the vessel. K is Kulite transducer, RPT is
Rosemount pressure transmitter, PZ is piezoelectric pressure transducer, and RTD is resistance temperature
detector.

Gas inlet
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rates were generally low, on the order of 5 °C/s, the
thermocouple response was assumed to be adequate to
determine the surface temperature at the instant of
ignition. The thermocouples were equispaced, with a
thermocouple located at the mid-length of the igniter rod.
Two. fine-wire (0.075-mm-diameter), type-S thermo-
couples (T;3 and Ty, ) were installed in the gas space
between the “igniter and the steel pipe, as shown. The
whole igniter assembly was suspended in the vessel by a
vertical rod. All the chromel/alumel thermocouples were
standard commercial type -and were expected ‘to be
accurate to +1.0% of the reading (approximately =7 °C).
Most of the experiments were reproducible ‘within this
range of accuracy.

The. temperature along the length of the igniter pin
was not -uniform. The maximum pin temperature
occurred close to the mid-region; temperature at either
end of the rod was 20 to 40 °C lower. Since ignition
occurs at the location of the highest surface temperature,
the thermocouples located in the mid-region of the pins
were used to determine the ignition temperature.

The igniter pins (or heaters) were connected in series
so that all of them were heated at nearly the same rate.
Figure 5 shows the assembled view .of the igniter as
installed.

The Annular Adjuster Rod Simulator

Figure 6 shows a schematic of the annular rod-type
igniter that simulates the Darlington or CANDU 600
adjuster rod. It consists of a central (shim) rod surrounded
by a steel (adjuster) tube and an outer perforated guide
tube - (not shown). Because the entire length of the
adjuster could not be simulated, only a 25-cm length:of
the ‘adjuster was simulated. "The effect of length was
studied by repeating some experiments with a 50-cm
adjuster rod simulator.

In the annular type of igniter, both the central rod
(inner-heater) and the steel. tube (outer heater) were
heated simultaneously, and the central rod ‘was at the
higher temperature. The guide tube was unheated. Thus,
in the experiments, ignition would occur at the surface of
the central rod. In the four-pin-adjuster rod, ‘the gases
were contained between the hot igniter surface and a
relatively ‘much cooler outer shroud, ‘whereas :in the
annular rod geometry the gases in the ignition volume were
heated by the inner shim rod and the outer adjuster tube.

The central igniter .rod was a commercial (Incaloy
800-clad) 350-W heater rod. The adjuster tube was built
from two concentric ‘stainless steel cylindrical shells with
a coil of 1.58-mm steel-clad “heater wire between the
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Fig.'5 ~Assembled view of the four-pin (Pickering-type) igniter.

cylinders. The annular gap between the inner and outer
adjuster tube shells was sealed off at the ends. The central
rod “and the “adjuster tubes were heated -independently.
The power to.each heater was adjusted to simulate the
differential heatup rate of the uncovered adjuster surfaces
during accident conditions.

The ‘igniter instrumentation consisted of fine-wire,
type-K thermocouples spot-welded ‘at two. vertical
locations on the shim rod -and the ‘adjuster. tube. Two
thermocouples ‘were installed in the -annular .gas space
between the shim rod-and the: adjuster. tube to measure
the temperature of the gases.
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Fig. 6 Schematic of the instrumentation of the annular rod simulator.

Hot-Plate Igniter

Although it is assumed that adjuster rods are the likely
sources of ignition in a reactor calandria, a general under-
standing of the geometrical factors that affect ignition is
important. To gain this understanding, experiments were
performed in different orientations with a circular heated
plate as the igniter. Figure 7 shows a schematic of the
hot-plate igniter and its instrumentation.

The hot plate was constructed from two circular stain-
less steel flat plates with a flat coil of heater sandwiched

between them. The heater coil was made of 3-mm-
diameter, type-K stainless steel sheathed thermocouple
wire. One of the plates was hollowed to make room for a
copper plate and the heater coil. The copper plate was
installed to distribute heat evenly to the ignition surface
and thus make the surface temperature almost uniform.
Thermocouple measurements have indicated that a
circular area of approximately 100 cm? around the center
of the plate was almost uniformly heated. Figure 6 shows
the location of the thermocouples on the hot plate. Six
fine-wire thermocouples were welded in the ignition side
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Fig. 7 . Schematic of the instrumentation of the flat plate.

(hot side) and two on the bottom side (cold side), as
shown.

Instrumentation of the Large-Scale
Apparatus

Apart from the specific instrumentation provided for
measuring the igniter surface temperatures. for each
igniter geometry, instrumentation was also provided to
monitor-the pressure of the gases in the vessel during gas
addition,  vessel gas temperature, and combustion
pressures. - A Rosemount pressure ‘transmitter with a
response time of 0.2 second and a strain gauge transducer
(Data Instruments, Model AB) were used to monitor the
pressure during the addition of gases to the vessel.-The
rapidly rising . postignition - pressure in_the vessel: was
measured . by several piezoelectric ‘transducers and ‘a
Kulite pressure transducer mounted flush with the vessel
wall. ‘A schematic of the instrumentation of the vessel is
shown in Fig. 4. The signals from the thermocouples and
pressure transducers, after amplification, were digitized
and stored in high-speed transient recorders for further
processing.
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Experimental Procedure (Large-Scale
Apparatus)

The vessel was evacuated to below 10 kPa and filled
to atmospheric pressure with the required diluent gas—
air for hydrogen/air mixtures and helium for hydrogen/
oxygen/helium/steam mixtures. In all cases, the vessel
was purged with the diluent gas at least twice so that
gases from the previous experiment were completely
expelled. The diluent gas ‘was pumped out until the
desired pressure ‘was reached in the vessel. Hydrogen,
oxygen, and any.other required gases were then added in
the desired amounts (by the partial pressure method) and
were mixed by fans for 2 to 3 min. For dry hydrogen/air
mixtures, a commercial hydrogen and-oxygen analyzer
was used to carry out on-line gas analysis. For other dry
mixtures, such as those containing helium:or carbon
dioxide, ‘gas samples. were -collected .and sent to mass-
spectrographic analysis. For ‘mixtures. containing steam,
the ‘addition of gases by the method of partial pressures
produced -adequate accuracy. After the 'samples were
drawn, the igniter voltage was set to a predetermined



value, and the power to the igniter was turned on. The
power was turned off when the combustion was over.

RESULTS AND DISCUSSION

Experimental Conditions

The experimental conditions for both small- and large-
scale apparatuses included a range of initial temperatures
from 25 to 100 °C, initial pressures from 25 to 150 kPa,
hydrogen concentrations from 10 to 50%, and a variety of
diluents, such as helium, argon, nitrogen, carbon dioxide,
and steam. Although the mixture of interest in a CANDU
reactor calandria vessel during a postulated loss-of-
moderator accident consists of hydrogen (deuterium),
oxygen, helium, and steam with hydrogen and oxygen
occurring in stoichiometric proportions, diluents other
than helium and steam were used for the sake of
completeness and to aid in model development.

SMALL-SCALE EXPERIMENTS

The purpose of the small-scale experiments was to
investigate the effects that could not be investigated in a
large-scale apparatus because of either practical reasons
or cost (for example, radiation experiments in a large-
scale apparatus would be impractical). Experiments in a
large-scale apparatus where deuterium is substituted for
hydrogen (and heavy water steam for light water steam),
though feasible, would be expensive, especially if a large
number of experiments were performed. Conversely,
small-scale experiments, though highly economical and
easy to perform, have some drawbacks. Because of their
small size and volume, effects caused by proximity of the
igniter to the wall and preoxidation at the igniter surface
become important and affect the measured ignition
temperatures. Thus the ignition temperatures determined
in a small-scale apparatus would be different from those
expected in a large-scale apparatus. Nevertheless, the
relative ignition behavior, for example, of diluent substi-
tation (or substituting deuterium for hydrogen) is
expected to be the same in both large- and small-scale
apparatuses. The effects of some of the physical and
chemical parameters that affect ignition are discussed in
the following text.

Effect of Diluent Substitution

The addition of a diluent to a stoichiometric
hydrogen/oxygen mixture is expected to significantly
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influence the ignition temperatures. The extent to which
the ignition temperature is affected depends on the
diluent type (i.e., its physical and chemical properties).
The physical and chemical properties that affect the
ignition temperature are the thermal conductivity, mass
diffusivity, specific heat, and third-body effectiveness
of the diluent. Figure 8 shows the effect of diluent type
and diluent concentration on the measured ignition
temperature for a stoichiometric hydrogen/oxygen
mixture. For most diluents (except steam), the ignition
temperature decreases as the diluent concentration
increases. In view of the fact that a stoichiometric
hydrogen/oxygen mixture is the most reactive of all
hydrogen/oxygen/diluent mixtures, this result is some-
what surprising; however, calculations performed with
the use of the ignition model indicate that the ignition
temperature 1is not sensitive to the mixture stoichiometry.
Physical properties of the combustible mixture appear to be
more important in determining the ignition temperature.
Dilution with argon results in the lowest ignition
temperatures, whereas dilution with steam produces the
highest ignition temperatures. Carbon dioxide and argon
have similar thermal conductivities and mass
diffusivities. The specific heat of carbon dioxide, being a
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Fig. 8 Variation of the hot-surface ignition temperature with
diluent concentration for various diluents.
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triatomic gas, is much higher than that of argon. Thus, for
a given heat release, the gas temperature in an argon-
diluted mixture is higher than that with carbon dioxide
and thereby results in shorter induction times or ignition
delays. As will be shown later, any chemical or physical
property that results in a shorter induction time also leads
to a Jower ignition temperature.

Both helium and argon are inert gases and have the
same specific heats; however, because helium has much
higher thermal and ‘mass diffusivities than argon, with
helium heat and active species are lost from the reaction
zone at a much faster rate than with argon. This increases
the ignition delay and thus the ignition temperature.

Although steam .and carbon dioxide have similar
molar specific heats ‘and thermal conductivities, ‘the
ignition temperatures with ‘steam -are-much higher than
those with carbon dioxide. " This, .as. will be explained
later, is mainly. because -of third-body effectiveness ‘of
steam.  Whereas most diluent gases have third-body
effectiveness near that of hydrogen (~1), the ‘third-body
effectiveness of steam is 6.5.

Isotope Effects

Because the moderator used in a CANDU reactor is
heavy water, in a postulated accident the calandria vessel
is assumed to contain a mixture of deuterium, oxygen,
helium, and heavy steam. Although many of the combus-
tion characteristics, such as flammability limit and
burning wvelocity of deuterium/oxygen mixtures, can be
deduced from the known values for hydrogen/oxygen
mixtures with the use of simple correlations,!¥ no such
correlations exist for deducing the ignition temperatures.
A series of experiments was therefore performed in the
2-dm® vessel; deuterium was substituted for hydrogen,
and heavy water was substituted for light water. Figure 9
shows the measured ignition temperature as a function
of ‘initial pressure. For-dry mixtures, the substitution of
D, for H, results in a-slight reduction (approximately
10 °C) in the measured ‘ignition temperatures. This .is
probably due to changes in the physical properties of the
mixture. Because D, has lower thermal -and ‘mass
diffusivities than H,, the energy losses from the reaction
zone with D, are correspondingly less, which resuits in
lower ignition temperatures. For wet mixtures, however,
the substitution of D,0 for H,O results in a slightly
higher ignition temperature. ‘This is probably due to an
increased third-body  effectiveness of the mixture when
D,0 is substituted for H,O. In anycase, the effect of
replacing H, with D, is small for all practical purposes.
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Fig. 9 ‘Effect of isotope substitution on ignition temperatures in
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Preoxidation Effects

Although most of the ignition reactions occur in the
gas phase, and for practical purposes the igniter surface
can be considered as a passive source of heat, in reality,
reactions do occur at the surface. The effect of such
surface reactions on ignition temperature depends
strongly on the nature of the surface (i.e., whether the
surface is mildly or strongly catalytic). Experiments were
therefore performed with two igniters—stainless steel
and nickel—widely differing in their surface reactivities.
Nickel has ‘a much higher surface reactivity than
untarnished stainless steel. Figure 10 shows the ignition
temperatures with nickel and stainless steel igniters
plotted as a function of the initial gas pressure. At lower
pressures, the ignition temperatures with nickel are much
higher than those with stainless steel. As the pressure
increases, -the differences between ignition temperatures
of ‘the two igniters ‘decrease, ‘and ' at approximately
150 kPa, ‘both surfaces exhibit nearly the same . ignition
temperature. Because the mass and thermal .diffusivities
of a combustible mixture are inversely proportional to its
pressure, it is expected. that there would be. a:rapid
exchange of reactants and products at the surface at-low
pressures. This depletes the reactants close to-the surface,
and the runaway ‘ignition reactions therefore have to
occur ‘at -a considerably - greater distance -from the hot
surface. Since for a given mixture the reactants have to
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Fig. 10 Effect of igniter material on ignition temperatures.

be raised to their ignition temperature no matter where
the reactions occur, the surface with a larger reactivity
should be maintained at a higher temperature. The extent
to which the surface temperature is required to be raised
depends on the reactivity of the surface; the higher the
reactivity, the higher the surface temperature. Note,
however, that there is an upper limit to the reactivity of
the surface beyond which ignition occurs spontaneously
at all surface temperatures, as is the case with catalysts.
In the case of a catalyst, the surface reactivity is
extremely large, several orders of magnitude larger than
that of a normal surface, and ignition occurs almost
instantly even at room temperatures. Figure 11 shows the
variation of hydrogen concentration in the vessel as a
function of time for various surfaces. Oxidized surfaces
exhibit a high degree of surface reactivity; for this reason,
the behavior of oxidized zirconium-4 and oxidized
stainless steel surfaces is similar to that of the nickel. The
surface ignition properties of materials (control/adjuster
rods and calandria pipes) used in the CANDU reactor
calandria change with time, and a knowledge of the state
of the surfaces is required before an assessment of the
ignition temperature can be made. Because of the
continued presence of oxygen in the reactor calandria,
most of the surfaces to which the gases are exposed can
be assumed to be oxidized. For reactor safety analyses,
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Fig. 11 Variation of hydrogen concentration with time for
various igniter surfaces.

however, if a fresh, noncatalytic surface is assumed,
conservative estimates of the ignition temperatures can
be made.

LARGE-SCALE EXPERIMENTS

Small-scale experiments are important in obtaining a
clear understanding of the effects of various fundamental
physical and chemical properties of the combustible gas
mixture and of the igniter surface on the ignition
temperature; however, for a definite assessment of the
ignitability of a gas mixture in the reactor calandria, an
experimental simulation of the ignition surface in a large-
scale apparatus is essential.

FOUR-PIN CONTROL/ADJUSTER
ROD SIMULATOR

Effect of Hydrogen and Steam
Concentrations

Figure 12 shows the ignition temperatures with the
four-pin adjuster rod simulator plotted as a function of
the initial gas pressure for several hydrogen and steam
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Fig. 12 Effect of steam on ignition temperature in the large-
scale apparatus for the four-pin simulator.

concentrations. For the reasons mentioned earlier, only
stoichiometric hydrogen/oxygen/diluent mixtures were
investigated. It is apparent that, over the range of hydro-
gen concentrations investigated, the effect of hydrogen
on ignition temperatures is small; however, the effect of
steam is large (even small amounts of water vapor sig-
nificantly change the ignition temperature). The presence
of 5% water vapor, for example, increases the ignition
temperature by 25 °C, and a 30% water vapor produces
an increase of 60 to 100 °C. These results are consistent
with previous findings.

Effect of Initial Gas Temperature
and Pressure

Tests performed over an initial temperature range of
25 to 100°C did not reveal any significant changes in the
measured ignition temperatures. This was also .confirmed
from the small-scale tests. Intuitively, it is expected that,
as the initial temperature of the flammable mixture
increases, the ignition temperature should decrease
because, as the initial temperature increases, the concen-
trations of - the -radical species responsible - for
chain-branching reactions increase and thus reduce the
ignition delay. ‘As will be shown later, the ignition tem-
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perature can be directly related to the ignition delay;
however, the production of the radical species will not be
significant for initial gas temperatures below the AlTs,
and thus for gas temperatures of -150 °C or less, no
significant. effect of initial temperature on.ignition is
expected.

In contrast to the effect of initial temperature, the
effect of initial pressure on ignition is significant. As
shown in Fig. 12, for dry mixtures an increase in the
initial .gas pressure.from 50 ‘to 150 kPa increases the
ignition - temperature by "approximately ‘40 °C."For
wet mixtures the increase is not significant. Because
hot-surface ignition is essentially -an autoignition,
the factors "affecting hot-surface ignition are . the
same as those that affect autoignition. Since the
reaction rate for elementary reactions such as
O+H, > OH+Hand H, + M - H+ H + M,
where M stands for the third body (a third body is
an inert or a stable gas molecule such as N,, O,
H,, or H,O that imparts or absorbs energy from
other colliding species during an encounter), increases
as the square of the initial pressure (approximately
p?), the rate of production of the active species
from these reactions also increases; however, the
third-order chain-terminating reactions such as
0+0+M—>0,+M,0+0H+M —> HO,, H +
H+M->H,+M,and H+ 0, + M » HO, + M
increase more rapidly with pressure (approximately
p?). The net result is that as the pressure increases the
ignition temperature also increases.

Effect of Convection

In CANDU reactors the guide-tube sections immersed
in the moderator water have perforations to enable free
circulation .of the moderator over the control rod surface
for cooling purposes. These perforations enable circula-
tion of the gases when the control rods are uncovered by
the rapidly decreasing moderator level in the calandria.
Figure 13 shows the effect of .perforations on ignition
temperature. Because perforations allow free convection
over the igniter surface, a free-convection boundary layer
is established over the hot surface, and one would expect
the temperature distribution with convection, close to the
hot surface, to be significantly different from that without
convection, which ‘would  affect ignition; however, as
shown in Fig. 13, the effect of convection is only
marginal. The ignition temperature decreases by approxi-
mately 10 °C- when -convection is present. This is
discussed further in the theory section.
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Isotope Effects

Because deuterium and heavy water are expensive,
a few selected tests were carried out with deuterium to
confirm the results of small-scale experiments. Figure 14
shows the effect of deuterium. For dry mixtures,
deuterium results in slightly lower ignition temperatures
(approximately 10 to 15 °C) than hydrogen. For wet
mixtures, the ignition temperature in deuterium is
generally higher than that in hydrogen by 10 to 20 °C.
These are consistent with the findings in the small-scale
apparatus.

Effect of Mixture Stoichiometry

Deuterium and oxygen originate from the radiolysis
of heavy water in the reactor calandria. For this reason,
most of the tests were carried out with stoichiometric
hydrogen/oxygen mixtures; however, mechanisms are
proposed to exist whereby oxygen is preferentially
retained in the moderator in the form of peroxides.!! The
cover-gas mixture may thus be hydrogen-rich. Small-
scale experiments indicated that rates of recombination
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Fig. 14 Effect of isotope substitution in the large-scale apparatus
(four-pin igniter).

in hydrogen-rich mixtures are much higher than in
hydrogen-lean and stoichiometric mixtures. The ignition
temperatures in such mixtures may be severely affected
by the rapid depletion of oxygen. A series of tests with
hydrogen-rich mixtures was therefore performed to
determine the effects of surface recombination. Tests
were performed in both perforated and unperforated
guide tube geometries. As found in the unperforated
guide-tube geometry, rich mixtures with hydrogen/
oxygen ratios of 3.6 or higher did not ignite. These
mixtures may have been rendered nonflammable by
oxygen depletion. With a perforated guide tube, ignition
readily occurred even for a hydrogen/oxygen ratio of 3.6.

The preceding observations can be readily explained.
With an unperforated guide tube, the depleted oxygen is
not readily replaced; the reaction products, hydrogen, and
water vapor (along with the cover gas, helium) collect in
the ignition cavity and thus form an inert mixture. With
a perforated guide tube, fresh reactants are constantly
recirculated over the igniter surface by convection, so
oxygen depletion has no significant effect. In any case,
when ignition occurred, the ignition temperatures
were nearly independent of the guide tube and were not
significantly different from those for stoichiometric mixtures.
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ANNULAR ADJUSTER ROD
SIMULATOR

The annular adjuster rod consists of a single shim rod

surrounded by a movable adjuster tube enclosed in a perfo-
‘rated guide tube. The gases exposed to the shim rod are

contained in the annular gap between the shim rod and the
adjuster tube. The annular gap is open at the top. The bottom
may be open or closed, depending on the moderator level.

The shim rod and the adjuster tube are -continually
heated by the neutron bombardment and gamma radia-
tion present in the reactor calandria. To simulate this
heating, the shim rod and the adjuster tube were heated
independently: The relative- power applied.to each heater
was adjusted to approximate -the. calculated  differential
heatup rate of the uncovered adjuster surfaces under acci-
dent -conditions. Typically, at the time of ignition, the
shim rod temperature would be approximately 650 to 750 °C
and that of the adjuster would be approximately 500 °C.

Because both large- and small-scale experiments indi-
cated that ignition temperature was ot sensitive to the
hydrogen concentration, only one hydrogen concentration
(15%) with stoichiometric amounts of oxygen was cho-
sen for detailed investigations. The range of investigation
included as much.as 30% steam and initial pressures as
great as 150 kPa.

Figure 15 shows the ignition temperature plotted as a
function of pressure for the annular igniter. Although the
ignition temperatures appear to be similar to those for the
four-pin igniters, the variation with pressure is steeper for
the annular igniter. Because the gases contained in the
annular region are heated by both the adjuster and
shim-rod surfaces, the situation is similar to that of
ignition occurring in a preheated gas. Because of this, the
ignition temperatures are generally lower than those with
the four-pin igniter by 20 to 50 °C, especially at pressures
less than 100 kPa. For pressures greater than 100 kPa, the
ignition temperatures with the annular adjuster are similar
to those with the four-pin adjuster.

As noted earlier,” catalytic surface reactions affect
the ignition. temperature significantly if the surface
recombination rates are high. Experiments performed
with igniters made of two different igniter materials—
Incaloy 800 and stainless steel (type 304)—showed no
significant difference in the ignition behavior.

Effect of Igniter Length

A long heated length would increase or decrease the
ignition temperature, depending on which of the two
mechanisms—preoxidation or preheating—prevailed.
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Fig. 15 Ignition temperature with the annular adjuster simulator.

The adjuster rods in a nuclear reactor are long, on the
order of 10 m, and the whole length of the control/
adjuster rod could not be simulated; however, the effect
of the heated length on ignition was determined with 25-
and 50-cm simulators, Figure 16 compares the ignition
temperatures for the two igniters. The figure indicates no
significant difference in the ignition temperatures.
Further increase beyond approximately 50 mm in the
igniter length (determined from small-scale experiments)
will have no significant effect on ignition.

Effect of Covered- and Open-Bottom
Annular Gap

The free inflow and outflow of the gases in the annu-
lar gap between the shim rod and the adjuster tube in a
reactor calandria depend on the moderator level. For a
study of the effects of -a covered bottom, the perforated
bottom cover was replaced by a blanking plate.

With a covered bottom the mixtures would stagnate
within ‘the annulus ‘and would thus be. prone to
preoxidation effects. Because preoxidation effects
strongly depend on the hydrogen/oxygen ratio, experi-
ments were carried out over a range of H,/O, ratios. Also,
to ascertain that the mixture inside the annulus was the
same as the surrounding mixture, a slight modification to
the procedure was made: after addition and mixing of the
constituent gases and before ignition, several liters of the
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Fig. 16 Effect of igniter length on ignition temperature.

gas mixture were drawn through the annulus with a pump
attached to a special fitting at the bottom of the simulator.
The ignition temperatures with the covered-bottom
simulator were generally lower than those with the open
bottom; extreme lean mixtures ignited at temperatures
30 °C lower. This is probably due to the preheating of the
gases within the annulus. Whether extreme lean mixtures
can be realized in a nuclear reactor calandria is not clear.

Flat-Plate Igniter

Whereas the four-pin and annular adjuster rod simula-
tors are specific to Pickering and Darlington reactors,
respectively, and are likely to achieve the highest
temperatures, a flat-plate igniter describes a generic hot
surface that may be present in any reactor calandria.

The experimental procedure for determining the
ignition temperature with the heated flat plate is similar to
that for other geometries with one exception: the heat-up
time for the flat plate, because of its mass, is much longer
than heat-up times for other igniters; however, as
discussed earlier, the heat-up time has no significant
effect on the measured ignition temperature for a freely
ventilated surface.

The orientation of the igniter is an important param-
eter that affects ignition. Although the adjuster rod
orientation has invariably been vertical, a flat surface
present in the reactor calandria may have any orientation.
The effect of igniter orientation (of a flat plate) was

determined by measuring the ignition temperatures of
hydrogen/oxygen/helium/steam mixtures with the hot
plate in four different orientations: (1) horizontal with hot
side down, (2) horizontal with hot side up, (3) shrouded
horizontal plate with hot side down, and (4) hot side
vertical.

Figure 17 shows the ignition temperature plotted as
a function of the initial pressure for various plate orienta-
tions and indicates that the ignition temperature is a
strong function of the orientation. The highest ignition
temperatures are observed when the plate is vertical with
natural circulation over the surface; the ignition tempera-
tures are not significantly different for the horizontal hot
surface with the hot side facing down.

A significant decrease in the ignition temperature is
observed when the plate is horizontal with the hot side
facing up. In this orientation, the ignition temperatures
are approximately 100 °C lower than those for other
orientations. Because severe convective flows with strong
recirculation zones that normally lead to higher ignition
temperatures exist on the upper surface, this result is
surprising; however, a closer examination of the tempera-
ture distribution in the gases in the vicinity of the upper
and lower surfaces indicates that the experimentally
observed behavior is reasonable. Figure 18 shows typical
temperature distribution in the gas around the hot plate,
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Fig. 17 Ignition temperatures for the hot-plate igniter.
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800°C

Fig. 18 'Typical temperature distribution around a hot plate.

which is maintained at 600 °C. On the lower side of the
plate the temperature gradient is steep, and on the upper
side it is small. In fact, a layer of gas that is several
centimeters thick and heated to high temperatures
(approximately 400 to 500 °C) is on the top surface. This
situation is similar to the one in which ignition occurs in
a preheated gas. It has been shown theoretically (in the
theory section) that the ignition temperature decreases as
the initial gas temperature increases.

-On the lower side of the plate, the preheated gas layer
is ‘thin, and a strong temperature gradient is across the
layer. This causes the heat and radical species to be lost
from the reaction zone at-a much higher rate than when
the plate is horizontal with the hot side up. The ignition
behavior in this case would be similar to that of a vertical
plate or a rod.

| THEORETICAL ANALYSIS

The Physical Model

Figure 19 shows a schematic of the hot-surface
ignition model. The assumption is made that the
flammable mixture is suddenly exposed to a hot surface.
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Fig. 19 Schematic of the ignition model. T, is the temperature of
the hot surface (k); T is the gas temperature (k), where Ty =
T(0,x) = T (t, < ); and y; is the species mass fraction, where y; (0,x)
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Heat is transferred from the hot surface to the adjacent
gases by conduction. This raises the temperature of the
gases close to the hot surface to a high enough tempera-
ture to cause exothermic chemical reactions in the gas
phase. Whether an ignition can occur depends on the net
rate of active species and heat generation, which is the
difference between the production rate of the active
species and heat by chemical reactions and their loss to
the cooler gas by diffusion and conduction. The reactions
occur through several elementary steps. The following
assumptions are made in developing the model:

1. The diffusion of species and energy is one-
dimensional.

2. The temperature -of the hot surface remains
constant and uniform, independent of time.

3. The pressure in the gas phase remains uniform and
constant.

4. 'The ignition surface is noncatalytic (i.e., inert) and
does not participate in the chemical reactions.

Although .some of the. assumptions ‘appear. to be
unrealistic - at_first ‘glance, they are not. limiting. If the
ignition surface is vertical, for example, a buoyant flow
is induced over the ‘hot surface, and the flow will be
two-dimensional; however, because the gases heat up as
they move upward, and ignition is essentiaily confined to
a thin boundary layer where the connective velocities are
low, the heat transfer to the gases occurs essentially by
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conduction. Intuitively, a convective flow can be visual-
ized as a thin one-dimensional slab of gases in contact
with the hot surface moving vertically (i.e., a series of
thin one-dimensional slabs at consecutive instants of
time stacked on top of one another). In this situation, the
one-dimensional model adequately describes the ignition
phenomenon. The most severe assumption is the one
involving the nature of the ignition surface. Most surfaces
are catalytic and promote surface reactions by reducing
the effective activation energy of the reactions. A
reaction that has a high activation energy requires a high
temperature if it has to occur in the gas phase; however,
a reaction can proceed at an appreciable rate in the
presence of a catalyst. Most surfaces normally encoun-
tered in practice, including those which are used in
nuclear reactors, are only mildly catalytic and do not
significantly affect the reaction rates. In the case of a
mildly catalytic surface, the slow catalytic reactions
gradually consume the combustible mixture to form
products. The effect of such a surface becomes signifi-
cant only when the volume of the combustible gas is
small, such as in a small-scale apparatus. Thus, when
ignition is modeled in a small enclosure, the effect of
surface reactions and reactant depletion should be included.

In contrast to experiments, a uniform and constant
surface temperature is assumed in the model. As will be
described later, in the experiments the surface tempera-
ture was ramped, and the ignition temperature was
reached only slowly (~120 seconds). Such a slow ramp-
ing would result in some preoxidation and consumption
of the reactants; however, as has been demonstrated by
experiments, the oxidation reactions become significant
only above a certain minimum surface temperature.
When ignition occurs, the reactions become explosive
within a fraction of a second (<100 milliseconds), and
the ramp rate has no influence on the measured ignition
temperature. The assumption of constant pressure is
generally valid because there is no combustion until
ignition occurs.

As mentioned earlier, although the overall reaction
between hydrogen and oxygen can be represented by the
simple stoichiometric relationship,

2H, + 0, — 2H,0

the actual reaction mechanism is very complex. Direct
collisions between hydrogen and oxygen molecules are
generally not successful. In fact, for the reactions to occur
at an appreciable rate, active radical species such as [H],
[O], [OH], or [HO,] should be present in the mixture.

An ignition device such as a glow plug or spark plug will
act as an initial source of radicals. Once appreciable quan-
tities of radical or atomic species are produced, the reactions
become self-sustaining and proceed as follows:'?

H+ O, ¢ OH+O
O+ H, & OH+H
H+ O, & HO,

and so on.

The Mathematical Model

These equations describe the ignition:

Overall continuity
dp/ot+d(pu)/dx=0 )
Species conservation
(pdy; / 9t) + (pudy, / 9x)
=dlpD,M,,} Oy M)/ 0x1/dx+w, (2)
Conservation of Energy
(poh/ 1) + (pudh/ dx) =[0(AOT / 0x)/ ox]

+{0lpD M, d(y;M,,)/ 9x1}/3x  (3)

where D; = diffusion coefficient of species, i
y; = species mass fraction
T = gas temperature (absolute)
p = mixture density

The thermal conductivity A of the mixture can be
approximated by

{2( ) Z(X/k)}

2

A=

where X; is the species mole fraction and A, is the species
thermal conductivity.!®> The dependence of thermal
conductivity on temperature is assumed to be of the form
A = A (T/T,)". The mixture molecular weight, M, is
defined as M,, = (X y/M;)~!. The net rate of production,
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w; of the ith species is given by w; = X wy;, where w;;
is the production rate of the species (f) in the kth
reaction X v/ A, > X v} A; and is given by
Wi = M,~(vi”’k ~ Vi, Jo,. The reaction rate of the kth
reaction is given by O =k, Ilc;** — kg e ™,
where k. and k, are the rate constants for the forward
and reverse reactions, respectively. The mixture enthalpy,
h, is defined as k& = X h;y;, where h;= h;, + | C,;dT and
h;, is the heat of formation of the species i.

The preceding equations are solved with the following
initial and boundary conditions:

¥i(0,%) =y (t,00) =7

T(0,x) =T(t,e0) =T,

T7(t,0) =T, fort >0 4)
v(,0) =v(0,x) =0

dy;/dx =0atx =0and

v(t,00) =0

Numerical Solutions

Equations 1 to 4 were solved numerically with the use
of the forward-difference technique. The forward-
difference scheme is stable for D(DA#Ax? < 0.5; for
reasonable accuracy, both time and space step sizes,
At and Ax, should be kept small. In the computations,
Ax was maintained constant, whereas Ar was reduced or
increased as dictated by stability. The time step size
ranged from approximately 107 second initially to <1078
second as ignition was approached. The space step size
selected was on the order of 0.05 to 0.1 mm.

The model considered a total of nine species—[H],
[OH], [0}, [HO,], [H,0,], [H,], [0,], [H,0], and
a diluent, such as nitrogen, helium, carbon dioxide, or
argon. The assumption was made that these diluents do
not participate in the reactions; however, they act as third
bodies that absorb or give up energy during collisions,
for example, in the following reactions:

H+H+M & H,+M
H+OH+M & H,O0+M (&)

where M stands for {He], [CO,], [N,], or {Ar}. The third
bodies -absorb energy and terminate the chain-branching
reactions. The definition of the third body includes stable
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molecules of reactants and products, such as [H,], [O,],
and [H,0] also. The third-body effectiveness of various
diluents differs, with steam having the highest effective-
ness of 6.5 relative to hydrogen. The third-body effective-
ness of other molecules is close to that of hydrogen,
which is unity. The detailed kinetic scheme® used is
extracted from Burks and Oran’ and Kailasanath et al.'4

Ignition Event and ignition Temperature

The definition of the ignition event is important when
determining the ‘ignition temperature. Experimentally,
once ignition occurs, a ‘combustion wave propagates
rapidly-throughthe -unburned. mixture, and there is an
attendant increase of pressure ‘in the vessel. For most
mixtures investigated, combustion was complete in less
than a second. Experimentally, the instant of ignition is
easily discernible fromthe pressure - trace, ‘and the
temperature -corresponding to this instant can be read
from - the -temperature -trace. ‘In practice, the instant of
ignition was determined by first scanning the pressure
data file on the computer. The igniter surface temperature
is determined by scanning the temperature data
corresponding to this instant. For the four-pin igniter, the
average of the temperature readings of the four mid-
location thermocouples was used. For other igniters, the
highest igniter surface temperature recorded at the instant
of ignition is taken as the ignition temperature.

Theoretically, the definition of an ignition event is
complex and somewhat arbitrary. It may be defined as
either the instant at which the heat generated at any point
in the gas exceeds. the heat losses from that point or the
instant at which the temperature at any point in the gas
exceeds the temperature of the hot surface. In the present
work, the latter definition is used to define the ignition
event. Criteria based on concentrations of the intermedi-
ate species, such as [H], [OH], and [HO,], or their rate of
change may also be used to define ignition.

The definition of ignition as the achievement of a
certain gas. temperature- in ‘excess of ‘the “hot-surface
temperature -is arbitrary; different ignition times would
result for different excess -gas temperatures;- however,
once the thermal runaway begins, the temperature rise in
the gas is so rapid that almost all ignition criteria produce
the same ignition delay.®

Minimum Surface Temperature
Required for Ignition

Theoretically, an adiabatic system can be considered
ignited at all temperatures. "The heat -generated by the
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reactions gradually increases the temperature of the gases
until runaway occurs; however, in practice, this does not
occur. The heat generated at room temperatures is not
sufficient to accelerate the reactions, and the reactions are
suppressed by the loss of heat and active species. It has
been observed that a definite minimum hot-surface
temperature is required to achieve ignition. Below this
minimum temperature ignition will not occur no matter
how long the gases remain in contact with the igniter
surface; above this temperature ignition occurs within a few
milliseconds. The minimum surface ignition temperature
(MSIT) is closely related to the AIT of the flammable mix-
ture. This is the minimum temperature to which a uniform
mixture of a flammable gas should be raised to achieve igni-
tion. The AIT is lower than the MSIT by approximately
100 °C. Theoretically, ignition will result if a slab of a com-
bustible mixture, equal to the laminar flame thickness, is
raised to its AIT; however, because of loss of heat and active
species from the reaction zone, the thickness of the slab of
gas that should be raised to AIT is much larger. Typically, a
slab of 5 to 10 times the laminar flame thickness is required.
To maintain a slab of this thickness at or above AIT requires
a surface temperature considerably in excess of the AIT.

The eventual outcome (i.e., ignition or no ignition)
of exposing a combustible gas mixture to a hot surface
is related to the ignition delay or the induction time.
Figure 20 shows the computed ignition delay as a func-
tion of the hot-surface temperature for several hydrogen/
air mixtures, initially at 300 K and 100 kPa. The ignition
delay is short for a high-surface temperature and rises
exponentially as the surface temperature decreases.
Below 1000 K, the ignition delay shows a sharp increase.

Ignition is assumed to occur when the induction time
(or ignition delay) is small, on the order of a few millisec-
onds. When the induction time is large, on the order of
seconds, there is ample time for active species to diffuse
out of the reaction zone, and ignition may not occur.
Theoretically, no ignition will correspond to infinite
ignition delay. It has been shown® that, for a given
hydrogen/oxygen/diluent mixture, the ignition delay (7*)
at any surface temperature (7;) is related to the hot-
surface temperature for infinite ignition delay (T,.) by
the relationship

T, =T, " (6)

From Eq. 6 it is clear that as 1" — oo, T, — T., and that
for T;— o, " — 0. These are in agreement with the
experimentally observed facts of limiting surface
temperatures required for ignition.
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Fig. 20 Variation of induction time with surface temperature for
hydrogen/air mixtures. T is the temperature of the hot surface
(k) and A is the characteristic time constant (seconds).

When the £ vs. T, curves were drawn in Fig. 20, the
induction times were calculated by solving Egs. 1 to 4
numerically for each hot-surface temperature. From the
calculated values of ¢, the unknown quantities T,, and A
were evaluated. Note that only two values of ¢* are
required to deduce these unknown quantities; however,
both 7., and A converge to their final values as induction
times become larger and larger. The quantity T, is the
desired minimum hot-surface ignition temperature, and
the parameter A depends on the mixture stoichiometry.

With the use of the preceding procedure, the minimum
ignition temperatures were calculated for a range of
hydrogen/air mixtures and are shown in Fig. 21. For
comparison, the experimentally measured ignition
temperatures in the 2.3-m-diameter sphere with the four-
pin hot-surface igniter® are also shown. The heater/igniter
surfaces are prone to aging, and with time the surfaces
become oxidized and acquire catalytic properties; thus an
experiment repeated after a considerable lapse of time
may indicate a slightly different ignition temperature.
Some of the scatter of the ignition temperature data in
Fig. 21 may have resulted from this. The agreement
between the measured and calculated MSITs is good.
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Fig. 21 ‘Comparison . of measured and calculated minimum
ignition temperatures for hydrogen/air mixtures.

Although a good agreement between the calculated
and predicted MSITs is an indication of the validity of
the model for hydrogen/air mixtures, the mixtures
encountered in the reactor calandria vessel, as mentioned
previously, consist ‘of deuterium, oxygen, helium, and
steam with deuterium and oxygen existing in stoichio-
metric proportions. Thus it is important to establish the
validity of the model for a range of cover-gas mixtures.
Experiments were therefore performed in our 2.3-m-
diameter vessel with mixtures representative of those in
the reactor calandria. Figure 22 shows the measured and
calculated MSITs for stoichiometric hydrogen/oxygen/
helium - mixtures containing 30%. steam. The measured
temperatures are higher than the calculated values by
approximately: 25 °C. Earlier ‘experiments with these
mixtures had indicated that the calculated values were
approximately 10 to 15 °C higher than those measured.
In view of the assumptions made "in formulating .the
model, the agreement is reasonably.good.

Figure 22 also shows the measured and calculated
MSITs for the carbon dioxide diluent, As with steam, the
measured ignition temperatures are slightly higher than
the calculated values; however, the discrepancy in this
case is not large (~10 °C) and is attributable to approxi-
mations made in the model. In the model the assumption
has been made that carbon dioxide is inert and :acts
only as a heat sink. If all the reactions involving carbon
dioxide were included in the calculations, a better agree-
ment may result.
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Fig. 22 Comparison of measured and calculated minimum
surface ignition temperatures for stoichiometric hydrogen/
oxygen/helium mixtures containing 30% steam.

Effect of Initial Temperature on MSIT

As -explained earlier, -as the initial temperature
increases, one would expect the MSIT to decrease. Most
of the experiments reported here were performed at initial
temperatures in the range of 25 to 125 °C. At these
temperatures the radicals responsible for runaway chemi-
cal reactions -are not formed at a rate sufficient to influ-
ence the ignition behavior. At low and moderate initial
temperatures, ‘the rates of reverse reactions in which the
radicals recombine to form stable species are much faster
than the forward reaction rates in which the radicals are
produced, ‘which offers ‘a qualitative explanation of the
observed insensitivity of the MSIT to initial gas tempera-
tares. Theoretical investigations: indicate - no ‘significant
change in the induction times. for initial temperatures up
to 500 K. Because ignition temperatures are related to the
induction times, as. in Eq. 6, it can be concluded that the
effect of initial temperatures up to 500 K on MSIT is not
significant. ‘

It is. clear: from the preceding discussion that the
present one-dimensional model adequately describes the
ignition behavior, and the model can be used with




ACCIDENT ANALYSIS 89

reasonable confidence to predict the ignition behavior in
CANDU cover-gas mixtures.

IGNITION IN AN IONIZING
RADIATION FIELD

The gases in" a reactor calandria are exposed to very
high intensity ionizing gamma-radiation fields. These
radiation’ fields, upon interaction with gas molecules,
cause the gases to dissociate. The products of dissociation
are the atoms and free radicals, such as [H], [OH], and
[O]. Because explosive chemical reactions occur via
chain-branching reactions involving atoms and radical
species, it is reasonable to expect that high-intensity
gamma radiation present within the reactor calandria will
significantly affect the ignition process. Experimental
work on the effect of radicals on ignition and flame
propagation is scant. Some work has been done in the area
of photochemical ignition xenon lamps and excimer lasers
by Lavid and Stevens,! Lavid and Blair,'6 Lucas et al,!’
and Forch and Miziolek.'® Some studies by Ward and Wu!®
and Ward? with microwave/flame-plasma’ interactions
indicate that significant flame-speed enhancement occurs in
the presence of radiation. No experiment has ever been
performed in a gamma field to determine behavior.

Equations 1 to 6 remain valid for hot-surface ignition
of a combustible mixture in a radiation field; only a slight
modification to the source terms of the species and
energy is required. When a stable species such as oxygen
is subjected to radiation, it undergoes the following
excitation process:2!

0,=0+0*

0, = Oy(a'Ag)

0,=0,b"' X))

0,=0,43 7))

0,=04B* X)) Q)

which dissociates to OCP) + O('D).

The overall yield of radical species and atoms from
the primary excitation process of the gaseous species is
characterized by the G-value of the process (G = 100/W,
where W is the mean energy in electron volts required to
produce an ion pair). The G-values for dissociation of O,
and - water vapor are approximately 3 and 7, respec-
tively.222 The radiolysis of water vapor results in the
formation of H, OH, O, and H,. The primary yields of

O and H, (1.08 and 0.45, respectively) are small compared
with those of H and OH (7.4 and 6.2, respectively), and it is
therefore assumed in the present calculations that the primary
products of water vapor radiolysis are H and OH.

The energy absorbed by the gaseous species depends,
to a good approximation, on its electron stopping power
(S, and concentration (§; ). The stopping powers of he-
lium, steam, and oxygen relative to hydrogen are 0.951,
4.331, and 6.767, respectively,? and the major absorbers
of radiation are water vapor and oxygen. It was therefore
assumed in the model that no radiation was absorbed by
hydrogen. The fraction of the total -energy absorbed by
each species (o) was calculated as o; = §;5;/ 2 &, S;.

Gases are generally poor absorbers of radiation, and
they typically absorb approximately 0.01 to 1% of the
incident radiation. In the region of 100 MeV, the
absorption is mainly due to ion-pair production. For
water exposed to gamma rays with energies on the order
of 10 to 100 MeV, the mass absorption coefficient is
approximately 0.02 cm?/g, which is nearly independent
of the incident photon energy.2* The absorbed energy can
be calculated from the relationship

I=1 e (8)

where I, is the incident radiation, d; is the optical path
length, and € is the extinction coefficient. For typical
values of p, €, and d;, Eq. 8 indicates that the energy
absorbed is approximately 0.01% of the incident energy.
Because the total energy absorbed by the gases is not
known precisely, the present calculations were carried
out over a range of absorbed dose rates. Thus an absorbed
dose rate of 107 Gy/h corresponds to an incident radiation
of 10° Gy/h with 1% absorption and 10! Gy/h with
0.01% absorption.

In a continuous radiation field, near-steady-state
conditions are expected to prevail. The H, O, and OH
radicals produced by the dissociation of water vapor and
oxygen molecules react with other species and produce
other radical species; for example, H, O, and OH produce
HO, and H,0, in the following reactions:

H+02—-0+0H
H+02—-HO

OH+OH+M —» H,0,+M
O+0OH+M—-HO,+M )

Thus an ionizing radiation field alone will yield all the
radicals that are normally present in a flame. For an

NUCLEAR SAFETY, Vol. 36, No. 1, January-June 1995
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evaluation of the ignition behavior in the presence of a
radiation field, it is necessary to first calculate the steady-
state species concentration in the gas caused by radiation
and then introduce the hot surface, -

With radiation-induced dissociation, the - production
rates (i.e., source terms) for H,0, O,, H, O, and OH .are
calculated as :

w; =X w,  okeM;, k=ok'R a0

dissociation rate (the ‘val-
ues of k! are 2.9 X 1013

and 0.97 x 10-13 -for water
vapor and oxygen, Tespec-

where k; (mol » g1+ s7)

tively)

¢; = - mass concentration . of
species i

R -~ = absorbed dose rate =

production rate -of species
in the elementary reaction
, step k
subscript i - = ~H,0, 0,5, H, 0, or OH

o, stoichiometric. -coefficient,

which is unity for H,0, H,

OH, and O, and two for O-
atom production

Wik

The sign of the last term in Eq. 10 is negative for i = H,O
and. O, and positive for'i = H, O, or OH. The absorbed
radiation dose rate is assumed. to be. proportional to the
mass concentration of the species absorbing it.

At the moderate initial temperatures considered in this
work, ‘the ‘radical species have a short life span.and
readily. react to form water and other stable species.
During computation of near-steady-state concentration of
species in a radiation field, it was observed ‘that the gas
temperature increased, although only slightly, in response
to.energy released by the species recombination process.
As-mentioned -previously; the ‘effect  of ‘moderate
increases . in the ‘initial -gas' temperature on ignition- is
small, ‘and ‘the effect of: slight preheating of the gases
caused by radiation can be neglected.

Note that the ignition path or sequence assumed in the
present -analysis may not be identical to the one that may
occur in the reactor vessel. In reality, radical buildup and
surface ‘heating occur simultaneously, ‘and the calculated
MSIT ‘may be different from the actual; however,
because the radical equilibration times are much shorter
(=107 second) than the surface heatup time (~100 seconds),
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ignition occurs in an initially steady concentration field. It
is therefore expected that the assumptions made in the
present -analysis may produce minimum surface ignition
temperatures near the actual values.

Figure 23 shows the ignition delay plotted as a
function of the hot-surface temperature. for various
absorbed dose rates. There is no change in the computed
ignition delays for absorbed dose rates below 107 Gy/h.
The figure clearly shows that, as the dose rate increases,
the induction time decreases, even if only slightly. If the
minimum surface temperature at ignition (7). is
computed with the use of ‘the procedure- outlined
previously (see Eq.'6), the curve in Fig. 24 is obtained.
As the radiation field increases, the calculated MSIT
decreases; the decrease, however, is small (~20 °C) over
the range of absorbed dose rates (0 to 10° Gy/h). The
effect is negligible for radiation fields of interest. in
nuclear reactor safety analysis.

So that the validity -of : the model ‘could be tested,
experiments were performed in the 2-dm? instrumented
vessel, described earlier, placed in :anaccelerator.: The
glass windows -on- the ‘vessel were replaced by two
0.3-mm-thick, 3-cm-diameter aluminum windows
capable of withstanding the combustion overpressures
and ‘placed diametrically. opposite each ‘other, which

Hydrogen 20%
Oxygen 10%
2 5 | Helium 40%
’ Steam 30%
Rate (Gy/h)
—_ 20 0 23x10° -
g 0 2.3x108
- ¢ 23x107
E A0
8 15}
o
2
=
2901
0.5+
1

0.0
950 1000 1050 1100 :1150.. 1200
Surface temperature (K)

Fig. 23 - Effect of ‘absorbed radiation dose rate on calculated
induction times,
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Fig. 24 Effect of absorbed dose rate on calculated ignition
temperatures.

provided a path of minimum resistance to the gamma
rays. The desired gas mixture in the vessel was obtained
by adding component gases to the required partial pres-
sures. Dry steam was added through heated lines from a
small pot boiler. The experiments were performed from a
remote control room situated approximately 50 m from
the target area.

The source of radiation for the tests was a 300-MeV
linear accelerator with a pulse stretcher ring at the Uni-
versity of Saskatchewan.?S The unit produced a continu-
ous beam of 10 to 100 MeV gamma photons of fluxes
up to 5 x 10" MeV.cm™?-s! (~5x10° Gy/h) and
a pulsed beam of much higher peak intensity
(10" MeV . cm™. s7}) with a beam diameter of 2 cm.

Experiments were performed over a range of initial
pressures from 27 to 100 kPa with stoichiometric hydro-
gen/deuterium/oxygen/helium/steam mixtures with 20%
hydrogen and 30% steam at an initial temperature of
100 °C. The tests were carried out in both pulsed- and
continuous-beam modes. In both cases the radiation
beam was a broad spectrum of bremsstrahlung photons
from 150-MeV electrons impacting on a metal target.

In the pulsed mode, the pulse duration was 1.3 us
delivered at 10 Hz. The peak gamma flux during the
pulse was estimated to be 10'® MeV - cm™. 571 No effect
on ignition temperature attributable to the radiation field
was observed. Calculations with the model indicate that a
pulse duration much shorter than the ignition delay
should not affect the overall ignition behavior because of

the short lifetime of the radical species at moderate
temperatures. Unless the radiation is sustained, radicals
produced by radiolysis decay within a few microseconds.
Typical induction times for test mixtures at surface
temperatures close to MSIT are calculated to be on the
order of 5 to 10 milliseconds. Therefore a shortening of
the ignition delay by at least two orders of magnitude by
radiation sensitization would be required if the radiation
pulse is to produce an effect on MSIT. The presence of
radiolytically produced radical species shortens the
ignition delay approximately by a factor of 2 for a tenfold
increase in the dose rate. Unless the peak of the pulse is
sufficient to produce an ignition delay of the same order
as the lifetime of the species, no effect can be expected.
For the peak-incident radiation intensities used in the
present experiments, the ignition delay is still far greater
than the lifetime of the species. That no change was
observed in the experimentally measured MSIT is an
indication that the short pulse duration was too short to
affect the ignition behavior, which is in agreement with
theoretical predictions. Lavid, Stevens, and Westbrook?6
showed that a 100-us-wide pulse produced an oxygen
atom mole fraction of 107 and caused autoignition.
A radiation pulse of similar width and a dose rate of the
order of 102 Gy/h is required to observe autoignition in
our experiments.

Table 1 summarizes the results of experiments
performed with the accelerator in the continuous beam
mode. No effect of radiation was observed on the ignition
temperature. The highest incident beam intensity
obtainable in the continuous mode was approximately
5 x 10% Gy/h (the intensity of interest in nuclear reactors
is on the order of 107 Gy/h). Theoretical calculations,
shown in Fig. 23, indicate that the lowest absorbed dose
rate at which a measurable change (~10°C) in MSIT
could be observed is greater than 107 Gy/h. That an
incident dose rate of 5x 10°® Gy/h (~5 x 10> Gy/h
absorbed) did not show any reduction in the measured
MSIT is therefore not surprising.

Because the ignition delay (and thus MSIT) depends
on the lifetime of the species, experiments were
performed at low initial pressures (the lifetime of the
species increases as the pressure decreases); however, as
the pressure decreases, the absorption of radiation
decreases and thereby reduces the concentration of the
active species. The net result was that, once again, no
effect was observed. Experimental investigations carried
out with hydrogen-rich mixtures and tests in which
hydrogen was replaced by deuterium also showed no
measurable effect on MSIT.

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995



92 ACCIDENT ANALYSIS

Table 1. Summary of Hot-Surface Ignition Tests in Continuous
Beam Radiation Field: Photon Flux >1013 MeV . cnr? - 5!

Mixture composition, %

Pressure, Number MSIT* Beam
H, O, He Steam kPa of tests °C on/off
20 10 40 30 100 14 789+ 1 Off
20 10 40 30 100 3 789+ 1 On
20 40 10 30 100 2 770+ 2 Off
20 40 10 30 100 2 7113 On
20 10 40 30 50 4 768+ 5 Off
20 10 40 30 50 3 771+ 4 On
20 10 40 30 27 2 7653 Off
20 10 40 30 27 1 765 On
20 10 70 0 50 1 677 Off
20 10 70 0 50 1 676 On
60 10 0 30 100 2 T85+2 Off
60 10 0 30 100 1 786 On
20D, 10 40 30 100 1 806 Off
20D, 10 40 30 100 1 806 On
2:1 Hy-air 30 100 i 794 -Off
2:1 Hy—air 30 100 1 794 On

“MSIT, minimum surface ignition temperature.

Conservative estimates of the maximum control rod/
adjuster rod surface temperatures achievable (~588 °C)
in a CANDU reactor calandria during a postulated loss-
of-moderator . accident show a considerable safety
margin.?’

CONCLUSIONS

Extensive small- and large-scale experiments have
been carried out to determine the ignition temperatures
in flammable hydrogen/oxygen/diluent mixtures likely
to be present in the CANDU reactor calandria vessel
during a postulated loss-of-moderator accident. Electri-
cally heated igniters simulating the CANDU absorber/
control -rods were used :to ignite ‘the ‘mixtures. It was
found: that ignition temperatures were -not sensitive to
the -hydrogen concentration -and-the initial temperature
over the range -of investigation. Pressure, however, had
a significant effect. The effect: of diluent ‘on ignition
temperature was found to depend on the diluent type
and‘its concentration. Because of the third-body effec-
tiveness, the ignition temperatures with steam were
much higher than those with any other diluent. The
addition of 30% steam to a hydrogen/oxygen/helium
mixture.increased the-ignition temperature by approxi-
mately . 100 °C. Experiments have also. indicated that

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995

the effect of catalytic preoxidation (recombination) has
no significant effect on ignition temperature at low and
moderate rates of preoxidation. For surfaces (and cer-
tain mixture compositions) exhibiting high rates of
preoxidation, a significant increase in the ignition tem-
perature. was observed. A one-dimensional ignition
model was found to adequately describe the hot-surface
ignition process. For the cases analyzed, the agreement
between theoretical and experimental ignition tempera-
tures was good. '

Theoretical ‘analysis of ignition in a radiation field
showed that an absorbed dose rate in excess of 107 Gy/h
is required to produce a perceptible reduction in MSIT. A
change in the absorbed dose rate from 10 to 10'° Gy/h is
predicted to change the MSIT by approximately 20 °C.

Experimeants ‘performed in. an accelerator with
pulsed and continuous radiation beams with incident
gamma fields.of 10'%.and 5 X103 MeV .« cm2. s7L re-
spectively (corresponding to 10° Gy/h and 5 x 10° Gy/h),
showed ‘no change - in MSIT. For: radiation fields of
interest in nuclear reactors, the effect of ionizing
radiation on MSIT is small.

Considerable safety -margin . exists between the
maximum estimated control rod temperature and the
required - ignition -temperature 'in' a. CANDU reactor
calandria.
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Coupled RELAP5 and CONTAIN Accident
Analysis Using PVM

By K. A. Smith,? A, J. Baratta,? and G. E. Robinson?

Abstract: This article describes ‘the ‘development of an
integrated -accident -analysis capability considering both
reactor vessel and -containment system responses. - This
integrated package, which uses the RELAP5 and CONTAIN
computer codes, provides the user with greater accuracy and
modeling. flexibility - when compared -with accident--anglyses
using these codes separately. Multiprocessing, together with
message-passing-based data transfer, enables these concurrent
RELAPS and CONTAIN calculations. The data transfer facili-
tates the coupling between the reactor vessel and containment
portions of the calculation. The Parallel Virtual Machine soft-
ware:system running on a network of IBM RISC System/6000
workstations provided the multiprocessing capabilities
required for this work. The results of an anticipated-transient-
without-scram scenario for .a boiling-water reactor nuclear
power-plant .are provided. For the scenario analyzed, the
containment temperatures and pressures that were predicted
on the basis of the stand-alone codes and standard analysis
methods were lower (i.e., less conservative) than those
predicted with the use of the integrated code package.

For a detailed analysis of a nuclear power plant for
accident conditions, -separate calculations are currently
performed on the reactor vessel and containment system.
These separate calculations are necessary because most
of the detailed accident analysis codes in use today
concentrate on either the reactor vessel and primary
system (in-vessel) or the containment system (ex-vessel)
portion -of 'the calculation. 'When calculations are
performed with the use of separate codes, the coupling
between the 'in-vessel and ex-vessel phenomena is not
precisely modeled. In practice, this coupling is provided
by ‘using the results of the in-vessel calculation to drive
the ex-vessel-calculation, often without regard to the fact
that  containment -conditions ‘can influence  in-vessel
conditions, For certain transients, such as an anticipated-
transient-without-scram (ATWS) scenario at a boiling-

90ak Ridge National Laboratory, Oak Ridge, Tennessee 37831-
6392.

bThe Pennsylvania State University, University Park, Pennsylva-
nia 16802.
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water reactor (BWR) plant, the coupled system ‘and
containment response can be important. The analyses of
the current Advanced Light-Water Reactor (ALWR)
concepts, which by design couple the reactor and contain-
ment systems, also require an integrated analysis capabil-
ity to accurately predict plant behavior. The ideal solution
to this problem would be to integrate the in-vessel and
ex-vessel code calculations without significantly increas-
ing computation time.

Such ‘codes as.the Transient Reactor ‘Analysis Code
(TRAC)!? and the Reactor Loss-of-Coolant Analysis
Program (RELAP)? were developed to accurately model
the thermal-hydraulic ‘behavior of the reactor primary
system during normal operating and transient conditions.
The CONTAIN* code was developed to predict the
performance of containment systems during design basis
and severe accidents. Such codes as MELCOR? provide
the capability to perform both in-vessel and ex-vessel
analysis; however, the analyses performed are not
intended to be best-estimate.

This article outlines the development of an integrated
accident analysis capability to simulate the response
of the entire reactor system using the RELAPS and
CONTAIN computer codes. This integrated code system .
provides ‘the user with the capability of performing
integrated calculations using the current best-estimate in-
vessel and ex-vessel analysis codes endorsed by the
Nuclear Regulatory -Commission (NRC). The multipro-
cessing platform chosen for the implementation of this
integrated calculation is a network of UNIX-based IBM
RISC System/6000 . workstation computers ‘using :the
Parallel Virtual Machine (PVM) software system.®

PVM SOFTWARE SYSTEM

This section outlines the function and syntax ‘of the
PVM :Version 2.3 constructs used .in the integration . of
RELAPS and CONTAIN calculations. The PVM User’s
Guide contains more ‘detailed information on these
routines and the syntax of their invocation.”
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Overview

The PVM software, which was designed to provide
multiprocessing capabilities on a loosely coupled
network of diverse computer systems, is divided into
two separate pieces: the first is a daemon process that can
be installed by any user, and the second is a user interface
library that contains routines for process management,
interprocess communication, and synchronization. A key
concept used in the PVM system is that of a component.
Under PVM, application programs are divided into
components; each component represents a relatively
independent portion of the original program. For the
purposes of this work, the RELAP5 and CONTAIN
codes can be considered components.

User Interface Routines

The PVM user interface routines were originally
developed with the use of C programming language. For
access to PVM routines from FORTRAN programs,
FORTRAN to C interface routines are provided. These
FORTRAN to C interface routines were used because
both RELLAPS and CONTAIN are written in FORTRAN.
The routines of interest can be divided into two distinct
areas, process management and data transfer. What
follows is a brief description of selected user interface
routines to introduce the reader to some of the capabili-
ties of the PVM system. The PVM User’s Guide contains
detailed description of all the PVM user interface routines
and the syntax for their use.’

Process Management. The first set of routines
presented deals with process initiation and control. In
PVM terminology, a process is any executing portion of
a component. Each process is identified by the compo-
nent name and a positive instance number. Before any of
the PVM user interface routines are invoked, a process
must call the “fenroll” routine, which enrolls the compo-
nent as a PVM client process. Conversely, the “fleave”
routine is used to notify PVM that a process has
completed execution and is leaving.

To initiate a process, the “finitiate” routine is used
with a component name as an argument. PVM will then
initiate the specified component and return the instance
number of the process to the user. PVM provides several
different modes for process initiation with the use of
variations of the “finitiate” command. The “finitiate”
command initiates a component on a machine of the
specified architecture. If the “finitiate” command is used
with the architecture set to NULL, PVM chooses the
location for component initiation. The “finitiatem”

command is used to initiate a component on a specific
machine.

Data Transfer. Because the PVM system was
designed to run on a network using different computer
architectures, the data transfer between different ma-
chines must be accomplished in a machine-independent
manner. In the PVM system a message destination is
specified by a (component-name, instance—number) pair
because the location of a process is by design unknown to
the user program. The following example illustrates the
use of selected PVM data transfer routines.

First, “finitsend” is used to initiate the send buffer.
Following initiation of the send buffer, the message is
composed by placing data into the send buffer; for
example, “fputnint” places an integer array into the send
buffer, whereas the “fputndfloat” places a double-
precision array into the send buffer. After the message is
complete, “fsnd” sends the message to a specific instance
of a component using the supplied message type. The
“frcv” routine receives a message of the specified type.
Extraction of the data from the message requires the use
of the companion routines to those used to compose the
message. The “fgetnint” and “fgetndfloat” extract the
integer and floating point data placed in the message
buffer by the “fputn[int,dfloat]” constructs.

RELAPS/CONTAIN INTERFACE

The SCDAP/RELAP5/MOD3/7AF code package®
developed at Idaho National Engineering Laboratory
(INEL) for the NRC is used to perform the in-vessel
portions of the calculation. This code was developed as
a best-estimate transient analysis program for scenarios
involving light-water-réactor power-plant accident
scenarios. The RELAP5 code models the thermal—
hydraulic behavior of the reactor coolant system and the
core during normal operational transients and accident
sequences with an intact core. RELAPS is based on a
nonequilibrium, nonhomogeneous model of a two-phase
system. The hydrodynamics of the two-phase steam—
water mixture present inside the reactor coolant system
are modeled with the use of a one-dimensional (1-D),
transient, two-fluid representation, which is modified to
account for the presence of noncondensible gases in
each phase. The RELAPS code package includes generic
component models that can be used to model a variety of
physical systems. These component models include
pumps, pipes, valves, jet pumps, turbines, separators, and
control system components. Special process models are
also available for the treatment of the following effects:
flow branching, boron tracking, choked flow, and the
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transport ‘of ‘noncondensible gases. RELAPS also has a
reactor kinetics capability to predict the power behavior
of the nuclear reactor. The CONTAIN Version 1.12
(Refs. 9 and 10) computer code developed at the Sandia
National Laboratories (SNL) for the NRC is used to per-
form ‘the ex-vessel portion of the calculation. The code
was developed for best-estimate calculations of contain-
ment ‘performance during severe accident conditions,
CONTAIN includes mechanistic models for a wide vari-
ety of the physical, chemical, and radiological processes
occurring inside - containment during a severe -accident
situation. The processes treated by the CONTAIN code
system can be grouped into the following phenomeno-
logical areas: -thermal-hydraulics, fission products, .and
aerosols.

Calculation Coupling

For the facilitation of integrated reactor-containment
accident analysis calculations, an interface was developed
that coupled the RELAPS and CONTAIN calculations at
some’ user-selected time interval. This interface controls
the execution of the RELAPS and CONTAIN computer
codes while providing the data needed by each code to
couple the reactor and containment portions of the calcu-
lation. The development of this interface routine pro-
ceeded along two separate lines, one ‘dealing with
program execution and the other with calculation coupling.

The execution control portion of the interface Toutine
controls the execution of the integrated code calculation.
This routine;-“‘stlcon” (see Fig. 1), is responsible for the

program sricon

integer info,mynum;inst

character*§ arch

character*12 nodename
[ enroll host in PVM

if( mynum .1t. 0) then

1o

if( inst .1t. 0) then
print *’failure to initiate’

if(inst 1t:-0) then
print *,’failure to initiate’
stop
endif
c leave PYM
call fleave()

stop
end

c Host program to execute SCDAP/RELAPS/MOD3 V7af
c and CONTAIN 1.12 concurrently under the PVM system

call fenroll("'srlcon\0"';mynum)

print *,’failure in fenroll on host’

stop
endif
c set ARCH to any available machine
arch ="RIOS\0"
c Initiate contain node program on psunuke
c call finitiate("contain\0",arch,inst)

call finitiatem(''contain\0'",' psunuke\0"',inst)

stop
endif
c Initiate relap node program on mongo
c call finitiate("selap\0",arch,inst)

call finitiatem(''selap\0"','mongo\0'',inst)

Fig. 1 - RELAP5/CONTAIN execution control program.
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execution of the RELAPS and CONTAIN programs
under the PVM system. As shown in Fig. 1, the “srlcon”
program first calls “fenroll,” which allows access to the
PVM system and enables interprocessor communication.
Following successful enrollment in PVM, the “srlcon”
program initiates the contain and selap node programs.
As their names suggest, the contain node program is the
CONTAIN code portion of the calculation, whereas the
RELAPS calculations are performed in selap.

The “srlcon” program has no responsibility regarding
the synchronization between the contain and selap node
programs. The synchronization of these calculations is
handled by the calculation coupling routines incorporated
into the selap and contain node programs. This configu-
ration is chosen to reduce interprocess communication
in an effort to minimize execution time.

For effective coupling of the calculations performed
by RELLAPS and CONTAIN, routines were developed to
accurately transfer data between the selap and contain
node programs. This data transfer, coupled with code
changes to receive and process these data, allows the
integration of the separate code calculations. The neces-
sary coupling data can be identified by examining the
boundary conditions commonly used during the
execution of RELAP5 and CONTAIN for accident
sequences.

The conditions inside containment are required by
RELAPS when quantities such as heat losses from the
reactor vessel or primary system piping are to be
calculated. CONTAIN also performs heat-transfer calcu-
lations between structures exposed to cell atmospheric
conditions. In this case, both codes have the ability to
predict heat losses off structures. The ideal solution to
this problem would be to have both codes model one-half
of the desired heat structure coupled through heat flux
data, which would allow both codes to accurately predict
structure surface conditions. This scheme would require
either a one-to-one correspondence between RELAPS
and CONTAIN structures or the development of a
scheme to connect multiple RELLAPS5 heat structures to
a single CONTAIN structure. Because, invariably, the
nodalization used to mode! the primary system with
RELAPS is finer than that used to model the containment
with the use of CONTAIN, a larger number of heat
structures are considered in the RELAPS calculation.
Because this approach was considered undesirable, the
decision was made to calculate structural heat losses with
the use of RELAPS and pass the data to CONTAIN,
acknowledging that this approach neglects surface
phenomena calculated by CONTAIN.

Along with heat-transfer calculations, the atmosphere
thermal-hydraulic models must also be coupled.
Accident calculations usually model a break somewhere
in the primary system of the reactor. For an accurate
prediction of the pressure response of the reactor and
containment systems, the atmosphere thermal-hydraulic
models of each code must be coupled through break mass
and energy flows.

Another important aspect of an accident calculation
that must be addressed is the transfer of water between
the reactor and containment systems by safety systems.
For existing pressurized-water-reactor (PWR) and BWR
containment systems (and the proposed ALWR
concepts), the sources of water for the reactor safety
injection systems are inside containment. This type of
scenario necessitates the implementation of a capability
of transferring water between the RELAPS and
CONTAIN calculations.

As stated earlier, the calculation coupling routines are
responsible for the synchronization of the integrated code
calculations. To accomplish this, the coupling routines
must have access to transient control variables. These
transient control variables include calculation start and
end times, current calculation time, calculation time step,
sending PVM message data time interval, and receiving
PVM message data time interval. Not only must these
routines have access to these quantities locally (i.e.,
within their respective node program) but also they must
have the ability to access these quantities inside another
node program.

During the development of the calculation coupling
routines. it was decided that the ex-vessel conditions
predicted by the CONTAIN code would be incorporated
into the RELAPS5 calculation with the use of time-
dependent volume data. With the use of these ex-vessel
conditions, the RELAPS calculation would then
determine the mass and energy flows between the reactor
and containment systems. These sources would then be
incorporated into the CONTAIN calculation to generate
updated containment conditions to be passed back to the
RELAPS calculation.

This decision was reached after considering the form
of the system equations for the RELAPS and CONTAIN
codes. The governing equations for the RELAPS and
CONTAIN code systems upon which the integrated
analysis capability will be based are summarized in
Tables 1 to 6. The conservation equations for the
CONTAIN? code (Tables 1 to 3) are ordinary differential
equations, whereas those for the RELAP5? code (Tables
4 to 6) are partial differential equations. The basic
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Table 1 -CONTAIN Conservation of Momentum
Equation for Flow Between Cell i and Cell j

Nar, - g Ml | 4
RS eyl b
! Pydj |

with

ARy = B = B + AF,

AR, = g[pi(Hi - Hj)+ Pa(H, ~ Hz) ~ (Hj - Hz)]
and for the suppression pool flow path

AP; = P,

i w

— Pd
where W; = flow path mass flow rate
t = time
APy = pressure drop between cells
Crc = irreversible flow loss coefficient
p; = flow path gas density
Ay = area of flow path jj
L;; = inertial length of flow path ij
P, P; = pressure in cell i and cell j
AP; , = pressure effects due to gravity
g = acceleration due to gravity
p;»p; = gas density in cell i and cell j
H; = ¢elevation of cell i center
H; = elevation of flow path in cell i
p. = average gas density of cellsiand j
H, = elevation of flow path in cell j
H . = elevation of cell j center

J
P, P,

= pressure in drywell and wetwell

Table 3 CONTAIN Conservation of
Energy Equation for Cell i

du,

& =Gy t e F Gap T Guoit T 9 T 91C

where dU; / dt = rate of change of cell i total energy
q,, = rate of energy transferred to cell i via
flow
q, = rate of energy transferred.to cell i from
explicit. cell models
dgup = €nergy transfer rate via suppression poo}
vent flow
Gvoit .= implicit ;pool boiling energy transfer rate
g, = energy transfer rate due to work against
gravity
q;c = energy transfer from lower cell models

Table 4 RELAPS5 Phasic Continuity Equations

Table 2 CONTAIN Conservation of Mass
Equation for Gas k in Cell i

dmip . . . .
T My = Moy + Moy 5o ™ Mex si T Mpyr
where 'm; ; ~= mass of gas component k in cell i
i mass flow rate of gas k into cell i
Mgy = mass flow rate of gas k leaving cell i
Mey,s0 = SOULCE rate from explicit cell models
Mgy si = depletion rate from explicit cell models
mp, = implicit flow boiling source rate
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Vapor phase
132 19 N
7 5? (Vugpg) + X 5; (agpgng) = I‘g + z Iy, — 9T,
ni=1
Liquid phase
1 9 1 9
7 5? (Vufpf) + X Ex— (ocfpfva) = —I“g + Ty
where V = volume
t = .time
Oy = vapor void fraction
p, .= vapor density
A .= area
x = ‘length
ve = "vapor velocity
T, = vapor generation rate per unit volume
I; .= noncondensible species generation rate per unit
volume
N - = total number of noncondensible species
T, = hydrogen generation rate due to metal-water
reactions
0 = liquid'void fraction
Py = liquid density
Ty = solute generation rate per unit volume

two-fluid differential equations used in RELAPS possess
complex ‘characteristic Toots that give ‘the ‘system of
equations a partially elliptic character.. These complex
roots introduce high-frequency - spatial components -into
the solution, which necessitates a much: smaller system
time step when compared with the CONTAIN system of
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Table 5 RELAPS Phasic Conservation of Momentum Equations

Vapor phase
2
an 1 an _ ap
OgPA = +EagpgA o —0a.A . + 0P B A - (0P A) FWG (vy)
+ ToA(vyr — vg) ~ (0P A) FIG (v ~v))
av - V) ov 8vf
= COL 0L pPA [l gy By L
g%sP [ ot F o & ox
N
= ) T Av, + 9T,
ni=]
Liquid phase
v i i 9
f f P
APprA —— + —OprA—— = —0A = + 0 prBA ~ Op A FWG
P TP A o T OPrE (o0 74) FWG (v )

+ FgA(vﬂ - vf) - (otfpfA) FIF(vf - vg)

— COpOLPA | e+

a(v - vg) vy ov

o T TV T

- l"s,»Avf

where B, = body force in the x direction

FWG = vapor wall friction term
vy = vapor interface velocity

FIG = vapor interfacial friction term
C = virtual mass coefficient
FWF = liquid wall friction term

v = liquid interfacial velocity
FIF = liquid interfacial friction term

equations. On the basis of this observation, one can
conclude that the solution of the CONTAIN portion of
the calculation will advance much faster than that of the
RELAPS portion.

The system time step of the RELAPS code system
is limited by the high-frequency components of the solu-
tion. To RELAPS the change in containment conditions
over a system time step is almost constant. In fact, the
proposed system uses CONTAIN to supply the necessary
boundary conditions for the RELLAPS calculation. With
the use of these boundary conditions, RELAPS calculates
the sources required by CONTAIN to accurately predict
containment response.

Another critical decision made during the develop-
ment of the calculation coupling routines dealt with the
incorporation of source data into the respective codes. It
was decided that the incorporation of PVM source data
would use the existing code architecture and process
source data in a manner identical to the existing source
processing routines. In other words, the addition of PVM
source data (which parallels the existing source routines)
would not circumvent existing error checking and time-
step control loops.

On the basis of these discussions, the following four
different source types (discussed later in greater detail
and summarized in Table 7) are used to pass data
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Table 6 RELAPS5 Phasic Energy Equations

Vapor phase
1 9 I 9 g, P 3
V —a—t— (Vocgngg) + 74— 5; (agnggng) = —P ——at - —a—; ((xgng)
N
+ Qu + Oy + Tihy + T,h5 + DISSg + Y, Tk, —9T,h,
ni=]
Liquid phase
19 13 doay P 9
— — (Vap U, + == ospUspviA)im mPoor— = = = |0 v,A
v 3 VerpsUs) v 5 5 (eesUprsn) 5T T ()
+ Qu + Qp + Tyhy + Ton% + DISS; « Tihy
where U, = vapor internal energy

Q,,, = wall heat transfer rate
Q,, = interfacial heat transfer rate

h, = vapor phase enthalpy

h; = vapor phase saturation enthalpy
DISS, = vapor energy dissipation term
h,; = enthalpy of ni-th noncondensible

U; = liquid internal energy

Q. = liquid wall friction energy term

= interfacial vapor generation rate

Qy = liquid interfacial friction energy term

hy = liquid phase enthalpy

h} = liquid phase saturation enthalpy
DISS; = liquid energy dissipation term

h,; = solute source enthalpy

between the RELAPS and CONTAIN code calculations:
(1) the “atmos” source for primary system breaks, (2) the
“srv” source for Safety Relief Valve (SRV) discharge,
(3) the “pool” source to couple vessel injection systems
and ‘the suppression pool, and (4) the “rxq”:source to
couple reactor vessel heat loss -calculations. 'These four
general source types -provide the flexibility to model
various reactor-containment system configurations. The
use-of these 'source types to define the desired coupling
between RELAPS and CONTAIN will be discussed later.

RELAP5 Modifications

The modifications to the RELAP5 code are divided
into  three distinct areas:  interaction ~with ‘the -PVM
system, extraction and  passing of -requested data to
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CONTAIN, and receiving and processing data from
CONTAIN.

The RELAPS routine is the main program driver for
the entire RELAPS . code. For access of the RELAPS
node program, selap, to PYM resources, a call to
“fenroll” was added to routine RELAP5. RELAPS is also
responsible for reading in the data necessary to define the
coupling between the RELAPS and CONTAIN: calcula-
tions. The input data needed to define ‘this coupling for
the RELAPS calculation along with that needed for the
CONTAIN calculation are discussed later.

The modifications ‘to “extract. the  data for the
CONTAIN portion -of the calculation are: incorporated
into subroutine TRAN. TRAN: controls the advancement
of .all :portions of -the transient calculation -and
consequently has access to ‘any.data that are required for
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Table 7 PVM RELAPS/CONTAIN Source Interface Definitions

Source

type Process modeled Data sent to CONTAIN Data returned to RELAPS

atmos Break Tg, Hg, hy, hy Pressure- and temperature of volume
attached to break

stV SRV discharge my, mg, by, hy Pressure and temperature of wetwell
volume

pool Vessel injection ~tity Pool cell pressure and pool tempera-
ture

1Xq Structural heat loss q Temperature of volume attached to

structure

the CONTAIN calculation. The current version of the
coupling routine in TRAN allows the user to extract the
following quantities for any junction in the RELAPS
model: liquid mass flow rate, vapor mass flow rate, liquid
enthalpy, and vapor enthalpy. These quantities are not
standard junction variables and therefore are calculated.
The liquid and vapor mass flow rates are calculated on
the basis of the junction mass flow and phasic void
fraction data in the following manner:

mfjunc = mflowj(kjun) * voidfj(kjun)
mgjunc = mflowj(kjun) * voidgj(kjun)

where mfjunc = junction liquid mass flow (kg/s)
mgjunc = junction vapor mass flow (kg/s)
mflowj = junction mass flow (kg/s)
voidfj = junction liquid void fraction
voidgj = junction vapor void fraction
kjun = junction pointer

The liquid- and vapor-phase enthalpies are also
calculated on the basis of liquid- and vapor-phase internal
energies.

hfjunc = ufj(kjun) + p(kvfr)/rhofj(kjun)
hgjunc = ufg(kjun) + p(kvfr)/rhogj(kjun)

where hfjunc = junction liquid enthalpy (J/ kg)
hgjunc = junction vapor enthalpy (I1/kg)
ufj = junction liquid specific internal energy
(J/kg)
ugj = junction vapor specific internal energy
(J/kg)
p = donor volume pressure (Pa)
thofj = junction fluid density (kg/m>)
rhogj = junction vapor density (kg/ m)
kvfr = donor volume pointer

These junction quantities are categorized by one of
three possible source types: “atmos,” “srv,” and “pool.”
This categorization, in conjunction with an additional
PVM input file, defines how these sources will interface
with the CONTAIN model and the data to be transferred.
The “atmos” source type is used to identify sources
(usually breaks) to be added directly to the atmosphere of
a specific CONTAIN model cell. Likewise, the “srv”
source type identifies sources that are introduced into the
CONTAIN model through SRV discharge into the
suppression pool. Currently, the “pool” keyword can be
used only to define sources (mainly vessel injection
systems) to be removed from the suppression pool. All
junction quantities of a like source type are summed and
passed to the correct CONTAIN coupling routine for
incorporation into the calculation.

Another quantity that is passed to the CONTAIN cal-
culation is the heat-transfer rate from user-selected
RELAPS heat structures. This type of source is specified
by using the “rxq” keyword. The user has the ability to
specify. the heat-transfer rate from either side (left or
right) of a heat structure. Once again heat-transfer rate is
not a standard heat structure quantity and must be calcu-
lated with available heat structure variables at the speci-
fied boundary surface. The heat-transfer rate from a heat
structure surface is calculated by multiplying heat flux at
the surface by the total area of the surface; for example,
the heat-transfer rate from the right side of a heat
structure is calculated using

grhs = htsrfn(j) * htrnrn()

where grhs is the heat-transfer rate at right surface (W),
htsrfn is the area at right boundary (m?), and htrnrn is the
heat flux at right surface (W/m?). The heat loss from
all selected heat structures is summed and passed to a
CONTAIN coupling routine that adds the energy to the
atmosphere of the specified cell.
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With the use of this mass and energy source data,
CONTAIN updates conditions inside the containment
and passes these .conditions back to the RELAPS
TSTATE routine. The TSTATE routine is responsible for
processing time-dependent volume and . junction data
during code execution. TSTATE receives the message
data from CONTAIN and updates the conditions of the
appropriate “time-dependent volume. Volume numbers
along with source-type keywords are once again used to
distinguish between :the separate data streams. The
“atmos,” “srv,” and “pool” keywords are used to specify
the conditions inside the time-dependent volumes
attached to the “‘atmos,” *srv,”.and “pool” junctions-used
to pass ‘data to CONTAIN: ‘The “‘atmos” and “srv”
keywords indicate ‘that the ‘selected CONTAIN cell
atmosphere temperature and pressure ‘are being-supplied.
The data needed for.a pool-type time-dependent volume
are slightly. different.- The pool keyword ‘indicates that
cell pressure and pool temperature data are. being
supplied. The *rxq” keyword is used to update conditions
inside ‘a RELAPS time-dependent volume (using data
from the CONTAIN calculation) that specifies a sink
temperature for calculations of reactor heat loss.

CONTAIN Modifications

The - changes made to the CONTAIN code differ
slightly from those incorporated into RELAPS5. Once
again these changes can be grouped into. three distinct
areas: communication with PVM, receiving and process-
ing RELAPS data, and sending data to RELAPS.

As with RELAPS, a cdll to “fenroll” was added to the
main program CONTAIN. The CONTAIN routine is also
responsible for reading the input data that define which
cells -and source types will be used for calculation
coupling. These changes are ‘identical in function to their
counterparts. made ‘in ‘the RELAPS5  driver. routine.
CONTAIN uses a modular code design that treats each
phenomenological model with a distinct set of subrou-
tines, which results ‘in a'code structure that is different
from that of RELAPS. The CONTAIN code has both
global and cell-level routines, each performing a specific
function; therefore several routines are needed to process
the coupling data from ‘the RELAPS calculation. New
source processing routines were created on the basis of
existing CONTAIN subroutines. These new. routines
were ‘renamed and -altered to accept and process the
incoming PVM data from RELAPS.

The “atmos’ source type from RELAPS contains the
mass - flow -and -enthalpy- data for the liquid -and vapor
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streams to be added to a.specified cell atmosphere.
In CONTAIN, atmospheric sources are processed in
the SORATM routine, which is a cell-level routine called
by the atmosphere control routine CCNTRL. A new
routine called SHOVATM (based on SORATM) was
created to receive and process “atmos” source data from
RELAPS.

In a similar manner, the SHOVPL routine was created
on the basis of the SORPL routine. The SORPL routine is
the pool source routine used to introduce material into or
remove material from the lower cell pool model. Unlike
the. SHOVATM routine, ‘the: SHOVPL routine accepts
only liquid mass flow data from RELAPS3. Liquid is-then
removed. from. the pool- tegion at the rate specified by
RELAPS. Because mass is being removed from the pool,
the temperature of the liquid removed . is set to. the
temperature of the pool itself,

In :the .unmodified CONTAIN code, ‘the SRVSOR
routine, which ‘deals with the incorporation -of SRV
discharge sources into the CONTAIN calculation, loads
the SRV source data into the interface array for the
scrubbing model. One of the routines called by SRVSOR
is once again the SORATM (atmospheric source) routine.
A new routine called SHOVSRYV, which uses “srv”
source data from RELAPS, was created to perform the
same function as SORATM. The only difference between
the SHOVATM and SHOVSRYV routines is the location
where source data are placed.

The last routine, which accepts PVM data from
RELAPS3, is the RSHEAT routine. The RSHEAT routine
adds the heat transfer (“rxq” source data) off the
RELAPS heat structures into the global energy array.

In addition to the new source routines, the existing
CONTAIN routines responsible for calling these source
routines were. modified to ‘ensure that the PVM source
data were received and introduced to the correct cell.

In their present configuration, the SHOVATM,
SHOVPL, SHOVSRYV, and RSHEAT receive PVM data
from RELAPS .at the beginning of each CONTAIN
system time step.  Once received, these data are stored
ingide each routine and.assumed to remain constant over
the system time step. ‘These . various source data -are
processed with the explicit sources shown in the conser-
vation of ‘mass and energy equations: for. CONTAIN 'in
Tables 2 and 3. The relationship between the CONTAIN
and RELAPS system time step, along with the frequency
at which data are passed between the codes, is controlled
solely by user input, :

A mew. routine, " PVMO (which follows existing
CONTAIN conventions: for ‘accessing data stored: in




common), was added to supply updated containment
conditions to the RELAPS calculation. This new routine
is calied by CONTROL at every system time step to send
data to the RELAPS program.

PVM Execution Control input

The input necessary to define the coupling between
the RELAPS5 and CONTAIN code calculations is
provided through the use of two files, one for each code.
This approach was acceptable for this preliminary work,
but at some point the input defining the PVM data
interface should be incorporated into the main input
stream for each code. An example of the PVM input file
(pvm.srelap) required by the RELAPS code is shown in
Fig. 2.

The first line of this file tells the code if an integrated
PVM calculation is to be performed (t for true, f for
false). The next lines specify the time interval between
successive messages sent to CONTAIN (pvmint) and the
amount of time RELAPS should wait (after sending a
message to CONTAIN) before receiving message data
from CONTAIN (rcvint). The current value of zero
implies that the code will receive CONTAIN data during
the next time step.
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The next input block defines the time-dependent
volumes that will be updated using CONTAIN data. The
data simply consists of the number of time-dependent
volumes to be updated followed by [volume number,
source type] pairs. Associated with each volume number
is one of the four source types (“atmos,” “pool,” “srv,”
or “rxq”) introduced earlier (see Table 7). For time-
dependent data input, the source type informs RELAP5
what type of data will be provided for the time-dependent
volume by CONTAIN.

Following the time-dependent volume input is the
PVM junction input. This input defines which junctions
in the model will contribute to the “atmos,” “srv,” or
“pool” sources to be sent to CONTAIN. The format is,
once again, the number of junctions to provide sources
followed by [junction number, source type] pairs. For
junction data input, the source type tells RELAP5 which
CONTAIN coupling routine will be receiving the data.
The final input block includes the [heat structure number,
boundary] pairs used to define the heat structures that will
be used to calculate reactor heat losses to the containment.

The format of the PVM input required by the
CONTAIN code executing under PVM is illustrated by
the example (pvm.contain) shown in Fig. 3. Upon
examination of Figs. 2 and 3, one can see that the PVM

0.05d0
0.0d0

304010000 rxq
400010000 pool
991010000 srv

401000000 pool
901000000 srv

3201001 left
3201002 left
3201003 left
3201004 left
3201005 left

t * PVM execution control

* PVM send interval

* PVM receive interval

3 * PVM time dependent volume data

2 * PVM junction data

5 * PVYM heat structure data

Fig.2 RELAPS Parallel Virtual Machine execution input.
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* PVM execution control
* CONTAIN cell for srv source

* CONTAIN cell for rxq source
* PVM flag for atmos source

* PVM flag for srv source

* PVM flag for pool source

* PVM flag for rxq source

;O R UYL e

* CONTAIN cell for atmos source

* CONTAIN cell for pool source

Fig. 3 'CONTAIN Parallel Virtual Machine execution input.

input for CONTAIN is simpler than that for RELAPS.
The first line of the input tells CONTAIN whether
concurrent execution with RELAPS ‘under the PVM
system will be performed. The next four lines specify the
CONTAIN model cell numbers where the atmos, “srv,”
“pool,” and *rxq” sources are to be placed. PVMO also
uses this input to send the necessary containment condi-
tions back ‘to RELAPS. The last four lines of input
specify which of the four source types will be received
during the PVM calculation.

DEMONSTRATION TRANSIENT

This section discusses. the selection of a transient to
demonstrate the capability of the PVM-based RELAPS
and CONTAIN integrated code package. Implicit in this
choice is -the choice of a specific reactor-containment
system configuration. As stated earlier, the new ALWR
plants are designed to couple the response of the primary
and containment systems. A transient considering one of
the. ALWR ‘plants .would have been an ideal choice;
however, because . of the proprietary. nature of these
designs, specific data needed ‘to accurately model .these
plants -are not generally available. For this reason, the
analysis of an existing plant configuration was chosen.

The specific transient .chosen for this analysis was a
main steam isolation valve (MSIV) closure that initiated
an ATWS scenario using .2 ‘BWR/6 MK 1II reactor-
containment system.. The ATWS scenario involves the
failure of reactor scram capabilities followed by some
anticipated transient. This anticipated transient is an event
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that has a high probability of occurrence sometime during
the -operational lifetime of the plant. The anticipated
transient chosen for this study is an MSIV closure.

Traditionally large “thermal-hydraulic codes, such as
RETRAN, RELAP, or TRAC, have been used to model
the in-vessel response to such transients up to the point of
fuel failure. For the accommodation of this type of
modeling, certain assumptions must be made regarding
the vessel injection systems. Assumptions must be made
about availability (i.e., if the system has failed or not) and
the temperature of the injection source. The drawback to
this approach is that in the plant these systems would fail
or trip on the basis of conditions present:inside the
containment. Because containment response cannot be
accurately predicted by these codes, the modeler must
decide when to frip a particular system. For the case of an
injection source, the modeler must also - input some
assumed temperature variation with time.

The ATWS initiated by MSIV closure was chosen to
maximize the interaction between the primary and
containment systems. Following the MSIV closure, the
only means to relieve system pressure is the venting of
steam -through the reactor vessel Safety ‘Relief -Valves
(SRVs) into the pressure suppression pool of the contain-
ment system. The amount of steam vented to the suppres-
sion pool is a function of reactor power. Contrary to
most -accident scenarios, “during -an. ATWS  the  reactor
power level is not simply decay heat production. Implicit
in the ATWS ‘scenario is the failure to scram the reactor;
therefore it is possible for the reactor to reach a condition
in which power can vary anywhere between decay heat
levels ‘and several times normal power. These large
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variations in core power are possible because of the
influence of reactor vessel pressure, injection system flow
rate, and core recirculation flow.

For the MSIV-closure-initiated ATWS, the reactor
reaches this tenuous state in the following manner. Imme-
diately following MSIV closure, the reactor primary
system pressure begins to rise. The recirculation pumps
will trip on high vessel pressure and thus cause the core
flow to be switched from forced to natural circulation.
During this transition to natural circulation, the feedwater
flow into the vessel will also be lost. A BWR/6 MK III
system has motor-driven feedwater pumps to avoid loss
of feedwater pumping capability on loss of drive steam;
however, the suction for these motor-driven pumps is
taken from the hotwell of the condenser, which depends
on MSIV steam flow. Upon loss of steam, the condenser
hotwell has a fixed inventory that will be exhausted by
full feedwater flow in several minutes. The reactor has
now reached the following state: pressure controlled by
SRV actuation, natural circulation inside the vessel, and
injection flow governed by available safety systems and
system pressure. The core power for a reactor in this state
is governed by the interaction of all these factors.
Increases in system pressure will collapse sorhe of the
voids in the core, which will result in an insertion of
positive reactivity into the core. In contrast, a decrease in
system pressure causes increased voiding and lower
power through negative reactivity insertion. Changes in
core recirculation rate affect core power in a similar
manner. A decrease in recirculation rate will increase
void production, which lowers power, whereas an
increase in recirculation flow will have the opposite effect.

The vessel injection systems can affect core power
production in several ways. First, the injection systems
take their suction from sources that are much cooler than
the reactor vessel inventory. The injection of this cooler
water will result in a power increase because of lower
moderator temperature and void fraction. The magnitude
of the injection flow compared with that of the core
steam production rate will determine if the vessel water
level is increasing or decreasing. An increase in vessel
water level will increase core flow, which will increase
core power; the opposite occurs if the water level is
decreasing.

From the preceding discussions, one can see that the
accurate modeling of the magnitude and timing of the
vessel injection is very important to the determination of
core power level for this type of transient. In the determi-
nation of the vessel injection, the interaction between
the primary and containment systems is very important.

First, the vessel injection systems take suction from some
source in the containment system itself. Second, the
vessel pressure determines which systems are available
to inject via pump shutoff head and differential pressure
to containment. Finally, the initiation and tripping of the
vessel injection systems is influenced by conditions
inside containment; for instance, one of the initiating
signals for most vessel injection systems is elevated
containment pressure.

Another important factor that will influence system
response to an ATWS is the automatic depressurization
system (ADS). The ADS is used when the high-pressure
injection systems cannot maintain an acceptable water
level inside the reactor vessel. The ADS is designed to
facilitate low-pressure injection by lowering system
pressure with the use of several SRVs. During this
depressurization, the voiding inside the core will
increase, which will further reduce vessel water level and
possibly uncover a large portion of the core. Once the
system pressure has fallen to a level below the shutoff
head of the low-pressure coolant injection (LPCI) and
low-pressure core spray (LPCS) systems, low-pressure
injection will commence. This situation could result in
very large power spikes because of the rapid injection of
cold water into a partially uncovered core. These power
spikes may be large enough to cause fuel damage that,
when combined with containment failure, could result in
fission-product release to the environment.

RESULTS

As stated earlier, the initiating event chosen for this
ATWS sequence is an MSIV closure. Following the
MSIV closure, vessel pressure will begin to rise and thus
cause the recirculation pumps to trip. In this state, the
reactor vessel pressure will be controlled by automatic
SRV actuation, and the high-pressure core spray (HPCS)
and standby liquid control (SLC) systems are assumed to
fail. The loss of these systems removes the capability of
injecting water into a fully pressurized vessel. The loss of
SLC also removes the pathway for boron injection into
the core to reduce reactor power. Coupled with the loss
of the high-pressure injection systems, the feedwater
inventory in the condenser hotwell will be depleted
(assuming full power flow) in less than 2 minutes.

The level in the reactor vessel will begin to fall
because of loss of high-pressure injection and reduction
of feedwater flow. Initiation of the ADS will be required
to enable low-pressure vessel injection. The ADS will use
seven SRVs to reduce reactor vessel pressure until the
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differential pressure from the reactor vessel to the
containment system is 155 psi differential. Once ADS
initiation has lowered vessel pressure (reactor to contain-
ment pressure drop <325 psi differential), the LPCI
system will be used to maintain vessel water inventory.

This ATWS sequence will be used to compare
in-vessel and ex-vessel responses with the use of the
integrated RELAPS5 and CONTAIN code package and
the stand-alone versions of the code.

The results of several different ATWS analyses with
varying degrees of coupling between the reactor and
containment system will -be. presented. Each of these
cases was based ‘upon:the scenario. described previously
and has the following sequence of events:

—MSIV closure initiated at 0.0 second

—Recirculation pumps . trip on high pressure at
3.9 seconds

—MSIVs fully closed at 4 seconds

—Full feedwater flow lost as a result of loss of
condenser hotwell inventory at 200 seconds (flow contin-
ues at 3% of rated)

—Water level cannot be maintained, ADS timer
initiated at 230 seconds

—ADS initiated after 120-second timer delay

After the initiation of the ADS at 350 seconds, the
results of the individual runs start to diverge on the basis
of the degree of interaction between the reactor and
containment systems. The predicted containment
response for several cases is presented. Reference 11
presents further details on the scenarios and their results.
The first case (fully coupled) involved the complete
coupling of the reactor and containment systems using
the “srv,” “pool,” and “rxq” source types defined previ-
ously. The second case (semicoupled) is identical to the
fully coupled case except-that the -*“pool” source data
from-CONTAIN is not incorporated ‘into the RELAPS
analysis. Inthis ‘manner, the pressure ‘and temperature
boundary conditions. for 'the suppression pool (which is
the source of water for the LPCI pumps) remain constant
at their initial values. The semicoupled case is analyzed
topredict what effect the assumption of constant contain-
ment boundary conditions has on 'the calculation. Finally,
stand-alone RELAPS 'and CONTAIN calculations were
also performed. Selected results of the three RELAPS
analyses are shown in Figs. 4 and 5. Figure 4 compares
the integrated mass passed to the containment for each
calculation, whereas Fig. 5 shows integrated energy sent
to ‘containment. The semicoupled and stand-alone
responses are almost identical because the boundary
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conditions for the wetwell of the containment is the same.
The fully coupled case predicts higher LPCI injection
flow rates to the vessel because of the reduction in differ-
ential head between the reactor vessel and wetwell. This
increasedinjection generates -more -steam, ‘which is
passed ‘through SRV discharge in the suppression
pool. Figures 6:to 10 compare results from the various
CONTAIN calculations. Figures 6 and 7 compare the
fully -coupled and. semicoupled drywell ‘and - wetwell
pressure responses. The data in Figs. 6 and 7 indicate that
the containment pressures ‘predicted by the semicoupled
case -are about 76:000 Pa (~11 psi) lower than those
predicted by the fully ‘coupled analysis. This is, in part,
because -the reduction in . differential head between the
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reactor vessel and the suppression pool is not modeled in
RELAPS for the semicoupled case. For the fully coupled
analysis, this reduction in differential head results in
higher RELAPS predictions for LPCI flow and thereby
generates more steam, which further pressurizes the
containment. The effect of this larger steam generation
can also be seen in Figs. 8 and 9, which compare the
suppression pool and wetwell atmosphere predictions for
the fully coupled and semicoupled analyses. Figure 10
compares the drywell temperatures for all three cases.
The stand-alone analysis does not predict the initial
increase in drywell temperature that is due to heating
from the reactor vessel. This heating is modeled by using
the “rxq” source in the fully and semicoupled analyses.
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CONCLUSIONS

The results of analyses presented herein demonstrate
the ability of the PVM-based RELAP5/CONTAIN code
package to predict the integrated response of the reactor
and containment systems during an ATWS. 'Not only are
the results more accurate than those generated using the
stand-alone codes but also the integrated analysis avoids
the .cumbersome data transfer required when using the
codes in their stand-alone form; thus ‘the analysis is
simpler to perform. With the use of the integrated code
system ‘(executing each code ‘on ‘a separate processor),
one can perform fully coupled RELAPS and CONTAIN
calculations in approximately the same amount of time as
the bounding RELAPS analysis. The ATWS scenario
results stress the importance of accurately modeling the
interaction between the reactor and containment systems
during -accident analysis. ‘As illustrated by 'the
semicoupled CONTAIN results, specifying constant
containment -boundary conditions .is less conservative
with respect to containment loading; that is, the specifica-
tion of constant containment boundary conditions results
in a containment temperature and pressure response that
is lower (less conservative) than the fully coupled case.

The integrated RELAP5/CONTAIN analysis capabil-
ity -also has direct applicability to transient analysis of
new advanced reactor concepts. Current advanced reactor
designs open valves between the reactor and containment
systems and rely extensively on passive safety systems
tied to the containment, which increases the coupling
between the two systems and further complicates
transient analysis with the use of existing code packages.
A follow-on version -of the PVM-based RELAP5 and
CONTAIN :coupling described herein has been devel-
oped by INEL personnel for ALWR applications.!2
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Application of Fuzzy Logic in Nuclear
Reactor Control

Part I: An Assessment of State-of-the-Art

By A. S. Heger,2 N. K. Alang-Rashid,? and M. Jamshidi¢

Abstract: This article discusses the application of fuzzy logic
to nuclear reactor control. The method has been suggested by
many investigators in many control applications.! -6 Reviews of
the application of fuzzy logic in process control are given
by Tong’” and Sugeno.® Because fuzzy logic control (FLC)
provides a pathway for transforming human abstractions into
the numerical domain, it has the potential to assist nuclear
reactor operators in the control room. With this transforma-
tion, linguistically expressed control principles can be coded
into the fuzzy controller rule base. Having acquired the skill of
the operators, the FLC can assist an operator in controlling
the complex system. The thrust of FLC is to derive a concep-
tual model of the control operation, without expressing the
process as mathematical equations, to assist the human opera-
tor in interpreting incoming plant variables and arriving at a
proper control action.

To introduce the concept of FLC in nuclear reactor
operation, an overview of the mythology and a review of its
application in both nuclear and nonnuclear control application
domains are presented along with subsequent discussion of
Sfuzzy logic controllers, their structures, and their method
of information processing. The article concludes with the
application of a tunable FLC to a typical reactor control
problem.

“Chemical and Nuclear Engineering Department, University of
New Mexico, Albuquerque, New Mexico, U.S.A.

bMalaysian Institute for Nuclear Technology Research, Kompleks
PUSPATI, Bangi, Selangor, Darul Ehsan, Malaysia. This work
was performed while the author was a resident at the University of
New Mexico Chemical and Nuclear Engineering Department.

CElectrical and Computer Engineering Department, University of
New Mexico, Albuquerque, New Mexico, U.S.A.

Nuclear reactor control has been the subject of extensive
studies. Various control techniques, such as optimal
control®13 and adaptive and model-reference adaptive
control,!4!5 have been investigated. None of these
techniques, however, can take advantage of the expertise
of the reactor operators. The reactor operators cannot use
the mathematical control laws that govern the behavior
of the controller as a guide in predicting future actions.
The operators must use the plant mathematical model and
the controller mathematical formulation when estimating
future control actions.

The need for on-line reactor operator support systems
became obvious after the Three Mile Island Nuclear
Station Unit 2 accident in 1979. Seven years later, reactor
operators failed to anticipate the consequence of their
actions and to diagnose the resulting abnormal reactor
condition that led to the Chernobyl accident in the
Ukraine. These events drew attention to the techniques
of artificial intelligence, which have proved successful in
other areas, as a possible method for providing operator
advisers. To this end, expert systems have proliferated
in many reactor operation support areas, such as alarm
filtering, that do not require human motor actions.!617
This replacement has reduced the burden on the reactor
operators and has minimized the need for a human expert
being present for routine operation of the reactor.!8-20

The use of fuzzy logic control (FLC) diametrically
opposes the conventional approach of controller design,
which relies on a plant model and formally derived math-
ematical control laws. Subsequently, the conventional
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controllers require extensive computation and a precision
that is not normally relevant when human operators are
the controllers.

FUZZY LOGIC AND ITS APPLICATION
IN NUCLEAR REACTOR CONTROL

Despite its success in other domains, the application of
fuzzy logic in nuclear reactor control has been sporadic.
Table 1. provides .a_summary of some of .the current
application areas that relate to nuclear engincering.

In the area of nuclear reactor control, Bubak ‘et al.
(1983)%! ‘use “a high-temperature reactor: (HTR) simula-
tion model to study the applicability of fuzzy logic for the
control -of a nuclear reactor. The ‘control objective . is to
follow the desired power trajectory. The researchers use
the control rod velocity as the manipulated or controlled
variable. Their results show that the controller can satisfy
the control -objective. The nagging question of ‘how to
derive the effective set of control rules, however,
remains. Kinoshita et al.,?3 on the basis of the plant status
and control objectives, use fuzzy logic to determine the
length of control rod movements in a ‘boiling-water
reactor (BWR). Their simulations indicate that the FLC

Table 1 Application of Fuzzy Logic
in Nuclear Engineering

Area Researcher
Control Bubak et al. (1983)%!
Bernard (1988)%2

Kinoshita et al. (1988)%
Terunuma et al. (1988)%*
Akin and Altin (19917
Kuan et al. (1992)%6
Alang-Rashid (1992)%7

Diagnosis Kitowski and Bargiel (1986)%%
Guth (1989)'%
Hassberger (1986)7°
Abdelhai and Upadhyaya (1990)>
Sutton and Parkins (1991)3!
Holbert et al. (1994)%2

Modeling Matsuoka (1991)%
Terunuma et al. (1990)
Kitamura et al. (1989)>

Onisawa and Sugeno ( 1985)36
Onisawa and Nishiwaki (1988)%7
Kuraszkiewicz and Derbis (1990)38
Chun and Ahn (1991)*°

Gencay (1991 y40

Reliability

Site selection
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performance is comparable to that of a human operator.
Terunuma et al.2* developed an FLC test system to oper-
ate the feedwater control system of a heavy-water reactor.
The control rules are derived from human experts.
Terunuma and colleagues observe. that the FLC has the

potential to use human operator skills. Their experiments,

too, are conducted with a simulation. model. Akin and
Altin®® ‘use a simulation model of the H. B. Robinson
Plant pressurized-water reactor (PWR) to study the appli-
cation of FL.C for nuclear power plant control. Specifi-
cally, the FL.C is used for maintaining the reactor power
at a steady operating level. The FL.C adjusts steam flow
rate to maintain the desired operating level. Kuan et al.?
also use a simulation model to control PWR steam gen-
erator water level. ‘Actually, the FLC is used in tandem
with ‘a proportional-integral-derivative (PID) -controller.
Large deviation from a set point is corrected by the FLC,
whereas set-point errors are adjusted by a PID controller.

With the use of both a simulation model and the
Massachusetts Institute of Technology (MIT) reactor,
Bermard?? demonstrated the application of fuzzy logic in
reactor operation. He derived the FLC rules using a three-
step process of observing operator actions, observing the
instruments that operators monitor, and using a follow-
up questionnaire for uncovering the reasons for. the
operators’. control -actions. Bernard concurs that fuzzy
rule-based controllers are more robust than conventional
controllers. He also noted that a more systematic FLC
design method needs to be developed. The procedures
that are used to tune the controller have been based on
iterative improvements or trial and error. This observa-
tion by Bernard provided an impetus for the development
of a tunable fuzzy logic controller by the authors of this
article.*! This new method overcomes some of the draw-
backs of the methods mentioned previously and will be
discussed in detail in a future article.

FUZZY LOGIC IN MODELING
REACTOR DYNAMICS

The "information necessary for a control application
can come from the following sources:*2

1. Mathematical models.

2. Observation -based “on knowledge - and/or experi-
ence.

3. Numerical data from instrumentation.

4. Linguistic data.

5. Visual data from actual observations -or instrumen-
tation.
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When fuzzy logic is used, a combination of inference
rules and fuzzy set operations can encode the first four
sources of information into representation for computers
for control applications.. This is possible because the
fuzzy set can transform linguistic information into
numerical values. The inference scheme of fuzzy logic
can capture human knowledge and mathematical models
into a set of rules that can be used to interpret the infor-
mation and respond by proper action. In this sense, a
fuzzy approach to control applications can be viewed as
a qualitative modeling of the operator’s perception of the
plant in linguistic terms; for example, fuzzy rules may be
as follows:

RY: If error is negative big and error rate is negative
big, then reactivity is positive big.

R2: If error is negative medium and error rate is
negative big, then reactivity is positive medium.

A set of rules R = {R], R?, ..., R} is used to define
the relationships between the input and output control
variables. For a multiple-input and a single-output, a rule
R' is of the form:

]

Ri: if x; is A} and x, is A} ... and x,, is A}, thenyis B (1)

where R’ = ith rule
x; = input variables
y = output

A} and B' = fuzzy variables

Fuzzy variables can assume values that are either
numeric or linguistic. The linguistic variables and their
values (i.e., the fuzzy sets) are context-dependent quanti-
ties. Given a control application, for example, the fuzzy
variables can assume linguistic values such as “positive
medium reactivity” and “positive big reactivity,” whose
values depend on the situation. This form of knowledge
representation is congruous with that used by human
operators.

FUZZY LOGIC REPRESENTATION

Let z; be the raw input data that are collected from
various sensors. For n plant variables, the vector z = {z;,
29 sees Zpp - 2y} TEPrEsents the raw input data available for
signal processing and control. These data are then trans-
formed through a preprocessor into usable information,
which is represented by the vector X = {xy, X, ..., X, +.0r X}
where each of the m terms represents one of the

preprocessed datum. The vector x is fed to an array of p
fuzzy rules as shown in Fig. 1. Each rule associates the
input data with the appropriate fuzzy variables, A; The
degree of association of each input datum with its respec-
tive fuzzy variable is numerically represented by the
membership value uj~ . A'membership function is a math-
ematical description of the distribution of membership
values, which characterize the uncertainty of x belonging
in A. Common membership functions are triangular and
modified versions of the Gaussian distribution, as shown
in Fig. 2. The general form for the triangular function, for
example, is as follows:

b= m(y) = ——— @

where x is the location of the peak of the triangle and w;
is the w1dth of its base. The term u (x;) is read as the
membership of variable x; (e.g., error) in the fuzzy group
A’ (e.g., positive small, negatrve medium, positive large)
glven a variable value of x; (i.e., a real number). Once
these data sets are fed to the FLC, the inference process
of fuzzy logic takes place. In this process the input data
become associated with the appropriate control action.

Inference in fuzzy logic is based on the rules of the
form “if ... then ...,” as demonstrated in Eq. 1. The ob-
jective of this formalism is to store knowledge in the
form of a set of rules that are well-formed logical formu-
las. Each rule consists of two parts; an antecedent (x; is
A; and x, is A, ... and x,, s A,,) and an implicant (y is B).
The antecedent part of the rule conjoins the conditions
that are required to trigger the implication part of the rule.
In the case of multi-input, multi-output, for example, the
ith rule is as follows:

Ri:if (xl is A{) op (x2 is Aé) ... Op (xj is A;) . Op (xm is Aj,,)

then 3)

(y{ is B{) and (yi is Bi) ... and (y}( is B,’{) ...and (yf, is B;)

where “op” stands for one of the fuzzy set theoretic op-
erations, as shown in Table 2. The superscripts i (i =
1, 2, ..., p) are the indices for the fuzzy rules. Subscripts j
(=1, 2, ..., m) count the input variables, and subscripts k
(k=1,2, ..., n) correspond to the output control signals.
Once presented with the input variables, each member
of the antecedent of a given rule fires its response by
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input Inference Output
— 3
| R™: if (x; is Af) op (x,is A)) ... op (x; lSA X, is Al _L g gl gt :
then (y, is BY) and (v, is B]) ... and (y ISB)... and (y . is B') (m: By B B)
155 215 B k'S Bk n'S 5 I |
1 |
. . . , ; | |
o RZ if (x, is AZ) op (x,is AZ) ... 0p (x;is A?) ... 0p (x,, s AD) -IP(”’Z:BZ’ BB :
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Fig. 1 Internal representation of the fuzzy rules and processing of input data. 28 Superscripts i (i = 1, 2, ..., p) are the indices for the fuzzy
rules, subscriptsj ( = 1, 2, ..., m) count the input variables, subscnpts kk=1,2,.,n) correspond to the output control signals, R is the ith
rule, x; is the input variable, y; is the output of each rule, A; and B are fuzzy variable, m is the degree of association between x; and A’ or
B, and m” represents the degree of membership of the consequence of each rule.
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Table 2 Fuzzy Set Theoretic Operations

Operation (op) Definition
Equality x=y iff V; Hi(xi)ﬂl);(yi)
Intersection M mj)(x) =pg{x)a us (x)= min[ui(x), us (x)}
Union H;CU&(x)=u;(X)Vu;(X)=maX[u,~c(x),u;(x)]

Complement  p(x)=1~p_(x)
X X

submitting a membership value, u’] Depending on the
fuzzy set operation, as outlined in Table 2, an appropriate
membership value is transferred to the consequence part
of the rule; for example, if the operator “op” is an “and,”
then the minimum of u; is selected. Each rule then
submits a set of consequences, B;c, and its associated
degree of membership, m', which is equal to the
properly combined u; from the antecedent of the rule.
Finally, the FL.C must defuzzify its output.

One possible defuzzification method is centroid
defuzzification.*? The centroid defuzzification scheme
gives the crisp controller output, %, as the sum of the
products of the rule activation strength and the centroid

Error Error rate
- big - medium - big

R1:

Reactivity
+ medium + big

of the output fuzzy sets weighted by the sum of the rule
activation strength. This can be written as follows:

“

where N is the number of primary fuzzy sets in the output
fuzzy variable. To illustrate, let two control rules in a
two-input one-output FLC be fired. The rules are the
following:

R1: If error is negative big and error rate is negative
big, then reactivity is positive big.

R2: If error is negative medium and error rate is
negative big, then reactivity is positive medium.

The inference operation, shown graphically in Fig. 3,
yields two possible outputs: positive medium reactivity
and positive big reactivity. The former has the higher
membership values by virtue of the higher activation
strength of R2.

Output

Fig. 3 Max-min composition and centroid defuzzification. R1 and R2 are rules, b = big (-b = negative big),
m = medium (-m = negative medium), e = error, ¢ = error rate, h; = output membership function, and
u = the degree of association between the preprocessed datum and the fuzzy variables (membership value).
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With the use of the centroid defuzzification scheme, a
single, crisp reactivity value is obtained by taking the
center of gravity from the resulting output membership
functions, shown as output in Fig. 3. This is calculated as

hC +hC,y
hy+hy

where h, =u,(é), b =p,(e), and C; = 1,2 are the
centroids of the output variable fuzzy sets membership
functions (positive big and positive medium).

To build.an FLC, the knowledge must be extracted
from the expert and transformed into a set of fuzzy rules.
Several "automated processes for this transformation
process ‘exist.*! - In ‘general, this process is the most
difficult and crucial step in the design of a fuzzy system
because fuzzy rules are derived from a human’s
experience, which is based mostly on the person’s
qualitative knowledge of an objective system.*?

FUZZY LOGIC CONTROLLERS

The thrust of FLC is the automation of control tasks
by making use of, as much as possible, the expertise and
knowledge of human operators that are relevant to the
control of the plant. The process of control can be
thought to consist of three tasks executed cyclically and
continuously: monitoring, analysis, and implementation
of corrective action. The purpose is either to maintain a

steady-state operating level or to transfer the plant from
one operating level to another following acceptable
transition states. The former is called regulating control,
and the latter is called tracking or maneuvering control.

At the monitoring stage, variables that are relevant to
the determination of the plant’s current state are gathered.
By comparing the current and the desired plant states, the
operator uses personal expertise and knowledge about
the piant to decide on the appropriate control actions.

Structure

The structure of an FLC is shown in Fig. 4 (adopted
from Ref. 44). It consists of four main parts: a fuzzifier,
a fuzzy knowledge base, a fuzzy decision maker;and-a
defuzzifier.

Fuzzifier. The fuzzifier is the front-end interface of
the FLC to the plant to be controlled. It monitors the
plant variables, X, that are required for making control
decisions. These variables are then transformed into
fuzzy variables, or fuzzified, so that they are in the same
form as the knowledge base and the decision-maker’s
logic. The fuzzification process applies the membership
function of each input variable to its respective numerical
values. The results are vectors of membership values, one
for each input variable.

Knowiedge Base. The FLC knowledge base
comprises a data base and a rule base. The data base
consists of definitions of fuzzy variables, their ranges,
fuzzification and defuzzification methods, and the
inference scheme used by the controller. The rule base is

o e e e e

1

I FLC il Knowledge |_ _ _ _"_ _ . I

! | base | 1

: | i i i

I | ! I I

I i 1 | i

: * Fuzzy * Fuzzy + :

X . u

] Fuzzifier »| Decision = Defuzzifier I

: maker i
o s e e s e o o e e s S e Gy NS GED G s S A s e s s )

Plant signals, X Control signal, u
(crisp) (crisp)

Fig. 4 - Structure of a fuzzy logic control unit.
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a collection of control rules, similar to the ones used by
human operators, that are necessary to control the plant.

Decision Maker. The decision maker generates the
degree of activation of each rule that is fired by the input
variables. A rule is fired when the condition in its
premise is satisfied. The degree to which a control rule is
activated is a measure of the appropriateness of the
control action. This measure is determined by using the
compositional rule of inference, as described in the
previous section.

Defuzzifier. The defuzzifier is the FLC back-end
interface to the plant for control purposes. It transforms
the fuzzy control actions obtained by the decision maker
into a single, crisp value of control action.

Fuzzy Logic Controller Modifications

As mentioned previously, the two main ingredients of
any FLC are its rule base and membership functions. The
rule base contains statements that relate the controller
input variable to its output variable(s). The membership
functions describe the degree to which a numerical value
of a variable belongs in the variable fuzzy sets. For
processes with operating experience, such as a nuclear
reactor, the rule base can be derived from accumulated
operating experience of the reactor operators, process
input—output data, or a simulation model of the process.
Bernard®? and Terunuma et al.>* used the simulation
process. Wang and Mendel*® devised a technique for
deriving the FLC rule base from the process input—output
data. For novel processes in which no expert knowledge
or input—output data are available, the rule base can be
derived from the process dynamics or from a simulation
model of the process.

The rule base and the membership functions do not
always match, thus tuning of the FLC is required. This
rule-membership function mismatch arises from lack of
information on the specifications of the membership
functions. The rules that are incorporated into the FLC
rule base are broad generalizations of the operators’
control strategy. Although the rules are readily available
from the operators, the specifications of the membership
functions are harder to define. Overlaps among the
primary fuzzy sets of a variable, the slopes, and the
fonctions used in defining the membership values also
tend to dilute the generality of the rules and introduce
specifics to the FLC. In addition, personal preferences,
experience, and the sensitivity of linguistic values to
context also contribute to this mismatch. The FLC

interpretation of a linguistic value of “small,” for
example, must coincide with that of the operator’s
interpretation if the FLC is to achieve consistent control
effects with the use of rules that are used by the
operators.

Essentially, the tuning of FLCs involves modification
of the rules, the membership functions, or both, Procyk
and Mamdani*® and Galluzo et al.*’ present two interest-
ing methods for modifying the FL.C rule base. Galluzo
et al. construct meta-rules as another level on top of the
existing FLC rule base. This arrangement is akin to a
two-level controller in which the upper controller moni-
tors and adjusts the performance of the lower one. The
upper level controller adjusts the rule base of the lower
controller with the use of its own rule base, the meta-
rules that are derived empirically. Modifications of the
control rules, however, may change the operator-derived
FL.C rule base, which defeats the advantages of an FL.C.

The approaches for forming and modifying the mem-
bership functions have been and still are subjects of great
interest. The methods that are studied range from the use
of neural networks*® to steepest descent gradient search
procedures.®® Although the work of Yamakawa and
Furukawa*® does not go deep enough into the generation
of the control rules, it does deal with membership func-
tion generation, where domain expert knowledge is not
required. They apply this method to pattern recognition
application of fuzzy logic. Nomura et al.* use a gradient
descent algorithm to adjust both the input and output
variable fuzzy subsets membership functions to obtain
optimum FLC performance.

EXAMPLE

An experimental FLC was tested in conjunction with
the University of New Mexico AGN-201M reactor to
validate the simulation and the applicability of the fuzzy
logic control methods. The FL.C was tested for the fol-
lowing control cases: increasing or decreasing the reactor
power from one steady-state level to another or tracking a
desired power-level trajectory. The mode of control in
this simulation study introduced step reactivity insertion
at every sampling interval. The magnitude and sign of the
reactivity were determined by the FLC output. Some test
results are presented here, and the complete set of experi-
ments appears in Ref. 27.

Error, ER, and error change per sampling interval, DE,
were defined for these experiments as the FL.C inputs. An
externally applied reactivity, RO, was defined as the FL.C
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output variable. The input and output variables are
defined as follows:

ER(k) = p(k) — Py(k)
DE(k) = ER(k)— ER(k-1)

RO(k) = f|ER(k), DE(k)]

where k = time steps
plk)=power level at time k
p(k)=desired power levelattime k

f{e)=functionrepresenting the fuzzy logic operation
on its parameters

The input variable ER has a range of [-100, 100] %FP
and is given primary fuzzy sets of {NE, NS, PS, PO}. DE
has a range of [-10, 10] %FP with primary fuzzy sets of
{NE, NS, ZE, PS, PO}. The output variable RO is in the
range of [-1, 1] $ with primary fuzzy sets of {NE, NS,
PS, PO}. The primary fuzzy sets have the following
meanings: NS denotes “negative small,” NE denotes
“negative,” ZE denotes “zero,” PS denotes “positive
small,” and PO denotes “positive.” The membership
function parameters of the primary fuzzy sets are given
in Table 3, and the membership function curves are
shown in Fig. 5.

With this arrangement, as many as 20 rules for
the FLC can be developed. The rules describe the

Table 3 FLC Membership Function

Parameters

Variable x x x,
Error, ER NE —100.0 +60.0
NS -10.0 0.0

PS +10.0 0.0

PO +100.0 -60.0

Error change, DE - NE -10.0 +5.0
NS 5.0 0.0

ZE 0.0 +1.0

PS +5.0 0.0

PO +10.0 ~5.0

Reactivity, RO NE 10 405
NS ~0.3 +0.3

PS +0.3 0.3

PO +1.0 0.5

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995

relationships between etror, ER, error change, DE, and
reactivity, RO. Only four rules, however, were used in
the experiments because they were found to be reason-
able for the type of control problems considered. The
rules are as follows:

R: [(NE**)= PO]
Ry: [(PO**)= NE|
Ry: [(NSNZE)= PS|

R;: [(PSNZE)= NS]

where the symbol “*” means ignore the entries. The
functions of the rules R; to R, are as follows: R; causes
positive reactivity to be inserted so that the reactor power
level increases; thus the error, which at the time of the
rule activation equals NE, is reduced; R, acts conversely
to Ry; and Ry and R, are intended to correct for steady-
state offset error; for example, the error change, DE, can
be zero, which means the reactor power level is off
before attaining a desired power level. In this case, Ry
and R, cause small reactivity, positive or negative, to be
inserted to correct the offset error.

These rules originate from a larger set of rules that
describes possible combinations of relationships between
ER and DE with RO from a process control standpoint.
To illustrate, consider the series of control actions (i.e.,
reactivity insertions) that are needed for increasing or
decreasing a reactor power level. For brevity, let ER, DE,
and RO be described only by positive (+ve) and negative
(~ve) values. In Fig. 6 the possible values of reactor
power, p(t), with respect to a steady-state desired value
of p,(t) during an increase in power level are shown.
Figure 7 shows the possible cases for power decreases. In
both figures the values of ER, DE, and the reactivity, RO;
that will reduce the ‘error between the actual and the
desired power levels are noted.

Condition (a) in Fig. 6 is a situation in which p(r) is
increasing ‘while ER 'is negative. This means that DE is
positive. Because p(z) is moving in the right direction,
an appropriate .control action ‘is either to do nothing or
accelerate the process by introducing +ve RO. Condition
(b) of the same figure may arise at the initiation of the
control sequence ‘while ‘the reactor is in a steady-state
condition. It may :also ‘arise as the result of insufficient
reactivity insertion. ‘Condition (c) may be induced by
disturbance, and condition (d) depicts an overshoot of the
reactor power level.
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Fig. 5 Membership fenctions of the fuzzy logic control variables: (a) error,
(b) error change, and (c) external reactivity. NS = negative small, NE = negative,
ZE = zero, PS = positive small, and PO = positive.

From Figs. 6 and 7, it may be deduced that, in general,
whenever ER is negative, RO needs to be positive.
Conversely, RO should be negative whenever ER is
positive. Rules R, and R, stem from these conditions.
Condition (d) of Fig. 6 also requires action similar to that
of condition (c) of Fig. 7. The difference, however, is that
just before condition (d) is attained, ER is already small,

even though it is still ~ve. In this case, unlike conditions
(a) to (c), a big reactivity insertion is not needed. The
magnitude of reactivity to be applied is calculated by the
FLC on the basis of our partitioning of the FLC variables.
This leads to the introduction of R3. The converse of this
argument (for decreasing power levels) applies to the
deduction of R,.
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Py T T e e e e
L ——
Condition: (a) (b) (c) (d)
ER: -ve -ve -ve +ve
DE: +ve 0 -ve +ve
RO: - Do nothing +ve tve -ve
or +ve

Fig, 6 - Rules for reactor power increase. ER = error; DE = error change; RO =

reactivity;

Pa = desired power level of time ¢, assumed constant; p(t) = power

ievel at time t; —ve = negative; +ve = positive.

Py = -
Condition: (a)
ER: +ve
DE: -ve
RO: Do nothing
orF -ve

+ve

-Ve

S
(c) (d)
ve “ve
+ve -ve
-ve +ve

Fig. 7 _Rules for reactor power decrease. ER = error; DE = error change; RO =
reactivity; - p, = desired power level of time t, assumed constant; -‘p(t) = power
level at time t; ~ve = negative; +ve = positive,

Time-Varying Setpoint

A step increase -or decrease in reactor power level s
naturally desirable if it is safe and attainable. In practice,
however,  because of, for example, thermal consider-
ations, ;power. change -is made following a prescribed
trajectory. In this simulation a six-decade power increase,
from 20 to 80%FP, was simulated by a step increase in
demand by specifying a smoother trajectory. The trajec-
tory is described by p,(t) =20 +60[1~exp (- ¢/20)].
The reactor response is shown in Fig. 8. The FL.C can be
seen 1o closely track the desired power level.

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995

Time-Varying Setpoint with Disturbance

In this simulation the performance of the FL.C follow-
ing a change in the reactor model parameter is tested. The
FL.C is required to track a desired power trajectory that
was described in the previous example. A disturbance is
then simulated by increasing the magnitude of the fuel
temperature coefficient of reactivity, 6. . This:is equiva-
lent to an increase in fuel temperature or an insertion of
neutron poison into the core. The ‘magnitude of @ is
changed from —1.046$:T, ' (=—4x10°dk/k-°C™") 10
-3$-T7!(=-1.15x107dk/k- °C™") as the steady-state
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Fig.8 Tracking control with a fuzzy logic control in response to a six-decade power

increase.

power level is attained. As shown in Fig. 9, after a drop
in reactor power level the FLC can compensate for the
increase in the negative reactivity and bring back the re-
actor power level to the desired value.

CONCLUSIONS

A control law such as “if the core temperature in-
creases and the reactor power decreases, then withdraw

the rod slightly” is a general principle that would be true
for many reactors. This introduces the element of univer-
sality that carries the advantage that the control rules are
better understood by the operators. Regardless of the
mathematical formulation used to describe the system,
the control principle will still be true. What differs is the
quantification of the linguistic measures of “increase,”
“decrease,” and “slightly,” or in the terminology of FLC,
the specification of the membership functions. Further,
such a statement is very familiar to reactor operators so

100 T T T T
Desired ‘
80 |-
Actual —»(

& 60| -
X
g
g 40} -
o

20 —

0 ! ] ] |
0 20 40 60 80 100

Time (s)

Fig. 9 Reactor response to a disturbance with a fuzzy logic control.
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that understanding of the controller behaviors can be
almost intuitively anticipated. This helps in controller
maintenance, controller troubleshooting, and modifica-
tions of controller behavior. The basic tenet of fuzzy
logic is to capture these generalities and apply them to
specific cases. An FLC transforms information from the
linguistic domain to the mathematical domain, operates
on it on the basis of a set of prespecified rules, performs
the resultant ‘control action, and then transforms the
results back to.the linguistic domain. These features can
provide a powerful tool to capture human knowledge and
serve as an effective adviser to human controllers.
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Twenty-Third DOE/NRC Nuclear Air-Cleaning
and Treatment Conference

By R. R. Bellamy,? J. J. Hayes,? and M, W. First?

Abstract: The Twenty-Third Department of : Energy/Nuclear
Regulatory Commussion {DOE/NRC) Nuclear Air-Cleaning
and Treatment Conference was held July 25-28, 1994, ‘in
Buffalo, New York. The conference was also.sponsored by the
Harvard ‘Air-Cleaning Laboratory “and . the International
Society of ‘Nuclear:Air: Treatment  Technologies, -a :nonprofit
- grganization founded ‘to. promote ‘technology ‘transfer in. the
nuclear air-cleaning -and treatment area. A total of 192 air-
cleaning specialists attended the conference.-The United States
and 11 foreign countries were represented. The specialists are
affiliated with.all aspects -of ‘the nuclear industry, -including
government . agencies, educational “institutions, “utilities,
architect—engineers, equipment suppliers, and consultants. The
high level of international interest is evident from the 40% of
papers sponsored by foreign -interests. More. than 20% of ‘the
attendees as well as several members of the Program Commit-
tee were from outside the United States. Major topics. discussed
at this -conference -included ‘nuclear  air-cleaning . codes and
standards, waste - disposal, particulate. filter developments
(including testing and performance ‘under- stress -and after
aging), sampling -and monitoring of process -and . effluent
streams, -off-gasses from fuel reprocessing, adsorbents. and
adsorption, accident control and analysis, and revised source
terms for power-plant accidents. A highlight of the conference
concerned operations: at the DOE facility at West Valley, New
York, where construction is under way to solidify ‘radioactive
waste.. A ‘recurrent theme throughout the -sessions was that, in
spite of the large number.of guidance documents available -in
the form of ‘regulations, codes, standards, -and  directives,
multiple difficulties arise when all are invoked simultaneously.
Gus processing needs, rather than controls for civilian power

“Nuclear Regulatory Commission.
PHarvard Air-Cleaning Laboratory.
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plants,” will : provide the -principal challenge ‘during  the next
decade for the air-cleaning specialists of the world.

The opening plenary session began with a presentation by
Dr. M. W. First, Conference Program.Committee
Chairman, on the history of the Air-Cleaning Conference
as -an ‘outgrowth as an ‘Atomic Energy: Commission
(AEC) working group in 1948, to the first meeting ‘in
1951, and the evolution of the conferences over the years.

The keynote address of: the opening session -was
delivered by Admiral R.J. Guimond, Principal. Deputy
Assistant - Secretary, Environmental Management, U.S,
Department ‘of Energy (DOE). -Admiral Guimond
discussed the challenges DOE faces in their environmen-
tal cleanup activities at existing and former DOE facili-
ties. Cleanups require the integration of technology with
social concerns ‘and call for ‘interactions between DOE
and community :groups that have ‘a vested interest in the
activities. Effective restoration requires that' neither
worker nor environmental exposure increase and that ‘it
avoid creating worse problems ‘than those being solved.
Admiral Guimond closed by contrasting the entrepreneur’s
and bureaucrat’s approach to solving problems.

The session concluded with two presentations on the
West Valley. Demonsiration Project established by an Act
of Congress for the purpose of developing solidification
techniques ‘that ‘can be used for preparing high-level
radioactive waste for permanent disposal. The Act
directed DOE o (1) develop -containers. suitable : for
permanent disposal of the high-level waste, (2) transport
the ‘solidified high-level waste to. a Federal repository,
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(3) dispose of low-level and transuranic waste produced
under the project, and (4) decontaminate and decommis-
sion the facilities and materials associated with project
activities and the storage tanks originally used to store the
liquid high-level radioactive waste. Mr. R. E. Lawrence,
West Valley Nuclear Services Company, provided an
overview of the current status of the demonstration
project: construction is 95% complete; testing began in
April 1993. A Safety Analysis Report was submitted to
DOE, and Readiness Review activities have begun.
Pretreatment activities are scheduled for completion in
early 1995. The life of the facility will be 10 years
with the period of active operation anticipated to be
30 months. Mr. R. F. Vance, West Valley Nuclear
Services Company, described the off-gas treatment
systems for the integrated melter. Components include a
submerged gas scrubber, mist eliminator, High Efficiency
Particulate Air (HEPA) filter, and an NO, abatement
system. He discussed the operating characteristics that
were anticipated before testing, the actual characteristics
determined from testing, and the design and operational
changes initiated to address the problems identified during
the testing phase.

STANDARDS: INDIVIDUAL PAPERS
AND A PANEL SESSION

The difficulty in adhering to all the provisions of man-
datory codes and standards when dealing with ventilation
and air-cleaning systems that were neither designed nor
constructed according to their provisions was frequently
expressed at this session. One paper discussed
the challenges of using today’s standards to qualify a
Class 1E motor now that few companies are qualifying
equipment for the nuclear power industry. The author
detailed the problems encountered by utilities when using
commercial dedication, motor repair, or expedited test
methods to qualify equipment.

A second paper presented the results of site
acceptance testing of an airborne activity confinement
system (AACS) for the K-Reactor at the Savannah River
Site. The AACS filter compartments were replaced with
seismically qualified compartments designed and
constructed to American Society of Mechanical
Engineers (ASME) Code AG-1 and ASME Standard
N509 specifications and tested according to ASME
Standard N510. Manifold qualification testing ambigu-
ities called for an inquiry to the ASME Committee on
Nuclear Air and Gas Treatment (CONAGT) to provide a

code interpretation on whether artificial leak sites need to
be introduced only at the HEPA filter to satisfy Appendix
D of ASME N509 or whether artificial leak paths need to
be created, one at a time, for both the HEPA filter and the
absorber bank. In question was whether adequate mixing
would be achieved downstream of the absorber bed.
To the Savannah River personnel, the Appendix D
methodology seemed inadequate to demonstrate mani-
fold acceptability. Although the reply from the CONAGT
committee indicated that artificial leaks needed to be
introduced only at the filter bank, Savannah River’s tests
demonstrated that the filter bank alone may be adequate
to demonstrate the adequacy of a sampling manifold
for detecting absorber bypass. A test program was
initiated to retest the sampling manifold, but project
funding was canceled because of DOE’s decision to
place the K-reactor in a standby condition.

In another paper, a self-contained high-efficiency
particulate air filter (SCHEPA), a HEPA filter in a casing
with end caps and pipe nipples used at the Hanford Site
and elsewhere, was evaluated for compliance with the
provisions of ASME N509, ASME N510, ERDA 76-21,%
MIL-F-51068F,> NFPA¢ 90A, and NFPA 91. The
SCHEPA failed to meet all the design, fabrication, test-
ing, and documentation requirements of ASME N509,
ASME 510, and NFPA. It was concluded that SCHEPA
filters do not comply fully with DOE directives and
should not be used. Other types of HEPA filters are
available for substitution.

The final paper of this session compared the results
of laboratory testing of charcoal when using the 1989
ASTM? D3803 test protocol relative to other test proto-
cols contained in some nuclear power plant’s Technical
Specifications (TS). For engineered safety feature (ESF)
ventilation systems in fuel-handling areas, first-time use
of the 1989 protocol frequently resulted in an absorber
efficiency reading of less than 90% and a call for char-
coal replacement. However, an absorber efficiency of
more than 90% is considered to be a reasonable
acceptance criterion when testing carbon at a temperature
of 30 °C and a relative humidity (RH) of 95%. When this

ERDA was the Energy Research and Development Administration,
which is currently part of DOE.

PMIL Specs are Military Specifications published by the Department
of Defense (DOD).

°NFPA Standards are published by the National Fire Protection
Agency (NFPA).

4dASTM Standards are published by the American Society for
Testing and Materials (ASTM).
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same test is conducted at a relative humidity of 70%,
rather than 95%, an efficiency of more than 99% can be
expected. The author recommended that all spent-fuel
pool systems be tested with the use of the 1989 version of
ASTM D3803 at an RH based on the presence or absence
of heaters. The author concluded that a 2-in.-deep bed
of carbon in a control room ESF system would have a
difficult time meeting the existing testing requirements
0f .99% removal efficiency if the 1989 standard is used.
A ‘more reasonable -efficiency -would be '95%, but that
would require lowering the assigned efficiencies in the
safety -analysis for the facility. At 70% RH, an efficiency
of more than 99% could be expected for 2-in.-deep beds
in control room systems. It was recommended that facili-
ties now -using high-temperature ‘testing of .control room
system carbon should change to a 30 °C test at the RH
called for by the 1989 Standard. :

A panel discussion on ‘Codes and Standards focused
on their application to DOE facilities. Existing codes and
standards offer these advantages: (1) they have withstood
the test of time; (2) they have a certain reasonableness
from both technical and cost standpoints; (3) they have
been subjected to public review and frequent use; and
(4) they provide cost savings from the use of
“standard”  components, -design, ‘protocols, ‘and testing.
Difficulties encountered in the use of the codes and stan-
dards include (1) limitation in scope, (2) misapplication,
and (3) compliance without understanding. It was
emphasized that, although the technology needs to be
further developed and standardized before codes-and
standards can be developed, few nuclear applications are
unique, and most technical problems have been solved.

Therefore existing codes and standards should always be

used as technical guides even when the situation does not
fit the exact condition for which the codes and standards
were written (i.e., regulatory agencies should not insist-on
blind -adherence), Codes.-and: standards from other
industries should be used after modification for nuclear
application. New codes and standards are needed to cover
long-term operation ‘and.operation -associated with - gas
processing [as distinguished from 'the .engineered safety
feature (ESF) air-cleaning systems used in nuclear power
plant accident control].

A review .of DOE facilities showed that filter testing
is adequate at- all -facilities except for the Portsmouth
Gaseous Diffusion Plant, but a single standard for
in-place -testing -of -HEPA filters ‘at -these locations is
considered inappropriate. At DOE facilities the applica-
tion ‘of ASME-N509 ‘and N510 may present hazards
(e.g., ASME N509 states that heaters -shall be -electric,
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but the tank farm complex at Hanford has tanks contain-
ing hydrogen). This results in a system that is unsafe,
whereas a steam heater would be intrinsically safe. It was
recommended that DOE develop a clear statement ‘of
expectations for in-place -testing that is flexible enough
to meet the needs and constraints of all systems.

The panel concluded that a waiver could be requested
if, at the start of a project, it was recognized that portions
of mandatory codes and standards would not produce the
intended results.

NUCLEAR WASTE SESSION

The technical and associated regulatory requirements
for the storage and disposal of radioactive wastes were
discussed in this session. In a joint project between the
Harvard School of Public. Health and Massachusetts
Institute of Technology, atmospheric releases from a
near-grade bunkered low-level waste disposal facility are
being modeled. Isotopes of concern are C-14 (the largest
component), H-3, 1-129, K-85, and Ra-222. Mathemati-
cal models are being developed to. evaluate natural
convection cooling for the heat released during radioac-
tive decay from storage canisters. The models show that
natural air convection cooling will suffice to maintain
adequate temperatures for stored glass-vitrified wastes
and the concrete structures that contain them.

Numerical guidelines for the design of storage
facilities at nuclear power plants include: (1) a member of
the public should receive less than 1 mrem/yr (10 Sv/yr)
from this source; (2) an inadvertent intruder. should
receive less than 5 mrem/visit (50 Sv/visit); and (3) when
the site is released from regulatory control, recycling of
the disposed material should result in exposures of less
than -1 mrem/yr (10 Sv/yr), calculated as of the time the
site is released. Further, the dose from disposal in a
sanitary landfill (including any recycling calculated at
the time -of disposal) should result in doses less than
5 mrem/yr (50 Sv/yr) to any individual.

FILTERS AND FILTRATION SESSION

The U.S. DOE is conducting a complete review of its
HEPA filter ;program to identify areas for improvement.
The review. encompasses choice -of filter materials,
manufacturing techniques, applications, acceptance tests,
research, and system design. Several areas of .concern
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have been identified: (1) deterioration from aging and
identification of an acceptable service life span for
HEPA filters, (2) whether items on a Qualified Products
List require further testing, (3) selecting substitutes for
di-octyl phthalate (DOP) for in-place testing, (4) a need
for consistent guidance to estimate. efficiencies of aged
filters during accidents, and (5) filter specifications
for portable cleaning units and vacuum cleaners. It is
anticipated that results of the DOE program will influence
other national and international air-cleaning programs.

Work at the University of Southampton in England,
previously reported at the Twenty-First Air-Cleaning
Conference, has continued on the structure and properties
of permanent magnetic filters for radioactive materials.
The principle involved is “assisted capture” to retain fine
particles more efficiently. Because the targeted material
(e.g., Pu—-0O, is paramagnetic, no external magnet or
power is required. The filter consists of a stack of
expanded ferromagnetic metal mash with the aid of a
demagnetizing cycle; a small prototype filter is estimated
to be able to collect 485 g over 38 years.

Developmental work is being done in England to im-
prove the dust-holding capacity of more conventional
HEPA filter media. Two grades under development that
use very fine fibers supported on a layer of coarser fibers
have shown improved dust holding, but penetration
results are not yet acceptable. Graded density papers
show promise but need further development. At the
Lawrence Livermore National Laboratory, steel fiber
filters are being developed and evaluated. Preliminary
field results show improved performance in wet environ-
ments. Additional field trials are planned. In France, an
experimental device has been designed to measure
pressure drop across metal filters as a function of dust
mass loading. It shows a linear relationship for
nonhygroscopic aerosol particles and for hygroscopic
aerosol particles when humidities are below the deliques-
cent point. Above this point, filters become completely
clogged for this class of particles.

EFFLUENT AIR STEAMS—MONITORING
AND SAMPLING: A PANEL DISCUSSION
AND INDIVIDUAL PAPERS

A panel discussion on aerosol sampling focused on a
requirement of 40 CFR 61, Subpart H, “National
Emission Standards for Hazardous Air Pollutants,” that
stacks having a potential to emit 1 Sv/yr (0.1 mrem/yr) to
the maximally exposed individual must have continuous

monitoring. The panel included representatives of the
U.S. Environmental Protection Agency (EPA), the
ANSI N13.1 Committee, and DOE.

The requirements of the EPA Method 1 were
compared with the guidance on sampling points and
probe design in ANSI N13.1. An alternative test method,
to be used when it is impractical to use ANSI N13.1
because of a potential for underestimating emissions, was
discussed along with a need to obtain EPA approval.
Three alternatives were discussed: single point sampling;
a shrouded, single point sampler; and a computer code to
estimate deposition losses. Additional research was
recommended on nozzle design and estimation of particle
loss in turbulent flow.

The EPA representative stated that the most prevalent
problem with an applicant’s proposal to use alternative
sampling methods is a lack of adequate detail and
confirmatory data. He advised applicants to read the
requirements carefully, answer all questions, and seek
an independent review of the application to ensure that
it is complete.

The Chairman of the ANSI N13.1 Committee
discussed progress in its revision that will emphasize
performance verification rather than the use of look-
alike designs. The proposed major changes include
(1) omitting workplace and environmental sampling,
(2) removing prescriptive and rule-of-thumb guidelines,
(3) establishing performance-based criteria (with some
set by the user), and (4) focusing sampling requirements
on compliance.

Individual papers on 40 CFR 61, Part H, in the session
on effluent stack monitoring discussed (1) the develop-
ment of a real-time stack monitoring system and dose
projection program for the Hi-Flux Beam Reactor at
Brookhaven National Laboratory and (2) an in-situ
measurement method developed for the Hanford Site that
uses a portable, low-resolution gamma spectroscope to
measure radiation emanating from HEPA filters. The
method was developed to estimate the potential unabated
dose to the offsite theoretical maximally exposed
individual from empirical data rather than from theoreti-
cal models. EPA approved use of the method after it was
tested and verified. The spectroscope does not measure
beta and alpha activity, however, and cannot be applied
to unique geometries.

The final paper, from the University of Toronto, on
loss of iodine labeled with I-131 in type 316 stainless

“ANSI Standards are published by the American National
Standards Institute (ANSI).
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steel sample lines indicated that deposition depended on
such initial surface conditions as the ‘degree and type of
oxidation. Pretreatment with nitric acid reduced retention,
as did electropolishing. . The authors concluded . that
extensive loss of gaseous elemental iodine would likely
occur in the lines leading to the postaccident release
monitoring system and that corrections would be unreli-
able given the complexity of the phenomena involved.:

GAS PROCESSING: A PANEL SESSION

This panel included equipment suppliers, representa-
tives from national laboratories, and consultants..Most of
the work to date has been on standardization for nuclear
applications for power reactors, and more specifically for
engineered-safety-feature systems for light-water reactors
for -gas processing “at ‘DOE installations. There "are
different’ parameters -of importance for -gas processing
(e.g., temperature, pressure, flow rate, moisture content,
corrosive contaminants, radioactive material loads, and
efficiency criteria). Guidance is needed on the application
of all the components that will be needed for processing
gas from equipment such.as melters, scrubbers, and
absorption columns. Guidance is also needed on how to
integrate these components into a well-functioning
system as ‘well as for conducting ‘in-place testing of
highly contaminated components during decontamina-
tion, decommissioning, and disposal. Panel members
recommended that new standards be broadly written to
permit exercise of engineering judgment and that they be
made available as soon as possible.

ADSORPTION

The papers in this session concerned residence time
determinations for absorber beds and halide test agent
replacements. Residence time differences of about 10%
are seen ‘when ‘the calculations, ‘based on ASME AG-1
Code Section FC, use the air volume/carbon volume ratio
or the.average screen area instead of the smallest screen
area. The author concludes that AG-1 should be revised
to :avoid favoring any particular Type II adsorbent bed
design. Chlorofluorocarbons (CFCs), widely -used: for
absorber in-place leak testing, are being phased out, and
replacement compounds must be selected that satisfy the
following parameters; (1) have similar retention times on
activated carbons as CFCs R-11, R-12,R-112, or R-112a;
(2) have similar lower detection limit sensitivity; (3) give

NUCLEAR SAFETY; Vol. 36, No. 1, January—June 1995

the same in-place leak-test results; (4) have chemical and
radiological stability; (5) cause no degradation of the
carbon; and (6) are listed by the EPA as acceptable for
commercial use. The most promising compounds
evaluated to date are HCFC-123 (a chlorofluoro-
hydrocarbon), 1-bromobutane, bromochloromethane, and
chloromethane, but additional work is needed to verify
the suitability of these compounds.

PROCESSING AND FUEL REPROCESSING

Because of the lack of ‘U.S. involvement in fuel
reprocessing,. all papers. presented . in..this :session repre-
sented foreign interests. Experimental work continues in
Japan on iodine expulsion from spent-fuel solutions and
its capture by silver-impregnated alumina. The amount of
iodine “in off-gas -streams depends ‘on the ‘nitrous acid
concentration . that forms from NO, (generated during
spent-fuel dissolution). Iodine is released as the result of
(1) oxidation of I.to I, by nitric acid, (2) oxidation of I,
by nitrous acid, and (3) formation ‘of colloidal "Agl or
Pdl,. After the release from solution, two different pore
sizes of silver-impregnated alumina are being examined
as adsorbents to prevent iodine from reaching the
environment. They have excellent removal capability at
all humidities [decontamination factor (DF) of 100].
Alumina with 24 wt % silver reduces waste volume.

England is completing construction of its third
reprocessing plant, entitled THORP - (Thermal Oxide
Reprocessing Plant), at its Sellafield site. It is designed
to process irradiated fuel from gas-cooled and light-
water-cooled reactors. Species of concern for the -air
treatment system are 1-129, C-14, nitrogen oxides, and
plutonium and mixed. fission-product dust particles
from fuel. The system consists of adsorption columns,
electrostatic - precipitators, dehumidifiers, and HEPA
filters designed to process a number of separate off-gas
streams. Operational .data are limited, but it is expected
that ‘emissions from a 125-m stack will ensure that the
most highly exposed individual will be below the present
limit of 50/uSv committed effective dose equivalent.

Two papers were concerned “with treatment -of
off-gasses from facilities ‘engaged in fusion research in
Germany. Construction -of ‘a new tritium. laboratory - at
Karlsruhe ‘is ‘complete. ‘The emission control equipment
consists -of an ‘oxidizing catalyst. (for conversion ‘of
gaseous trittum or tritiated ‘hydrocarbons to water),
heat exchangers, and molecularsieve beds  (for ‘water
adsorption). ‘Tests show that the reduction in- tritium
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concentration is independent of catalyst temperature but
heavily dependent on gas flow rate; adjustment of these
parameters results in a tritium decontamination factor
greater than 3000. In ltaly, a conceptual study is under
way on the tritium inventory and maximum credible
accidental dose to the maximally exposed individual
from the operation of a tokamak (toroidal magnetic
chamber) fusion plant. Exhaust gas is pumped by cryo-
genic vacuum pumps to an atmospheric decontamination
system containing catalytic oxidizers, recombiners,
dryers, and molecular sieve absorbers.

AIR TREATMENT SYSTEMS
AND ACCIDENT CONTROL

The focus at this session was on the operation of air
treatment systems, both component parts and complete
systems. Foreign participation was high. In the United
Kingdom, a novel glovebox ventilation system was
designed to satisfy two deficiencies in existing systems:
the only moving part, an exhaust fan, maintains constant
exit velocity, and no instrumentation is required. Design
exit velocity is achieved in 0.2 second, and containment
can be maintained under breach conditions.

Papers from China and Belgium discussed national
air-cleaning philosophies. For the 300-MW(e) Qinshan
pressurized-water reactor (PWR) in China, 3 years of
operation have shown satisfactory operation of the air-
cleaning systems. All U.S. design specifications and in-
place testing criteria were used except for the use of
concrete housings, which were found to be acceptable
when sealed. The Chinese expetienced no difficulty with
airflow distribution upstream of HEPA filters when using
different arrangements of inlet and outlet ducts. Belgium
generates 60% of its electricity from seven nuclear power
plants and believes that they have developed a high level
of technical expertise and experience in the air-cleaning
area, as evidenced by smooth operation of their reactor
ventilation and off-gas treatment systems plus the
PAMELA vitrification plant. PAMELA wuses a jet
scrubber with a cyclone chamber plus three dry stages
that contribute to an overall DF of 101,

The French have improved the ventilation network
SIMEVENT computer code to integrate the conse-
quences of fire and mass transfer (gases and aerosols).
It now includes gas flow rate, pressure, and temperatures
at critical points in the system, which makes it possible
to predict undesirable effects. Particularly useful
applications are the ability to determine the effect of

manipulating ventilation controls (e.g., opening or clos-
ing fire dampers) and the ability to maintain confinement.
Experimental work continues at Karlsruhe on a low-
pressure-drop passive air-cleaning system to dissipate
decay heat after a severe accident.

Stainless steel fiber filters and 10-cm-deep adsorbent
beds (molecular sieves give the lowest pressure drop) are
promising; they have low resistance and give a DF of 10°
for each component.

A new generation of nuclear generating stations and
their air-cleaning systems was presented in a look at the
future. The AP600 is a standardized PWR of 600 MW(e)
with passive safety features that uses one multifunctional
air-cleaning system to achieve greater simplicity,
standardization, and a lower cost design. Studies were
conducted to ensure that effluent releases and onsite
worker exposures would satisfy regulatory requirements.
A dual train purge system containing prefilters, HEPA
filters, carbon absorbers, and downstream HEPA filters
with a capacity of 4000 cfm (1.9 m3/s) per train was
shown to be adequate for the containment and auxiliary
buildings and the fuel-handling area exhaust streams.

The final paper in this session discussed damper leak
testing. Sulfur hexafluoride, nontoxic, nonreactive, and
easily detected in minute quantities by electron-capture
gas chromatography, is used as a tracer gas. Four
installed bubble-tight dampers at Zion Nuclear Plant in
Illinois were tested by this method. Three showed 0.01 to
0.03 cfm (5 to 15 cm?/s) leakage [two dampers were 1.5 by
1.5 ft (46 by 46 cm) and the third 6 by 6 ft (1.8 by 1.8 m)].
A fourth damper, 4 by 6 ft (1.2 by 1.8 m), which exhib-
ited 21 cfm (0.01 m%/s) leakage initially, was reduced to
3.8 cfm (0.0018 m¥/s) after adjusting the damper actuator
throw and regasketing the blade seats.

SOURCE TERMS AND ACCIDENT
ANALYSIS

The NRC is continuing its work on the revised
accident source term it published for comment in July
1992. Tt was discussed at the Twenty-Second Air-
Cleaning Conference. It seeks to integrate time of release
into the source term by considering the early in-vessel,
early ex-vessel, and late in-vessel gap release phases.
Publication of a final source term is anticipated in 1994
and will be used for future plants. Existing plants may
choose to evaluate the impact of the revised source term
on their operations.

In Germany, accident management measures are
considered to be a fourth level of safety in their defense-
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in-depth concept. Emphasis is placed on offsite
emergency planning and plant internal accident
management philosophy. There are two accident alert
levels: early-warning disaster alert and disaster alert.
Work is in progress to develop specific criteria to
facilitate decision making.

Two papers discussed subsets of an accident source
term. The NAVAHYGROS code is being used to calcu-
late aerosol behavior inside containments, and French
researchers are involved in analyzing particle deposition
in sampling ducts for various flow regimes to minimize
measurement errors.

AGING EFFECTS ON AIR-CLEANING
COMPONENTS

The first paper in this session, a part of NRC’s Aging
Research Program, examined aging effects on HEPA
filters and carbon absorbers. It reviewed records of
failure-to-identify-stressors aging effects and methods
used for surveillance. It was concluded that aging
stressors include heat, radiation, volatile solvents, and
normal concentrations of atmospheric aerosol particles
and gases. Although current inspection, surveillance, and
monitoring methods are adequate to detect ruptures and
tears, neither pressure drop monitoring nor surveillance
leak testing of installed HEPA filters provides indications
of aging in terms of reduced filter media strength. Even
though aged, intact filters may function adequately under
normal conditions, they could fail under accident
conditions. The assessment revealed the need for an
improved definition of accident stressors as well as
additional information on deterioration processes to make
possible an evaluation of the performance of aged
components under adverse conditions.

A second paper discussed a method of estimating the
residual efficiency of aged HEPA filters during and after
a design-basis accident. It uses a step-by-step evaluation
procedure based .on -age, temperature, pressure, moisture,
and structural damage to assess the filter efficiency on a
case-by-case basis.

A third paper described how filter qualification. tests
were used to evaluate the strength of HEPA filters that
had been stored up to 18 years. Tensile strength of the
media decreased with age, but the data were insufficient
to establish ‘a useful. shelf life. Thermogravimetric
analyses demonstrated that one manufacturer’s paper had
low tensile strength because of insufficient binder. When
new filter-heated air and overpressure qualification tests
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were conducted on old filters, they showed that filter
age was not the only factor affecting filter performance;
materials used and the construction design have a greater
influence. An unexpected finding was that substandard
HEPA filters have been installed in DOE facilities
despite existing regulations and mandatory filter
qualification testing. These findings led the authors to
recommend that DOE initiate a more vigorous filter
qualification program and that additional  studies be
performed. They should include all the filter components
(i.e., gaskets, frames, and sealants -in addition to .the
media) plus the simulation of tornado pulses and smoke
plugging.

A final paper presented information to show that some
types of welding fumes have little or no effect on carbon
absorber efficiency when exposure is short term .and
loadings are light. The processes studied were shielded
metal arc welding, flux cored arc welding, gas tungsten
arc welding, and gas metal arc welding. The air-cleaning
unit contained prefilters, upstream and downstream
HEPA filters, and a carbon absorber section.

WORKING LUNCHEON-—CLEAN AIR
AND CLEAR RESPONSIBILITY

Dr. Kenneth C. Rogers, in his second 5-year term as
an NRC Commissioner, was the featured speaker. He
stated that NRC’s regulatory approach governing
radiation protection is based on the principles of justifica-
tion, optimization, and limitation but that he was going to
focus on a discussion of optimization, expressed as the
ALARA principle, “as low as reasonably achievable.”
NRC believes it is appropriate to set dose design
objectives and then require each licensee to make reason-
able efforts to maintain doses as far below these
objectives as is practical for them. He maintained -that
where a specific dose limit is mandated licensees will
meet that limit but will take no further mitigating steps.
The ALARA approach-has been effective; a study of 367
randomly chosen NRC licensees showed that all satisfied
a 10-mrem/yr (100 Sv/yr) dose design objective based on
calculations using industry -accepted codes. Seven
calculated doses were between 1 and 10 mrem/yr (10 and
100 :Sv/yr, respectively), the highest being 8 mrem/yr
(80 Sv/yr). The remaining 360 (out of 367)-were below
1 mrem/yr (10 Sv/yr). Dr. Rogers concluded that applica-
tion of the ALARA principle was a major factor in
maintaining dose projections .an -order of magnitude
lower than the 10-mrem/yr design objective for all but a
handful of licensees.
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Dr. Rogers also discussed the dual regulatory regime
implemented by NRC and EPA. Radioactive emissions
are regulated by both agencies, but where potential
conflicts exist, a 1990 Clean Air Act amendment allows
EPA to rescind its own authority. Both agencies are
working slowly toward its implementation so that the
regulated community need only interface with a single
federal regulatory agency with a single set of consistent
requirements and one set of inspectors.

OPEN END

One of the traditions of air-cleaning conferences is the
presentation of short summaries of ongoing work. This
session included a discussion of using bar codes on field
samples to track custody, analysis, data logging, and cal-
culation of results; a French computer code, ESCADRE,
for looking at aerosol particle removal by containment
spray systems; degradation of HEPA filters from
exposure to dimethyl sulfoxide used as a solvent during
dismantling of a nuclear weapons plant; and retrofitting
filter plenums to add injection and sampling manifolds
for in-place testing. Full reports on these topics are
expected at the next Air-Cleaning Conference.

FILTER TESTING

Three papers were presented in this session; two
papers concerned replacements for the suspected human
carcinogen, di-octyl phthalate (DOP), widely used as a
filter test agent. EMORY 3002 had been selected
previously by the Edgewood Research Staff (Aberdeen,
Md.) (reported at the Twenty-Second Air-Cleaning Con-
ference) for quality assurance testing of personnel filter
canisters. Since then they have evaluated EMORY-3004
and EMORY-3006. EMORY compounds are synthetic
lubricants of the poly-alpha olefin class that have been
approved for this use by the Army’s Office of the
Surgeon General. Properties of the EMORY compounds
and filter testing results duplicate those of DOP.
Edgewood recommends EMORY 3002 only for cold dis-
persion because its flash point is close to the temperature
of hot machines. EMORY 3004 may be used in hot
monodisperse aerosol generators for bench testing as well
as for polydisperse testing. EMORY 3006 can be used in
polydisperse aerosol generators used for in-place HEPA
filter testing.

The third paper in this session was a review of
in-place HEPA filter testing practices at DOE facilities.

It was prepared by members of the Lawrence Livermore
National Laboratory. Items of concern include (1) selec-
tion of representative inspection and sampling locations,
(2) adequacy of the challenge aerosol concentration,
(3) photometer operation, (4) testing of multiple-phase
systems, and (5) lapses of technical support for in-
place testing caused by conflicting administrative—
organizational-management priorities. A specific
recommendation for improvement was to cooperate with
the development and refinement of ASME Code AG-1.

VENTILATION FOR DECOMMISSIONING
AND DISMANTLING OPERATIONS

In July 1989, production was discontinued at the
DOE-owned Fernald site, formerly used for processing
uranium metal products for the nation’s defense pro-
grams. A site-wide Remedial Investigation/Feasibility
Study (RI/FS) was completed pursuant to the Compre-
hensive Environmental Responsibility Compensation and
Liability Act (CERCLA) and the Amended Consent
Agreement between EPA and DOE. A variety of
response actions were identified and brought under one
roof as the Fernald Environmental Management Project
(FEMP). One of the many response actions in progress is
the decontamination and dismantlement (D&D) of Plant
One ore silos that were constructed in 1953 for sampling
and blending ore concentrates in preparation for refining.
From 1955 to 1962, the silos were used for overflow
storage of the cold metal oxides, a by-product of ore
processing, but have not been used since. The contents
were removed except for small amounts of residue. At a
panel session, representatives of Fernald Environmental
Restoration Management Corporation (FERMCO) and
its consultant discussed the design of ventilation and
air-cleaning systems and their application for control of
radioactive contaminants during D&D operations associ-
ated with the silos.

The ventilation system was designed for ease of
repair, decontamination, and dismantlement. Sources of
radioactivity and methods of control were discussed.
They included a description of operations that generate
radioactive dust, measured dust concentrations, and
job-specific work plans incorporating load restrictions,
scaffolding limits, wind speed limits, crane limits, and
rigging requirements. Problem areas have been heat,
accessibility issues, and wind loading. An “Envoy
Program” was established to keep the public informed
about the tasks that will be undertaken and the protective
measures that have been incorporated in the workplace.
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FERMCO believes that such interactions are vital in an
environmental project.

COMMENTARY

The Twenty-Third DOE/NRC Air-Cleaning
Conference once again provided an excellent opportunity
for direct interchange of technical - information related
to nuclear air cleaning among the world’s experts. By
means of formal presentations, follow-up questions and
answers, informal discussions, and exhibits sponsored by
ISNATT, ‘interchanges -covering many wide-ranging
topics -were: accomplished .in.an. easy and efficient
manner. Interest from countries outside the United States
remained high, “as evidenced .by the large number of
attendees and the papers they presented.

This conference ‘was marked by a greater interest in
gas-processing ‘activities and -a perception ‘that current
nuclear air-cleaning regulations, codes, standards, and di-
rectives provide .inadequate guidance for gas-processing
applications, ‘including fuel reprocessing. The need for
improvement was presented as the prime challenge
facing -air-cleaning ‘experts over the next decade. It was
emphasized ‘that, when current nuclear guidance
documents (written with civilian nuclear power reactors
in mind) are -invoked, confusion often results. The
judgments of experienced engineers must be authorized
when site-specific conditions make a word-for-word
application of guidance documents dangerous and waste-
ful. It is anticipated that guidance on an international
level can be prepared that will be concise and applicable
to both existing and future air-cleaning systems.

Other important themes that were identified include
(1) clear recognition -that air- and gas-cleaning needs
cannot be satisfied by simply installing HEPA filters and
carbon. absorbers at the -end of a pipe; (2) HEPA filters
are -vulnerable -to damage by high temperature, relative
humidity, and dust loading, and all these stressors are
made worse by aging of the components; and (3) source-
term definition is near completion for power reactors, but
there is urgent need for similar action for decommission-
ing ‘and dismantlement operations. The magnitude ‘of
the “effort that ‘will be required to complete all the
outstanding ‘waste storage and encapsulation tasks was
made evident by the activities being conducted at West
Valley, New York.

The proceedings of the Twenty-Third Conference
have been published as CONF-940738/NUREG-
CP-0141 -and are available from -the Superintendent
of ‘Documents, U.S. Government Printing Office.
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Summaries of past conferences reported in Nuclear
Safety are referenced at the end of this report.!-1> Plans
for the Twenty-Fourth Conference, scheduled for the
summer of 1996 on the west coast of the United States,
are under way and will continue the outstanding tradition
of providing a forum for interchange of technical ideas
and discussions among international air-cleaning experts,
with ISNATT playing an expanding role.

Table ‘1, a complete ‘listing of the meeting agenda,
contains the titles, authors, and organizational sources for
all papers.
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Table 1 Technical Program of the 23rd DOE/NRC Nuclear
Air-Cleaning and Treatment Conference®

Plenary Session

Chairmen: J. F. Leonard, DOE, and K. Duvall, DOE

Welcome and Objectives of the Conference

Keynote Address

West Valley Demonstration Project Overview

The Integrated Melter Off-Gas Treatment Systems at the West
Valley Demonstration Project

M. W. First, Harvard Air Cleaning Laboratory
R. J. Guimond, DOE

R. E. Lawrence, WVNS

R. F. Vance, WVNS

Nuclear Air-Cleaning Codes and Standards Session

Chairmen: R. R. Weidler, Duke Power Company, and J. J. Hayes, NRC

Challenges of Equipment Qualification Using Today’s
Standards with Emphasis on a Class 1E Motor Program
Evaluation of the Self-Contained HEPA Filter

ASME N510 Test Results for Savannah River Site AACS Filter

Compartments

K. Deaton, Ellis & Watts

T. E. Arndt, Westinghouse Hanford Company
J. D. Paul and T. M. Punch, WSRC

An Evaluation of Efforts by Nuclear Power Plants to Use ASTM  W. P. Freeman, NCS

D3803-89

Nuclear Waste

Chairmen: R. Porco, Ellis & Watts, and W. Bergman, LLNL

Generation and Release of Radioactive Gases in LLLW Disposal

Facilities

Numerical Analysis of a Natural Convection Cooling System for

Radioactive Canisters Storage
Disposal of Slightly Contaminated Radioactive Wastes from
Nuclear Power Plants

M. S. Yim and S. A. Simpson, MIT
R. J. Tsal, S. Anwar, and M. G. Mercado, Fluor Daniel, Inc. ‘

J. L. Minns, NRC

Filters and Filtration

Chairmen: H. Gilbert, Consultant, and R. G. Dorman, Consultant

HEPA Filter Concerns—An Overview

A Novel Permanently Magnetized High Gradient Magnetic
Filter Using Assisted Capture for Fine Particles

Improving the Dust Holding Capacity of HEPA Filters

Effect of Humidity on the Filter Pressure Drop
Preliminary Field Evaluation of a High Efficiency Steel Filter

1. F. Leonard, DOE
J. H. P. Watson, Institute of Cryogenics, England

J. Dyment, Atomic Weapons Establishment, England;
C. Hamblin, AEA Technology, England

I. Vendel! and P. Letourneau, ISPN

W. Bergman, G. Larsen, R. Lopez, and K. Wilson, LLNL;
K. Simon and L. Frye, MMES

Effluent Stack Monitoring

Chairmen: J. J. Hayes, NRC, and J. D. Paul, WSRC

A Real-Time Stack Radioactivity Monitoring System and Dose
Projection Program

Potential Radionuclide Emissions from Stacks on the Hanford
Site, Part II: Dose Assessment Methodology Using Gamma
Spectrometry

The Retention of Iodine in Stainiess Steel Sample Lines

A. P. Hull and P. A. Michael, BNL; H. J. Bernstein

J. M. Barnett, Westinghouse Hanford Company

G. J. Evans and C. Deir, University of Toronto; J. M. Ball,
Whiteshell Laboratories, Canada

(Table continues on the next page.)
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Table 1 (Continued)

Adsorption
Chairmen: P. Sigli, Camfil, and J. L.. Kovach, NCS

Residence Time Determinations for Adsorbent Beds of
Different Configurations
Halide Test Agent Replacement Suitability Study

J. E. Otermat, W. O. Wikoff, and J. L. Kovach, NUCON
International, Inc.

E. M. Banks, W. P, Freeman, B. J. Kovach, R. R, Sommer, and
J. L. Kovach, NUCON International, Inc.

Processing and Fuel Reprocessing

Chairmen; J. G. Wilbhelm, Bundesministerium fur Umwelt, Germany, and
M. Kikuchi, Hitachi Energy Research Laboratory, Ltd., Japan

A Study on the Expulsion of Iodine from Spent-Fuel Solutions

The Development and Design of the Off-Gas Treatment System
for the Thermal Oxide Reprocessing Plant (THORP) at
Sellafield

Development of Silver Impregnated Alumina for Iodine
Separation from Off-Gas Streams

Treatment of Tritiated Exhaust Gases at the Tritium Laboratory
Karlsruhe

Review of the Air Cleaning Systems in a Nuclear Fusion
Facility and Consideration About Their Safety Significance

T. Sakurai, A. Takahashi, N. Ishikawa, Y. Komaki, M. Ohnuki,
and K. Kato, JAERI
P. 1. Hudson, C. P. Buckley, and W. W. Miller, BNFL.

M. Kikuchi, T. Fukasawa, K. Funabashi, and F. Kawamura,
Energy Research Laboratory, Hitachi; Y. Kondo, Hitachi
‘Works, Japan

E. Hutter and U. Besserer, KfK; G. Jacqmin, NUKEM GmbH

A. Boschi, ENEA; T. Palma and G. Sgalambro, ENEA-DISP,
Italy

Air Treatment Systems and Accident Control

Chairmen: R. D. Porco, Ellis & Watts, W. R. A. Goossens, PEGO bvba, Belgium, and X. Chen,
Shanghai Nuclear Engineering Research & Design Institute, People’s Republic of China

Value-Impact Assessment for Resolution of Generic Safety
Issue 143—Availability of HVAC and Chilled Water
Systems

Leak Testing of Bubble Tight Dampers Using Tracer Gas
Techniques

Constant Depression Fan System: A Novel Glovebox
Ventilation System

Calculation Code Evaluating the Confinement of a Nuclear
Facility in Case of Fires

Performance of HEPA Filters at LLNL Following the 1980 and
1989 Earthquakes

The Actual Practice of Air Cleaning in Belgian Nuclear
Facilities

An Introduction to the Design, Commissioning and Operation of
Nuclear Air Cleaning System for Qinshan Nuclear Power
Plant

AP600 Containment Purge Radiological Analysis

A Low Pressure Filter System for New Containment Concepts
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P. M. Daling, J. E. Marler, T. V. Vo, H. K. Phan, and J. R.
Friley, PNL; V. T. Leung, NRC

P. L. Lagus, Ph.D., CIH; J. H. Brown, Lagus Applied
Technology, Inc.; L. J. Dubois, Commonwealth Edison;
K. M. Fleming, NCS

W. V. Milliner, Atomic Weapons Establishment plc, England

J. C. Laborde, C. Prevost, and J. Vendel, ISPN; G. Perrin,
Services Techniques, COGEMA; J. L. Peirano and S. Raboin,
Services Calculs Scientifiques SGN, France

W. Bergman and J. Elliot, LLNL

W. R. A. Goossens, PEGO bvba, Belgium

X. Chen, J. Qu, and M. Shi, Shanghai Nuclear Engineering
Research and Design Institute, People’s Republic of China

M. O’Connor, J. Schulz, C. Tan, and M. Kasjaka, Bechtel Power
Corporation; N. Alper, Westinghouse Electric Corporation

H. G. Dillmann and H. Pasler, Laboratorium fiir
Isotopentechnik, KfK
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Table 1 (Continued)

Source Terms and Accident Analysis

Chairmary: R. R. Bellamy, NRC, and R. Zavadoski, DNFSB

Revised Accident Source Terms for Light-Water Reactors

Potential Radionuclide Emissions from Stacks on the Hanford
Site, Part I: Dose Assessment

The Link Between Off-Site-Emergency Planning and
Plant-Internal Accident Management

NAUAHYGROS—A Code for Calculating Aerosol Behavior in
Nuclear Power Plant Containments Following a Severe
Accident

Experimental Study on the Particles Deposition in the Sampling
Duct

L. Soffer, NRC
W. E. Davis and J. M. Barnett, Westinghouse Hanford Company

H. Braun, Bundesministerium fiir Umwelt, Naturschutz and
Reaktorsicherheit; R. Gortz, Bundesamt fiir Strahlenschutz,
Germany

R. Sher, Rudolph Sher Associates; J. Li, TENERA, L. P.

J. Vendel and J. Charuau, ISPN

Aging Effects on Air Cleaning Components

Chairmen: R. R. Weidler, Duke Power Company, and W. Bergman, LLNL

Filter-Adsorber Aging Assessment

A Method for Estimating the Efficiency of HEPA Filters During
and After Design Basis Accidents

Performance of HEPA Filters Under Hot Dynamic Conditions

Studies to Determine the Shelf-Life of HEPA Filters

Effects on the Efficiency of Activated Carbon on Exposure to
Welding Fumes

W. K. Winegardner, PNL
W. Bergman, LLNL

D. P. Frankum and G. Costigan, AEA Technology, England

H. Gilbert, Consultant; F. Rainer, EG&G Rocky Flats Plant;
D. Beason and W. Bergman, LLNL

D. Ghosh, Southern Company Services

Open End

Chairmen: M. W. First, Harvard Air Cleaning Laboratory, and K. Duvall, DOE

In-Place Test Using Sodium Flame Method for Air Cleaning
System of Nuclear District Heating Reactor

Air Sample Tracking Utilizing Bar Codes to Assist with New 10
CFR 20 and 10 CFR 835 Regulations

Experimental Study of Elementary Collection Efficiency of
Aerosols by Spray: Design of the Experiméntal Device

Degradation of HEPA Filters Exposed to DMSO

Proposed Retrofit of HEPA Filter Plenums with Injection and
Sampling Manifolds for In Place Filter Testing

Z.H.Lin and S. S. Ye, Institute of Nuclear Energy Technology,
Tsing Hua University, People’s Republic of China
W. H. Bailey, NFS Systems

D. Ducret, Association Air-Eau-Environment; S. Le Garrec,
Société des Techniques en Miliew:Ionisant; J. Vendel, ISPN

W. Bergman, K. Wilson, R. Lopez, and J. LeMay, LLNL

J. K. Fretthold, EG&G Rocky Flats

Filter Testing

Chairmen: W. L. Anderson, Consultant, and J. F. Leonard, DOE

New Performance Data for “Emery 3002” and “Emery 3004,”
Two Army-Approved Safe Materials to Replace DOP in
Mask and Filter Testing

Comparison of Emery 3004 and 3006 with DOP for Possible
Use in HEPA Filter Leak Tests

Review of In-Place HEPA Filter Testing at Several DOE
Facilities

H. R. Carlon and M. A. Guelta, U.S. Army Edgewood Research,
Development and Engineering Center

B. J. Kovach, E. M. Banks, and G. Kovacs, NUCON
International, Inc.
B. V. Mokler and R. C. Scripsick, LANL

(Table continues on the next page.)
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Table 1 (Continued)

“Abbreviations of organizations:

BNFL
BNL
DNFSB
DOE
ENEA
EPA
ISPN
JAERI
KfK

British Nuclear Fuels, Ltd., United Kingdom
Brookhaven National Laboratory, U.S.A.

Defense Nuclear Facilities Safety Board, U.S.A.
Department of Energy, U.S.A.

European Nuclear Energy Association
Environmental Protection Agency, U.S/A.

Institut de Protection et de Surete Nucleaire, France
Japan Atomic Energy Research Institute, Japan
Kernforschungszentrum Karlsruhe, Germany

LANL
LLNL
MIT
MMES
NCS
NRC
PNL
WSRC
WYVNS

Los Alamos National Laboratory, U.S.A.
Lawrence Livermore National Laboratory, U.S.A.
Massachusetts Institute of Technology, U.S.A.
Martin Marietta Energy Systems, Inc.; U.S.A.
Nuclear Consulting Services, U.S.A.

Nuclear Regulatory Commission, U.S.A.

Pacific Northwest Laboratories, U.S.A.
Westinghouse Savannah River Company, U.S.A.
West Valley Nuclear:Services Co., Inc., U.S.A.

INTERNATIONAL CONFERENCE ON ADVANCES IN
THE OPERATIONAL SAFETY OF NUCLEAR POWER PLANTS

Vienna, Austria, September 4-8, 1995

The International ‘Atomic Energy Agency is preparing for the forthcoming International Conference on Advances in
the Operational Safety of Nuclear Power Plants.

For -additional information, contact M. Dusic, International Atomic Energy Agency, Safety Assessment Section,
Division .of Nuclear Safety, Wagramerstrasse 5, P.O. Box 100, A-1400, Vienna, Austria. Phone: (+43 1) 2360.
Fax: (+43 1) 234564.
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Atmospheric Dispersion and the Radiological
Consequences of Normal Airborne Effluents
from a Nuclear Power Plant

By D. Fang,?C. Z. Sun,? and L. Yang?

Abstract: The relationship between the consequences of the
normal exhaust of radioactive materials in air from nuclear
power plants and atmospheric dispersion is studied.
Because the source terms of the exhaust from a nuclear
power plant are relatively low and their radiological conse-
quences are far less than the corresponding authoritative
limits, the atmospheric dispersion models, their various
modifications, and selections of relevant parameters have
few effects on those consequences. In the environmental
assessment and siting, the emphasis should not be placed
on the consequence evaluation of routine exhaust of
nuclear power plants, and the calculation of consequences
of the exhaust and atmospheric field measurements should
be appropriately simplified.

Calculation of exposure doses resulting from routine
exhaust of radioactive materials in air is an important
part in siting, applying for construction, and operating
nuclear power plants, according to the codes!-3
stipulated by Chinese regulatory bodies. Atmospheric
dispersion, which determines the transport of airborne
radioactive material released by nuclear facilities, has
been studied carefully. To select an appropriate
dispersion model or correct an existing one for

“Institute of Nuclear Energy Technology, Tsinghua University,
Beijing (100084), People’s Republic of China.

bSuzhou Nuclear Research Institute, Ministry of Electric Power
Industry, Suzhou (215004), People’s Republic of China.

assessing consequences and determining dispersion
parameters, the combined frequencies of atmospheric
stability and the indexes of wind-speed profile,
detailed atmospheric experiments, and the hourly
collection of weather data for a whole year are needed
in the process of constructing a nuclear power plant in
China. Many workers and materials will be needed to
meet all these requirements also.

The relationship between the factors relative to
atmospheric dispersion and the consequences caused
by the normal exhaust of radioactive airborne materi-
als is studied with a hypothetical 2 x 1000-MW(e)
pressurized-water reactor (PWR) as the reference
nuclear power plant. Its main parameters are listed in
Table 1.

ATMOSPHERIC DISPERSION MODEL
AND PARAMETERS

The range required by regulatory codes in China
and other countries for assessing environmental
consequences is up to 80 km around the sites. The
basic model used in the research of atmospheric
dispersion and its consequence assessment is the
Gaussian point-source model. Whether the model
is applicable to the range of 80 km is not to be consid-
ered here. Only the maximum individual exposure
doses calculated with various parameters on the site
boundaries are compared in the article.

NUCLEAR SAFETY, Vol. 36, No. 1, January-June 1995




136 ' ENVIRONMENTAL EFFECTS

Table 1 Main Parameters of Reference PWR

Power, Source Site Stack height, Site boundary, Dispersion
MW(e) term code code m Building size (h-w) m parameters
2 x 1000 RS14 HRB? 75 60 m x 120 m> 398 Vogt®

“RS1: the source term code; see Table 7 for more detailed description.
PHRB: an actual site code; its atmospheric stability frequencies are taken from measurements at the site.

‘See Ref. 4.

The Gaussian continuous point-source model® can be
written as follows:

j=1

where (y/Q) = long-term dispersion factor for wind

direction i

oz = vertical dispersion parameter with
stability class j

Wy, = mean wind speed with stability class j
and wind-speed grade m at the emission
height H

P, = weather frequency with stability class j,
wind-speed grade m, and wind direction
i

The Gaussian model is based on the assumptions of
time and space homogeneity. Adjustments of models and
parameters are needed to make it more applicable to ac-
tual situations. The usual adjustments include changes of
wind direction with altitude, the effects of building wake,
source depletion, fumigation, mixing heights, dispersion
parameters, and the index of wind-speed profile.

The changes of wind direction and terrain modifica-
tion effects are usually not considered in calculations be-
cause of their dependence on actual conditions of terrain
and wind fields, which are technically difficult to repre-
sent in models.

Source depletion and mixing height have effects only
at relatively long distances, more than about 10 km from
the exhaust point. Therefore their effects on the - maximum
individual doses on the site boundary are insignificant.

Fumigation affects only short-term dispersion. Gener-
ally its occurrences in a year are very few, and it has little
contribution -to long-term dispersion factors. At some
coastal site fumigation might have more effects.
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Building Wake Effects

The exhaust stacks usually are two times lower than
the highest structure of pressurized-water-reactor (PWR)
power plants.and. are normally near the reactor building.
The plume thermal and momentum rises are small; there-
fore the building wake effects can be significant. Because
the plume rise and the differences among the heights of
terrain, building, and vegetation offset one another,®
modification of the effective source height is not considered.

The 6, and o, in the dispersion model (Eq. 1) can be
corrected with X, and ¥, respectively, which have the
following expressions® when the building wake effects
are considered:

£,6) = [o30 + 2]
s @
5.0 = o) + 22|

AG = hG . bG when bG < hG

Ag = hé when bg < kg
where 2.(x) = lateral dispersion parameter corrected for
wake effect
o,(x) = lateral dispersion parameter
3,(x) = vertical dispersion parameter corrected for
wake effect
0.(x) = vertical dispersion parameter
b = width of building
hg = height of building
A = cross-sectional area of the building

The long-term dispersion factors from the prevailing-
wind direction with the effective source heights of 75 and
100 m and the effective source height of 75 m corrected
for wake effects are shown in Fig. 1. The long-term dis-
persion factors at a distance of 398 m from the source are
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Fig. 1 Long-term atmospheric dispersion factors. i / Q is the long-term dispersion factor.

5.28 x 1077 s/m? not corrected for wake effects and
2.5x 1077 s/m? corrected for wake effects, respectively.
Their difference is about a factor of 2, and so is the
corresponding dose.

Dispersion Parameters

Dispersion parameters are usually determined by such
factors as site terrain conditions, surface roughness, and
sampling time. They also can be estimated from field
measurements on sites. The long-term dispersion factors
and the maximum dose equivalent at the distance of
398 m from the site, calculated with different dispersion
parameters in downwind direction of prevailing wind, are
given in Table 2. The results show a difference of about a
factor of 2 caused by different dispersion parameters.

Table 2 Effects of Different Dispersion
Parameters on Dispersion
Factors and Doses

Dispersion Dosesgg,
parameters® (X/Q) 398, s/m® mSv/yr
P-G 4.48 x 1077 1.64 % 1073
Vogt 528 x 1077 1.93 % 107
Turner 2.42 % 1077 8.8 x 107
M. E. Smith 432% 1077 1.58 x 1073
BNL 4.82 x 1677 1.65x 1073
4See Ref. 4.

Wind-Speed Profile Index

The vertical wind-speed profile indexes that can be ob-
tained from recommended values or through measurements
are often used to calculate the wind speed at the effective
exhaust height, H, using the following expression:

H\Y
Ujm = U jm (E) &)

where iy, is the mean wind speed with stability class j
and wind-speed grade m at height 10 m, and k; is the
wind-speed profile index with stability class j.

Table 3 shows two groups of German-recommended
indexes, two groups of Chinese-recommended indexes,
and the results of dispersion factors and doses calculated
with them, respectively. The maximum differences among
these results are about a factor of 5, and the difference
between these results and those calculated with the obser-
vation data at the 10-m height are within a factor of 10.

FREQUENCIES OF ATMOSPHERIC STABILITY

The combined frequencies of atmospheric stability
play an important role in the calculation of long-term
atmospheric dispersion, as shown in Eq. 1. For a nuclear
power-plant site, the hourly atmospheric information for
more than 1 year is needed to classify the stability classes
and count their frequencies, as required in national codes.

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995
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Table 3 German and Chinese Wind-Speed Profile Indexes and Their

Effects on Dispersion Factors and Doses

Wind-speed Atmospheric stability class
profile X/QJ 308, Dose;gq,
index A B C D E F shm® mSv/yr
G19 009 020 022 008 037 042 528x107 193x10°
G2° 0.9 1.3 1.7 2.0 1.2 0.4 1.04x107 037 %107
GB1* 015 015 02 025 040 060 485x107 177x107
GB2? 007 . 007 . 010 . 015 035 055 567x107 207x107

4G1 and G2 are from Refs. 5 and 7.
5GB1 and GB2 are from Ref. 8.

Characteristics and Variations of
Atmospheric Stability in China

A vast territory brings substantial differences among
the atmospheric stability frequencies in different terrain
conditions and regions in China. The whole territory is
classified into six regions; each has a specific stability
class, as shown in Fig. 2 (Ref. 4). The frequency ranges
of every class are given in Table 4, in which the remark-
able differences among these six classes are shown.

Table 4 Ranges of Classification of
Atmospheric Stability in Six Stability
Regions in China

Atmospheric
stability class®

Frequency range,
(7

MY 0w >

0.40 10 4.63
44010 10.24
4.70 t0 9.62
30.17to 71.20
10.60 to 26.52
7.30t021.72

“Pasquill diffusion categories.

\

4

Fig.2 Six regions of atmospheric stability in China.
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The frequency variations of the six classes in ten refer-
ence sites (their codes are QS, BEJ, HRB, JLN, LYG,
SC, SMZ, YCZ, YY, and BS) distributed in the six re-
gions are given in Fig. 3. The tendencies of frequency
variations in Table 4 and in Fig. 3 are the same. Both of
them are characterized by the largest frequencies of class
D and the smallest frequencies of class A.

Effects of Different Combined Frequencies
of Atmospheric Stability Classes on the
Consequences of Routine Exhaust

The exposure doses produced by routine exhaust of air-
borne radioactivity are calculated with the stability frequen-
cies in the ten reference sites as the input data. The calculated
individual doses at the ten sites given in Fig. 4 show very low
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differences, not more than a factor of 3 between the largest
and smallest doses on the site boundaries, although the stabil-
ity frequencies of these sites vary considerably. These doses
are two orders of magnitude less than the limit of 0.25 mSv/yr
(Ref. 2) required by Chinese authorities for exposure doses
received by the public under routine operation of nuclear
power plants, and about three orders of magnitude less than
the natural background exposure, 2.4 mSv/yr (Ref. 9).

Method of Stability Classification and
Acquisition of Atmospheric Information

The methods of stability classification recommended!®
are Pasquill-Gifford (P-G) methods; AT method; split ¢
method; anq other widely recommended methods, such
as g, Uy, and AT-U.

70 T 1 I
60 - ® QS ¢ SC |
< + BEJ A SMZ
9; 50 «HRB O YCZ
Q' 40
3
5 30
T 20
10

Atmospheric stability class

Fig. 3 Atmospheric stability of 10 sites. QS, BEJ, HRB, JLN, LYG, SC, SMZ, YCZ, YY, and BS are site codes.

= 10 | I ] T | | T ]
b
B 2.4 O O O e OO o S S
£
- 1 n
g
(0]
§ 0.254x ot YA A, o o/ A A A A\
:g; 0.1~ O Background .
g A Limit value
s 0O Dose
o 0.01 . - - -
3 O O a 0
g O O
Lt 0.001 [lj | | | | | ] ] |

HRB QS BEJ JLN BS SMZ LYG SC YY YCz

Site

Fig. 4 Maximum individual doses at 398 m for different sites. QS, BEJ, HRB, JLN, LYG, SC, SMZ,

YCZ, YY, and BS are site codes.
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Fig. 5. Annual frequency distributions of different classifying methods. [P-G is the Pasquill-Gifford method. AT,
is based on the temperature difference (AT) between 10 m and 100 m in height. AT, is based on the temperature
difference (AT) between 10 m and 70 m in height. Uy is based on the wind-speed method. AT-U is based on AT and

the wind-speed method.J!!

The annual distributions of stability frequencies deter-
mined, respectively, by the P-G method, AT; method,
AT, method, Uy method, and AT-U method for the same
site are shown in Fig. 5. The frequency distribution clas-
sified by the AT method is based on temperature differ-
ences -between the 10- and 100-m height, whereas the
AT, method is based on the temperature differences be-
tween 10 and 70 m. The maximum long-term dispersion
factors calculated with these methods are shown in Table 5.

Table 5. Maximum Long-Term Dispersion
Factors Calculated with Different
Classification Methods!!

Distance of
downwind, Dispersion factor ((/Q0),
Method m ) s/m®
P-G 500 798 x 1077
AT, 500 8.57 x 1077
AT, 500 7.61 x 107
Ug 500 8.67 x 1077
AT-U 500 9.49 x 1077
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From Table 5, the conclusion can be made that, al-
though the different classification methods bring about
different distributions of stability frequencies, they do not
affect the maximum long-term dispersion factors very much.

Theoretically, the stability classes determined by
hourly atmospheric information are more accurate than
those determined by the four-times-per-day information
(i.e., the information is gathered once every 6 hours) or
six-times-per-day information (every 4 hours). In fact, the
maximum long-term dispersion factors calculated with
them show little difference (more details given in Table 6).

SOURCE TERM

The source ‘term, the amount of radioactive nuclides
vented to the environment, is one of the key factors that
influences the consequences of normal exhaust of radio-
active materials from nuclear power plants. Normally, it
is obtained from experience with operating nuclear plants
or is calculated by appropriate mathematical models. For
a new plant, a mathematical model is the only way. How-
ever, the results of the method must be used carefully
because mathematical models are .based .on. many
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Table 6 Distribution of Stability Frequencies Obtained from Hourly
or Four-Times-a-Day Weather Monitoring!?

Distribution of atmospheric stability

frequencies by class, %

Weather Frequency of collecting
station information A B C D E F
1 Hourly 1.43 8.4 11.3 40.9 21.8 16.7
Four times/day 0.62 75 11.5 42.8 205 17.0
2 Hourly 0.82 42 6.8 61.7 185 79
Four times/day 1.1 49 6.5 61.4 18.0 8.0

Table 7 Different Source Terms of 2 X 1000-MW(e) PWR
Under Normal Operating Conditions (Bg/yr)

Source term code

Nuclide RS1 RS2 RS3 RS4
H 123 x10 57810  1.78x10™
0Co 630x 108 1.68x10%  8.44 %108
8Ky 1.12x 103 2.64%x1012 - 6.33%x 108 4.00x10%2
133xe 152 x 10 492x10“ 8.86x10™ 938x10™
138xe 1.79 1013 246 x 10! 1.38 x 1013
131y 1.03x10° 444x10° 633x10° 3.80x10°
34cg 950%x10%  7.00x 107  1.22x108
B37¢ 630x10°  120%x10% 844 %108
Dosesgg, mSViyr  1.93x 1073 461x107%  275x 107 3.83x 1077

assumptions and simplifications, and their results are not
demonstrated. For PWR plants, much operational experi-
ence is available. The exposure doses calculated with
source terms collected from various PWR plants show
few differences, as shown in Table 7. The results indicate
that the doses based on the source terms from operating
experiences of nuclear power plants are about two orders
of magnitude less than the national dose limits.

CONCLUSIONS

From the previous statements, the following can be
concluded:

1. The consequence of routine exhaust of radioactive
materials in air is two orders of magnitude lower than the
dose limit specified in Chinese codes because the exhaust
concentrations are very low.

2. The differences in doses caused by using different
adjustments of dispersion models or using different pa-
rameters are within a few orders of magnitude.

3. Although the stability frequencies in six regions
within Chinese territory vary greatly, the differences of
their resulting consequences are small.

In view of these facts, the calculation of the conse-
quences of normal emission should not be taken as criti-
cal contents in the siting and environmental assessment
for nuclear power plants. A recommended model and
parameters are enough to be used to estimate the conse-
quences of exhaust of radioactive airborne materials and
to evaluate whether the source terms or the emission limit
values of radioactive materials are reasonable, as German
SSK Band 17 did.'?
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Calculation of Distribution Coefficients for
Radionuclides in Soils and Sediments

By I. Puigdoménech and U. Bergsirém?

Abstract: The turnover of radionuclides in parts of the bio-
sphere ‘is usually modeled by use of a sorption distribution
coefficient, K, Its value has a large influence on calculated
concentrations of long-lived radionuclides found in reservoirs,
which are important for doses. to humans. Sorption is due to
several processes and a variety of physical and chemical inter-
actions (e.g.; surface complexation and ion exchange). In the
commonly -used K g-methodology, however, these processes
were usually not considered -explicitly. Additionally, many K,
values were obtained from laboratory experiments or from the
geosphere, the conditions of which differ from those prevailing
in the biosphere. The main objective of this work was to. extend
the knowledge about the theoretical ‘background. for calcula-
tion of Ky values. To achieve this objective, theoretical models
for -ion_exchange and - surface complexation were adapted 1o
simulation under biospheric conditions. Elements studied were
Cs, Ra, Np, U, and ‘Pu. The results: show that a triple-layer
surface complexation model may be used to estimate K values
for-actinides as functions of some chemical parameters, -such
as pH and the redox potential (Eg). An-area. of application is
performance assessment of radioactive waste repositories.

“Studsvilk Eco and Safety AB, S-611 82 Nykoping, Sweden.
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The possible migration of long-lived radionuclides from
repositories of ‘high-level radioactive waste :is. important
when the safety aspects and design of such facilities are
being ‘considered. ‘Nuclide “behavior “has ‘two major
aspects: their movement in the geosphere and in the bio-
sphere. The biosphere is the part of Earth’s environment
inhabited -by -biological life and: comprises. parts of:the
atmosphere, the hydrosphere, and. the  lithosphere. The
geosphere -is ‘composed ‘of bedrock, including ‘its ‘water
content. In the geosphere the mobility of radionuclides
should be so low that most of the released radionuclides
from the near-field -area will not reach the biosphere in
amounts that cause-any substantial doses to people. In the
biosphere, however, accumulation caused by Jow mobil-
ity may. increasc -the exposure.- The exposure pathways
may be ‘inhalation caused by dust resuspension or direct
consumption: of 'soil, especially by children.-Conversely,
strong ‘binding yields a high degree ‘of ‘accumulation,
which causes low bioavailability of the nuclides and thus
decreases their importance for the dose through the
exposure pathways of the food chain.
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The turnover of elements in the biosphere may be
modeled by using compartment theory. The biosphere,
for example, is divided into reservoirs; the transport
between those reservoirs and the source and sink
processes within them are modeled with the use of
first-order kinetics. Accumulation in some reservoirs of
the biosphere may be described with the use of an
equilibrium distribution coefficient, K, It can be used
as a measure of the sorption of an element at an inter-
face between a solid and a liquid. Sorption is due to
several processes and diverse physical and chemical
interactions: surface complexation, ion exchange,
precipitation, solid solution, entrapment in zeolite
structures, complexation by humic and fulvic
substances (coating soil particles), etc. At subtrace
concentration levels, which concern performance
assessments, surface complexation and ion exchange
are the most important processes, and complexation by
organic materials might be important in some soils. As
a first approximation, only surface complexation and
ion exchange are considered in this work. With the K
methodology, which is mostly based on distribution
experiments, it is not possible to consider explicitly the
underlying physical phenomena. Furthermore, many K,
values used in biospheric models were obtained from
the geosphere, the conditions of which are not usually
comparable with those prevailing in the biosphere.
Other disadvantages of the commonly used methodol-
ogy for obtaining K, factors are:

* There is a lack of theoretical background.

* K, values relevant to a specific problem are often
missing. Therefore extrapolated values must be used,
which presents some difficulties because of the lack of
theory.

* There is no quantitative relation between chemical
species in solution and K, values.

* Precipitation and adsorption processes are difficult to
separate.

Many assessment studies for repositories of long-
lived radioactive nuclides have also shown that most
of the uncertainty related to the calculations is due to
uncertainties of the transport parameters."? These trans-
port parameters are usually based on the use of K,
factors when the accumulation of the nuclides in soil
and sediments is described. In addition, the accumula-
tion process (i.e., the K; parameter) has been identified
as a dominating contributor to the uncertainty in calcu-
lated results for several scenarios handled within the
international BIOMOVS study.>* One reason for this is

the large uncertainty assumed for the K, values, which
is due to the lack of theoretical knowledge needed to
select more realistic ranges of K, values for specific
conditions.

The main purpose of this study is to extend the
knowledge regarding factors that influence the accumu-
lation of long-lived radionuclides in soils and
sediments. This will lead to increased accuracy and
lower uncertainty in the choice of K, values. This is
particularly important for uncertainty analyses in
radiological safety studies. The results will also be
applicable for modeling the transport of radionuclides
in the geosphere. For this study, theoretical surface
complexation models were used to simulate the condi-
tions in the biosphere.

ELEMENTS

The following elements were considered in this
study: Cs, Ra, U, Np, and Pu. They were chosen
because some of their isotopes were found important in
previous safety analyses for spent fuel.’ This is valid
especially for Ra-226 and Np-237. Pu-239 is included
because it is potentially important in dose assessments
for high-level wastes. In addition, the choice of
elements was based on the availability of information
about their chemical properties.

The K, values for soil, previously used in an assess-
ment® of conversion factors between unit releases of
radionuclides to the biosphere and resulting doses to
humans, are shown in Table 1 for comparison and
evaluation. The ranges were estimated from the varia-
tions of the literature values.”

Table 1 Distribution Coefficients

(K, ) for Soil/Water®
Ky, m’/kg

Element (best estimate) Range
Cs 1.0 0.1t0 10
Ra 0.5 0.05t05
U 0.1 0.0l1to 1
Np 0.1 0.01to1
Pu 50 1to0 100

K, (m¥kg) = 10° gkg % 100 m¥mL x K, (mL/g) =
103X K, (mL/g).
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METHODOLOGY

The K, value for each radionuclide was obtained from
chemical equilibrium calculations. The dissolved and
adsorbed concentrations for a given solid-to-water ratio
were calculated with a combination of chemical models:
complexation both within the aqueous solution and on the
surface of an iron oxide as well as equilibrium ion
exchange on clay (for cesium and radium). For a given
chemical element, Me, the distribution coefficient K,
(m3/kg, equivalent to dm?/g) was calculated as the quo-
tient between the concentration in the solid (mol/g) and
the soluble fraction (mol/dm?):

S [sOMel=D*] +[50 - MeOR (=D ]+ [X,Me]+...
S T [Me [+ [MeOHE D+ [MeL Y |+

where concentrations are in units of mol/L, S is the solid
concentration in g/L, L7~ represents a ligand (like carbon-
ate or phosphate), X isan ion exchanger (for example,
clay), and SO~ is a surface complexation site of the iron
oxide.

Sorption was described by a set of equilibrium reac-
tions between surface sites and aqueous ions and by mass
and charge balance equations.®?? One of the main differ-
ences between aqueous and surface complexations is that
activity coefficients for surface species include an elec-
trostatic term describing the energy required to bring a
charged -species from the bulk solution to the plane of
adsorption.. A Boltzmann distribution function is used to
relate the variable electrostatic potential at the surface, ¥;
the bulk activity of an ion; and its surface activity:
{Me=}, = {Me?*} exp (<W/RT). The models for surface
complexation differ in the number of layers in the elec-
trostatic model. When the surface planes are treated as
plate ‘capacitors, it is possible to obtain an expression
relating surface charge and potential. ‘

Particle surfaces in contact with aqueous solutions are
usually electrically charged. This is due to acid-base reac-
tions of the following type:

SOH +H* ¢> SOH} —log)o K}
= log;o (ISOH] V[H*][SOH]) + (¥/RT In[10D) (1)

SOH ¢ SO + H* log; K%
=log;o ([SO-1H*/[SOH]) - (W/RT In[10]) %))
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where [SO~] and [SOH] represent the molar concentration
of surface sites. Metal ion sorption was described with
equilibria like the following:

SOH + Me?™ ¢> SOMe® D+ + H*
for inner-sphere surface complexes and
SOH + Me?* <> SO~ — Me?t + HY

for outer-sphere surface complexes in models with more
than one surface complexation layer.

As the acid-base reactions (Egs. 1 and 2) show, par-
ticle -surfaces in contact with ‘aqueous solutions will be
electrically charged, and this charge will depend on the
pH value. The charge density in the solid surface,
6,(C/m?), depends on the specific surface area, A(m?%/g),
the solid concentration, S(g/L), and the extent of ioniza-
tion and sorption, according to the following:

o, = {X {[SOHQ‘]—[SO’]

+ (z-1) [soMetY] +}

The total concentration of surface sites (mol/L) for the
chemical system of interest can be calculated from the
solid concentration, the specific surface area, and the site
density:

[SOH]TOT = SANS IOIS/ZVA (3)

where N, is the site density (sites/nm?) and Ny is
Avogadro’s number (6.02214 « 10?* mol™*). The mass-
balance constraint for all surface sites is as follows:

[SOH}ror

= [SOH] + [SOH] ] - [SO] + [SOMet=] + ..

The electric potential for the adsorption surface, ¥, can
be estimated with several assumptions, yielding different
surface complexation models: constant capacitance, two-
layer (or diffuse-layer), Stern, triple-layer, four-layer, etc.
The triple-layer ‘model (TLM) was used in this work.
This model assumes._that protons and strongly binding
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cations are placed in the particle’s surface plane (the 0-
plane), weakly binding ions are placed in a second B-
plane, and the third plane is the diffuse-layer D-plane.
For the 0- and B-planes, there are associated capacitances
C, and C, (F/m%); the relation between charge (o) and
potential (‘P') at each plane is given by the following:

Wo-Yp=0y/C, and Wp-¥p=(0g+0p)/C,

The formula of Gouy—Chapman was used to estimate
the diffuse-layer charge, 6p, from the diffuse-layer poten-
tial, Wp (Ref. 24). The total electrical charge of the sys-
tem must be zero, and electrical charge densities for the
different planes are also constrained by the following
equation: 6p = Oy = ~(Op + Op). Surface charge for the
different planes can be calculated from the sum of con-
centrations of all charged species in the corresponding
plane.

The computer program HYDRAQL was used to
calculate the chemical equilibrium (including surface
complexation and ion exchange).?* For aqueous
complexation, the original data base supplied with the
HYDRAQL program was modified as follows. For
uranium, the original HYDRAQL values were replaced
with those selected in the Organization for Economic
Cooperation and Development/Nuclear Energy Agency
(OECD-NEA) review.?> The data bases of Langmuir and
Riese? for radium, Lemire and Garisto? for neptunium,
and Puigdoménech and Bruno?® for plutonium were also
used. Preliminary calculations showed anomalous results
for uranium sorption. A comparison with plutonium
calculations showed that the predicted stability of
U(OH),(aq) was unusually high. The NEA review?®
indicates a large uncertainty for the formation of
U(OH)4(aq). Grenthe et al.” note that the stability of
U(OH)4(aq) “has been overestimated by orders of
magnitude.” Therefore, in our calculations the value
log g Keq =—10.0 was selected for

Ut + 4 H)0 <> U(OH)4(aq) + 4 H*

instead of the value -4.5 *+ 1.4 selected by the NEA
review.? This value is more in accordance with the
equilibrium constants for Np** (-10.8) and Pu** (-9.2)
and in better agreement with other reviews concerning
uranium hydrolysis.

The ionic strength was kept constant at 0.1 mol/L.
(NaCl electrolyte) to simplify calculations involving
actinide sorption. Precipitation of solid phases was

suppressed during the calculations, and equilibrium
between the several redox couples was enforced by a
prevailing redox potential, Eg. Owing to the structure of
the HYDRAQL program, the calculations had to be
repeated, which set the main component equal to each of
the possible redox states. Calculations for plutonium, for
example, had to be repeated, which set the main compo-
nent successively to PuO?, PuO;“, Pu**, and Pu’*.
The results were then collected and integrated into a
single K;-value through the use of a spreadsheet pro-
gram. The total concentration of radionuclides in the
simulations was (in mol/L): 10~ for Cs, 10-¢ for Ra,
1075 for U, and 1078 for Np and Pu.

The chemical composition of the waters is given
in Table 2. Values correspond to average values for
Swedish surface waters. Activity coefficients, v, for
aqueous ijons were estimated with the use of Davies’
equation (an extension of the Debye-Hiickel limiting
law). For neutral aqueous molecules, the approximation
Y, = 1 was applied.

Important parameters in sorption models are the
specific surface area, A, the site density, Ng, and the acid-
base properties (Eqs. 1 and 2). There is a large scatter in
the literature?” regarding the protolysis constants of iron
oxides and hydroxides. The properties of goethite
selected for this study were those reported by Lovgren et al.
(ie. A =399 m¥g, N = 1.7 sites/nm?, log;o K™ =-7.5,
and logg K:;‘ = -9.5). The swamping electrolyte
constants were those reported in Refs. 20 and 31
(logjo K™ =-9.3 and log;y K™ = 6.2), and the TLM
capacitances are C; = 1.4 F/m? and C, = 0.2 F/m?. Sur-
face complexation of CO;' and HCO; was not consid-
ered in the calculations. Following the work of Bond
et al., >3 we assumed that sorption of U, Np, and Pu in
soils and sediments is mainly determined by their
contents in iron oxyhydroxides, which in this work was

Table 2 Chemical Composition of the Aqueous
Solutions Used in the Numerical Calculations

Average Range

Element mg/L mol/L mg/L mol/L
Na 5 2x 107 1to16 04107 x10™
K 2 5x107  0.5t05.0 (1 to 10) x 1072
Ca 60 15%1073 210120 (0.05t03) x1073
Mg 2.4 Ix10%  2t7 (0.8t03) x107™*
HCO; 30 5x 10 0to122 (0t02)x 107
pH (soil) 4t05
pH (sediment) 6to7
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assumed to be 5% in goethite. This, in essence, agrees
with other modeling work on UOZ" sorption,’3 on
7n2* sorption,’’ and on Ni2* sorption.38 In our K, calcula-
tions, a solid concentration of 1 g/l. was used, which
corresponds to 0.05 g/L. of goethite in the HYDRAQL
runs.

The other surface complexation constants are given in
Table 3. The same surface complexation constants were
used for actinides with the same redox state (for example,
UO;, NpOJ, and PuO}) because the aim of this work
was ‘to test the possibilities of surface complexation
models in estimating K, values in a wide range of condi-
tions; including-systems-for- which- there -are . no. surface
complexation constants available in the literature. Refer-
ences to the selected values are indicated in Table 3
except a few. surface complexation reactions that require
some -description of the procedure that was followed to
select the corresponding equilibrium constant. The
surface complexation constant for the carbonate complex

of Pu** (see Ref. 41) was set to a value of log;, K" = 8.0
to fit the experimental data for Pu(IV) sorption on
goethite as a function of alkalinity (see Fig. 5 in Ref. 41).
The equilibrium constant for the surface complexation of
NpO; was adjusted from the values reported in Ref. 16
(log;o K™ = -3.5) and Ref. 43 (log,, Ki" = -3.2) to log,
K" = 3.0 to fit the curves in Fig. 5-2 of Ref..43 and
Fig. 2 of Ref. 44 with our data base of equilibrium
constants for complexation in the aqueous phase. When
the ‘U(VI) sorption data -of Hsi and Langmuir** were
simulated with the surface complexation constants
reported by them, a clear disagreement was obtained. The
reasons were the selection of a different data base for the
aqueous complexation and our use of different parameter
values for goethite. Therefore a slightly different.model
for UO;+ sorption was used (see Table 3). Our model
approximates the effect of carbonate concentration on the
percentage of adsorbed U(VI) (Fig. 8 in Ref. 44) and on
the total dissolved uranium (Fig. 4 in Ref. 44).

Table 3 Surface Complexation Equilibrium Constants Used in the Calculations?

Reaction logyg Kint Reference

For Np>* and Pu*

SOH + Me* + HyO(1) > SOMe(OH)* + 2H* -15 30, 39, 40

SOH + Me3* + 2Hy O(1) > SOMe (OH) + 3H* 9.1 30, 39, 40
For U+ Np?*, and Pu? *

SOH + Me** + Hy0 <> SO™— Me(OH)3* + 2H* 25 41

SOH + Me** + 2H,0 > SO~ -Me(OH)3 " + 3H* -2.0 41

SOH + Me** + 3H,0 ¢» SO™~Me(OH); +4H" -59 41

SOH + Me¥* + 4H,0 <> SO™-0) + 5H* -12.0 41

SOH + Me** + 4H,0+ CO3™ & SOH} —Me(OH)4 CO3™ + 3H' 8.0 See text
For NpOJ and PuO;

SOH +Me O] «> SOMe O3 + H* =30 See text
For UO3* ,NpOZ*  and Pu03*

SOH + Me O§+ +H,0 & SOMeOz(OH)0 +2HT 4.5 See text

SOH + Me 05"+ 2H,0 ¢ SOMe0, (OH); +3H* -122 See text

2 — —

SOH + Me 03 +3C02™ 4 H ¢ SOH} - Me0, (CO,)} 33.5 See text
For Ra*

SOH + Ra?* ¢> SO™ —Ra*" + H' -5.0 20,31, 42

SOH + Ra2* + HyO ¢> SO~ — Ra(OH)* + 2H* ~14.5 20,31, 42

4SOH stands for a-surface site. Outer-layer complexes in the triple layer model are indicated with a “~"" between the surface

site and the complexed metal species.
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For Cs* and Ra?*, model calculations included ion
exchange in competition with Na*, K*, Ca%, and Mg>*,
Ton-exchange reactions are described in the literature.
For the simulation of ion exchange between two ions
“Me” and “N” (usually two metal cations) at the ion
exchanger “X” (for example, clay), the following reaction
was used:

2X N + yMe? &> yX,Me + zZN¥*

If the activity for ion-exchanged species may be as-
sumed to be proportional to their molar concentrations,
the equilibrium constant for the preceding reaction can be
written as follows:

logyo Kx(N/Me) =z log;o {N"*}- y log;q {Me**}
+y logjo [X;Me] - z log;o [X,N]

The activity coefficients for the ion-exchanged species
are thus assumed to be constant and included in K. This
assumption will be appropriate if only trace amounts of
“Me” are ion exchanged. The total concentration of ion
exchanger is given as the cation exchange capacity
(CEC). The amount of ion exchange (clay) was set in the
calculations to 1 g/L., and a value of CEC = 0.2 meq/g
was used. The ion-exchange equilibrium constants are
logyo Kx(Na/K) = 0.5 and log;y Kx(Na/Cs) = 1.4, as given
in the tables of Ref. 46. For interchange between cations
of charge +1 and +2 (for example, Na* and Ca?*), the Ky
values tabulated in Ref. 46 (Ky = 4 for Na/Ca and Na/Mg
exchange) refer to ionic equivalent fractions in the ion
exchanger. If Ky is constant, then the value of Ky (as
defined previously) depends on the total cation exchange
capacity of the system (CEC, in equivalents per liter of
solution):

2XNa + Ca** <> X,Ca + 2Na*

Ky = 2+ CEC « Kx(Na/Ca)

The ion-exchange constants selected in this work are
similar to those reported in Ref. 47. For Ra**, a combina-
tion of ion exchange and surface complexation was used.
Precipitation of calcite and aragonite was suppressed in
the calculations. The sorbent was assumed to be 1 g/l
of clay and 0.05 g/ of goethite. Surface complexation
constants for Ra’* were assumed to be equal to those for
Ca?* reported in Refs. 31 and 42.

RESULTS

The calculations carried out gave K, values as
functions of environmental conditions, such as pH, Ey,
alkalinity, and concentrations of cations. Results are
presented graphically in three-dimensional plots against
the major parameter influencing the K, values for the
respective element. The ranges of these model parameters
may be wider than those normally occurring in the
environment. Normal background values for soil pore
waters are given in Table 2. Major differences between
the sediment properties compared with those of soil are
that reducing conditions may occur, and the pH values
may be higher than in the soil, presumably about 7. The
redox potential is positive in surface soil and upper
sediment, whereas reducing conditions occur in deeper
sediments.

Cesium

For cesium, ion exchange is the main process for
retaining the element on solid materials. The calculations
show this through decreasing K, values, when the
concentrations of cations increase (see Fig. 1). However,
all obtained values are lower than those found in
experimental studies.*3#849 This may be due to the
experimental design but also because many measure-
ments include the total irreversibly bound cesium pool,
whereas our calculations are based on reversibly sorbed
cesium. These two pools of bounded Cs* in soil are
described in the literature 4548

Radium

For radium as well, ion exchange is the main sorption
process. The calculations show that the calcium concen-
tration is the main parameter influencing the K, values
(see Figs. 2 and 3), where the K, values are plotted
against calcium concentration and the concentration
of the alkali metals Na and K or pH, respectively. The
influence of alkali metals is due to their competing with
radium for ion-exchange sites.

Uranium

The calculations show that pH, inorganic carbon, and
Ey are the major parameters influencing the K, values.
The relationship between calculated K, values by a
surface complexation model vs. Ey and pH with a
constant carbonate concentration of 1 mM is plotted in
Fig. 4. Calculated K, values for a constant redox potential
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O 0.0005
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% 9 0.0020 g \\\\0

Fig. 1 The relationship between calculated K, values for Cs by ion

exchange vs. concentration of the alkali metals Na and K and concentration
of Ca+Mg, when pH is 5.

Ky (m/kQ)

Fig. 2 The relationship between calculated K, values for Ra by ion
exchange and surface complexation models vs. pH and the concentration of
Ca* for [INA*lror + [K*ItoT = 0.00025 moV/L.
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Fig.3 The relationship between calculated K; values for Ra both by ion
exchange and surface complexation models vs. the calcium concentration
and the alkali metal concentration for pH = 5.

Fig.4 The relationship between calculated K,; values by a surface complexation

‘ model vs. pH and redox potential, Ef;, when [CO 3 ]TOT = 0.001 mol/L.
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(0.6 V) are shown in Fig. 5 as a function of the content
of inorganic carbon and pH. As shown in Fig. 4, reducing
conditions gave the highest K, values. The effect of pH
increases considerably under oxidizing conditions. Under
such conditions, in combination with pH values above 6,
the K, values obtained are about 0.1 m¥kg. When the
concentration of inorganic carbon was high and pH
values were higher than 6, the K, values decreased
considerably. Calculated K values are. about 0.1 m¥/kg,
considering normal values of alkalinity and pH for soil
and sediments. These values agree with those used earlier
in dose -assessments, as discussed in the “Elements”
section and elsewhere.®

Neptunium

The K, values were high under reducing conditions
(see Fig. 6). This agrees with the few investigations made
under reducing conditions, ! as well‘as the low solubil-
ity of the tetravalent neptunium, which is the dominating
state under reducing conditions.”? The pH dependence
of K;shown in Fig. 6 agrees with experimental studies of
the adsorption behavior of neptunium in soil. 3%’

Plutonium

In contrast to neptunium, the K, values were not as
sensitive to Ey at neutral and acid conditions (see Fig. 7),
where the K, values are plotted against pH and Ej for a
constant total inorganic carbon content of 61 mg/L. The
dependence on pH, however, is clearly seen in Fig.7.
Experimental studies of pH .adsorption have also shown
this, ‘but the dependence is - not so fully pronounced as
our calculations demonstrate.*!8 The extreme values are
due to extreme combinations of chemical conditions not
occurring naturally. There is a large scatter of values
in the literature concerning K, values for Pu. (see, for
example, Ref. 59 and the recent compilation by
Albinsson’8).

CONCLUSIONS

This ‘study was made to determine whether. surface
complexation models for sorption would. be applicable
for performing assessment studies for radioactive waste
repositories. Many of the surface complexation equilib-
rium constants had to be estimated to perform the

Fig. 5 The relationship between calculated K; values for U by a surface
complexation model vs. pH and inorganic carben concentration for redox
potential Ey=0.6 V.
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083

Fig. 6 The relationship between calculated K; values for Np by a surface
complexation model vs. pH and redox potential, Eg, for
[cog‘] = 0.001 mol/L.

TOT

083

Fig. 7 The relationship between calculated K values for Pu by a surface
complexation model vs. pH and redox potential, Ey, and pH for
[cod]  =0.001 mour.

TOT
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calculations. Nevertheless, - the . results ‘show ‘that the
triple-layer surface complexation model is suitable for the
estimation of ‘the dependence of K; on chemical param-
eters: ‘A combination- of experimental and estimated
surface ‘complexation ‘constants ‘was used for all studied
actinides. This method ‘appeéared -to. give:a correct
variation of calculated K values. Nevertheless; this
should not be interpreted as a suggestion that experimen-
tal values are unnecessary. Instead, we believe that this
work ‘might contribute to an increase in the usefulness of
surface complexation models for the understanding of the
results ‘obtained in natural: systems ‘and 'in laboratory
measurements: - Results ‘from ongoing experimental
efforts will be added in the future to the model presented
here to allow more accurate K; predictions.

Reasonable paramecter values were used for: the
properties of the sorbing phase. The calculated K values
depend on, for example, the ‘concentration of sorption
sites per liter. of ‘aqueous -solution, ‘or the ‘total ‘cation-
exchange ‘capacity per liter. This is affected by several
paraimeters, such as the specific cation-exchange capacity
of the clays, or the iron—oxyhydroxide percentage of the
soil “or sediment, ‘or the ‘assumed specific surface area.
In - other ‘words, ‘the system modeled is overdefined;
Eq. 3 shows the interdependence of some of the param-
eters to consider. If some of them are quantified by, for
example, chemical analysis of a given soil, the specific
surface area might still be an unknown parameter, which
can be adjusted to fit some in situ migration experiments.
Our calculations show, however, that ‘refitting -surface
complexation equilibrium constants to -specific. sorption
data on soil or sediment samples will, in general, create
a set -of surface complexation reactions that do not
adequately represent sorption under different experimen-
tal ‘conditions. No" advantage -would ‘thus be ‘gained
as compared with the use of the K; concept. The power
of the surface complexation model is instead that equilib-
rium constants ebtained under well-controlled Jaboratory
conditions on ‘well-determined minerals can easily be
used to estimate sorption under-a much wider variety of
conditions ‘in the field. If .equilibrium constants are not
available for the surface complexation of a given metal
ion, a chemical analogue may be used to obtain plausible
K, values that reflect: the -correct ‘dependence ‘on such
chemical parameters as pH.

Care must be taken when ‘surface complexation
equilibrium . constants are extracted from experimental
studies. This study showed that it is necessary to do some
preliminary calculations to -check that it is possible to
reproduce the experimental fractions of metal sorbed and
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the measured dissolved metal concentrations reported in
the literature. Differences in the aqueous data base and in
the properties of the solid phase might require a readjust-
ment of -the log y K™ ‘values to allow. reproduction of
reported experiments. -Furthermore, these preliminary
calculations indicate ‘whether- the reported  sorption
reactions refer to inner- or outer-sphere complexes.

If some environmental conditions are known, such as
the concentration of calcium, the K value for radium
could "be estimated - more precisely -with the ‘method
described here. However, the sorption of cesium consists
of such complicated processes that further analysis needs
to-‘be done .to. judge. the applicability. of .ion-exchange
models for performance assessment.

One phenomenon that is not considered in our calcula-
tions is the formation of solid solutions, which might be
important, especially for the system RaZ*/Ca?*/ CO?.
Some ‘approximate ‘calculations may be done, as
proposed by Langmuir and Riese,? if the radium content
of the calciwm carbonate in a soil or sediment is known.
Most ‘soils -and ;sediments -in ‘the Swedish  biosphere
scenarios are very poor in carbonate, however, and there-
fore the formation of solid solution was not considered in
this work.
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Exper:ences

Edlted by G. A. Murphy‘ff“

Reactor Shutdown Experience

Compiled by J. W. Cletcher?

This section presents a regular report of summary statis-
tics relating to recent reactor shutdown experience. The
information includes both numbers of events and rates of
occurrence. It was compiled from data about operating
events entered into the SCSS data system by the Nuclear
Operations Analysis Center at the Oak Ridge National
Laboratory and covers the six-month period of July 1 to
December 31, 1994. Cumulative information, starting
from May 1, 1984, is also shown. Updates on shutdown
events included in earlier reports are excluded.

Table 1 lists information on shutdowns as a func-
tion of reactor power at the time of the shutdown for
both boiling-water reactors (BWRs) and pressurized-
water reactors (PWRs). Only reactors in commercial
operation at the start of the reporting period (July 1,
1994) are included. The second column for each
reactor type shows the annualized shutdown rate for
the reporting period. The third and fourth columns list
cumulative data (numbers and rates) starting as of
May 1, 1984.

Table 1 Reactor Shutdowns by Reactor Type and Percent Power at Shutdown?
(Period Covered is the Second Half of 1994)

BWRs (37) PWRs (76)
Cumulative Cumulative
Shutdown shutdown Shutdown shutdown
rate rate per rate rate per
Reactor power (annualized Cumulative reactor (annualized Cumulative reactor
P), % Number for period) number yeal" Number for period) number year
0 5 0.27 670 1.78 10 0.26 469 0.63
0<P<10 2 0.11 131 0.35 4 0.10 170 0.23
10<P<40 5 0.27 164 0.44 3 0.08 319 0.43
40<P<70 5 0.27 155 0.41 2 0.05 177 0.24
70<P<99 It 0.59 376 1.00 2 0.05 511 0.68
99 <P < 100 12 0.64 4738 1.27 34 0.89 1172 1.57 -
Total 40 2.15 1974 5.24 55 1.44 2818 3.76

“Data include shutdowns for all reactors of the designated type while in commercial service during all or part of the period covered.
The cumulative data are based on the experience while in commercial service since the starting date of Jan. 1, 1984, through the end of the
reporting period; it includes the commercial service of reactors now permanently or indefinitely shut down.

bBased on cumulative BWR operating experience of 376.43 reactor years.

“Based on cumulative PWR operating experience of 748.82 reactor years.

“Oak Ridge Nanonal Laboratory.
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Table 2 shows data on shutdowns by shutdown type:
Shutdowns required by Technical Specifications are auto-
matic scrams under circumstances where such a shutdown
was required; Infentional or required manual reactor protec-
tion system actuations are manual shutdowns in which the
operators, for reasons that appeared valid to them, took
manual actions to actuate features of the reactor. protection
system; Requiired automatic reactor protection system actua-
tions are actuations that the human operators did not initiate
but that were needed; Unintentional or unrequired manual
reactor protection system actuations are essentially operator
errors in which the human operators took action not really
called: for; and Unintentional or unrequired automatic reac-
for protection system actuations are instrumentation and
control failures in which uncalled-for protective actuations

occurred. Only reactors in commercial operation are
included. The second column for each type of reactor shows
the annualized rate of shutdowns for the reporting period.
Cumulative information is shown in the third and fourth
columns for each reactor type.

Table 3 lists information about shutdowns by reactor age
category, both total numbers and rates in that category; it also
shows cumulative results. Note that the age groups are not
cohorts; rather reactors move into and out of the specified
age groups as they age. The reactor age as used in this table
is the number of full years between the start of commercial
operation and the beginning of the reporting period (July 1,
1994, for this issue). The first line of this table gives the
information for reactors licensed for full power-but not yet in
commercial operation on that date,

Table 2 Reactor Shutdowns by Reactor Type and Shutdown Type“
(Period Covered is the Second Half of 1994)

BWRs (37) PWRs (76)
Cumulative Cumulative
Shutdown shutdown Shutdown shutdown
rate rate per rate rate per
Shutdown (annualized Cumulative reactor (annualized Cumulative reactor
(SD) type Number  for period) number year? Number  for period) number year®
SDs required
by Technical
Specifications 7 0.38 258 0.69 9 0.24 409 0.55

Intentional or

required manual

reactor protec-

tion system

actuations 6 0.32 194 0.52 12 0.31 370 0.49
Required auto-

matic reactor

protection

system actua-

tions 17 091 923 245 30 0.78 1589 2.12
Unintentional or

unrequired

manual reactor

protection sys-

tem actuations 0 0.00 9 0.02 0 0.00 19 0.03
Unintentional or

unrequired

autornatic reac-

tor protection

system actua-

tions 10 0.54 590 1.57 4 0.10 431 0.58

Total 40 2.15 1974 5.24 55 1.44 2818 3.76

“Data include shutdowns for all reactors of the designated type while in commercial service during all or part of the period
covered. The cumulative data are based on the experience while in commercial service since the starting date of Jan, 1, 1984,
through the end of the reporting period; it includes the commercial service of reactors now permanently or indefinitely shut down.

PBased on cumulative BWR operating experience of 376.43 reactor years.

“Based on cumulative PWR operating experience of 748.82 reactor years.

NUCLEAR SAFETY, Vol. 36, No. 1, January—June 1995
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Table 3 Reactor Shutdowns by Reactor Type and Reactor Age?
(Period Covered is the Second Half of 1994)

BWRs (37) PWRs (76)
Exposure Shutdown Exposure Shutdown
Years in during the rate Cumulative during the rate Cumulative
commercial period (in Number (annualized shutdown period (in Number (annunalized shutdown
operation reactor for the Cumulative rate per reactor for the Cumulative rate per
(C.0.) years) Reactors  Shutdowns period) number reactor year years) Reactors  Shutdowns period) number reactor year
Not in C.O0.° 0.504 1 0 0.00 330 22.02 0.000 0 0 0.00 336 34.24
First year of C.O. 0.000 0 0 0.00 121 9.00 0.090 1 0 0.00 281 9.96
Second through
fourth year
of C.O. 0.000 0 0 0.00 264 6.29 0.665 3 2 3.01 528 5.57
Fifth through
seventh year
of C.0. 2.294 5 3 1.31 181 423 4.298 10 6 1.40 324 3.20
Eighth through
tenth year
of C.O. 3.496 9 10 2.86 213 5.15 7.001 15 13 1.86 383 3.63

Eleventh through

thirteenth year

of C.O. 1.262 4 2 1.58 273 5.63 3.841 10 3 0.78 502 4.17
Fourteenth through

sixteenth year

of C.O. 0.504 1 1 1.99 397 6.16 2322 7 5 2.15 369 3.22
Seventeenth through

nineteenth year

of C.O. 1.925 5 1 0.52 281 4.52 6.103 13 9 1.47 263 2.61
Twentieth through

twenty-second

year of C.O. 5.459 13 11 2.01 166 4.29 10.100 22 3 1.29 109 1.99
Twenty-third

through twenty-

fifth year of C.O. 3.025 8 9 297 58 3.58 2.355 8 3 1.27 33 2.04
Twenty-sixth

through twenty-

eighth year of C.O. 0.170 2 0 0.00 8 2.53 1.008 2 1 0.99 17 243
Twenty-ninth

through thirty-first

year of C.O. 0.000 0 0 0.00 9 3.00 0.000 0 0 0.00 5 1.67
Thirty-second

through ninety-

ninth year of C.O. 0.504 1 3 5.96 3 3.94 0.504 1 0.00 0 0.00

0
Total 19.143 40 2.09 2304 5.89 38.286 55 1.44 3150 4.15

“Age is defined to be the time (in years) from the start of commercial operation to the time of the shutdown event, except for the first line, which lists reactors not yet in commercial service (see b below).
bThis category includes reactors licensed for full-power operation but not yet in commercial operation. During this reporting period reactors in this category included 1 BWR (Shoreham) and no PWRs.
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Operating Experience Feedback
Report—Reliability of Safety-Related
Steam Turbine-Driven Standby
Pumps Used in U.S. Commercial
Nuclear Power Plants

John R. Boardman?

Abstract: Pump failure experience is collected by two primary
means: 1) Licensee Event Reports, and 2) Nuclear Plant
Reliability Data System failure -reports. Certain safety-related
turbine-driven standby pumps were identified by these data
systemis as experiencing significant ongoing repetitive failures
of their turbine drivers, resulting in low reliability of the pump
units. The root causes of identified failures were determined,
and actions to preclude these repetitive failures were identified.

INTRODUCTION AND SCOPE

This study of safety-related standby turbines was
initiated because of the continuing and repetitive opera-
tional failures of these turbine assemblies (turbines with
their “associated governors, valves, valve operators,
overspeed trip mechanisms, circuit breakers, and fuses)
used as drivers for safety-related standby pumps installed
in U.S. commercial nuclear power generating plants.'
In pressurized water reactor (PWR) plants, the turbine-
driven pumps are used as an independent and redundant
means of removing reactor core heat by providing

2U.S. ‘Nuclear. Regulatory Commission, Office for Analysis
and Evaluation of Operational Data, Safety Programs Division,
Washington, DC 20555 USA. Phone: (301) 415-6354; Fax: (301)
415-6359.
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Auxiliary Feed Water (AFW) to the steam generators in
the event of the operational failure of the Main Feed
Water (MFW) system. In Boiling Water Reactor (BWR)
plants, these turbine-driven pumps are used in the High
Pressure Cooling Injection (HPCI) and Reactor Core
Isolation Cooling (RCIC) systems to provide automati-
cally initiated redundant and independent sources of
reactor grade water to assure reactor core heat removal
under specified off-normal and accident conditions of
plant operation when the MFW system is not available.

Pump failure experience is collected by two primary
means: 1) Licensee Event Reports (LERs), and 2) the
Nuclear Plant Reliability Data System (NPRDS) failure
reports. NPRDS -failure reports relating to these turbine
assemblies for the years 1985 through 1992 were
analyzed, "as were LER abstracts from 1974 through
1992. When additional details were needed, NRC Office
of Nuclear Reactor Regulation project managers and
resident inspectors were contacted.

Over 60 NRC ‘and industry generic .communications
and studies ~addressing - these standby. pump -turbine-
drivers were reviewed. Plant Updated Safety ‘Analysis
Reports (USARs), recent individual licensee plant annual
reports fo the NRC, and NRC inspection reports were
also reviewed for information pertinent to standby pump
turbine-driver reliability.
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Appropriate personnel were contacted at selected
plants to gain a better insight into the details of specific
failures that had been reported. DRESSER-RAND Terry-
Turbodyne (Terry), and Woodward, the manufacturers of
the standby turbines and their governors, respectively,
were also contacted to gain a better understanding of the
components provided by each company, and to discuss
failure initiators involving the design, installation,
modification, maintenance, and operation of these
components.?

Recurring failures identified during this study were
analyzed for root causes and failure initiators that had not
been previously addressed in generic communications.

STANDBY PUMP-TURBINE DESIGN
FACTORS AFFECTING RELIABILITY

All Terry turbines use governors manufactured by
the Woodward Governor Company (Woodward). The
General Electric Company (GE), the Nuclear Steam
System Supplier (NSSS), was the designer for the HPCI
and RCIC turbines and their governor systems. The de-
sign of AFW turbine installations, including the governor
systems, was performed by the Architect-Engineer (AE)
for each plant, and appears to be essentially plant
specific. The scope of design included standby service in
a cold shut-down condition and turbine cold quick-starts.

Turbine cold quick-starts are required to meet pump
starting time limits in plant USARs for AFW, RCIC, and
HPCI Engineered Safety Features (ESF) actuations, and
other specified actuations to meet the reactor safety
analysis requirements of the NSSS vendors. A cold start
typically has been considered to be a start that occurs
when a turbine has not been operated for at least
72 hours. Turbine “quick-starts” occur when the turbines
are required to reach rated speed and pump flow [speeds
vary from 3550 to 5900 revolutions per minute (rpm)]
in 30 to 120 seconds.

Some AFW turbines use the trip and throttle valve
supplied by Terry as the steam stop valve. This design
requires the trip and throttle valve to be closed at turbine
startup, and at startup to rapidly open coordinated with
the position of the governor valve to prevent an
overspeed trip. Other AFW turbines have separate steam
stop valves. This design permits the trip and throttle
valve to be open at startup as designed by the turbine

“The use of such terms as “Terry-Turbodyne stated ...~ or
“Woodward stated. . .,” are used to indicate information provided by
the manufacturer’s staff and not an official company position.

manufacturer. This configuration requires the opening
speed of the turbine steam stop valve to be coordinated
with governor valve position to prevent a turbine
overspeed trip during a cold quick-start.

Many turbines do not have pressurized lubricating oil
systems to provide lubrication at startup, others have
shaft-driven lube oil pumps which do not provide oil
pressure until the turbine is operating. Except for one
AFW turbine, only the HPCI turbines were identified
as having an auxiliary motor-driven lube oil pump to
provide prelubrication at turbine startup. Safety-related
standby turbines typically utilize turbine lubricating oil as
the hydraulic operating fluid for their governors or valve
actuators.

Basic governor types include both mechanical/
hydraulic governors and electric governors with an
electrical/mechanical/hydraulic actuator. HPCI and RCIC
turbines use the same basic electric governor, although
the HPCI governor fails high and the RCIC governor
fails low. AFW turbines use several variations and
modifications of Woodward governors. Governor modifi-
cations appear to be plant and pump/turbine specific,
customized to control all flow conditions that the pump
will encounter. Turbine governors having the same model
numbers may not be interchangeable per se because of
optional parts and subassemblies, such as buffer springs,
which can significantly affect governor operation.

The physical location of AFW turbines varies widely
between plants, resulting in different ambient temperature
and humidity ranges with their environmental effects
on turbine deterioration, maintenance, and operational
performance.

Normal commercial applications for these turbines
and their speed control governors involve  continuous
operation. Normal turbine startup is slow and preceded
by proper warmup of the steam lines and turbine to
minimize transients and wear. By contrast, standby
turbine-driven pumps in nuclear power plant applications
are normally in a cold shutdown condition in areas where
humidity is typically high, and temperatares can vary
from high to almost 0°C (32°F) depending on the specific
plant. Leaking steam inlet valves can worsen the situation
by contaminating the turbine lubricating oil with water,
which is a primary cause of failure for governors and
actuators. These standby conditions can lead to acceler-
ated deterioration of the turbine governor that may not be
identifiable until pump-turbine startup.

Reliable operation of Terry governor valves to meet
design demands and prevent overspeed trips during cold
quick-starts is dependent upon governor operation,
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including a rapid buildup of hydraulic pressure in the
governor. system. For most standby turbines, the rate
of governor -speed change during turbine startup is
controlled by a ramp generator circuit for electric
governors, and by a ramp bushing for mechanical-
hydraulic governors.

Woodward - type - PGD : mechanical-hydraulic
governors ‘and some earlier ‘Woodward type EG-M
electrical governor ‘systems were not provided with
speed. increase ramp features to reduce overspeed during
quick-starts. This fact could .contribute to. increased
standby ‘turbine overspeed trips during cold quick-starts
with these governors.

Terry turbine: lube -0il is an International Standards
Organization .(ISQ) - Viscosity number 32 (Society -of
Automotive Engineers [SAE] 30) or 10W-30¢ weight oil,
with possible additives for turbine service, including
vapor inhibitor (V1) additives to prevent. the turbine from
rusting ‘during ‘standby service. Oils -of other types and
grades  are permitted for governor use within certain
bounding viscosity limits that are defined.in Woodward
technical literature,  which shows - that the maximum
oil viscosity (minimum fluidity) for reliable governor
and actuator response during Terry turbine quick-starts is
300 Saybolt Seconds Universal (SSU). A standby turbine
could trip on a cold quick-start because of viscous oil, but
not trip on subsequent starts after the oil ‘had circulated
and become more fluid, resulting in the initial overspeed
being declared spurious or unknown.

According to Woodward?, an ISO-viscosity number
32 (SAE 30) weight oil would have a viscosity of
300 .SSU at approximately 112°C (130°F) while an
SAE 10W-30 oil would have a viscosity of 300 SSU at
about 37°C (98°F). Woodward further states that gover-
nor oil should not be cooled below 38°C (100°F).3

Certain standby turbine  installations are in environ-
ments - that ‘can ‘be lower than:these temperatures,
especially: AFW . pump turbines which are -installed
out-of-doors. Though certain plants have heaters for their
governor or actuator: oil, heated oil typically is not
circulated until turbine startup. As a result, governor and
actuator oils of higher viscosities may not be sufficiently
fluid to -close the turbine governor valve in time to
prevent a ‘turbine overspeed trip during initial cold
quick-starts - at.-ambient temperatures between
38°C (100°F) and 54.4°C (130°F) (depending on the
viscosity of the oil used).

aThere is no equivalent 1SO-Viscosity number for SAE multi-
viscosity oils.
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Woodward literature states that -governor and EGR
actuator operation can be sluggish due to excessive oil
cooling. Certain reported. unexplained overspeed trips
during cold quick-starts could have been caused by
viscous (thick) governor. oil not being able to flow
through small passages in the governor (or EGR actua-
tor), such as the compensation needle valve port, and
hence not rapidly close the governor valve to prevent a
turbine overspeed trip.

Viscous oil makes it difficult for the integral oil pump
of a-governor, or actuator, to.prime itself and to force oil
though certain small passages of the governor.and actua-
tor in the initial few seconds of a turbine cold quick-start.
Slow oil pressure -build-up in hydraulic governors and
actuators .could result from inadequate pump. priming
with ‘viscous -oil, caused by the governor, or actuator,
pump taking suction from the turbine oil sump through a
small {~1/8-inch iron pipe size (IPS)] line.

An annual report of .completed changes, tests, and
experiments submitted to the NRC by the licensee of a
BWR in 1989 stated that the plant had completed a RCIC
turbine governor. control oil system modification desig-
nated as Terry Design Improvement DI-6, revision 1,
dated April 28, 1978.> This design improvement adds an
oil sump to EGR actuators used with Woodward type
EG-M governors. The oil sump provides an oil supply to
the actuator’s oil pump, enhancing oil pressure buildup
and governor valve response time during a turbine cold
quick-start.

SAFETY-RELATED TURBINE-DRIVEN
STANDBY PUMP OPERATING
EXPERIENCE

Operating experience has shown that failure detection
for these standby pumps is sensitive to the way in which
surveillance testing is carried out. The closer the testing
mimics. the cold quick-start profile of an actual demand,
the ‘more likely it is to.disclose situations where the
dynamic response of the turbine-governor-valve combi-
nation is out of calibration, resulting in an overshoot and
trip on gverspeed. Surveillance testing requirements have
historically -allowed -a: range: of -approaches, some ‘of
which do not fully test that dynamic response.

bGeneral Electric Company, ‘San -Jose, ‘California, - stated that
they issued field instructions to all affected BWRs in February 1976
defining the installation of the RCIC trbine EG-R actuator oil sump
as identified in Terry Design improvement No. 6 (DI-6).
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Certain plants have tested their safety-related standby
turbines using cold quick-starts. Other plants have used
hot quick-starts, which do not challenge the governor
hydraulic system and turbine lube oil systems. Certain
plants have used hot slow start surveillance tests, which
preclude the turbine experiencing failures during cold
quick-start transients, and do not reflect the safety-related
operational requirements of standby turbines. AFW
turbines typically experience more cold quick-starts than
either HPCI or RCIC turbines. Depending upon specific
plant requirements, the number of cold quick-starts could
vary by a factor as great as eighteen times, from one test
start per month to one per eighteen month fuel cycle. This
variance in test methodologies can result in a proportional
variance in failure rates between plants.

Over time, more plants have begun using cold quick-
starts for routine surveillance testing as a result of indus-
try and regulatory feedback. Such factors as the changing
mixture of hot-start and cold-start testing, and plant-
specific changes in maintenance practices in response to
operational feedback, make it difficult to accurately quan-
tify turbine reliability, or to trend failure frequency from
NPRDS failure reports and LERs. Thus data on failure
frequencies could be misleading. However, the continu-
ing receipt of reports of the same repetitive failures
observed for a number of years, as well as the emphasis
given in industry improvement efforts, are strong indica-
tions that additional effort appears warranted.

For this study, 660 failures of safety-related turbines
and their associated components, such as governors,
valves, valve operators, overspeed trip mechanisms,
circuit breakers, and fuses were identified covering the
period of January 1985 through December 1989.
Approximately 2000 LER abstracts were reviewed for
the period of 1969 through 1989, in conjunction with
individual plant USARs. Selected full text LERs were
retrieved and reviewed. The analysis of these failures
confirmed the continuing validity of earlier studies by the
US NRC and by US industry that the most significant
factors in failures of turbine-driven standby pumps have
been the failures of the turbine drivers and their controls,
especially during cold quick-start transients. For example,
a historical overview of failures through 1986 for the
auxiliary feedwater system, found that the standby tur-
bine was a principal contributor to AFW system failures
and the turbine governor.* An analysis of these failures
confirmed the validity of earlier studies by the US NRC
and by US industry that the most significant factors in
failures of turbine-driven standby pumps have been
the failures of the turbine drivers and their controls,

especially during cold quick-start transients. The present
study has extended the data review to include more recent
failures, and has assembled an integrated and comprehen-
sive compilation of the failure mechanisms or root causes
of the reported failures, as well as remedies developed
by the industry which should prove effective if imple-
mented.! Details of the causes of turbine failures and the
increase in reliability that has been generated through the
operational feedback improvement process are given below.

STANDBY TURBINE FAILURES
RELATED TO COLD QUICK-
STARTS

Turbine failures during cold quick-start transients
appear to primarily result from failures of governor
control. Root cause detérminations during this study, as
well as other NRC studies, industry studies, and generic
correspondence, are discussed in the following subsections.

Maintenance Related Failures Affecting
Standby Turbine Cold Quick-Starts

A significant number of standby turbine governor
failures identified during the study which appeared to be
maintenance related are capable of being eliminated with
the effective implementation of plant-specific preventive
maintenance (PM) programs. Failure mechanisms identi-
fied from failure reports during this study include:

* Operational failures of turbine and governor
sub-components and piece-parts presently identified by
the turbine manufacturer as being covered by periodic
preventive maintenance, for which maintenance was not,
or may not have been, performed completely, or with
specified periodicities. These failures range from the loss
of turbine lube oil caused by a clogged filter, to an
apparent failure to calibrate an electric governor ramp
generator circuit causing an overspeed trip. A primary
factor in plant-specific failures to accomplish the turbine
manufacturer’s identified periodic preventive mainte-
nance appeared to be the use by certain plants of early
versions of the turbine manual which did not contain all
preventive maintenance dictated by turbine operational
experience. Some plants still use their original
manufacturer’s manuals. Certain manuals were published
as early as 1969 and do not contain the presently identi-
fied preventive maintenance actions and periodicities.
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» Failures caused by the mispositioning of valves in
turbine lubricating oil systems. Since these valves are
part of the pump-turbine assembly (“skid mounted”),
typically they may not have check lists to verify their
position.

o Governor failures caused by the failure of instru-
ment ‘air used for remote turbine speed setting with
mechanical/hydraulic governors, and by the simulia-
neous mispositioning of the governor high speed stop.
The turbine manufacturer stated that the original design
concept for these turbines did not include the use of the
connection of instrument air to these turbine governors,
though it is an optional feature of certain governors to
permit remote setting of the turbine speed:

* Apparent failures of sub-components -and piece-
parts as a result of aging phenomena. A recent example
was the identified repetitive failures of voltage dropping
resistors in electric. governors. Certain electrical compo-
nent piece-parts. such as voltage dropping resistors, and
aluminum electrolytic capacitors, as well as mechanical/
hydraulic .component piece-parts such as elastomeric
seals, will exceed their design life span during plant life.
Determination ‘of required replacement intervals is the
responsibility of the individual plant because of plant
specific conditions affecting component aging. Only one
plant was identified during this study that accomplishes
extensive periodic replacement of component parts to
prevent age-related governor system failures. This plant
replaces their electric governors and actuators every eight
years because of age related failures.

Turbine Cold Quick-Start Failures
Related to Configuration Control

Several turbine governor failures were caused by the
removal: of required, but uncontrolled and unidentified,
modifications to the governors. The past frequency of this
failure mechanism per se does not raise a concern, as it
appears to ‘be low. However, this failure mechanism by
its ‘nature potentially ‘can affect all plants ‘using
Woodward governors, ‘and could lead to common cause
failure for plants which have redundant turbine-driven
standby pumps.

These failures were caused by plant-specific governor
modifications which were not documented, ‘or indicated
on the governors’ identification plates. The modifications
were removed during governor refurbishment at the
manufacturer’s plant ‘when the governor was restored
to its “as-built” configuration based on the governors’
identification plates ‘and factory records. Plant design
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control and quality assurance organizations did not
identify the removal of the modification when the
governors were returned to the plant after refurbishment.
Failures caused by the removal of the modification
apparently occurred when the plant changed its ‘standby
turbine-pump operability - verification surveillance ‘test
methodology from hot start to cold quick-start.
Operational failures have resulted from the apparent
lack of coordination of the opening of the turbine steam
inlet stop valve, or the turbine trip and throttle valve, with
the required response time and movement of the governor
valve to prevent turbine -overspeed trip during turbine
startup. For RCIC and AFW turbines, the turbine manu-
facturer supplies the turbine trip and throttle and governor
valves. Another design agent provides the turbine inlet
steam stop valve, or uses the trip and throttle valve as
the steam stop valve. One study identified that as many
as 20 percent of turbine failures may be attributed to the
improper opening speed of ‘the trip and throttle . valve,
causing turbine overspeed before the governor valve can
control steam flow. Originally, the trip and throttle valve
was designed by the turbine manufacturer to remain open
at all ‘times unless it is tripped closed. Marginal valve
timing coordination between the stop valve, the trip and
throttle valve, and the governor valve could cause turbine
overspeed trips during quick-cold starts. '

STANDBY TURBINE/PUMP
PERFORMANCE FEEDBACK
BASED ON THE ANALYSIS ;
OF OPERATIONAL FAILURE DATA

Since 1978, the US NRC, using operational experi-
ence, has issued 17 notices, circulars, and studies dealing
with various problems affecting the reliability of safety-
related standby turbines. Pertinent US NRC documents
are listed in Table 1. This study identified an even larger
number ‘of documents issued by US industry organiza-
tions since 1980, which covered the history of operational
failures of the subject pump/turbines. Certain industry
documents identified specific methodologies to enhance
the reliability of safety-related standby turbines.

The most extensive and focused source of operational
data to enhance the reliability of standby turbines identi-
fied during this study were five GE Nuclear Service
Information Letters (SILs) listed below. These SILs
contain design and operational changes that appear to
significantly enhance the reliability of HPCI and RCIC
standby turbine-driven pumps. These SILs were not
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Table 1 NRC Studies, Information Notices and Circulars Reviewed

Report Number Title of Report Comments
AEOQOD Case Study Reports
AEOD/C602 Operational Experience Involving

Turbine Overspeed Trips

NRC Studies
NUREG/CR-5404 Auxiliary Feedwater System
Vol. 1 Aging Study
NRC Circulars (IECs)
IEC 78-02 Proper Lubricating Oil for Terry This circular deals with the use of lubricating oils containing vapor phase

Turbines

NRC Information Notices (INs)

IN 81-24 Auxiliary Feed Pump Turbine
Bearing Failures

IN 81-36 Replacement Diaphragms for
Robertshaw Valve (Model No.
VC-210)

IN 84-66 Undetected Unavailability of the
Turbine-Driven Auxiliary
Feedwater Pump

IN 86-14 PWR Auxiliary Feedwater Pump
Turbine Control Problems

IN 86-14 Overspeed Trips of AFW, HPCIL,

(Supplement 1) and RCIC Turbines

IN 86-14
(Supplement 2)

Overspeed Trips of AFW, HPCI,
and RCIC Turbines

inhibitors in Terry turbines used for pump-drivers for AFW/EFW, RCIC and
HPCI standby pumps to prevent excessive rusting of the turbine interiors.

This IN identifies damage to Terry Turbine type GS-2 auxiliary feed pump
turbine bearings as a result of the failure to maintain turbine lube oil levels
within the required operating band. The involved turbines used CA pickup
rings only. Types GS-2 and GS-1 turbines have been built using a combination
of force feed lubrication and oil pickup rings. Maintenance of proper oil level
is required for both oil system designs.

This notice identified a failure of a neoprene diaphragm in the
ROBERTSHAW diaphragm control valve installed in the mechanical-
hydraulic overspeed complex of a Terry Turbine used with a HPCI pump.
Because of the lube 0il used in such standby pumps, a non-standard, fabric
reinforced diaphragm is required for this application. Replacement valves will
have the incorrect diaphragm. The correct diaphragm must be ordered
separately and installed by the end-user.

This IN identified five events at operating reactors during 1982-1983 where
standby turbine driven AFW pumps were inoperable because the steam
supplies were isolated. The isolations were caused by a failure to return AFW
pump turbines to operability after the performance of surveillance or
maintenance, or to verity operability after work had been performed in the area
of the turbine control systems.

This IN dealt with four overspeed trip events during AFW pump turbine
startup, or restart. Two of the trips resulted from residual oil pressure in the
governor control oil system prior to turbine restart. Two trips resulted from
condensate in the turbine steam supply lines at startup causing loss of speed
control.

This IN dealt with four generic standby turbine speed control problems which
result in overspeed trip. This IN was based on AEOD study AEOD/C602,
“Operational Experience Involving Turbine Overspeed Trips.” The four speed
control problems were:

 Slow response of the governor during quick startup (including binding of the
governor valve stem-disc assembly).

* Entrapped oil in the governor speed setting cylinder.

* Incorrect governor setting.

« Water induction into the turbine (condensate in the steam supply line at
startup).

This IN dealt with turbine speed control problems which result in overspeed
trip caused by an accumulation of dirt and grit in the turbine governor’s control
oil system.

(Table continues on the next page.)
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IN 93-51

Resistors in the Power Supply
Circuitry of Electric Governor
Systems

Repetitive Overspeed Tripping of
Turbine-Driven Auxiliary
Feedwater Pumps

I ——— _
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Table 1 (Continued)
Report Number Title of Report Comments
IN 87-53 Auxiliary Feedwater Pump Trips This IN deals with AFW pump trips resulting from low AFW pump suction
Resulting From Low Suction pressure caused by the simultaneous starting of two AFW pumps.
Pressure
IN 88-09 Reduced Reliability of Steam- This IN covers a series of interrelated problems at Calvert Cliffs involving
Driven Auxiliary Feedwater speed control of their AFW pumps. The causal factors in these problems were
Pumps Caused by Instability of identified as:
-P
Woodward PG-PL Type » Use of replacement governors with incorrect buffer springs. The correct
Governors . . . S
buffer springs are required to dampen out turbine speed oscillations. The
installed springs were of less than the degree of stiffness that was originally
specified by -Wooedward for-this installation and resulted in unacceptable
oscillations.

» Degraded and improperly adjusted governor linkage, resulting in excessive
tolerances.

« Binding of the governor valve stem-disc assembly, resulting in improper
control of turbine speed control.

+ Damaged and misaligned turbine overspeed trip linkage and mechanisms,
which resulted in an over sensitivity to tripping when disturbed by vibration,
jarring, or water hammer in adjacent piping.

* A failed governor. .

» Excessive condensate in the turbine steam supply line when the turbine was
started. The condensate resulted in damage to the governor valve and the
governor linkage, and in loss of turbine speed control as condensate
impinged upon the governor valve and the turbine wheel.

IN 88-67 PWR Auxiliary Feedwater Pump This IN deals with a failure of a standby turbine for an AFW pump to trip on
Turbine Overspeed Trip Failure overspeed. The overspeed trip failure was caused by an excessively worn

polyurethane tappet ball in the turbine overspeed trip system linkage.

IN 89-14 Inadequate Dedication Process for ~ This IN deals with the inadequate 10 CFR 21 dedication by a licensee of
Commercial Grade Components packing for an AFW pump.
Which Could Lead to Common
Mode Failure of a Safety System

IN 90-45 Overspeed of the Turbine-Driven This IN deals with the combined failures of the turbine governor and overspeed
Auxiliary Feedwater Pumps and trip mechanism, with resulting turbine overspeed and overpressurization of the
Overpressurization of the AFW systemn.
Associated Piping Systems

IN 90-51 Failures of Voltage Dropping This IN deals with the effect on governor operability of the failure or
Resistors in the Power Supply degradation of voltage dropping resistors (dual voltage dropping resistor
Circuitry of Electric Governor assemblies) installed in the power supplies of electric governors used for the
Systems speed control of standby turbines and emergency diesel generators.

IN 90-51 Failures of Voltage Dropping This IN deals with additional failures of dual voltage dropping resistor

assemblies used in standby.turbine and emergency diesel generator electric
governor power supplies, and the Woodward Governor Company (Woodward)
letter to the NRC which stated that Woodward did not concur in the continued
use of the dual voltage dropping resistor assembly, since battery charge voltage
could result'in increased current and heat that could cause these assemblies to
fail or degrade.

This IN deals with repetitive tripping on turbine-driven auxiliary feedwater
pump (TDAFWP) turbines at both units of a two unit site, where the proximate
cause was determined to be water intrusion into the turbine resulting from
deficiencies in the steam drain systems, in conjunction with other degraded and
off normal conditions.
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mandatory, and their implementation in the field varies.
These SILs addressed operational problems affecting
HPCI and RCIC turbine reliability. The RCIC SILs are
also technically applicable to certain AFW turbines.

» GE SIL 336, dated July 11, 1980, emphasized the
need to perform cold quick-start tests of these standby
turbines to duplicate actual operational demands for the
turbines to start, since most failures occur during the cold
quick-start transient. The SIL provided guidance on the
sequencing of the HPCT turbine stop valve and methodol-
ogy for the performance of periodic surveillance tests for
pump operability, including test instrumentation to
enhance the assurance of pump and turbine operability.

* GE SIL 352, dated February 18, 1981, identified
operational problems resulting from the improper
adjustment of the HPCT turbine steam stop valve’s steam
balance chamber which resulted in overspeed trips during
the cold quick-start transient. The SIL included a detailed
procedure for the proper adjustment of this balance
chamber.

* GE SIL 377, dated June 1982, identified operational
problems with RCIC turbine speed control during
the cold quick-start transient. It provided a design modifi-
cation for a turbine steam by-pass line to significantly
reduce this transient and overspeed trips.

» GE SIL 480, dated February 3, 1989, identified a
design change to provide oil pressure from the HPCI
turbine’s electric auxiliary lubricating oil pump to the
governor valve’s model EGR hydraulic actuator prior to
the turbine rolling to assure instant governor response
during a cold quick-start. This SIL also changed the
Woodward type EG electric governor’s turbine idle speed
voltage setting.

* GE SIL 336, Revision 1, dated December 8, 1989,
updated the original version, incorporating additional
operational data. Enhanced procedures were included
for the assurance of proper turbine operation and testing.

Other design features that GE addressed included such
potential turbine failure mechanisms as 1) the maximum
allowable particle size when using turbine lube oil as a
hydraulic fluid for mechanical/hydraulic governors and
actuators, and 2) fluctuations in the reference voltage of
electric governors.

MAINTENANCE GUIDANCE DOCUMENT,
NP-6909, titied TERRY TURBINE CONTROLS, was
issued in late October 1990 by the Electric Power
Research Institute (EPRI).”> This document provides
manufacturers’ data on the preventive maintenance of
standby turbines and their governors that generally have

not been available at specific plants to support the
maintenance of these turbines and governors.

SUMMARY AND CONCLUSIONS

While failures of safety-related standby turbine-driven
pumps continue to occur, analysis of existing operational
experience indicates that the majority of failures have
been repetitive in nature. Elimination of the causes of
these failures, with the resultant improvement in the
reliability of standby turbines, appears to be achievable
by enhanced industry-wide implementation for these
turbines of presently available guidance, such as more
rigorous design control and dedication of commercial
grade items used in safety-related applications, and by
the accomplishment of actions specifically relating to
these standby turbines based on failure report root cause
determinations such as:

¢ Implementation of the design and test changes
contained in the GE SILs for all applicable HPCI and
RCIC standby turbines. Some enhancements contained
in SILs address design and test weaknesses of certain
AFW turbines.

» Implementation of the latest applicable Terry-
Turbodyne identified maintenance for the standby
turbines, and the maintenance guidance contained in
EPRI NP-6909 for the turbine governors. Applicable
plant specific design features relating to these turbines
and their governors need to be identified, maintained, and
incorporated in the appropriate plant procedures.

* Replacement of component piece-parts which affect
plant safety before the end of their design life to prevent
failures.

» Verification that the opening of turbine steam
inlet stop valves is coordinated with the opening of their
associated turbine trip and throttle valve and governor
valve based on the criteria of the turbine manufacturer,
who supplied the trip and throttle, and governor valves.

* For plants which use the AFW turbine trip
and throttle valve as the turbine steam inlet stop valve,
assurance of the proper coordination of its opening with
governor valve response during cold quick-starts.

« Verification that the extremes of all variables, such
as internal governor and model EGR actuator hydraulic
fluid temperature and viscosity at the initiation of startup,
and of variations in electric governor reference voltages
resulting from maximum and minimum station battery
voltage, are included in the design time responses for
standby turbine cold quick-start transients, as well as
continuous turbine operation.
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~ Turbine Building Hazards

By H. L. Ornstein?

Abstract: This paper describes a study of turbine building
hazards at U.S. plants which is being performed by the U.S.
Nuclear Regulatory Commission’s (NRC'’s) Office for Analysis
and Evaluation of Operational Data (AEOD). In addition, ‘it
presents observations and lessons learned from recent operat-
ing experience.

INTRODUCTION

In -U.S. nuclear power plants, the turbine buildings are
characterized as primarily containing “balance of plant”
equipment, and as such, hazards in turbine buildings are
not perceived as being a large contributor to plant risk.
However, the turbine overspeed event at Salem Unit 2 on
November 9, 1991, and the turbine blade failures at
Fermi Unit 2 on December 25, 1993, have stimulated
interest and helped focus utilities’ and NRC’s attention
on the potential hazards and risks from equipment in
nuclear plant turbine buildings.

DISCUSSION

Subsequent to the turbine overspeed event which
resulted in fires and explosions at the Salem Unit 2
nuclear. power plant-on November. 9, 1991, the NRC’s
Office for. Analysis and Evaluation of Operational Data
(AEOD) initiated studies on turbine-generator overspeed
events (AEOD $94-02! and NUREG-1275, Vol. 11%) and
on turbine building hazards.> The turbine overspeed
studies noted that (1) the likelihood for a catastrophic

21.S. Nuclear Regulatory Commission, Office for Analysis and
Evaluation of Operational Data, Washington, DC, 20555. Phone:
(301) 415-7574, Fax: (301) 415-6359.
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overspeed event is much greater. than previously
estimated, ‘and (2) the hazards from a catastrophic
turbine-generator overspeed event could be much more
extensive than previously envisioned. AEOD. $94-02
raised questions_about the completeness of plant safety
analysis regarding damage from vibration and discharge
of flammable or explosive fluids and collateral flooding
which can result from turbine overspeed.”

The Salem overspeed event showed that protection
from turbine overspeed events should not be limited to
only damage from missiles. Previous U.S. NRC licensing
activities did not focus on the potential for fires, explo-
sions, and flooding that could result from a destructive
turbine overspeed. The Salem event demonstrated that
the likelihood for having low trajectory missiles penetrate
the turbine casing was orders of magnitude higher than
had been predicted by the turbine manufacturer. The
turbine manufacturer’s estimated probability of a missile
ejection was about 2.7 x 107 per year, whereas a point
estimate based on operating experience is 1.25 x 107
per year (90 percent confidence interval). Both Salem and
Fermi turbine failures demonstrated that fires, explosions,
or flooding could result from the vibrations which
accompany large turbine blade losses.

Fortunately, many of the design features of the Salem
and Fermi plants limited the damage which resulted from
their respective events. In addition, many actions taken
by ‘the respective plant “personnel limited the damage
from the events. Based on examinations of other plant

Title 10, U.S. Code of Federal Regulations, Part 50, “Domestic
Licensing of Production and. Utilization Facilities,” Appendix A,
“General Design Criteria for Nuclear Power Plants,” Criterion 4,
“Environmental and Dynamic Effects Design Bases.”
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designs, it is not clear that all other U.S. plants would
have fared as well as Salem and Fermi if they had experi-
enced similar events.

AEOD’s present study of turbine building hazards
entails' reviewing plant operating experience such as
Immediate Notification Reports (10 CFR 50.72),
Licensee Event Reports, NRC inspection reports, plant
safety analyses, Appendix R submittals, individual
plant evaluations, insurance industry loss data, and NRC
sponsored studies (NUREGs). The study will also
include visits to nuclear plants to interview plant staff and
to conduct turbine building walk through examinations.

Examples of recent turbine building events and
recently discovered turbine building deficiencies are
shown in Table 1.

OBSERVATIONS AND LESSONS
LEARNED FROM RECENT
OPERATING EXPERIENCE

Theoretically, full implementation of U.S. NRC
requirements for fire protection*® would assure that a
challenge to nuclear plant safety would not occur as
a result of an internally generated fire or explosion in
the turbine building or any other part of the plant. Our
industry is still on a learning curve, even though the
industry is not a new one. As a result, new operating
experience teaches us about subtleties which may not
have been recognized but which can introduce risk.

The December 25, 1993, turbine failure at Fermi
Unit 2 has taught us several important lessons. For
example, the flooding (a total of about 1 million gallons)
that resulted from piping failures, deluge system
actuation, and leaking from the condenser was contained
in the radwaste storage building, which is annexed onto
the turbine building. However, there were paths from the
radwaste storage building to each of the reactor building
emergency core cooling system (ECCS) “corner” rooms,
which are on lower elevations. Fortuitously, the single
check valve in the drain pipe leading to each ECCS room
held and the ECCS rooms were unaffected by the turbine
building flood water. It is also important to note that
those check valves were not subject to any in-service
testing or in-service inspection. To rectify this potential
problem, the Fermi plant is introducing two isolation
valves in the flow path from the radwaste storage
building to each corner room. In addition, each of
those valves will be subject to periodic in-service testing.

Another lesson learned was that, although the turbine
building flooding was contained, high conductivity, high

chloride content water from Lake Erie, which entered
through the condenser, intruded into the reactor, the
reactor coolant system, and the control rod drive system.
The licensee cleaned up the impurities, and inspections
have not revealed any metallurgical damage thus far.
However, the licensee will be implementing an extensive
program to inspect for longer term stress corrosion
cracking of the aforementioned equipment.

CONCLUSIONS

At many U.S. plants, turbine building concerns
have been limited to turbine missiles and damage that the
missiles can do to safety-related equipment in the
containment building. Operating experience has shown
that the turbine building can be a major source of fires,
explosions, and flooding. The hazards from turbine
failures such as overspeed, blade failure, etc., can be
much more significant than originally envisioned when
the industry was in its infancy, and the likelihood for a
turbine failure is much higher than originally estimated.
Operating experience has also shown that repetitive
inspections may not necessarily find turbine building
vulnerabilities. The recent operating experience has
sparked many U.S. utilities’ and the NRC’s interest in the
subject of turbine failures and consequences. The
knowledge gained from this turbine experience can
be used to reduce the likelihood of turbine failures and
minimize the safety impact of any subsequent failures.
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Table 1 Recent Turbine Building Events

Date

Plant

Country

Type of

plant

Event

09/94

12/93

12/93

03/93

12/92

11/91

10/91

09/91

10/89

Fitzpatrick

Fermi 2

Millstone 1

Narora 1

Not specified

Salem 2

Chernobyl 2

Pickering 2

Vandellos

USA

USA

USA

India

Non-U.S with
potential for similar
problem in U.S.

USA

Ukraine

Canada

Spain

BWR

BWR

BWR

PHWR

BWR/3

PWR

RBMK

PHWR

GCR

(1) Contrary to safety analyses, two electric switchgear rooms
containing safety related equipment were not isolated to protect
against a high energy line break in the turbine building.

(2) A safety-related ventilation control panel needed for accident
mitigation (emergency service water) was not installed in the
“protected” switchgear rooms. :

Turbine blade fatigue failure. Missiles penetrated the turbine
casing. Turbine vibrations caused seal and piping faifures
resulting in hydrogen explosion and fires, oil fires, and flooding.
Extensive damage to the turbine, the generator, and the main
condenser. Flooding in turbine building had potential to flood
emergency core cooling system equipment in reactor building.
Lake water intrusion into control rod drive system and reactor
vessel pose long-term stress corrosion cracking concerns.
Resulted in about a 1-year outage.

Safety-related switchgear in an unanalyzed condition. Turbine
building railway access roll-up door was closed. Door is required
to be open to ensure safety-related switchgear remains within
equipment qualification limits if a steam line pipe rupture
occurred in the turbine building.

Fire led to an extended station blackout which compromised
decay heat removal. Accident management using diesel driven
fire pumps was credited with preventing serious consequences.
Believed to be caused by turbine blade fatigue failure. Turbine
vibrations caused seal and piping failures resulting in hydrogen
explosion and fires, oil fires, and flooding. Extensive damage
resulted in about 1!/,-year outage.

General Electric notified U.S. plants that a non-U.S. plant
postulated that a hydrogen gas line break in the turbine building
mezzanine could result in a hydrogen detonation. Blast waves
from the hydrogen detonation could damage vital 1E buses.

Turbine overspeed resulted in missiles (blades) penetrating the
turbine casing. A hydrogen explosion, hydrogen fires, and
turbine lube oil fires resulted. Extensive damage to the turbine,
the generator, and the main condenser resulted in a 6-month
outage.

Turbine building fire caused by an electrical short. Fire caused a
roof to collapse on all five auxiliary feedwater pumps and three
emergency feedwater pumps. Operator actions utilizing an
auxiliary water system to cool the core was credited for
preventing serious consequences.

Turbine fire originated from a generator hydrogen gas leak.
Quick response to smoke/fire detectors and rapid deployment of
fire fighters successfully minimized consequences of the fire.

Turbine vibration resulted in severing lubrication oil lines
resulting in oil fires. Flooding of the turbine and reactor-building
led the licensee to decommission the plant instead of undertaking
extensive repair and restoration.
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Reports, Standards, and Safety Guides

By D. S. Queener

This article contains four lists of various documents rel-
evant to nuclear safety as compiled by the editor. These
lists are: (1) reactor operations-related reports of U.S. ori-
gin, (2) other books and reports, (3)regulatory guides,
and (4) nuclear standards. Each list contains the docu-
ments in its category which were published (or became
available) during the October 1994 through March 1995
reporting period. The availability and cost of the docu-
ments are noted in most instances.

OPERATIONS REPORTS

This category is listed separately because of the in-
creasing interest in the safety implications of information
obtainable from both normal and off-normal operating
experience with licensed power reactors. The reports fall
into several categories shown, with information about the
availability of the reports given where possible. The NRC
reports are available from the Nuclear Regulatory Com-
mission (NRC) Public Document Room, 2120 L Street,
NW, Washington, DC 20555.

NRC Office of Nuclear Reactor Regulation

The NRC Office of Nuclear Reactor Regulation
(NRR) issues reports regarding operating experience at
licensed reactors. These reports, previously published by
the NRC Office of Inspection and Enforcement (IE), fall
into two categories of urgency: (1) NRC Bulletins and
Generic Letters, which require remedial actions and/or
responses from affected licensees; and (2) NRC Informa-
tion Notices and Administrative Letters, which are for
general information and do not require any response from

the licensee. The Administrative Letters are relatively
new generic communications issued by the NRC. They
contain information of an administrative or informational
nature and were previously distributed under the generic
letter category. No specific action is required in response
to these Administrative Letters.

NRC Bulletins

NRC B 94-02 Corrosion Problems in Certain Stainless Steel
Packagings Used to Transport Uranium Hexafluoride, No-
vember 14, 1994, 3 pages plus 2 pages of attachments.

NRC Information Notices

NRC IN 94-7 Degradation of Scram Solenoid Pilot Valve
Pressure and Exhaust Diaphragms, October 4, 1994,
4 pages plus 3 pages of attachments.

NRC IN 94-72 Increased Control Rod Drop Time from Crud
Buildup, October 4, 1994, 3 pages plus 2 pages of attachments.

NRC IN 94-73 Clarification of Criticality Reporting Criteria,
October 12, 1994, 4 pages plus 2 pages of attachments.

NRC IN 94-74 Facility Management Responsibilities for Pur-
chased or Contracted Services for Radiation Therapy Pro-
grams, October 13, 1994, 3 pages plus one-page attachment.

NRC IN 94-75 Minimum Temperature for Criticality, October 14,
1994.

NRC IN 94-76 Recent Failures of Charging/Safety Injection
Pump Shafts, October 26, 1994, 5 pages plus 3 pages of
attachments.

NRC IN 94-77 Malfunction in Main Generator Voltage Regulator
Causing Overvoltage at Safety-Related Electrical Equipment,
November 17, 1994, 2 pages plus one-page attachment.

NRC IN 94-78 Electrical Component Failure Due to Degra-
dation of Polyvinyl Chloride Wire Insulation, November
21, 1994.
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NRC IN 94-79 Microbiologically Influenced Corrosion of
Emergency Diesel Generator Service Water Piping,
November 23, 1994, 4 pages plus 4 pages of attachments.

NRC:IN 94-80. Inadequate DC ‘Ground Detection in Direct
Current Distribution Systems, November 25, 1994.

NRCIN 94-81 Accuracy of Bioassay and Environmental Sam-
pling Results, November 25, 1994,

NRC IN 94-82 Concerns Regarding Essential Chiller Reli-
ability During Periods of Low Cooling Water Temperature,
December 5, 1994.

NRC IN 94-83 Reactor Trip Followed by Unexpected Events,
December 6, 1994,

NRC IN 94-84 Air Entrainment in Terry Turbine Lubricating
Qil System, December 2, 1994,

NRC IN 94-85 -Problems with the Latching Mechanism in Pot-
ter .and Brumfield R10-E3286-2 Relays, December 21,
1994, 3 pages plus one-page attachment.

NRC IN 94-86 Legal Actions Against. Thermal Science, Inc.,
Manufacturer of Thermo-Lag, December 22, 1994.

NRC IN 94-87. Unanticipated Crack in a Particular Heat of
Alloy 600 -Used for Westinghouse Mechanical Plugs for
Steam Generator Tubes, December 22, 1994, 2 pages plus
3 pages of attachments.

NRC ‘IN 94-88 Inservice Inspection Deficiencies Result in
Severely Degraded Steam Generator Tubes, December 23,
1994, 4 pages plus one-page attachment.

NRC IN 94-89 Equipment Failures at Irradiator Facilities,
December 28, 1994, 5 pages plus 6 pages of attachments.
NRC IN 94-90 Transient Resulting in a Reactor Trip and Mul-
tiple Safety Injection System Actuations at Salem, Decem-

ber 30, 1994, 5 pages plus one-page attachment.

NRC IN 95-01- DOT Safety Advisory: High Pressure Aluminum
Seamless and Aluminum Composite Hoop-Wrapped Cylinders,
January 4, 1995, 3 pages plus 4 pages of attachments.

NRC IN 95-02 Problems with General Electric CR2940 Con-
tact Blocks in Medium-Voltage Circuit Breakers, January
17,1995, 4 pages plus 4 pages of attachments.

NRC IN 95-03 Loss of Reactor Coolant Inventory and Poten-
tial ‘Loss -of Emergency Mitigation Functions While in a
Shutdown Condition, January 18, 1995, 4 pages plus one-
page attachment.

NRC IN:95-04 Excessive Cooldown and Depressurization of
the Reactor Coolant System: Following a Loss. of Offsite
Power, JTanuary 19, 1995, 3 pages plus one-page attachment.

NRC IN 95-05. Undervoltage Protection. Relay Settings Out of
Tolerance Due to Test Equipment Harmonics, January 20,
1995, 4 pages plus one-page attachment.

NRC IN 95-06 Potential Blockage of Safety-Related Strainers
by Material Brought Inside Containment, January 25, 1995,
4 pages plus one-page attachment.

NRC:IN 95-07 ‘Radiopharmaceutical Vial Breakage During Prep-
aration, January 27, 1995, 3 pages plus one-page attachment.

NRC:IN 95-08 Inaccurate Data Obtained with Clamp-On
Ultrasonic  Flow Measurement Instruments, January 30,
1995, 4 pages plus ope-page attachment.
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NRC IN 95-09. Use of Inappropriate Guidelines .and Criteria
for Nuclear Piping and Pipe Support Evaluation and De-
sign, January 31, 1995, 3 pages plus one-page attachment.

NRC IN 95-10 ‘Potential for. Loss ‘of Automatic Engineered
Safety Features Actuation, February 3, 1995, 3 pages plus
2 pages of attachments.

NRC IN 95-10, Suppl. 1 Potential for Loss of Automatic Engi-
neered Safety Features Actuation, February 10, 1995,
3 pages plus one-page attachment.

NRC IN 95-11 Failure of Condensate Piping Because of Erosion/
Corrosion at a Flow-Straightening Device, February 24,
1995, 3 pages plus one-page attachment.

NRC IN 95-12 Potentially Nonconforming Fasteners Supplied
by A&G Engineering I, Inc., February 21, 1995, 3 pages
plus one-page attachment.

NRC IN 95-13 Potential for Data Collection Equipment to
Affect Protection System Performance, February 24, 1995,
3 pages plus one-page attachment.

NRC IN 95-14 Susceptibility of Containment Sump Recircula-
tion Gate Valves to.Pressure Locking, February 28, 1995.
NRC IN 95-15 Inadequate Logic Testing of Safety-Related

Circuits, March 7, 1995.

NRC IN 95-16 Vibration Caused by Increased Recirculation
Flow in a Boiling Water Reactor, March 9, 1995.

NRC IN 95-17 Reactor Vessel Top Guide and Core Plate
Cracking, March 10, 1995.

NRC IN 95-18 Potential Pressure-Locking of Safety-Related
Power-Operated Gate Valves, March 15, 1995.

NRC IN 95-18, Suppl. 1 Potential Pressure-Locking of Safety-
Related Power-Operated Gate Valves, March 31, 1995,
4 pages plus 2 pages of attachments.

NRC IN 95-19 Failure of Reactor Trip Breaker to Open Be-
cause of Cutoff Switch Material Lodged in the Trip Latch
Mechanism, March 22, 1995.

NRC IN 95-20 Failures in Rosemount Pressure Transmii-
ters Due to Hydrogen Permeation into the Sensor Cell,
March 22, 1995.

NRC Administrative Letters

NRC AL 94-15 Reorganization of the Office of Nuclear Reac-
tor Regulation, October 6, 1994, 1 page plus 3 pages of
attachments.

NRC AL 94-16 ‘Revision of NRC Core Inspection Program for
Annual Emergency Preparedness Exercise, November 30,
1994, 2 pages plus 2 pages of attachments.

Other Operations Reports

These are other reports issued by -various organiza-
tions in the United States dealing with power-reactor op-
erations activities.” - Most of the NRC publications
(NUREG series documents) can be ordered from the: Su-
perintendent-“of Documents,-U.,S. Government Printing
Office (GPO), P.O. Box 37082, Washington, DC 20013,
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NRC draft copies of reports are available free of charge
by writing the. NRC Office of Administration (ADM),
Distribution and Mail Services Section, Washington, DC
20555 A number of these reports can also be obtained
from the NRC Public Document Room (PDR). Specify
the report number when ordering. Telephone orders can
be made by contacting the PDR at (202) 634-3273.

Many. other reports prepared by U.S. government
laboratories and contractor organizations are available
from the Technology Administration, National Technical
Information Service (NTIS), U.S. Department of Com-
merce, Springfield, VA 22161, and/or DOE Office of
Scientific and Technical Information (OSTI), P.O. Box
62, Oak Ridge, TN 37831. Reports available through
one or more of these organizations are designated with
the appropriate information (i.e., GPO, PDR, NTIS, and
OSTI) in parentheses at the end of the listing, followed
by the price, when available.

NUREG-0090, Vol. 17, No. 2 Report to Congress on Abnor-
mal Occurrences for April-June 1994, October 1994,
41 pages (GPO).

NUREG-0090, Vol. 17, No. 3 Report to Congress on Abnor-
mal Occurrences for July-September 1994, January 1995,
35 pages (GPO).

NUREG-1272, Vol. 8, No. 1 Office for Analysis and Evalua-
tion of Operational Data. 1993 Annual Report—Power
Reactors, December 1994, 261 pages (GPO).

NUREG-1275, Vol. 10 Operating Experience Feedback Re-
port—Reliability of Safety-Related Steam Turbine-Driven
Standby Pumps. Commercial Power Reactors, J. R.
Boardman, October 1994, 91 pages (GPO).

NUREG-1517 Report of the South Texas Project Allegations
Review Team, L. Kokajko et al., March 1995, 200 pages
(GPO).

NUREG/CR-2850, Vol. 12 Dose Commitments Due to Radio-
active Releases from Nuclear Power Plant Sites in 1990,
D. A. Baker, Pacific Northwest Labs., WA, November
1994, 194 pages (GPO).

NUREG/CR-6192 Aging and Service Wear of Spring-Loaded
Pressure Relief Valves Used in Safety-Related Systems at
Nuclear Power Plants, March 1995, 86 pages (GPO).

NRC Office for Analysis and Evaluation
of Operational Data

The NRC Office for Analysis and Evaluation of Op-
erational Data (AEOD) is responsible for the review and
assessment of commercial nuclear power plant operating
experience. AEOD publishes a number of reports, including
case studies, special studies, engineering evaluations, and
technical reviews. Individual copies of these reports may
be obtained from the NRC Public Document Room (PDR).

AEOD/S95-01 Reactor Coolant System Blowdown at Wolf
Creek on September 17, 1994, J. Kauffman and S. Israel,
March 1995, 40 pages.

AEOD/T95-01 Major Disturbances on the Western Grid and
Related Events, Mary S. Wegner, March 10, 1995, 10 pages.

DOE- and NRC-Related items

NUREG-0383, Rev. 17 Directory of Certificates of Compli-
ance for Radioactive Materials Packages. Report of NRC-
Approved Packages, 513 pages, October 1994 (GPO).

NUREG-1435, Suppl. 4 Status of Safety Issues at Licensed
Power Plants. TMI Action Plan Requirements, Unresolved
Safety Issues, Generic Safety Issues, Other Multiplant
Action Issues, 157 pages, December 1994 (GPO).

NUREG-1465 Accident Source Terms for Light-Water
Nuclear Power Plants, 40 pages, February 1995 (GPO).

NUREG-1470 Financial Statement for Fiscal Year 1994,
84 pages, March 1995 (GPO).

NUREG-1497 Interim Licensing Criteria for Physical Protec-
tion of Certain Storage of Spent Fuel, P. A. Dwyer,
20 pages, November 1994 (GPO).

NUREG-1511 Reactor Pressure Vessel Status Report,
J. Strosnider et al., 174 pages, December 1994 (GPO).

NUREG/CP-0138 Proceedings of Workshop I in Advanced
Topics in Risk and Reliability Analysis. Model Uncertainty:
Its Characterization and Quantification, A. Mosleh et al., Univ.
of Maryland, College Park, 259 pages, October 1994 (GPO).

NUREG/CP-0139 Transactions of the Twenty-Second Water
Reactor Safety Information Meeting, S. Monteleone,
Brookhaven National Lab., NY, 141 pages, October 1994.

NUREG/CP-0141 Proceedings of the 23rd DOE/NRC Nuclear
Air Cleaning Conference, 800 pages, February 1995 (GPO).

NUREG/CP-0143 Proceedings of the Third International
Workshop on the Implementation of ALARA at Nuclear
Power Plants, 822 pages, March 1995 (GPO).

NUREG/CR-4838 Microcomputer Applications of and Modi-
fications to the Modular Fault Trees, A. C. Payne et al,,
Sandia National Labs., NM, 300 pages, October 1994 (GPO).

NUREG/CR-6284 Criticality Safety Criteria for License
Review of Low-Level Waste Facilities, 45 pages, March
1995 (GPO).

NUREG/CR-6285 Severe Accident Natural Circulation Stud-
ies at the INEL, 200 pages, February 1995 (GPO).

Other ltems

NCRP Commentary No. 10 Advising the Public About Radia-
tion Emergencies. A Document for Public Comment,
National Council on Radiation Protection and Measure-
ments (NCRP), MD, November 30, 1994, 28 pages (avail-
able from NCRP Publications, 7910 Woodmont Avenue,
Suite 800, Bethesda, MD 20814-3095).

NCRP Report 120 Dose Control at Nuclear Power Plants,
NCRP, MD, December 30, 1994, 136 pages (available from
NCRP).
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STI/PUB/946 The Nuclear Power: Option. = Proceedings
Series, International . Atomic Energy Agency (IAEA),
Vienna, March 1995, 763 pages (available from UNIPUB,
4611-F Assembly Drive, Lanham, MD .20706-4391).

STI/PUB/958 Quality Assurance for the Safe Transport of
Radioactive Material. Safety Series No.113, TAEA, Vienna,
November 1994, 92 pages (available from UNIPUB).

STI/PUB/963 Periodic Safety Review:of Operational Nuclear
Power Plants—A Safety Guide. Safety Series. No. 50-SG-
012, TAEA, Vienna, November 1994, 50 pages (available
from UNIPUB).

STI/PUB/964 - Operating. Experience with Nuclear Power Sta-
tions,~TAEA, Vienna, October 11994, 930 pages (available
from UNIPUB).

STI/PUB/96T Inspection of ‘Fire Protection Measures and
Fire Fighting Capability. at. Nuclear Power Plants—A
Safety Practice. -Safety Series No. 50-P-6, IAEA, Vienna,
January 1995, 70 pages (available from UNIPUB).

STI/PUB/968 - Treatment of External Hazards in Probabilistic
Safery - Assessment for ' Nuclear Power Plants—A Safety
Practice. Safety Series No. 50-P-7, JAEA, Vienna, Febru-
ary 1995, 38 pages (available from UNIPUB).

STI/PUB/976 Design of Spent Fuel Storage Facilities. - Safety
Series No. 116, TAEA, Vienna, February 1995, 50 pages
(available from UNIPUB).

STU/PUB/977 Operation of Spent Fuel Storage Facilities.
Safety Series No.- 117, TAEA, Vienna, February 1995,
54 pages (available from UNIPUB).

STI/PUB/981 ‘Safety Assessment for Spent Fuel Storage
Facilities. Safety Series No. 118, 1AEA, Vienna, February
1995, 68 pages (available from UNIPUB).

REGULATORY GUIDES

To expedite the role and function of the NRC, its Office
of Nuclear Regutatory Research prepares and maintains a
file of Regulatory Guides that define much of the basis
for the licensing of nuclear facilities. These Regulatory
Guides are divided into 10 divisions as shown in Table 1:

Table 1 ' Regulatory Guides

Division 1. Power Reactor Guides

Division 2 -~ Research and Test Reactor Guides
Division 3 - Fuels and Materials Facilities Guides
Division 4 =Environmental and Siting Guides
Division 5 ' ~Materials and Plant Protection Guides
Division 6. . Product Guides

Division 7. Transportation Guides

Division 8 . Occupational Health Guides

Division 9. *Antitrust and Financial Review Guides
Division 10. General Guides
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Single copies of the draft guides may be obtained
from NRC Distribution Section, Division of Informa-
tion Support Services, Washington, DC 20555, Draft
guides -are issued free (for comment) and licensees
receive both “draft and final copies free; others can
purchase: single copies ‘of active guides by contacting
the U.S. Government Printing Office (GPO), Superin-
tendent .of Documents, P.O. Box 37082, Washington,
DC -20013:: Costs ‘vary -according to length of the
guide. Of course, draft and active copies will be avail-
able from the NRC Public. Document. Room, 1717 H
Street,  NW, Washington, DC, for inspection and
copying for afee.

Revisions: in these rates will be announced as
appropriate. Subscription requests should-be' sent ‘to
the National Technical Information Service, Subscrip-
tion Department, Springfield, VA 22161. Any:ques-
tions or comments about the sale of regulatory. guides
should be directed to the Chief," Document Manage-
ment Branch, Division of ‘Technical Information and
Document Control, Nuclear Regulatory Commission,
Washington, DC -20555.

Actions pertaining to specific guides (such as issu-
ance of new guides, issuance for comment, or with-
drawal), which occurred during the ‘reporting period,
are listed below.

Division 1 Power Reactor Guides

1:16 - Work and Job Functions of Personnel Who Received
Greater Than 100 MREM of Exposure in 1994, Decem-
ber 1994.

1.82 (Draft ‘Proposed :Rev. 2) Water Sources for Long-
Term . Recirculation Cooling Following a Loss-of-
Coolant Accident, November 1994.

Draft Reg Guide DG-1028 Periodic Testing of ‘Electric
Power. and Protection Systems, October 1994,

Division 8 Occupational Health Guides

8.013 (Draft Revision 3) Instructions ‘Related to Prenatal
Radiation Exposure, October 1994.

8.029 (Draft Revision -1) Iastruction ‘Concerning Risks
from ‘Occupational Radiation Exposure, December
1994,

Division 10 General Guides

10.005 - (Second Proposed: Revision :2) Application for
Licenses of Broad Scope, October 1994,

10.027 -(Draft) Format and Content of Application for Ap-
proval for Thermal -Annealing ‘of Reactor Pressure-Ves-
sels, October 1994.
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NUCLEAR STANDARDS

Standards pertaining to nuclear materials and facili-
ties are prepared by many technical societies and organi-
zations in the United States, including the Department of
Energy (DOE) (NE Standards). When standards prepared
by a technical society are submitted to the American
National Standards Institute (ANSI) for consideration as
an American National Standard, they are assigned ANSI
standard numbers, although they may also contain the
identification of the originating organization and be sold
by that organization as well as by ANSI. We have under-
taken to list here the most significant nuclear standards
actions taken by organizations from October 1994
through March 1995. Actions listed include issuance for
comments, approval by the ANSI Board of Standards
Review (ANSI-BSR), and publication of the approved
standard. Persons interested in obtaining copies of the
standards should write to the issuing organizations.

American National Standards Institute

ANSI does not preiaare standards; it is devoted to
approving and disseminating standards prepared by tech-
nical organizations. However, it does publish standards,
and such standards can be ordered from ANSI, Attention:
Sales Department, 1430 Broadway, New York, NY
10018. Frequently, ANSI is an alternate source for stan-
dards also available from the preparing organization.

ANSI A1264.1-1995 (Revision of ANSI A1264.1-1989,
approved by ANSI/BSR) Safety Requirements for Work-
place and Wall Openings, Stairs and Railing Systems.

ANSI HPS N13.11-1993 (Published) Personnel Dosimetry
Performance—Criteria for Testing, $24.00.

ANSI/N1541-1984 (R1994, approved by ANSYBSR) Derivation
of Measurement Control Programs—General Principles.

ANSI/NFPA 801-1995 (Revision of ANSI/NFPA 801-1994,
approved by ANSI/BSR) Facilities Handling Radioactive
Materials.

American Nuclear Society

Standards prepared by ANS can be obtained from
ANS, Attention: Marilyn D. Weber, 555 North
Kensington Avenue, LaGrange Park, IL. 60525.

ANSI/ANS 3.2-1994 (Revision of ANSI/ANS 3.2-1988, ap-
proved by ANSIUBSR) Administrative Controls and Qual-
ity Assurance for the Operational Phase of Nuclear Power
Plants.

ANSI/ANS 5.1-1993 (Revision of ANSI/ANS 5.1-1979,
R1985, approved by ANSIBSR) Decay Heat Power in
Light Water Reactors.

ANSI/ANS 58.8-1994 (Revision of ANSI/ANS 58.8-1984,
approved by ANSI/BSR) Time Response Design Criteria
Jor Safety-Related Operator Actions.

BSR/ANS 3.7.1 [Revision of ANSI/ANS 3.7.1-1979(R1986),
for comment] Facilities and Medical Care for On-Site
Nuclear Power Plant Radiological Incidents, $7.50.

BSR/ANS 8.7 [Revision of ANSI/ANS 8.7-1975(R1987), for
comment] Nuclear Criticality Safety in the Storage of Fis-
sile Materials, $10.00.

BSR/ANS 8.19 [Revision of ANSI/ANS 8.19-1984(R1989),
for comment] Administrative Practices for Nuclear Criti-
cality Safety, $7.50.

BSR/ANS 18.1 (Revision of ANSI/ANS 18.1-1984, for
comment) Radioactive Source Term for Normal Operation
of Light Water Reactors, $10.00

BSR/ANS 57.5 (New Standard, for comment) Light Water
Reactors Fuel Assembly Mechanical Design and Evalua-
tion, $7.50.

BSR/ANS 58.9 [Revision of ANSI/ANS 58.9-1981(R1987),
for comment] Application of the Single Failure Criterion
for Light Water Reactor Safety-Related Fluid Systems, $7.50.

BSR/ANS 59.51 (Revision of ANSI/ANS 59.51-1989, for
comment) Fuel Oil Systems for Safety Related Emergency
Diesel Generators, $7.50.

American Society of Mechanical Engineers

Standards prepared by ASME can be obtained from
ASME, Attention: R. D. Palumbo, 345 East 47th Street,
New York, NY 10017.

ANSI/ASME NQA-1-1994 (Published) Quality Assurance
Requirements for Nuclear Facility Applications, $140.00.
ANSIVASME NQA-12a-1995 (Addenda to ANSI/ASME NQA-
1-1994, for comment) Quality Assurance Requirements for

Nuclear Facility Applications, $20.00.

Institute of Electrical and Electronics Engineers

Standards prepared by IEEE can be obtained from
IEEE, Attention: M. Lynch, 345 East 47th Street, New
York, NY 10017.

ANSVIEEE 334-1994 (Published) Qualifying Continuous
Duty Class 1E Motors for Nuclear Power Generating Sta-
tions, $65.00.

BSR/IEEE 379 (Revision of ANSI/ISA 379-1988, for
comment) Standard Application of the Single-Failure Criterion
to Nuclear Power Generating Stations Safety Systems, $26.00.

BSR N42.20 (New standard, for comment) Performance Cri-
teria for Active Personnel Radiation Monitors, $35.50.

instrument Society of America

Copies of ISA standards may be purchased by
contacting ISA Member and Customer Services,
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67 Alexander Drive, P.O. Box 12277, Research Triangle
Park, NC 27709.

BSR/ISA S67.10 (Revision of ANSVISA S67.10-1986, for
comment) Sample-Line Piping and Tubing Standard. for
Use in Nuclear Power Plants, $20.00.

International Standards

This section includes publications for any of the three
types of international standards:

—IEC standards ‘(International .Electrotechnical
Commission)

—ISO standards (International Standards Organization)
—KTA -standards [Kerntechnischer Ausschuss
(Nuclear Technology Commission)].

Standards originating from the IEC and ISO can be ob-
tained -from the -American National Standards Institute
(ANSD), International ‘Sales Department, 1430 Broadway,
New York, NY 10018.

The KTA standards are developed and approved by
the Nuclear Safety Standards Commission (KTA). The
KTA, formerly a component of the Gesellschaft fiir
Reaktorsicherheit (GRS), is now integrated in the Federal
Office for Radiation Protection (Bundesamt fiir
Strahlenschutz BfS) in Salzgitter, Germany. Copies of these
standards can be ordered from Dr. T. Kalinowski, KTA-
Geschiftsstelle, Postfach 10 01 49, 3320 Salzgitter 1, Ger-
many. These standards are in German and, unless otherwise
noted, an English translation is available from the KTA.

Prices for-the international standards are shown in
German currency (DM). The IEC and ISO standards are
included in this issue. '
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1IEC

IEC 45A(Central Office)142 (Draft) Nuclear Power Plants—
Main Control Room-Application of Visual Display Units
(VDU), $50.00.

1SO

ISO 9889:1994 (Published) . Determination of Carbon Content
in Uranium Dioxide ‘Powder and Sintered Pellets—
Resistance -Furnace Combustion—Titrimetric/Coulometric/
Infrared Absorption Method, $40.00.

ISO 10648-2:1994 (Published) Containment -Enclosures—
Part 2: Classification 'According to Leak Tightness and
Associated Checking Methods, $48.00.

ISO '12184:1994 (Published) Determination . of Solubility in
Nitric Acid of Plutonium in Unirradiated Mixed Oxide Fuel
Pellets (U,Pu)O, $29.00:

ISO/DIS 4037-2 (Draft) X and Gamma Reference Radiations
for Calibrating Dosimeters and ‘Doserate. Meters and for
Determining Their-Response .as a Function of Photon
Energy—Part 2: Dosimetry of X and Gamma Reference
Radiations for Radiation Protection Over the Energy
Range from 8 keV to 1.3 MeV and from 4 MeV to 9 MeV,
$101.00. : :

ISO/DIS 11929-1 (Draft) Determination of the Lower Limits
of Detection and Decision for Ionizing Radiation
Measurements—~Part 1: Fundamentals and Applications
to Counting Measurements with the Influence of Sample
Treatment, $52.00.

ISO/DIS 8769-2 (Draft) Reference Sources for the Calibration
of Surface Contamination Monitors—Part 2: Electrons of
Energy Less than 0.15 MeV and Photons, $40.00.

ISO/DIS 11934 (Revision of ISO 1758:1976, 1SO 1759:1976
and ISO 4071:1978, Draft) Indirect or Direct Reading
Capacitor-Type Pocket Dosimeters, $65.00.
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Proposed Rule Changes as of Dec. 31, 19942

(Changes Since the Previous Issue of Nuclear Safety Are Indicated by Shaded Areas)

\
Date Date Date | Current action and/or
Number of published comment published; ﬁ comment, Federal
part to be for period date [ Register volumes
changed comment expired effective } Topic or proposed effect and page numbers
10CFR | 6-19-92 8-18-92; ‘ Review of reactor licensee Published for comment in
9-30-92 i reporting requirements 57:119 (27394); comment

[
[

period extended in 57:153
(34886)

10 CFR 19 |
10 CFR 20 ;

2-3-94

4-4-94

10CFR 2 12-23-92 3-8-93 Availability of official records Published for comment in
57:247 (61013)

10CFR 2 6-3-93 8-17-93; Interim storage of spent fuel in Published for comment in

10 CFR 72 10-1-93 an independent spent fuel storage | 58:105 (31478); comment
installation; site-specific period extended in 58:176
license to a qualified applicant (48004)

10CFR 2 9-29-93 11-15-93 Informal hearing procedures for Published for comment in
materials licensing adjudications 58:187 (50858)

10 CFR 2 5-11-94 6-10-94 Summary reports on the status Published for comment in
of petitions for rulemaking; 59:90 (24371)
frequency

Radiation protection requirements; | Published for comment in ‘

amended definitions and criteria 59:23 (5132)
|

(Table continues on the next page.)
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Proposed Rule Changes as of Dec. 31, 1994 (Continued)
Date Date { Current action and/or
Number of published comment I i comment, Federal
part to be for period ] i Register volumes
changed comment expired ‘ Topic or proposed effect § and .page numbers
10 CFR 19, 20, 2-11-94 4-12-94 Certification of gaseous diffusion 1
21,26,51,70, plants |
71,73,74,76, 95

10 CFR 26

5-11-94

9-9-94

Consideration of changes to

10 CFR 20 2-25-94 5-26-94 Disposal of radioactive material Advanced notice of proposed
by release into sanitary sewer rulemaking published in
systems 59:38.(9146)
10 CFR 20 4-21-92 7-20-92 Low-level waste shipment Published for comment in
10 CFR 61 manifest information and 57.77 (14500)
reporting
10 CFR 20 6-18-93 8-15-93; Radiological criteria for Published for comment in
9-20-93 decommissioning of NRC- 58:116 (33570); comment
licensed facilities; generic period extended in 58:154
environmental impact statement (42882)
(GEIS) for rulemaking, notice of
intent to prepare a GEIS and to
conduct a scoping process
10 CFR 20 2-2-94 3-11-94 Radiological criteria for Published for comment in
decommissioning of NRC- 59:22 (4868)
licensed facilities; enhanced
participatory rulemaking,
availability of the
staff’s draft of the rule
10 CFR 20 6-15-94 8-29-94 Criteria for the release of patients | Published for comment in
10 CFR 35 administered radioactive 59:114 (30724)
material

Published for comment in

|

t fitness-for-duty (FFD) require- 59:90 (24373)

i ments

) 10 CFR 30, 40, 1-13-93 3.29-93 Timeliness in decommissioning Published for comment in
70, 72 of materials facilities 58:8 (4099)
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Proposed Rule Changes as of Dec. 31, 1994 (Continued)

177

1
i
i

Date Date E Date Current action and/or
Number of published comment ‘ published; | comment, Federal
part to be for period date | Register volumes
changed comment expired effective | Topic or proposed effect and page numbers
10 CFR 30 6-17-93 10-15-93 Preparation, transfer for Published for co
10 CFR 32 commercial distribution, and use 58:115 (33396);
10 CFR 35 of byproduct material for
medical use
10 CFR 30 6-22-94 9-20-94 Clarification of decommissioning | Published for comment in
10 CFR 40 funding requirements 59:119 (32138)
10 CFR 70
10CFR 72
10 CFR 31 11-27-92 3-29-93 Requirements concerning the Published for comment in
10 CFR 32 accessible air gap for generally 57:229 (56287)
licensed devices
10 CFR 34 2-28-94 5-31-94 Licenses for radiography and Published for comment in
10 CFR 150 radiation safety requirements for 59:39 (9429)
radiographic operations

facilities; emergency planning
and preparedness-exercise
requirements

10 CFR 40 10-28-92 1-26-93 ; Licensing of source material Published for comment in |
57:200 (48749) |
10 CFR 40 1-26-93 4-26-93 Licensee submittal of data in Published for
10 CFR 72 computer-readable form 58:15 (6098
10 CFR 74
10 CFR 75
10 CFR 150
10 CFR 50 9-28-92 12-28-92 Acceptability of plant Published for comment in
performance for severe accidents; | 57:188 (44513)
% scope of consideration in safety
1 regulations
10 CFR 50 10-20-92 2-17-93; | Reactor site criteria, including Published for comment in
10 CFR 52 3-24-93; % seismic and earthquake 57:203 (47802); comment
10 CFR 100 6-1-93; i engineering criteria for nuclear period extended in 58:2 ;
power plants and proposed denial | (271); extended again in |
of petition for rulemaking from
Free Environment, Inc., et al.
10 CFR 50 6-28-93 9-13-93 Production and utilization Published for comment in }

58:122 (34539)

(Table continues on the next page.)
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Proposed Rule Changes as of Dec. 31, 1994 (Continued)

Date Date Date Current action and/er

Number of published comment published; comment, Federal

part to be for period date Register volumes

changed comment expired effective Topic or proposed effect and page numbers

10 CFR 50 1-7-94 3-23-94; Codes and standards for nuclear Published for comment in
4-25-94 power plants; subsection IWE and | 59:5.(979); comment period

subsection IWL extended in 59:59 (4373)

9-17-91

Environmental review for renewal

I Published for comment in

10 CFR 51 12-16-91;

3-16-92 of operating licenses 56:180 (47016); comment
period extended i
56:228 (59898);

10 CFR 52 11-3-93 1-3-94 Rulemakings to grant standard Advance notice of proposed
design certification for rulemaking published in
evolutionary light water reactor 58:211 (58664)
designs

10.CFR 55 5-20-93 7-19-93 Operator’s licenses Published for comment in

58:96 (29366)

10 CFR 60 7-9-93 10-7-93 Disposal of high-level radioactive | Published for comment in
wastes in geologic repositories; 58:130 (36902)
investigation and evaluation of
potentially adverse conditions

10 CFR 72

8-9-93;
f 11-9-93 }

Emergency planning licensing
requirements for independent
spent fuel facilities (ISFSI) and
monitored retrievable storage
facilities (MRS)

| Published for comment in
58:98 (29795); comment ]

i period extended in 55:166
(45463) ‘
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Proposed Rule Changes as of Dec. 31, 1994 (Continued)

179

Current action and/er
comment, Federal

and page numbers

Published for co!
58:176 (48004

|
|
Register volumes y
1
|

Published for comment in !

Published for comment in

Date Date “ ' Date
Number of published comment ! published; |
part to be for period ; date E
changed comment expired effective | Topic or proposed effect
10 CFR 72 9-14-93 11-29-93 Notification of events at
independent spent fuel storage
installations and the Monitored
Retrievable Storage installation
10CFR 72 6-2-94 List of approved spent fuel
storage casks: addition
10CFR 73 10-6-93 12-20-93 Annual physical fitness
performance training for tactical
response team members, armed
response personnel, and guards
at Category 1 licensees
10 CFR 73 11-4-93 1-3-94 Protection against malevolent

10CFR 110

3-9-90
4-28-92 7-13-92
10CFR 110 3-17-93 4-16-93
10 CFR 170 4-19-93 7-19-93
10 CFR 171
10 CFR 170 5-10-94 6-9-94
10 CFR 171
48 CFR 20 10-2-89 12-1-89

use of vehicles at nuclear
power plants

Import and export of radioactive
wastes

Published for comment in
58:212 (58804); correction
in 58:217 (59965); r

Advance notice of proposed
rulemaking for comment in
55:26 (4181); corrections in
55:57 (10786);

published for comment in
57:82 (17859)

Specific licensing of exports of
certain alpha-emitting radio-
nuclides and byproduct material

NRC fee policy; request for public
comment

Published for comment in
58:73 (21116)

Revision of fee schedules; 100%
fee recovery, FY 1994

Published for comment in
59:89 (24065);

Acquisition regulation (NRCAR)

Published for comment in
54:189 (40420); corrections
in 58:43 (12988)

ANRC petitions for rule making are not included here, but quarterly listings of such petitions can be obtained by writing to Division of Rules and
Records, Office of Administration, U.S. Nuclear Regulatory Commission, Washington, DC 20555. Quarterly listings of the status of proposed rules
are also available from the same address.

bproposed rules for which the comment period expired more than 2 years prior to the start of the period currently covered without any
subsequent action are dropped from this table. Effective rules are removed from this listing in the issue after their effective date is announced.

NUCLEAR SAFETY,

Vol. 36, No. 1, January—June 1995




180

The Authors

The Chornoby! Accident Revisited,
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public television about the accident. He was given the
FORUM AWARD of the American Physical Society
in 1990 for “his outstanding research and promotion of
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MA 02138.

Safety of Nuclear Power
Reactors in the Former
Eastern European Countries
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head of Research and International Programs of the Swiss
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the Safety of Nuclear Installations of the Nuclear Energy
Agency and of the Board of Management of the Halden
Reactor Project of ithe Organization for. Economic
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Cooperation and Development. He is presently chairman
of the International Atomic Energy Agency Steering
Committee. on the Safety of RBMK Reactors. Current
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Ch-5232 Villigen-HSK, Switzerland.
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of Common-Cause Failures

Henrigque Paula. Current address: JBF Associates,
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Mixtures in the Presence of Hot
Surfaces

R. K. Kumar is currently a research engineer at the
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work deals with hydrogen combustion studies relevant to
nuclear reactors. Previously he worked in the area of gas
turbine combustion research at the Gas Turbine Research
Establishment in India. He received the B.Eng. degree
from the University of Mysore; the M.Eng. degree from
the Indian Institute of Science, India; and M.A.Sc. and
Ph.D. degrees in mechanical engineering from the Uni-
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He received the B.Sc. degree in chemistry from the
University of Saskatchewan and the M.Sc. degree in
physical chemistry from the University of Manitoba.
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(ignition and combustion in complex geometrics) and
development of catalytic combustion systems. Current
address: AECL Research, Whiteshell Laboratories,
Pinawa, Manitoba ROE, 11.0, Canada.
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Kevin A. Smith received the Ph.D. degree in nuclear
engineering from The Pennsylvania State University in
1992. He held a limited-term position at the KEMA
Institute in the Netherlands during his graduate work.
His interests include computational thermal hydraulics,
severe-accident analysis, and high-performance comput-
ing: Current address: Oak Ridge National Laboratory,
Oak Ridge, TN 37831-6392.

Anthony J. Baratta received the Ph.D. degree in
physics from Brown University in 1978. He worked with
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before becoming a faculty member at The Pennsylvania
State University College of Engineering in 1978. His
research interests include reactor safety, probabilistic risk
assessment, transport theory, and radiation effects on
semiconductor devices and materials. Current address:
The Pennsylvania State University, University Park,
PA 16802.

Gordon E. Robinson received the Ph.D. degree in
mechanical engineering from The Pennsylvania State
University (PSU) in 1970. He is an associate professor
of nuclear engineering at PSU. His research interests
include basic boiling phenomena and light-water-
reactor transient analysis. Current address: The Pennsyl-
vania State University, University Park, PA 16802.

Application of Fuzzy Logic in
Nuclear Reactor Control. Part I: An
Assessment of State-of-the-Art

A. Sharif Heger is an assistant professor at the
University of New Mexico. He has developed, modified,
and taught several graduate and undergraduate courses
in medical radioisotopes, nuclear reactor theory,
thermodynamics, and risk assessment. He has also been
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the Technical ‘Advisor for the Environmental Risk
Management Series that was broadcast to national and
international sites.- He has developed new methods for
performance -assessment of waste management and envi-
ronmental restoration sites as well as calculation of exact
values of complex systems fault tree: models (SigmaPi
Method). His search .in intelligent systems.concentrates
onthe application -of -pattern recognition -techniques in
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he was a reactor inspector with the Nuclear Regulatory
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completed NRC training for all U.S. commercial reactor
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Cumulative Keyword in Context (KWIC) indexes of
issues of Nuclear Safety through Volume 22 were
published as separate documents and are available from
the National Technical Information Service. Starting with
Volume 23 (1982), author and KWIC indexes are
published in the first issue of the following volume. This
issue contains these indexes for Nuclear Safety, Volumes
34 and 35, because only 2 issues per year were published
for these years. Both indexes use a six-digit number
to indicate the location of the indexed material. The
six-digit number is divided into four parts (00-0-000),
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Indexes to Nuclear Safety, Volumes 34 and 35

which stand, respectively, for volume-number-page. The
authors are indexed alphabetically. In the KWIC index,
the article titles are permuted around the various signifi-
cant words contained therein; for example, the title
“A Scheme for Passive Isolation of the Containment of a
Reactor” is indexed under the words Passive, Isolation,
Containment, and Reactor. The index words are arranged
alphabetically in a column in the center of the page with
the titles permuted around them. A slash (/) indicates the
end of a title. The two indexes follow.

KWIC Indexes to Volumes 34 and 35

THE NUPLEX 80+™ ADVANCED CONTROL COMPLEX FROM
THREE MILE ISLAND - NEW FINDINGS 15 YEARS AFTER THE
ORATORY/ RADIOLOGICAL CONSEQUENCE ANALYSIS UNDER SEVERE
REACTOR-HEAVY WATER REACTOR/ DETERMINISTIC SEVERE
REACTOR CONTAINMENT/ PROPOSED DETERMINISTIC SEVERE
OR/ DETERMINISTIC SEVERE ACCIDENT CRITERIA AS SEVERE
NUCLEAR SAFETY RESEARCH: THE PHEBUS FP SEVERE
CHERNOBYL
ANNUAL TECHNICAL MEETING OF THE NRC COOPERATIVE SEVERE
ULTS/ 1993
LIRA: AN ADVANCED CONTAINMENT SYSTEM TO MINIMIZE THE
ANIUM FUEL-MELT BEHAVIOR DURING SEVERE NUCLEAR REACTOR
VENT INCIDENTS/ THE IAEA-ASSET APPROACH TO AVOIDING
ALYSIS OF THE RISKS TO HONG KONG RESULTING FROM POTENTIAL
CHERNOBYL ACCIDENT MANAGEMENT
ACCIDENTAL RADIOACTIVITY RELEASES/ LIRA: AN
N ENGINEERING/ THE NUPLEX 80+™
UTILITY REQUIREMENTS FOR SAFETY IN THE PASSIVE
QUENCE ANALYSIS UNDER SEVERE ACCIDENT CONDITIONS FOR THE
LABORATORY/ CONTAINMENT PERFORMANCE ANALYSIS OF THE
C'S MAINTENANCE TEAM INSPECTION REPORTS/ MANAGING
DETECTORS AND PRESSURE SENSORS/ EFFECTS OF NORMAL
VERE NUCLEAR REACTOR ACCIDENTS/
EXPLOSION EVENTS IN THE HIGH-FLUX ISOTOPE REACTOR/
OF A THERMIONIC SPACE NUCLEAR REACTOR POWER SYSTEM/ AN
RIDGE NATIONAL LABORATORY/ CONTAINMENT PERFORMANCE
BAY NUCLEAR POWER PLANT/ TECHNICAL NOTE: A PRELIMINARY
VPBER-600 CONCEPTUAL FEATURES AND SAFETY
OAK RIDGE NATIONAL LABORATORY/ RADIOLOGICAL CONSEQUENCE
SUMMARY OF FUEL PERFORMANCE
VE SEVERE ACCIDENT RESEARCH PROGRAM/
THE PRECURSORS TO PREVENT INCIDENTS/

TEMS/

THE IAEA-ASSET

AN INTEGRATED REGIONAL

ABB COMBUSTION ENGINEERING/ 34-1-64
ACCIDENT/ 35-2-256
ACCIDENT CONDITIONS FOR THE ADVANCED NEUTRON $ 34-2-242
ACCIDENT CRITERIA AS SEVERE ACCIDENT DESIGN CRI 34-1-13
ACCIDENT CRITERIA FOR THE HEAVY WATER REACTOR 34-1-20
ACCIDENT DESIGN CRITERIA AND POLICY FOR THE NE 34-1-13
ACCIDENT EXPERIMENTAL PROGRAM/ 35-2-187
ACCIDENT MANAGEMENT ACTIONS/ 35-1-1
ACCIDENT RESEARCH PROGRAM/ 34-1-9
ACCIDENT SEQUENCE PRECURSOR (ASP) PROGRAM RES 35-2-328
ACCIDENTAL RADIOACTIVITY RELEASES/ 34-1-49
ACCIDENTS/ 34-2-196
ACCIDENTS IS TO RECOGNIZE THE PRECURSORS TO PRE 35-1-25
ACCIDENTS OF DAYA BAY NUCLEAR POWER PLANT/ 35-2-246
ACTIONS/ 35-1-1
ADVANCED CONTAINMENT SYSTEM TO MINIMIZE THE 34-1-49
ADVANCED CONTROL COMPLEX FROM ABB COMBUSTIO 34-1-64
ADVANCED LIGHT-WATER REACTOR/ 34-1-84
ADVANCED NEUTRON SOURCE REACTOR AT THE OAK RI 34-2-242
ADVANCED NEUTRON SOURCE REACTOR AT THE OAK RI 35-2-205
AGING IN NUCLEAR POWER PLANTS: INSIGHTS FROM NR 35-1-142
AGING ON CALIBRATION AND RESPONSE TIME OF NUCLE 35-2-223
ALUMINUM-URANIUM FUEL-MELT BEHAVIOR DURING SE 34-2-196
ANALYSIS AND MODELING OF FLOW-BLOCKAGE-INDUCE 35-1-58
ANALYSIS OF DISASSEMBLING THE RADIAL REFLECTOR 35-1-74
ANALYSIS OF THE ADVANCED NEUTRON SOURCE REACT 35-2-205
ANALYSIS OF THE RISKS TO HONG KONG RESULTING FRO 35-2-246
ANALYSIS RESULTS/ 34-2-237
ANALYSIS UNDER SEVERE ACCIDENT CONDITIONS FOR T 34-2-242
ANNUAL REPORT FOR 1990/ 34-2-259
ANNUAL TECHNICAL MEETING OF THE NRC COOPERATI 34-1-9
APPROACH TO AVOIDING ACCIDENTS IS TO RECOGNIZE 35-1-25
APPROACH TO RISK MANAGEMENT OF INDUSTRIAL SYS 34-1-1
ASSESSING SAFETY CULTURE/ 34-2-163
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-E UNCOVERY DURING A PWR LOCA/
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CTOR COOLANT SYSTEM: THE DEVAP PROGRAM/
A BEDDED SALT FORMATION/ PC-BASED PROBABILISTIC SAFETY
GNIZE THE PRECURSORS TO PREVENT INCIDENTS/ THE IAEA-
TESTING DEFICIENCIES IN
RS TO PREVENT INCIDENTS/ “THE IAEA-ASSET APPROACH TO
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QUASI-STATIC CORE LIQUID LEVEL DEPRESSION AND LONG-TERM
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30th TENNESSEE INDUSTRIES WEEK

Knoxville, Tenn., August 14-18, 1995

The University of Tennessee is offering eight short courses during the week of August 14, 1995. These courses,
which are‘designed to help practitioners apply new technology, are as follows: Predictive Maintenance Technology
(Aug. 14-16), Bayesian Reliability Analysis (Aug. 14-18), Radiological Assessment (Aug. 14—18), Nuclear Criticality
Safety (Aug. 14-18), Computational Methods in Reactor Analysis & Shielding (Aug. 14-18), Applied Artificial
Intelligence for Engineering Applications (Aug. 14-18), Contemporary Issues in Nuclear Reactor Safety (Aug. 14-16),
and An Introduction to Fusion Technology for the Practicing Engineer (Aug. 14-18).

For additional information, contact Professor T. W. Kerlin, 315 Pasqua Engineering Building, The University of
Tennessee, Knoxville, TN 37996-2300. Phone: (615) 974-2525. Fax: (615) 974-0668.

DOE TECHNICAL STANDARDS PROGRAM
1995 WORKSHOP

St. Louis, Mo., October 3-6, 1995

The U.S. Department of Energy (DOE) Technical Standards Program workshop for 1995 will present “The Strategic
Standardization Initiative—A Technology Exchange and Global Competitiveness Challenge for DOE.” The workshop
is to inform the DOE technical standards community of strategic standardization activities taking place in the
Department, other Government agencies, standards developing organizations, and industry. Individuals working on
technical standards will be challenged to improve cooperation and communications with the involved organizations in
response to the initiative.

Workshop sessions include presentations by representatives from various Government agencies that focus on the
coordination among and participation of Government personnel in the voluntary standards process; reports by standards
organizations, industry, and DOE representatives on current technology exchange programs; and how the road ahead
appears for “information superhighway” standardization. Another session highlights successful standardization case
studies selected from several sites across the DOE complex. The workshop concludes with a panel discussion on the
goals and objectives of the DOE Technical Standards Program as envisioned by senior DOE management.

For additional information, contact Becky Harrell, Technical Standards Program Office, Oak Ridge National
Laboratory, P.O. Box 2009, Oak Ridge, TN 37831-8065. Phone: (615) 574-0396. Fax: (615) 574-0382.
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MULTIPHASE FLOW EXPERIMENTS AND INSTRUMENTATION

San Francisco, Calif., October 29-November 2, 1995

The Thermal-Hydraulics Division of the American Nuclear Society is sponsoring a technical session on Multiphase
Flow Experiments and Instrumentation. Technical papers will discuss advancements in two-phase flow instrumentation
and related experimental studies in two-phase flow.

For additional information, contact

Prof. J."N. Reyes, Jr.; Dept.-of ‘Nuclear Engineering, Oregon State NUniversity, Radiation Center, C116,
Corvallis, OR 97331-5902, Phone: (503) 737-4677. Fax: (503) 737-4678.

or

Prof. F. B. Cheung, Dept. of Mechanical Engineering, Penn State University, University Park, PA 16802,
Phone: (814) 863-4261. Fax: (814) 863-8682.

DISCLAIMER

This journal was prepared under the sponsorship of an agency of the United States Government. Neither the United
States Government nor any agency thereof, including the Nuclear Regulatory Commission, nor any of their employses,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, ‘or
favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or refiect those of the United States Government or any agency thereof,
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(Continues from page ii)

it with nuanced completeness. In this connection, I have a personal “stylistic”
debt to Ernest that [ have never publicly acknowledged. In 1970, at a meeting
of the American Nuclear Society, 1 first characterized nuclear energy
as a Faustian Bargain (much to the annoyance of many nuclear colleagues).
I entitled the paper The Moral “Dilemma” of Nuclear Energy. It was Ernest who
pointed out that “Dilemma” was not quite the right word: there was inherent in
nuclear energy a Moral Imperative, and that was the title I published without ever
giving Ernest full credit for this felicitous improvement. As editor of Nuclear
Safety, Ernest has been responsible for innumerable improvements both in style
and substance, but, because he was editor, these improvements have had to go
unacknowledged. On behalf ofthe hundreds of authors who published in Nuclear
Safety, 1 hereby explicitly thank Ernest for using his editorial pencil so precisely,
yet anonymously.

Ernest spent three years with me at the Institute for Energy Analysis. While
there he became an expert in the whole field of energy—not just nuclear
energy—and perhaps grew to appreciate that nuclear energy did place unusual
demands on its practitioners, standards of excellence and dedication that Ernest
himself exhibited to so admirable a degree. When Ernest returned to Oak Ridge
National Laboratory, he first joined the Fast Breeder Reactor program and then,
at Bill Cottrell’s invitation, the staff of Nuclear Safety.

So we pioneers of the First Nuclear Era once again thank Ernest for editing
Nuclear Safety. We know that his retirement will be filled with exciting and
meaningful activities—always marked by Ernest’s perceptive, good-natured, and
witty interventions.

Alvin M. Weinberg



SUBSCRIPTIONS

For current price of subscription or single copies,
please contact the Superintendent of Documents,
P.O. Box 371954, Pittsburgh, PA 15250-7954.
Telephone requests can be made from 8:00 a.m.
to 4:00 p.m. eastern time, at (202) 512-1800.

FUTURE ARTICLES

THE CHORNOBYL ACCIDENT
Chornobyl Source Term Release Dynamics and Reconstruction
of Events During the Active Phase, A. R. Sich

GENERAL SAFETY
Western Nuclear Safety and Licensing Practices, S. Chakraborty
A Decision Support System for Maintenance Management of a
Boiling Water Reactor, J. H. Shen, A. Ray, and S. Levine
Role of Experimental Measurements in Criticality Technology,
R. E. Malenfant
Elements of a Nuclear Criticality Safety Program, C. M. Hopper
Technology and Competence in Criticality Safety, R. E. Wilson

ACCIDENT ANALYSIS

Transient Analyses of the PIUS Advanced Reactor Design with
the TRAC-PF1/MOD2 Code, B. E. Boyack, J. L. Steiner,
S. C. Harmony, H. J. Stumpf, and J. F. Lime

The Hierarchy-by-Interval Approach to Identifying Important
Models that need Improvement in Severe Accident
Simulation Codes, T. J. Heames, R. P. Jenks-Johnson,
M. Khatib-Rahbar, and Yi-Shung Chen

RELAP5/MOD3 Code Coupling Model, R. P. Martin

Missiles Caused by Severe PWR Accidents, R. Krieg

DESIGN FEATURES

Validation of COMMIX with Westinghouse AP-600 PCCS
Test Data, J. G. Sun, T. H. Chien, J. Ding, and W. T. Sha

Modern Tornado Design of Nuclear and Other Potentially
Hazardous Facilities, J. D. Stevenson and V. Zhao

ENVIRONMENTAL EFFECTS

Potential Accident Radiological Consequences and Siting
of Commercial Nuclear District-Heating Reactor,
Zhongqui Shi

A Method of Calculating Risk from a Spent Fuel Facility,
L. Canas



