
7 y

b

.. .

NUREG/CP-0120
F SAND 92-0173

froceedings of the-
. _

__

Fifth Worisaop on
.

Containmem Integrity !
'

'

|
|

1 Held in
Washington,. DC -
May 12-14,1992- ;

: iu .
.

.. . .
. . . .

-

.: ~T
Edited by M. B. Parks, C. E. Hughey

Sponsored by .
: U.S. Nuclear Regulatory Commission.

. Proceedings prepared by
: S:ndia National Laboratories

,

f ?he,
4 _

c- .

,,. ...

-

L

.gkB3 yB920731
"

..

:' CP-0120 R PDR
L __



. . _ - , -. . _- .,
!

I

j. . .
.

l

:I

_d. ___._w.M-'

NOTICE

' These proceedings have been authored by a contractor
of the United. States Government. Neither the United
States Government _ nor any agency thereof, or any of

_ _ _

jtheir _ employees, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility l
'or any third party's use, or the results of such use, of |
any information, apparatus, product or process disclosed in

,

these proceedings, or represents that its use by such third '

party- would not infringe privately owned - rights. The
views expressed in these proceedings are not necessarily

. those of the U.S. Nuclear Regulatory Coramission.

T
_ . _

_

Available from

Superintendent of Documents
U.S. Government Printing Office

P.O. Box 37082
Washington D.C. 20013-7082

and

National Technical Information Service
Springfield , VA 22161

I:
|-
!
I

':

|-

-
- .. . . . . - - .



y

NUREG/CP-0120
SAND 92-0 73
R1, RD, RM

Proceedings of the
_

Fifth Workshop on
Containment Integrity

Held in
Washington, DC
May 12-14,1992

.

Manuscript Cornpleted: June 1992
Date Published July 1992

Edited by M. B. Parks, C. E. Hughey

Sponsored by
Division of Engineering
Omce of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

Proceedings Prepared by
Sandia National Laboratories
Albuquerque, NM 87185-5800
NRC FIN A1401-

7"<*%,

%.....#



_

PREFACE l

Tbe Fifth Workshop on Containment Integrity was held in Washington, DC, on May 12-14,1992.
The purpose of these workshops is to provide an international forum for the exchange of

~ .infonnation on performance of containments in nuclear power plants under severe accident
loadings. Severe accident investigations of existing containment designs as well as future
advanced containments were presented during the workshop. There were 145 participants at the
woikshop from 15 countries.

Ivan Selin, Chairman of the NRC, provided the opening address for the meeting. A total of 39
'-

papers were presented on the following tcpics: Containment Design Considerations tor Severe
Accident Conditions Advanced Containment Designs and Related Research, Containment
Behavior Under Acc; dent Conditions, Testing / Analysis of Containment Systems, and Containment
Operational Experience (Leakage, Aging, and Operation). Papers that were presented at the
workshop make up the bod, of this report. A copy of the final program, includinp last minute
changes, is also included in these proceedings.

The workshop was hosted by Sandia National Laboratories under the spo.asorship of the U.S. '

Nuclear Regulatory Commission. Principal organizers for the workshop were James F. Costello
= of the U.S. Nuclear Regulatory Commission and Walter A. von Riesemann and M. Brad Parks of
Sandia National Laboratories.

The worksho
chairpersons,=p organizers would like to express their sincere appreciation to the sessionpaper authors and presenters, and Workshop attendees for making' this meeting

- possible. :Special thanks are due to Mr. Cecil Hughey of Sandia for his valuable assistance in
making the preparations required to conduct the Workshop. 'Many others from the NRC and
-Sandia have contributed to the planning and conducting of the Workshop. Their assistance is
gratefully acknowledged.
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OPENING REMARKS

Dr. Ivan Selin
Chairman, U.S. Nuclear Regulatory Commission

Good morning, ladies and gentlemen. I am pleased to welcome you to the Fifth V'ork. hop on
Containment Integrity. It is gratifying to see such a large tumout of representaties from the U.S.
nuclear industry and the international community. This workshop provides an important
opportunity for enhancing our common understanding of containment performance under severe
accident conditions, both for current and advanced light water reactor designs.

As most of you know, since Three Mile Island the NRC has increasingly emphasized the need to
understand the variety of containment challenges that could occur as a result of a severe core -

damage accident. The focus of this effort has been on those containmen; challenges where the o
resultant pressure and temperature conditions could threaten the integrity of the containment
building.

Numerous containment integrity initiatives have been completed over the past several years. As a
result, the NRC has concluded that the design basis criteria used to license nuclear power plants
provide a considerable margin of safety. In mm. this safety margin provides reasonable assurance
that the public is protected from significant radiation releases even under the core damage
conditions that occurred at Three Mile Island. Howevcr, v..: all recognize that accident scenarios
resulting in even greater core damage than that which occurred at TMI are physically possible.
Thankfully, they are very unlikely.

Such scenarios could present even greater challenges to containment integrity and justify the
continued interest and research in containment perfonnance. Accidents which lead to containment
failure are the major source of the residual risk to the public. Since the containment is the last
barrier between fission products and the environment, its performance across a wide spectrum of
potential accidents is of critical importance.

One can more fully appreciate the importance of comainment performance to public safety by
-

contrasting the TMI and Chernobyl accidents. The TMI accident showed that robust containments
can protect against a variety of core damage conditions and challenges. In spite of a loss of fuel
integrity, the public was not exposed to an uncontrolled release of fission products. Such was not
the case at Chernobyl, While the Chernobyl accident was due to a combination of design
inadequacies and human failures, the lack of a containment capability was a major fac:or in tne
devastation visited upon the surrounding populace. The contrasting experiences at Chernobyl and
Three Mile Island Unit 2 showed how important containment survival is in minimizing the release
of radioactivity to the environment in the event of a core melt accident.

The nuclear industry's reliance on defense-in-depth requires the integration of preventive and
mitigative efforts. Containment is, primarily, mitigative in its design. It is called upon should other
baniers be oven:ome. Evaluation of the effectiveness of containment perfonnance, therefore, must
consider plausible but low likelihood scenarios. Containment designs must also be robust and
tolerant of beyond design basis events.

The NRC has a high degree of confidence that the containments of the current light water reactors
can perform the functions for which they were designed. Our research is, therefore, focused
Ir.rgely on understanding containment capabilities and the margins in performance that gc, beyond
design loads and severc core damage threats. The consequences of core damage accidents depend
very strongly on whether and when containment failures occur in the course of the accident.
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Consequently, we need to better understand what occurs in containment during the latter stages of
an accident. - This knowledge will enhance accident management strategies and emergency.
planning.

The goal of the NRC Containment Integrity Program is to develop general methods to estimate
containment performance. This goal is being accomplished through the combined use of analytical
and experimental programs. In complex areas, where numerical solutions have not yet evolved,
testing is being used to empirically predict the behavior of some components of the containment
pressure boundary.

Ultimately. predicting a containment's behavior requires information in five specific areas: (1) the
combinations of pressure and temperature that could lead to the failure of the containment p essure
boundary. (2) the timing of containment failure (early or late) in the accident sequence, (3) the
failure mode, (4) the leak area and the associated leak rate, and (5) the location of the failure.

NRC's containment integrity research focuses directly on the phenomena considered most likely to
produce combinations of high pressures and temperatures that might cause the containment to fail.
These include scenarios such as the high-pressure ejection from the reactor vessel of finely divided
panicles of molten core debris; the generation of note "nsible and flammable gases from the

,

decomposition of concrete by hot core debris; direct the . and chemical attack on structures and
engineered safety 'eatures; and, the buming or detonatic., of hydrogen and other gases produced in
the course of the accident. At this point, I need to acknowledge the expertise of yourselves and
members of the NRC staff. My understanding of these phenomena is at best, superficial.
Fortunately, Dr. Spels, Deputy Director of the Office of Nuclear Regulatory Research, will address
th, ,e topics in much greater detail in his presentation.

The NRC's experimental and analytical research has included the testing of large models of actual
containment structures as well as large and full scale testing of penetration assemblies. These
research results are being used to predict failure thresholds and modes, and their related leak rates.
When loads anticipated from severe accidents are included, estimates of plant releases and off-site
consequenus can be made.

The complexity and costs of such large scale tests provide a strong incentive for engaging in jointly
sponsored research programs. The NRC research program on containment integrity has been
enhanced by significant international cooperation. Research organizations from the United

- Kingdom, France, Germany, and Italy have worked with us, particularly with respect to _" testing to
|- failure" various models of steel and reinforced concrete PWR containmer.ts. In Japan, the Ministry
| of International Trade and Industry (MITI) is sponsoring a research program on containment

performance under severe accident conditions. Discussions between Japan and the U.S. have led'

to the conclusion that it would be mutually advantageous to engage in a jointly sponsored research
|
' program.- This reseasch program would use, as its principal element, tests-to-failure of various

models of a prestressed concrete PWR containment and a steel BWR containment. Models of these
containment types have not been tested in the NRC research effort. This joint testing program
should, therefore, fill voids in our understanding of containment failure under severe accident
conditions.

In the area of severe accident phenomena and containment challenges, the NRC and 16 countries .
:have signed research agreements under the Cooperative Severe Accident Research Program. The
partners in this program have a mutual interest in realizing the safety benefits that can be obtained
from integrated severe accident research and a sharing of research data and results.

( During the course of the severe accident research performed by the NRC over the past 13 years,
significant progress has been made in the development of computer codes to analyze nuclear pow:r'

. plant responses to severe accidents. All of this information is available to the Co-op participants.

?
,
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In return, the participants share their technical reports and experimental data. Joint programs,
using facilities owned by the other panies and under specific commercial agreements are also being
pursued. The severe accident research specified in die signed agreements cover a wide gamut of
research areas. I do not need to detail them here today.

Several of the Co-op countries have participated for five to ten years, and have developed
significant severe accident programs of their own. Thus, they now conduct insightful peer reviews
and provide increasingly valuable data and reports. Finally, the program fosters a wide-scale
testing of the major computer codes as participants apply them in their own programs. This has
uncovered various code errors and deficiencies and has allowed the codes to be greatly improved.
Moreover, the application of the codes to numerous experiments tests the various failure models.
All of these interactions improve the overall quality assurance of the overall severe accident
program.

ADVANCED REACTORS

The programs I have described so far have emphasized the current generation of light water
reactors. We are also devoting considerable effort to the containment issues of the next generation
of reactor designs. In this regard, we expect to build as much as possible on the existing base of
research.

For all advanced reactor containment designs submitted for certification, the NRC will evaluate
containment performance under severe accident conditions. These evaluations will include the
likelihood of, and uncenainties associated with, severe accidents involving potential containment
failure, containment bypass leakage, and inadvertent containment openings. The NRC will aisc
assess overall containment performance to ensure that systems designed to contain radioactive
materials, when combined with other mitigation systems, provide an acceptably low probability of
a large release of radioactive materials.

Containments for some of 'he advanced light water reactors are significantly different from current
designs. For example, the containment for ABB's System 80+ reactor is a large volume, spherical
steel shell, similar to some existing ones located in Gennany. Westinghouse's AP600 containment
is a return to simplicity inasmuch as it uses a largely passive heat removal sprem; requiring few
active components. For these containments. the NRC is addresting a n'imber of issues that have
arisen from our prior LWR safety assessnents. These issues iiclude hydrogen control, core
concrete interaction, high pressure core melt ejection, and debris woling.

Other future designs are also being considered by the NRC in its pre-application interactions with
prospective applicants. These reactors also have certain novel or unique containment design
features. The advanced liquid metal reactor (ALMR), the modular high temperature gas reactor
(MHTGR), the Swedish designed, PIUS (Process Inherent Ultimate Safety), and the Canadian
heavy water reactor design (CANDU) will all generate their own specific sets of questions. The
NRC-will need to be assocd in the adequacy and accuracy of the design assumptions and
operational capabilities. Only then will certification be possible. In all of these cases, the intent is
to ensure the robustness of the containment design against severe accident phenomena that could
lead to early containment failure. I would also note that as a measure of containment performance
and as a basis for regulatory guidance, the Commission has approved the use of a 0.1 conditional,

; cor.tainment failure probability for the evolutionary light water reactors. The Commission,'

however, directed that this containment performance objective should not be imposed as ab
- requirement. Also, the use of the conditional containment failure probability should not discourage
accident prevention.' To help in this matter, the staff was directed to investigate suitable alternative,
deterministically-established, containment performtnce objectives which could be submitted by the
applicants.

|
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SUMMARY

In summary, the NRC has made considerable progress in recent years in understanding what
happens during severe accidents, Such information is essential for assessing potential safety

_

improvements and for making decisions on whether or not particular improvements are warranted.
- This program is what we have to offer to our international partners in safety research.

I hope this brief overview of containment integrity issues and initiatives gives you an appreciation
of the great deal of effon that has been and continues to be invested in this area. We must continue
to ensure that the results of our research efforts are applied effectively, on a timely basis, where
they are most needed, and that effective initiatives are not allowed to wane,

let me close my irmarks by again expressing my appreciat.s.i for your willingness to join us today I

and invite your active participation in this important workshop.

.
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! Containment Severe Accident Phenomenoloav

Themis Speis,-Farouk Eltawila -,

U.S. Nuclear Regulatory Commission-
Washington, DC 20555

1

-Introduction

;The role of the containment as a vital barrier to the release of fission products
to the environment has been widely recognized. The public safety record of

: nuclear - power plants has been fostered by applying the " defense-in-depth"
principle, which relies on a set of independent barriers to fission product
release._ The containment and its -supporting systems are one of these barriers.-_

Containment design criteria are based on a set of deterministically derived
challenges. _ Pressure and temperature challenges are usually based on the design

i- basis loss-of-coolant accident. Also, criteria based on external events such a-

;

earthquakes, floods , and tornadoes are considered. The margins of safety
i

provided by such practices have been the subject of considerable research and !
evaluation, and these studies have shown the ability of ccntainment systems to '

survive pressure challenges of as much as 2.5 to 3 times design levels if
identifiable weak links, such as for example inflatable seals, are eliminated.-
Because of these margins, the various containment types presently utilized in.the-
western world have. the capability to withstand, to varying degrees, many of the
challenges presented by severe accidents. For each type of containment, however,
there remain failure mechanisms which could lead to either early or late
containment failure, depending on both the accident sc o arios involved and-the
containment types.

- Containment loads (i.e., higher than-those considered in the design basis) that
.might- lead. to such failures can result from the thermal-hydraulic / material
. interaction. processes which take place during core melt accidents involving a
large part of the core; some of these loads manifest themselves even before the
primary system is completely breached (e.g., hydrogen generation /trar. sport and
burning in the containment),- while others follow -the release of tne. core melt
debris into the containment space.

The understanding of these phenomena and their range of behavior is important for
taking advantage of existing reactor system and containment capabilities and
exploring additional accident _ management strategies for the different reactor and
containment types and also for developing plant verformance criteria for future-

| 111ght water reactors (LWRs) against severe accident challenges.

it
~These phenomena _ have their origin in a variety of initiating events and sequences,

_

and generally involve multiphase flow and heat transfer processes. The pnenomena
to be discussed here include high pressure sequences with their concomitant

Econsequences,_ corium-concrete interactions and debris bed coolability including.
steam spikes, and hydrogen combustion related issues.

t

1 'After more than 10 years of rather-broadly directed research, where the focus was
|- -1n understanding the underlying physical and chemical phenomena that can occur

in_a severe: accident, the NRC_ issued in May 1989, its revised Severe Accident
Research Program (SARP) -Plan. The SARP revision documented in NUREG-1365 was,

! motivated by. the need to focus efforts and crystallize positions of value to the
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regulatory mission of the agency. Early containment failure, or avoidance of it,
became .the focal point, and issues associated with it constituted the key
elements of that plan.

Since 1989, significant progress has been made on the technici issues of concern
regarding containment performance and release of fission products in the event
of . containment -failure- to warrant a further update of NUREG-1365 which is
presently underway. For those cases where guesstimates were made, we-now have
more relevant data + hat enable us to characterize containment performance on more"

technical bases. In my remarks today, I will speak of_ the current understanding
of the more important phenomena and the associated mechanical and thermal loads
on the -containment which result from an evolving severe accident both in-vessel

0 and ex-vessel, and also summarize on-going work to further enhance our,

understanding and reduce residual uncertainties in a number of these areas.
-Therefore what I plan to summarize shortly a)o the conditions which containments
should be evaluated against for the purpose of either understanding the marginsi

of the existing generation of containment systems or-as I said earlier to develop
performance criteria for future plants against-severe accident challenges.

Containment Loadina in Severe Accidents'

The severe accident phenomena that are capable of generating a much higher level i

of loading than that_ considered in the design basis may be summarized as follows
in terms of nomenclature employed in WASH-1400 for PWRs. In general, the key
phenomena are generic in nature but can affect containment performance in various-

-ways depending on reactor type, containment size and configuration, and/or other
~

unique design features associated with a specific system.
.

Alpha- (a): Large scale in-vessel molten core-water energetic interaction,
usually referred to as steam explos' ion, with potential to
cause early containment failure via energetic missile
penetration of the containment.

,

Gamma (y): Hydrogen deflagration or detonation; it is more or less
t. important acsording to the type of reactor and containment

~

;.

design.

Early Delta (6e): Rapid containment overpressurizat. ion early in the accident; it
is more _or less important according to the type of reactor and .

containment design.

Delayed-
._

- Del ta - (6,) : Gradual overpressurizatir at a late stage of the accident.r

Epsilon _(c): Basemat-melt-through vn .L -lecomposition from contact with ,

high temperature cora M is.

Beta (#): Failure to isolate the containment. ,

V: . Containment bypass (or interfacing system (LOCA).

Other severe accident phenomena that were not addressed in WASH-1400, but were
L recognized to challenge containment integrity in the recent past include direct

containment heating (OCH)-and BWR Mark I liner failure:
'
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DCH: Involves melt release at high pressure and the potential for
larga-scale melt dispersal throughout the containment volume.
Such dispersal could lead to direct heating of the containment
atmosphere and associated pressurization. Containment
geometry could play a significant role here. Conceptually
similar to the early delta.

M' % ! failure: Because the tight Mark I containment geometry relative to the
large corium inventory, direct exposure of the liner in the
vicinity of the drywell floor to the high temperature melt can
proviae an obvious potential mechanism for liner failure
(melt-through or creep failure). A variant of the Epsilon
failure mode.

Most of the research effort of the recent past relating to containments loads ~

ass,ciated with severe accident phenomena has involved the performance of scaled
experiments as well as the de,*elopment of analytical tools for analyzing severe
accident scenarios and consequences, in addition to addressing generic issues,
both the experimental and analytical programs have addressed issues unique to
specific containment configurations and scenarios, such as for example, the
presence of water in a reactor cavity and under what conditions could the molten
core debris be coulable. This is an important question not only for a number
of issues relating to existing containments, but also to the mode of cooling the
containment of the advanced W LWR design, the AP-600, under both design and
severe accident scenarios.

Initial and Boundarv (ondit :ons

Clearly, the extent of the challenges to containment integrity, at least for a
number of these phenomena. depends on the state of an LWR reactor core at the
time of vessel failure (i.e., the melt mass, rate of release, composition and
temperature of melt released from the core). Due to lack of relevant Gata, a

bounding analyses and experts' panels were used to address these phenomena at the
time of WASH-1400, and even to some extent the more recer i NUREG-llS0 efforts.

Since then, a great deal of information has Leen itained on the processes
involved in the early phase of melt progression ;nat extends through core
degradation and metallic (but not ceramic) -aterial melting and relocation. This e

information has come from ir.tegral tests m the PBF, AfRR, NRC, NSRR, and Phebus
test reactors, from the LOFT FP-2 test, from tests in the CORA ex-14 actor fuel-
damage test facility, and from separate-effects experiments on significant
phenomena. Most of the available information v late-phase relt progression has
come from the post accident examination of tne iMI-? reactcr. Despite the core
reflooding that successfully terminated the TMI-2 accident, the general late-
phase melt progression pr 'nomenology of that accident, although not the detailed
behavior, appears to F - applicable to unrecovercd as well as to recoverti
accidents and possibly some BWR accidents as weil.

We now believe 2at the TMI-2 configuration illustrates essentially all the
general melt progression pt.enomenology that apply to large numbers of PWR and BWR
blocked-core accident sequcnces . This expanded knowledge of the melt conditions
has contributed significantly to the reduction in the degree of conservatisms and
reduced some of the difficulties that jeoparaized or detracted from the
credibility of earl m e studies on assessing containment performance For
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-example, the observation that the risk significance of DCH has decreased relative
to earlier studies can be partially attributed to an improved understanding of
melt progression.

A more detailed discussion of our current state of understanding the severe
accident phenomena related to containment challenges, including on-going related
research efforts, is provided in the remainder of this paper.

FUEL-COOLANT INTERACTIONS
iincludina a-mode Containment Failurel

Significant fuel coolant interactions can occur when molten core debris drops
into lower plenum water.

As the past confirms, issues associated with FCis can be widely varying and
controversial, and, as in many other cases, resulting from the of ten limited
ability to specify the initial conditions for the interaction. To clarify this !
point further for LWR severe accidents, it is often unclear what is the quantity
and temperature of the melt available to pour, nor is it clear what is the size
of the pour opening. Other complications arise due to the inherently unstable
multi-phase flow regimes and lack of experimental information at properly scaled
conditions.

Since its first attempted quantification in WASH-1400, the energetics of large,
coherent FCIs (in particular, those energetic enough to produce containment
failure, a-mode) have dominated research activities. Significant progress has
been made to the point that a-failure does not seem to be a dominant contributor
to early containment failure-probability in current. risk analyses. However, the
shift in' emphasis to accident management for variety of reactor geometries and
meltdown-scenarios, coupled with the wide uncertair. ties in the NUREG-Il50 expert
quantifications of FCis, the subject of FCI is again the focus of some reactor
safety research. The current research effort is to provide the appropriate '

methodological and analytical tools for evaluating major aspects of the accident
sequence, including quantification of steam and hydrogen production from FCis,
the mode and timing of . vessel failure, and ex-vessel events of potential

i .significant to debris coolability and containment 1r' ding -(i.e., Mark-! melt
'

spreading and liner attack, Mark-II, and. Mark 111 suppression pool FCis, AP600,u
and SBWR). There are fundamental aspects of FCis that are germane, of course,
to both the in-vessel and ex-vessel FCIs; however, the dominant regimes and hence

,

major. aspects of the-detailed approach can be quite different.
,

|

Three experimental programs are currently addressing this topic. The one at UCSB
is examining the fundamental component of an explosion e.g., premixing and

-fragmentation. The purpose of the second set of FCI is being done at UW to study
triggering and measure explosion yield. The third program being carried out at
the FAR0: facility in Italy is to observe the _. integral behavior of fuel-melt

-

|1
quenching at high pressure.

DIRECT CONTAINMENT HEATINGi

!This process is postulated to arise from an accident sequence which develops
- while-the primary system is at high pressure. Failure of the primary system
would in such circumstances be most likely to occur when the core was extensively
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.

molten. . lf the breach in the primary system occurred at a part of the boundary
retaining molten debris the result would be a massive expulsion of very hot
liquid material driven by the primary system pressure. The consequent dispersal ,

of finely divided debris may lead to rapid heating of the containment atmosphere
and to a sudden and large rise in containment pressure. Clearly, the extent of '

dispersal would be geometry-dependent, and it is still not clear what is the
appropriate manner to quantify such effects. Furthermore the sequence would also i

give rise to a highly dynamic release of hydrogen formed earlier during the core
heat-ap and slubping phase and during the subsequent blowdown.

:

Considerable research on direct containment heating has been undertaken to
provide new insights and an improved data base to answer the questions, What is
the nature of the DCH threat, and what mechanisms and configurations exist ex-
vessel that will mitigate or eliminate it? It should be noted that some of the
problem associated with DCH could potentially be eliminated if a highly reliable ,

primary system depressurization could be achieved prior to vessel failure, '

however, the' advantage and ditiadvantage of such strategies should be carefully
evaluated. This paper is not addressing this issue.

In addition to predicting the dispersal of debris from the reactor cavity, DCH
models are being developed that are capable of evaluating or suitably accounting
for debris fragmentation, debris to gas heat transfer, debris trapping, hydrogen
generation, hydrogen combustion, and water vaporization as e result of debris-
water interactions in the cavity or other containment regio,,s.

While the details of the cavity configuration, for the limited range of ;

variations considered,-have been shown to have less effect on debris dispersal :
at elevated pressures, it is intuitive and has long been argued that -

compartmentalization and structures downstream of the cavity would trap or
deentrain debris from the flow stream exiting the cavity on its way to the bulk

-containment.

Integral testing, sponsored by NRC, was initiated to investigate the containment
loadings resulting from DCE. The experimental program explores integral DCH
phenomena ~~ at different scales for representative reactor designs and for
representative mitigative features, in addition, separate-effects testing to
confirm the validity of the assumptions employed in the scaling analysis and to
validate the model discussed above was also initiated.

Interpretation of the integral tests conducted'thus far using scaling evaluations
based on the evaluation of conditions for a station blackout at the Zion plants
| indicate that the pressure rise and temperature loads generated by DCH is much

i less- than we originally thought and within the capability of the containment.

HYDR 0 GEN DEFLAGRATION AND DETONATION

F The safety significance of hydrogen combustion during a. severe accident for non-
inerted containments is -that the concomitant energy release manifested as
pressurization and heating of the containment atmosphere could pose a threat to
containment integrity or to the survival or functioning of essential safety
equipmant. When hydrogen combustion alone is insufficient to threatan
containment integrity, combustion may still represent a significant contribution *

to containment Icadings when considered conjunctively with. direct containment
: heating or steam pressurization. In the event hydrogen released into the
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containment during a severe accident accumulates without igniting but mixes
rapidly throughout the entire volume, the global concentrations in most instances
will remain below the limits for detonation. If mixing does not occur because
of stratification or pocketing in enclosed areas, those richer mixtures that
occur, at least locally, present a greater likelihood for flame acceleration and
detonation.

Rescuch conducted world-wide over the past 12 years has extensively investigated
a number of issues related to hydrogen combustion and transport during severe
reactor accidents. Much of the work, focused on global deflagrations of premixed
volumes of hydrogen, air and steam. Diffusive burning of hydrogen has also been
the subject of experimental research conducted by both the NRC and the industry.
Diffusion fl ame research has also been carried out at Sandia National
Laboratories and at other research f acilities, including the large scale f acility
at Factory Mutual Research Corporation, used to investigate hydrogen mixing and
combustion in a Mark 111 containment.

In conjunction with hydrogen combustion research, the research community has also
experimentally explored the issue of hydrogen transport and mixing.

Computer codes on hydrogen +.ransport and combustion have been developed to ,

evaluate the static or dynamic pressure loads from hydrogen combustion and
detonation in containment.

Results of these evaluations should enable us to make regulatory decisions to
assess the potential threat to containment integrity, in particular, for PWRs
with large dry containments, combustible concentrations build up very slowly.
Because of the large volume, detonable compositions are unlikely to develop
unless significant spatial concentrations exist. Hydrogen is released into the
containment from the pressure vessel through leaks or valves and also as a result
of a melt-concrete interaction. The distribution into the containment results
mainly from natural circulation currents, diffusion and condensation processes.
In containments with many compartments these processes will take a longer time
than for relatively open containments. These aspects are sequence- and plant-

_

specific and require additional work before final conclusions can be drawn.
Howover, an accident management strategy could be developed by which early
ignitions and burning could limit the concentrations of hydrogen below the
combustion-detonable limits. .

To address the effects of elevated temperatures on fl ame acceleration and
detonation transition, the NRC initiated a high-temperature, high-speed hydrogen
combustion program under a joint agreement (signed in June 1991) for a
cooperative program with the Ministry of International Trade and Industry of
Japan and the Nuclear Power Engineering Center. Under this agreement, a high-
temperature high-speed hydrogen combustion research program, extending over 5
years, has been developed.

in the low-speed hydrogen combustion research program, the aspects of diffusion
flames scalability and transient high-temperature combustion will be investigated
at RPl.
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DBR1S C00t AHLlli

Core-concrete interactions would occur during a severe accident only after
penetration of the reactor vessel and flow of the core debris onto the concrete
basemat. Decomposition of the concrete from this interaction results in the
release of steam and carbon dioxide, which may be partially reduced to the
combustible gases hydrogen and carbon monoxide. As the gases pass through the
hot molten debris, they sparge small but potentially importaht quantitles of
radioactive elements from the debris. These radioactive aerosols can be released
to the containment, thereby adding to the accident source term. The major areas
of concern associated with the core-concrete interactions during a severe
accident are the complete penetration of the basemat and the generation of
radioactive aerosols and combustible gases. Another related concern is the
overheating of important structures inside the containment.

-

An extensive program of analytic and experimental research to obtain improved
understanding of core-concrete interactions was undertaken in U.S. and abroad.
The analytical research focused on the development of models for studying
phenomenological aspects of core-concrete interactions such as heat and mass
transfer, while the experimental re.,earch focused on conducting scaled-down
experiments simulating pCspic reactor accident scenarios. These studies have
recognized the variety of conct otes used in nuclear power plants in the U.S. and
the widely diverse acM & t scenarios that lead to core-concrete interactions.
The effort to understand core-concrete interactions was also broadennd to include
a reassessment of the models used to predict radionuclide release.

Arguments can be adduced that for certain designs in which there is room for
debris to spread out and to be submerged in water the debris will be cooled so
that gas evolution is effectively limited. The efficacy of attempts to control
core-concrete interactions by applying water seems to depend significantly on the
amount of water available and on the nature of solid crust formation at
interfaces between water and melt. Some additional work, including experiments, i
is needed to assess the tdequacy of that strategy in preventing concrete basemat
penetration. It must also be borne in mind that if the application of water is
effective in cooling the debris the heat thereby conveyed by steam has to be
rejected by the systems for condensing steam in the containment or other means.
If the debris is not effectively cooled the permanent gases generated would cause
overpressurization but that could be countered by venting the containment.

A particular problem affecting BWR Mark I containment is risk of contact between
debris and containment wall. If hot core debris penetrates through the bottom
of the reactor pressure vessel, it spreads on the drywell floor and through the
pedestal door and attacks the containment steel shell (liner).

NRC research over the past several years has addressed the key phencmena
associated with the liner melt-though issue, such as melt conditions at the time
of vessel failure; melt spreading characteristics; thermal-hydraulic
characteristics of molten core-concrete interactions both with and without an
overlyin , water pool; heat transfer characteristics at the interface of the
molten core, overlying water pool, and liner; and fission product attenuation in
the presence of an overlying water pool .
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. W a' e of the research-information derived from these programs into an
Men. w f the conditional probability of liner failure both with and withoutp ,

+ sci . .g water pool in the drywell, given a core melt accident that proceeds, , <

so vessel failure, was completed. A description of this methodology and its
conclusion is provided in NUREG/CR-5423.

In order to obtain data to support the development of coolability criteria, an
experimental program called MACE was developed under the sponsorship of NRC,
EPRI, and several other countries. The program is intended to determine the
ability of water to quench and fragment molten core debris during MCCI and to
enable characterization of the resulting debris for assessment of permanent

I
coolability.

SUMMARY OF CONTAINMENT CHALLENGES

In summary, an early containment failure usually results in an imme* *te high
release of radioactive fission products to the environment. > er an
uncont"olled leakage cannot usually be closed by normal measures and t. al l_ows
a continuing release of fission products. Loads early in the severe accident
sequence may arise in various ways:

- It is generally considered - although not completely established - >

that a steam explosion (alpha-mode) threatening containment
integrity is a low probability event.

- The loads from a hydrogen deflagration or detonation (namma-mode)
are very sequence- and plant-specific and thus no generic assessment
is applicable.

Loads from rapid steam production resulting from_ a core melt and-

water interaction are plant-specific; currently assessed as less
likely to result in a threat to integrity of large dry containment.

- Loads from rapid heat addition to the containment atmosphere (direct
containment heating) could, for some designs especially small
volume, result in containment failure. This conclusion is sensitive
to the assumptions and method of analysis employed and more research
is under way to study this process. Preliminary results from tests
conducted at SNL and ANL for the Zion plants indicate that DCH loads
are much smaller than originally . thought. and' is less than the-

containment pressure capability. Subcompartment entrapment of
debris is the most significant mitigative feature.

L

| The mos.t likely routes to late containment failure are pressure and temperature
build-up due to vaporization of water or the production of.non-condensible gases'~

from a basemat; melt-through. However,-the fission product release-from a lateu
failure is usually very much less than for early failure and more time is'

available for appropriate accident management actions.

Reactor containment' structural integrity research is being conducted to assess
the risk posed by pressure _and temperature loads outside the design basis and
estimate the effectiveness of proposed mitigative steps. Efforts include
assessing-the ability of the containment to withstand-the loads generated in a
severe accident and analyzing information on aging degradation of containments.

1
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The major source of risk to the public from the operation of nuclear power plants
stems from accidents that lead to a containment failure, especially early
failures. The research results will be used to predict the threshold of failure,
the mode of failure, and the related leak rates in order to estimate plant
releases and offsite consequences.

SEVERE ACCIDENT RUL[MAKlflG

We believe that research and engineering on the significant severe accident
phenomena and scenarios and cost effective methods to mitigate them, coupled with
our understanding of the details of future plant designs, have suf ficiently
matured to allow the development of standards for plant performance for future
LWRs. The ilRC staff has prepared an advanced notice of proposed rulemaking which
it has discussed already with the ACRS and will be presenting it to the
Commission during the next few months and will be asking interested parties for
advice and recommendations on the proper scope and method to incorperate these
considerations into the flRC's regulations. This notice will reflect
consideration of the extensive work accomplished in the severe accident area.
The Commission has continued to take all reasonable steps to further reduce the
risk from severe accidents at existing plants through its regulatory programs.
For example, the Commission completed rulemakings on several key items of concern ((e.g., station blackout, anticipated transients without scram, hydrogen
generation and control), has implemented a containment performance improvement
program based upon insights regarding containment performance under severe
accident conditions and has initiated a program for individual plant examination ,

(IPE) for severe accident vulnerabilities.

The staff has been reviewing proposed critoria for future light water reactors
submitted by Electric Power Research Institute (EPRI) and several new LWR designs
with respect to the Commission's severe accident policy and 10 CFR 52. In
performing these reviews, the staff has proposed criteria to address severe
accident and containment issues that go beyond the existing regulations. The
staff has sought and received Commission guidance on the application of these _

proposed severe accident and containment criteria to the LWR designs now under
review. The criteria discussed in this Advanced Notice of Proposed Rulemaking
(ANPR) would serve to codify much of the Commission's guidance for general
application to all future LWRs.

,

)
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Introduction
A y6ar ago the ACRS sent to the Commission a letter entitled ' Proposed Criteria to Accommodate
Severe Accidents in Containment Design'. This letter was our advice to the Commission on how they
might go about, and have the NRC staff go about. bringing containment design into the modern world. At .

our own suggestion the ACRS had been tasked by the Commission, about two years earlier, to develop
ideas on how containment design requirements might be developed to better account for what is now
known about the nature of severe accidents and the job of mitigation for which containments are
intended.

We proceeded in out task by trying to find out what experts knew and believed about containments and
severe accidents. We held a long series of information-gathering meetings and did a lot of reading. We
heard directly or indirectly from many experts, including many of you at this meeting. From an
abundance of input, which was not, by the way, allin a single coherent stream, we formulated a
proposal for the Commission. The proposalis one part safety philosophy, one part regulatory approach,
and one part technical strawman,

pCRS role
Before going on, let me take a minute to explain what the ACRS is and what it does, and to mention an
important caveat related to what I am going to say. ACRS, the Advisory Committee on Reactor
Safeguards, is an independent, part time advisory body to the Commissioners of the NRC. It has existed
for almost forty years. ACRS gathers information by interacting with the Commissioners, NRC staff,
and experts on nuclear safety and regulation from industry, academia, laboratories, and the public. We
then provide advice to the Commission or NRC staff management through formal written letter-reports
on a wide variety of subjects related to reactor safety and regulation. Neither the Commission nor the
staff management has any legal compunction to take our advice. They are under some constraint to
listen to it. And that is probably all we can ask.

.

Our advice is always a consensus of what the Committee believes. ACRS s|vaks only through its
| formalletters. No individual member is authorized to speak for the Committee or even to interpret a

letter in the name of the Committee. Hence, the caveat I mentioned earlier. What I say here today will
represent my own views and not necessarily those of the Committee. What the Committee wanted to

L say on this subject is in its letter of May 1991.

Observations about existino containment recuirements
When we had completed our series of information gathering meetings somewhat over a year ago, three
general observations could be made. One was expected, a second was a pleasant surprise, and the third
was a disappointment.
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A first observation was that the existing regulatory requirements for containment design weie seriously
inadequate. The surrogate requirements which had been developed as a stoppp measure thirty years
ago were technically overly simple, and applied by rigging together pieces of seveal regulations and
regulatory practices. I don't want to be too negative. In the 1960s, not much was known about the
nature of severe accidents and something had to be done. The pragmatic, surrogate design basis for
LWR containments, a large LOCA, was not all that bad. ACRS was a party to the jury rigging, in fact.

-

The system worked well under its limited challenge in the TMl accident in 1979. But, when we [and you) ,

looked harder we had to admit that the next challenge might not be as conveniently limited and some of :

us became a little nervous about how well the system could then do its job.

The second observation, the pleasant one, was that a tremendous amount of good technical information
about the nature of severe accidents and containment capabilities was available. The twin impetus for
development of this information, from the late 1970s through the 1980s had been the TMI accident and
the evolut;on of credible risk analysis methods, PRA. TMI taught us that bad things can happen -- even
to good people who have been loyal to precepts of excellence and OA. PRA gave us an intellectual.

means of dealing with this reality without wanting to jump off the nearest bridge, As a result, a much
improved understanding of severe accidents and containments had been developed through research and
analysis. The understanding was not perfect,it was not complete, But, nothing ever is, and the
technical information was sufficient to support much more knowledgeable design choices.

The third observation, the disappointing one, was that there was in place no serious, comprehensive
effort to synthesize this improved information into a new set of design requirements. There was an -
awareness of the new information, and containments designed to the old requirements were being
' checked against' selected challenges from severe accidents. This was, however, an imprecise and
inefficiec., proc 3ss. Neither the NRC nor industry was focusing on the development of an updated set of
requirements which would explicitly deal with the consequences of severe accidents.

The 1991 ACRS letter was then a proposal which reacted to these three observations:
1) Something better was needed
2) Something better was available
3] But, there was na process of synthesis underway to make effective use of this available knowledge

faDglr.lons about what should be done .

'

Our proposal was that a practical and completo enough new set of design reqirements, a new surrogate
for severe accident challenges should be developed. There were three key conc!usions leading to our
proposal:

First, the surrogate design basis should be developed by the NRC. There are several reasons for this.
Tradition; NRC [actually, of course, the AEC) developed the old one. NRC staffers have the best|-

_

command of the totality of information available. Finally, NRC should have a definite position on this

L most important aspect of reactor safety and they might just as well clearly describe that position to
applicants up front.

|-
Second, the su>rogate would have to be more complex than the old one, it is clear from research and
analysis of the past decade that there is not a single enveloping accident which covers all possible
phenomenological challenges to a containment - comforting as that concept might be. However, the more
complex set of requirements must still, unambiguously, be a surrogate. Precise definition of severe
accident challsnges is not possible and the judgment of experts and authorities will be necessary. There
is no reason to apologize for that. 1

|
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Third, the time to move ahead with this effort is now. There is no point in waiting for more research or
better analyses. There are no indications that anything more than incremental gains in knowledge are 1

Just around the corner, This is not to say that some research should not continue, if some splendid new '

insights do become available, that will be wonderful and we should then figure out how to take advantage.
But, we cannot plan for them. We should consolidate uur gains and move ahead now with what we have.

I

Prooosed reaulatory orooram

A possible regulatory program to effect these changes would be as follows:
First, the General Design Criteria in Part 50 would be revised to acknowledge that containments should

,

be designed for a range of challenges that can threaten their function during severe accidents. Several
different classes of challenge or containment loads would be defined. For each, the nature of the
challenge would be described in general terms; specifics and bound;ng quantification would be relegated to
an ancillary Regulatory Guide. Also, for each, a success criterion would be specified.. In most cases
success will be defined simply as maintenance of the containment function without excessive leakage for

.

some appropriate period following the particular challenge.

Second, Regulatory Guides would detail an acceptable means by which the design requirements can be
implemented. What we had in mind is a relationship between each GDC requirement and its companion
Regulatory Guide similar to the existing relationship between GDC Criterion 35 for Emergency Core
Cooling and Appendix K to Part 50 for ECCS Evaluation Models. Criter;on 35 states that a system
shall provide ' abundant emergency core cooling.' Appendix K gives, in reasonably unambiguous terms, a
technical definition of the leak to be accommodated and what is meant by the terms ' abundant' and
' cooling.'

The technical content of each Regulatory Guide should provide as complete and unambiguous a basis for
containment system design as can be practically developed. It would not include probabilistic statements
or requirements. For example, the criterion for capacity to accommodate hydrogen combustion might

,

state the total amount of hydrogen to_ be considered, say 150% of that which could be generated by
complete oxidization of cladding in contact with active fuel, and then insist that a specific analysis for
mixing and stratification should be performed. The Regulatory Guide would describe acceptable mixing
models, based on containment type.

' An important advantage of this program would be that the NRC would thereby take responsibility for the
'important technical judgments necessary to transform knowledge from severe accident research ard risk
assessments into criteria and requirements that can be used by a designer. This would not be done in a,

vacuum. Review and input from the industry and the reactor safety community should be sought as the
:

rule changes and Regulatory Guides are developed. That's part of the rulemaking process. This
procedure avoids the uncertainty and opportunity for licensing instnbility that will result if the NRC

,

merely passes on to applicants probabilistic goals or ' white papers' on severe accident research with the
expectation that, after a number of back and forth trials, the applicant will eventually develop something
the NRC finds acceptable.

We concluded that an adequate strawman surrogate should include a description of eight challenges. Note
that this list is as important for what it leaves out as for what it includes. 'ihe latent is that this list of

1

eight is a ' good enough' representation of the entire spectrem of possiole phenomena and challenges. '

There are other possibilitiesc Our judgment is that these are adequate. The specific list is as follows:
a) Loss of coolant accident
b) Energetic fuel coolant interactions, in particular

- missiles from in-vessel steam explosions
pressure pu;ses from ex vessel steam explosions

c) Hydrogen combust!on and detonation

d} Direct melt attack on structure or pressure boundary
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e) High pressure melt ejection

f) Corium cencteteinteraction
g) Pressurization from decay heat
h) Local high temperatures at critical structures or components ,

Two comments on this surrogate list: !

1) Given particulars of the design of a specific LWR plant, some of the challenges might be ruled out as
requirements if an explicit analysis demonstrated them to be sufficiently improbable.

;

2) ACRS and others have gone on record as in f avor of a containment design requirement which would,;
'

given a severe accident challenge, fail not more than 10% of the time. We mean, and we suspect others
mean, by this that we do not expect containments to be able to manage anytning anyone can think of,
but only most things. As many of you know, only better than I, a generalized CCFP becomes very '

difficult to define with precision. To some it means, that for a string of particular severe challenges, the
containment will hold together 90% of the time. To me it means that the containment will withstand
90% of the spectrum of possible severe accident challenges to which it could be exposed. I doni know
how to calculate that, but I see the above list of eight challenges as an attempt to define that sort of

capabikty. I don 1 believe we can be more precise at this time. ,

WhMthe Commissionis dolna
The Commission has not yet decided whether to follow all, some, or none of the ACRS proposals. The

i
NRC staff has a couple of programs in place which relate to the issues we have raised. One program
intends to revise Pait 50 of the regulations to more explicitly acco r' >r certain severe accident
conditions. The staff is about to issue an Advanced Notice of Proposed Ru'emaking which describes
three alternatives and asks for public input. ' Although the ACRS letter is one of the afternatives, the
staff ha; stated concern about our proposal to incorporate new criteria in the GDC and would prefer
that another section be added to Part 50. Their concern is that inclusion in the GDC would imp!y the
necessity for a lot of QA requirements and ' bells and whistles' which would not necessarily be
appropriate for advanced containment features. I don't disagree, but believe new GDC for containment
features could specify a different level cf redundancy and reliability requirements than is now traditional
for so-called safety grade systems. I f avor an explicit recognition that what we have been discussing
are design bases, in the plain English sense of those words. There is, at least, a problem of semantics
when we describe severe accidents as being 'beyond design basis'. Of course containments should be

designed for severe accidents. That is, after all, their major purpose,
r

A second related program is inclusion of some severe accident and containment issues in lists of policy
issues which the NRC staff is asking the Commission to consider. One such paper is SECY.90 016,
' Evolutionary Light Water Reactor [ LWR) Certification issues and Their Relationship to Current
Reguiatory Requirements'. At least one more similar paper is being developed. These papers raise
technicalissues, some of which are related to containment, but it is yet unclear what 'raismg an issue'
means. If nothing else, applicants and potential applicants are alerted that the NRC is interested and will
be asking questions about some particular item. Perhaps that is enough.

I would prefer a system of regulation in which NRC takes responsibility for making key judgments about
important safety issues and then tells applicants what it expects in terms that are as practical and
unambiguous as possible. I think that can be done now for containment requirements, if we set our minds
to it.

Reference: ACiTS letter to NRC Chairman Carr, May 17,1991, ' Proposed Criteria to Accommodate'

Severe Accidents in Containment Design'|
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A REVIEW OF CONTAINMENT ACCIDENTS

Benoit De Boeck
AIB Vingotte Nuclear

Abstract

The consequences of severe reactor accidents depend greatly on containment safety features and '

containment performance in retaining radioactive material. If the cont 2dnment function is
maintained in a severe accident, the :adiological consequences will be minor. If the containment
function does fail, the timing of failure can be very important. The longer the containment
remains intact relative to the time of core melting and radionuclide release from the reactor
coolant system, the more time is available to remove radioactive material from the containment
atmosphere by engineered safety features or natural deposition processes. Delay in containment
failure or containment bypass also provides time for protective action, a very important
consideration in the assessment of possible early health effects. Thus, in evaluating the
performance of a containment, it is convenient to consider no failure, early failure, late failure,
and containment bypass as separate categories characterizing different degrees of severity. The
paper reviews the containment challenges posed by the severe accidents, on the basis of an '

extensive list of references. First the phenomena that could lead to early containment failure are
described: direct containment heating, steam explosions, hydrogen combustion, and isolation
failures. Then the late containment failure modes are treated: gradual overpressurization,
basemat meltthrough, and overheating. Finally, some words are said about containment bypass.

1 INTRODUCTION

The consequences of severe reactor accidents depend greatly on containment safety features and
containment performance in retaining radioactive material [1] The early failure of the
containment structures at the Chernobyl power plant contributed to the size of the environmental
release of radioactive material in that accident. In contrast, the radiological consequences of the
Three Mile Island Unit 2 accident were minor because overall containment integrity was
maintained and bypass was small.

l Normally three barriers (the fuel rod cladding, the reactor coolant sysicm pressure boundsry,
and the containment pressure boundary) protect the public from the release of radioactive
material generated in nuclear fuel. In most core meltdown scenarios, the first two barriers would
be progressively breached, and the containment boundary represents the fm' al barrier to release
of radioactivity to the environment. Maintaining the integrity of the containment can affect the
source term by orders of magnitude.

|
L

In most severe accident sequences, the ability of a containment boundary to maintain integrity
is determined by two factors: (1) the magnitude of the loads, and (2) the responsc :o those loads
of the containment structure and the penetrations thrcugh the containment boundary. Although
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there is no universally accepted definition of containment failure, it does not necessarily imply
gross structural failure. For risk purposes, containment is considered to have failed to perform
its function when the leak rate of radionuclides to the environment is substantial.

Thus, failure could occur as the result of a structural failure of the containment, tearing of the
containment liner, or a high rate of a leakage through a penetration. The containment is also
said to have failed when a failure in the containment isolation system results ir an important
leakage of radioactive material to a secondary building or directly to the environment. Finally,
in some accidents, the containment building is completely bypassed. This is the case in
interfacing-system loss of coolant accidents and in steam generator tube rupture accidents.

If the containment function is maintained in a severe accident, the radiological consequences will
be minor. If the containment function does fail, the timing of failure can be very important. The
longer the containment remains intact relative to the time of core melting and radionuclide
release from the reactor coolant system, the more time is available to remove radioactise
material from the containment atmosphere by engineered safety features or natural deposition

processes. Delay in containment failure or containment bypass also provides time for protec;ive
action, a very important consideration in the assessment of possible early health effects. Thes,
in evaluating the performance of a containment, it is convenient to consider no failure, early
failure, late failure, and containment bypass as separate categories characterizing different
degrees of severity.

It is important to realise that not all core meltdown accidents lead to containment failure. Recent
studies [1] have shown that,~ at least for PWR's, the containment has a high probability of
remaining intact during a severe accident. The average conditional probability of no containment
failure is 81% for Surry,73% for Zion, and 65% for Sequoyah. BWR containments appear to

'

be less robust: the average conditional probability of no centainment failure is 28% for Peach
Bottom, and 23% for Grand Gulf.

The following sections will describe the containment challenges posed by the severe accidents.
The description will mainly be related to accidents occurring in hot condition, but when needed,_

the peculiarities of cold shutdown states will be mentioned. Some actions which have the
potential to protect the containment function, and thus increase the conditional probability of no
containment failure, will aiso be described.

.

2. EARIX CONTAINMENT FAILURE

Early containment failure is defined as failure prior to or shortly after the core debris penetrates
the reactor vessel. An early failure is important because it tends to result in shorter warning
times for initiating off-site protective measures and-it also-reduces the time available for
deposition of radioactive materials within the containment. Potential early containment failure
modes include direct containment heating, steam explosions, hydrogen burns, and isolation

failures.
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2.1 Direct ContainmtDLiluting

In certain core damage accidents, such as a small I.OCA or station blackout, in which the
reactor system remains pressurized during core meltdown, it has been estimated that certain
modes of vessel failure could lead to a high pressure ejection of molten core material. In case
of a local failure of the lower head, the molten materials would initially be ejected into the
cavity beneath the pressure vessel but may subsequently be swept out of the cavity into the
containment atmosphere where the liberation of thermal and chemical energy (oxidation of i

debris) can directly heat the atmosphere, This complicated physical and chemical process is
known as direct containment heating (DCH) and may be a significant source of containment
pressurization [2].

.

The DCH loading is expected to be most important for large dry PWR containments [3]. The
expulsion of corium into the containment atmosphere will occur only from a sufficiently
high pressure system. BWR's are provided with an automatic depressurization system, which
is designed to depressurize the primary system following the loss of emergency cooling and

'
prior to severe fuel damage. Many BWR containments are inerted and thereby eliminate
oxidation. The ice-condenser containments for PWR's have a cavity configuratiori that would
obstruct debris dispersal and ice beds that would cool the core debris prior to ejection into the

'

containment atmosphere.

Calculations were performed at SNL by using the CONTAIN code [3]. Under the assumption ,

. that the complete core is ejected and that 100% oxidation of cladding occurs, a peak pressure
of 1.2 MPa and a peak temperature of 1000 K are calculated. This is expected to represent an
upper bound.-

i

In 1989 a series of DCH-calculations was performed for Ringhals by the UKAEA at Winfrith,
using the CORDE code [4]. The calculations gave too high values for the nressure peaks
because the containment was treated as a single volume in CORDE, The peak pressure for the
base case was 0.92 MPa. Sensitivity calculations showed that the most important quantities in
the variation of the accident scenario were the primary system pressure and the mass of debris
in the lower head before meltthrough. The maximum containment piessure is reduced to 0.46

'

MPa if the initial primary system pressure is reduced from 15.3 to 0.9 MPa. The modelling
parameter variations which had ts (largest impact on the results were options for chemical

i reactions and the values und for the radius of debris particles in the dispersed melt.

In support of the N'UREG 1150 project, BNL performed DCH parametric studies for the ZION -

| plant [5]. A seven-cell and a single-cell nodalization of the Zion containment building were used
in the analysis. The seven-cell calculations incorporate all the features of the CONTAIN-DCH

- model, A comparison of the seven cell calculation results with the upper-bound single-cell.

results indicates that the mechanistic CONTAIN treatment of DCH (albeit parametric) leads to
calculated DCH pressure rise magnitudes which are significantly lower (by about 50%) than

| those predicted by the single-cell upper bound calculation. This difference in the predicted
results is attributable to mechanistic treatment of various (mitigating) heat and mass transfer
processes involved in the seven-cell'nodalization. The results for the seven-cell nodalization
indicate that the DCH containment loadings predicted by the CONTAIN code are close to the
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estimated Zion containment capacity for initial conditions involving high primary system
pressure (>7 MPa) and large panicipating melt mass (>70% of core melt inventory).

Experimental investigations were also performed at SNL (SPIT /lilPS and SURTSEY-DCH tests)
and at ANL (CWTl tests) using high temperature melts [2]. The simulated melt ejection in the

- SNL experiments was achieved by burning an iron-oxide / aluminium thermite in a small steel
vessel that was pressurized with either nitrogen or carbon dioxide. The SURTSEY-DCH
experiments include a large (approximately 100 m3) steel vessel representing a scaled large dry
containment. Preliminary results show substantial pressurization of the SURTSEY vessel and
also show the importance of debris impact onto steel surfaces.

The calculational and experimental investigations have allowed to identify the important DCH
parameters. These parameters include:

- system pressure prior to vessel failure
- mass of molten material in the lower plenum

:omposition and temperature of the melt
- particle size distribution
- entrainment of debris
- trapping of debris by freezing onto surfaces
- oxidation of the debris by steam
- heat transfer coef6cients
- interactions with water in the cavity
- transport and burning of hydrogen

large uncertainties still exist in the quantification of these parameters, leading to a large
uncertainty in containment loading due to DCH. Nevertheless, from the studies performed up
to now, it can generally be concluded that containment integrity would be threatened if a large
fraction of melt is involved in the process and a hydrogen burn occurs [5]. However,
containment loading is plant specific, as it strongly depends on the reactor cavity configuration
and the subcompartment arrangement in the containment.

Depressurization of the primary system (by opening the pressurizer relief valves) is the only
measure that has so far been identified as a possible means of preventing DCM [2]. Some
countries have, or intend to introduce, procedures involving depressurization of the system (6'
Such a procedure, if carefully implemented, has the potential to offer several benefits: to

; prevent core melt by gaining access to low pressure water injection means; and if this is not '

; successful, to delay core melt and to prevent high pres,4ure melt ejection [7].

The main issues associated with this action are: (1) e.tablishment of appropriate criteria for
_

initiation of depressurizati.on (ifinitiation is too early, there will be an additional loss of coolant
inventory through the relief valves, which could result in an early heat up of the core), and (2)
adequacy of the systems designed to achieve depressurization. It has.to be checked for plant

'

spec.M systems, that it is possible to depressurize to a level which would be effective in
limiting debris dispersal. This level is sometimes called the DCH cutoff pressure. Recent
calculations based on corium dispersal considerations indicate that the DCH cutoff pressure lies
in the range of 1.5 to 2.5 MPa [5].

.

t
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The term " steam explosion" refers to a phenomenon in which molten fuel rapidly fragments and
transfers its energy to the coolant resulting in steam generation, shock waves, and possible
mechanical damage. To result in a significant safety concern the interaction must be very rapid
and must involve a large fraction of the core mass. If such events were to take place within the
reactor pressure vessel, missiles could be generated which might penetrate the containment and
allow early release of radioactive material. In the Reactor Safety Study [8] this mode of
containment failure was denoted as the alpha mode failure.

In a recent review of the probability of alpha mode failure, a group of experts, the Steam
Explosion Review Group (SERG), performeu independent analysis and examined available

-

experimental data. The spectrum of opinions indicated that the probability of alpha mode failure
is considered to be much less likely than was estimated in WASH-1400 [5]. The SERG divided
the fundamental processes of steam explosion into three general areas:

1) Initial condi' ions: this involves the geometrical configuration of the reactor vessel at the
time of fuel-coolant contact and the amount of fuel and coolant asailable for the
interaction.

2) Mixing and conversion ratio: this invowes the basic physics of the vapour explosion such
as the fuel-coolant mixing, triggering, propagation, and the resultant conversion of fuel
thermal energy to the slug kinetic energy.

3) Slug-missile dynamics: this involves the expansion characteristics of the slug within the
specific reactor geometry, and the coupling to solid missile generation and containment
penetration.

-

Steam explosion requires a triggering mechanism. Experiments indicate that high ambient
pressure tends to reduce the likelihood of, although not preclude, the triggering of a steam
explosion. In vessel steam explosions, which are controlled by the triggering mechanism, are
more likely to occur v' hen the primary system is at low pressure. On the other hand, direct
containment heating is associated with high pressur2 sequences. So there is a kind of balance
between the probability of alpha-mode and DCH containment failure. Given the present
evidence, experts tend to favour steps to preclude DCH.

The analyses in NUREG-1150 indicate that the potential for in-vessel steam explosions to result
in early containment failure is less than 1 percent for each of the five plants which were
analyzed [1]. For Surry and Zion, steam explosions represent a significant fraction of the early
failure probability, but only because the overall likelihood of early failure is small.

When molten core material drops into water outside the vesrl, the potential failure mechanisms
are different. In the Grand Gulf plant, a shock wave could propagate through water and impact
the concrete structure that provides support to the reactor vessel. Substantial motion of the
vessel could then lead to the tearing of penetrations through the drywell wall. Because of the
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shallow water pool at Peach Bottom, dynamic loads from steam explosions do not represent a
similar mechanism for failure.

In general, the threat to containment integrity posed by ex-vessel steam explosions is plant
specific, but it appears that PWR large dry containments are less vulnerable.

Accident management measures to prevent steam explosions do not seem to exist.

Core melt accidents in cold shutdown states have also the potential to trigger steam explosions
because the pressures involved are low, but as far as we know this has not yet been assessed.

2 3 Ilvdrocen Combtlytimi

During a severe accident in a LWR, oxidation of the metallic components of the reactor core
will produce hydrogen. liydrogen combation in the containment building could produce
pressure and temperature levels that may threaten the integrity of the containment boundary. The
threat to containment depends on the details of the accident sequence and the containment
design.

Ilydrogen Generation

The most important hydrogen source during a degraded core accident is the oxidation of
zirconium by steam. This reaction becomes important when zirconium in the reactor core is :

heated to high temperatures as the core is partially or completely uncovered. Typically, a
zirconium temperature in excess of 1000'C is required to produce a high reaction rate. In
addition, stect in the reactor vessel could r..?ct with sttam at high temperatures when the core

-

is uncovered. The oxidation rate of steel can became larger than that of zirconium when the
melting point of steel is approached at 1370 to 1500'C [5].

Both the Zr/ steam and Fe/ steam reactions are exothermic. Dtcing the heatup trantient, the
1reaction heat is an important heat source and directly enhances the hydrogen production. The

two reaction rates are dependent on the temperature and the amaunt of steam available at the
reaction surface.

Ilydrogen generation is difficult to predict. The calculation of the hydrogen generation rate
requires an accurate prediction of the temperature and steam availability Large uncertainties
still exist in these computations, and different codes will predict different amounts of produced
hydrogen. Nevertheless, there exist a consensus that for.most core melt accidents, enough
hydrogen will be produced to exceed the flammability limit.

'

Ilydrogen Transport and Mixing

The transport and mixing of hydrogen inside containment are critical in determining the time
and nature of hydrogen combustion. Rapid mixirg could result in uniform distribution of
hydiogen and burns that are global in nature. Slow mixing may lead to localized burning and
locally detonable mixtures. The physical processes which govern the mixing in gaseous mixtures

42-
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are forced convection, natural convection and diffusion. The mixing processes are affected by
the rate of hydrogen released into the containment and the operability of the containment heat

,

removal systems, such as water sprays and fan coolers.
,

, liere again, large uncertainties exist in the hydrogen transport models. The calculation of the_

i
! hydrogen transport and mixing requires the modelling of the heat transfer and natural convection .

phenomena in de containment. A recently con'pleted International Standard Problem (ISP) i

showed serious shortcomings for most of the utilired analytical simulation models, and
particularly, that the exchange of heat between the containment atmosphere and the surrounding
structures requires improved modelling concepts, as long-lasting natural convection must be
predicted more reliably [9]. The ISP 29, which is currently under way, more specincally
addresses the hydrogen distribution inside the co.itainment.

ilydrogen Combustion

liydrogen combustion can cause containment and secondary building failure by static
(denagration and diffusion flame) or dynamic (detonation) overpressurization, missile
generation, and equipment failure due to thermal or pressure effects.

DeGagrations are combustion waves in which unburned gases are heated by thermal conduction!

to temperatures high enough for chemical reaction to occur, DcDagrations normally travel
subsonically and result in quasi-static (nearly steady state) loads on containment.- For substantial
combustion to take place, an ignition source must be present and the gaseous mixture must be
llammable. In containments without deliberate ignition, the common sources of random ignition
are sparks from electried equipment and from the discharge of small static charges. ,

The flammability limit in gaseous mixtures such as air / hydrogen / steam, is defined as the
minimum concentration of hydrogen required to propagate a flame in an environment where

;

oxygen is present in excess. The experimentally determined low flammability limit in
steam saturated air at room tempera:ure and pressure are given below [5]:

Upward propagatien 4.1 Vol%
L Horizontal propagation 6.0

Downward propagation 9.0

Depcnding on the conditions under which hydrogen or a hydrogen / steam mixture is released into
containment, it is possible that tydrogen may burn as a diffusion flame if the hydrogen is
injected into containment in a form of ajet. A diffusion Game is one in which the burning rate

'

is controlled by the rate of mixing of oxygen and hydrogen.

- Diffusion fiames and slow denagrations are not expected to represent a serious threat for most
containments. Therefore, the greatest effort has been aimed at the accelerated Dames, the . "

denagration to detonation tran ition (DDT), and the detonations [10], [11], [12]. ,

Detonations are combustion waves in which heating of the unburned gases is caused by
compression from shock waves. Datonation waves trave' supersonically and produce dynamic

;
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a

or impulsive loads on containment in addition to quasi-steady-state loads. A hydrogen detonation
can be develoned by either direct initiation or Dame acceleration. Direct initiation requires a
high energy socce such as a spark or an esplosion, in a containment environment, it is unlikely
that enough entrgy oi power is 1.vailable to cause a direct detonation. Thus, only llame"

acceleration possesses the potential to initiate a detonation. A flame acceleration can occur due
to turbulence, chang in geometry, obstacles and wall roughness. ,

The key paramers that determine the likilPviod of DDT in a practical enclosure are the system
geometry (obstructiora.gompartments, etc.) and the thermodynamic state (pressure, temperature ,

and composition) of the micture. With rege.rd to containments, system geometry is complex and
plant specific. The thermocynamic stete of the mixmre is dependent on the accident scenario.
Further, the codes and mooels used tu calculate the distribution of the mixture conditions during
a scenario are not fully validated. The above would lead to a large variation ;md significant
uncertainty in the calculMed distribution of mixture conditions.

This, together with the complicated influence of geometry on flame acceleration, means that the
assessment of the likelihood of DDT ir reactor containments has to involve a significant amount
of judgement, say in the sciection of conservative mixture conditions and in arriving at
simplified representation af the system geometry [12].

Ifydrogen Control
,

Especially aftcr the degraded core accident at TMI-2, during which a hydrogen deflagration took
place, the reactor safety community has been aware of the potential threat to the containment
integrity posed by hydrogen. As a consequence, small volume containments, equipped with a
pressure suppression system, are inerted during normal operation. These are mainly BWR
containments of the types Mark I and II, as well as modifiul versions e.g. in Sweden and

,

Germany, For long term accident management, attention has to be paid to the surnp water
radiolysis, because the oxygen generation will decrease the level of inerting.

Deliberate ignition systems are installed in containments with ice condensers and of the Mark
111 type.

Currently no requirements have been established worldwide on hydrogen control in large dry
containments. The threats to the integrity of this type of containment, posed by hydrogen burns,
are valued differently in different risk investigations [1], [13). Nevertheless, various hydrogen
control measures for large dry containments are under investigation in some countries like
Germany, Canada, Belgium and the Netherlands. The systems being studied are based on
deliberate ignition and/or catalytic recombiners (14].

2.4 Isointion Failures
|

A containment isolation failure can be due either to an inadvertent pre-existing opening or to
a failure of the containment isolation system. When an accident occurs, a number of valves must
close to isolate de containment from the environment. If there is a non isolable hole in the
containment (like a spare p=netration left unsealed) or if some containment isolation valves fail
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to close, the containment Icakage rate will be much larger than expected during the whole
course of the accident.

The nuclear power plant operational reccrd has shown several instances of failure of the
: containment isolation function. The probability that the containment leakage rate exceeds the

allowable limit at any given time during plant life has beer. shown to be relatively high [15].
In most of the cases, the leakage rate was not much higher than the allowable limit, but in some
cases it was such that the potential environmental consequences of an accident would have been
large,

in NUREi-1159, failure to isolate the containment was not found to be a likely source of
containment failure 3r any of the plants analyzed. Primarily because of the low frequency of
early containment failure by other mean , containment isolation failure is a relatively important
contributor to early failure at Zion. Ti.u mirtmospheric containments and the inerted

| containments are particularly reliable in this regard since it is highly likely that leakage would
be identified during operation.>

- For atmospheric containments, methods exist to detect large openings in the containment during
. reactor operation [15]. These methods do not have the same accuracy as the pressure tests of
the. containment, but they can be performed continucusly and are able to detect leaks in the,

containment that are smaller than the ones which would b: a concern for accident conditions.
Methods to assess the leaktightness of the containment during reactor operation are used
routinely in some countries.

Accident management measures also exist to detect and isolate openings in the containment after
an accident has taken place [16J. Of course priority should be given to the prevention of
containment isolation failures, but, in line with the defence-in-depth concept, means should be
available to the operator to take corrective actions after the onset of an accident.

3. LATE CONTAINMENT FAILURE

If the containment does not fail early, there are still mechanisms which may threaten the
containment integrity in the longer term after the molten core has penetrated the reactor vessel.-
There are four . potential late - failure modes: Ir.te combustible gas burning, gradual
overpressurization, basemat meltthrough and overheating.

1

Late combustible gas burning is not very different from early combustible gas burning, with one
addition: carbon monoxide, which is also combustible,' would be produced in the later stage of
an accident involving the attack of concrete by molten core debris. The reader is therdore
referred to section 2.3.

3.1 Grndual Overpressuri7ation

.Without containment- heat removal and/or venting, the containment would fail- by slow
pressurization oue to the addition of steam and noncondensible gases to the atmosphere. The
noncondensible gases may evolve from corium/ concrete interactions.
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If the reactor vessel is depressurized, the core debris pouring out of the reactor vessel is likely
to remain in the reactor cavity where it will interact with structural coverete. The crosion of
concrete due to the thermal attack by core debris releases steam and carbon dioxide over the

- following temperature range [5}:

1) Release of free water at about 80 to 140*C
2) Release of chemically bound water at about 350 to 520*C

3) Release of carbon dioxide at about $50 to 1000*C

Pressurization caused by corium/ concrete interactions is governed by many factors, among
which are the presence of water in the cavity and the potential for debris coo! ability, if the
cavity is flooded with water prior to vessel failure, then, as the molten core materials fall ir.to
the water, rapid cooling and fragmentation is possible. This process could result in the
formation of a coolable debris bed in which all the core decay heat is removed by boiling water ;

'

and concrete attack is prevented. Under these circumstances, providing water flow to the cavity
would replenish water loss due to boiling and ensure that the corium remains in a coolable and
stable configuration.

If the ravity is initially dry and the core debris forms a deep bed, it could remain hot for a j

relatively long time and extensive concrete attack would occur. Under these circumstances,
.

'

pouring water on top of the core debris may have the effect of rapidly cooling and stopping the |

concrete attack. However, experiments have shown that a crust can form on top of the molten
core debris and effectively prevent the water from mixing with and cooling the debris. The
experiments we e performed at small scale and the sisbility of the crust under the conditions of
a severe accident in a power plant has not been established.

*

Thus, the effect of pouring water on top of the core debris is uncertain. 'liamfr re, even though
water flow is restored to the core debris, continued concrete attack with the generation of more :

noncondensible gases and release of radioactive material is still possible. The presence of water

| abovo the d&ris does have the advantage, however, of trapping a fraction of the radioactive
material generated during the concrete attack, which would otherwise have reached the!

containment r.!mosphere,

Computer codes have been developed to model the corium/ concrete interactions. Some of these
codes were compared in an ISP [17]. The results of the codes used in this blind post-test
calculations exercise of the SURC-4 experiment exhibit large discrepancies with each other and

'

with the experimentel results. A" the codes used in the study failed to reproduce the trend of
the melt temperatures measured in the experituent. The concrete erosion history was reproduced
inL some of the calculations, it was also noted that the calculated results from different :

participants using the same code were quite different. More work is needed before a satisfactory
state of understanding'of the phenomena will be reached

In severe accident studies, assessments of the time needed to reach the containment failure

L pressure are made [1], [13]. In case of dry interaction, the pressurization is slow, and the failure
! . pressure is not expected to be reached before several days, depending on the containment free

volume and the type of concrete (some coecretes release more gases than others). If the molten
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core is covered by water, the steam production accelerates the pressurhation, and the failure
pressure can be reached in less than one day, depending again on the free volume, but also on
the containment h:at removal rate. I

Two strategies are possible to avoid or to delay containment failure by ove pressurization:
removal of heat from the containment and removal of mass from the containment (containment
ventirg). lleat removal can be accomplished by conventional means (spray, fan coolers) if
available, or by specially provided systems (alternate internal spray, external spray for steci
containments). When the pressurization is mainly due to non-condensible gases, heat removal
has only a minor impact on the pressure in the containment.

The other strategy is to vent the containment. Some European countries have, or intend to
install, filtered vent systems. The objective is to provide the operator with means for controlling ;

the situation, and in particular for maintaining the containment function, and this in a way that
still limits the level of release into the environment [18].

3,2 llasenint Meltthroggit

After vessel meltthrough, some potential exists for core debris to be quenched as a particulate
debris bed and cooled in the reacier cavity or pedestal region if a continuous source of water
is available. A signincant likelihood exists, however, that, even if a replenishable water supply
is available, molten core debris will attack the concrete basemat [1], (see section 3.1).

The corium/ concrete interaction rate depends on many factors, such as corium mass,
.

composition and temperature, cavity con 0guration, and overlying water pool. For example, the
axial concrete erosion rate for the Zion plant is estimated to be in the range of 2.1 cm/hr to 5.2
cm/hr depending on whether the cavity is Hooded and when it is flooded '5]. The basemat
thickness for the Zion plant (a prestressed concrete containment) is 2.7 m. The complete erosion
of the basemat would_therefore take several days. Similar results were obtained for the Iliblis
plant [13].

After basemat meltthrough, the molten core reaches the t.nderlying soil. The projected
consequences are site-specinc, but it is expected that they are small compared with those of
aboveground failures [1]. A depressurization of the containment can also mitigate the
consequences associated with the basemat meltthrough because the mixture of concrete and
molten mass can be relieved from its active forces, and the release of Ossion products into the
soil can be mitigated [13].

3dOverhenLing.
.

! Overheating is a potential delayed containment failure mechanism. Analyses of the thermo-
. mechanical response of a 1:6-scale reinforced concrete containment were performed at Argonne

| National Laboratory [19]. Three temperature-pressure scenarios were analyzed up to complete
| loss;of the pressure integrity. The results showed that the global failure of the containment

vessel under combined thermal and pressure loading does not appear to be significantly changed
~ from the case with internal pressure alone. It is believed that this conclusion applies to most

- 47 -

-- . - - - - _ - . - - . . , . . , - _ . - _ - . - . - . . . - . __- .- - - , . - - -. .



containments. Although very high gas temperatures can be achieved as a result of hydrogen
combustion, the structure temperatures are not predicted to reach temperatures at which the
strength of the structure would be substantially reduced or scalant materials would be degraded

[1].

However, some small steel containments can be more vulnerable. For example, the effect of
high temperature in the drywell on containment failure probability and mode was considered for
Peach Bottom (BWR Mark I containment) [1]. The Peach Bottom drywell is relatively small.i

Substantial convective and radiative heat transfer from hot core debris could result in very high
drywell wall temperatures. Failure could result from the combination of high pressure in the
drywell and decreased strength of the stect containment wall.

4. CONTAINMENT IWPASS

In some accidents, the containment building is completely bypassed. Containment bypass arises
with a fault sequence which allows primary coolant and any fission products accompanying it
to escape to the outside atmosphere without having been discharged into and mixed with the air
in the containment volume. In interfacing system loss of coolant accidents, check valves
isolating low-pressure piping fail, and the piping connected to the reactor coolant system fails
outside the containment. The radionuclides can escape to secondary buildings through the
reactor coolant system piping without passing through the containment. A similar bypass can
occur in a core meltdown sequence initiated by the rupture of a steam generator tube in which
release is through relief valves on the steam line from the failed steam generator.

'

Interfacing system LOCA (ISL) refers to a class of accidents in which the reactor coolant system
pressure boundary interfacing with a supporting system oflower design pressure is breached,i

i If this occurs, the low pressure system will be overpressurized and could rupture outside the
contalmnent. This failure would establish a flow path directly to the environment or, sometimes, ;

to another building of small pressure capacity. Depending on the accident sequence, the
emergency core cooling system may fail, resulting in a core melt with containment bypass. One
important reason for the failure of the emergency cooling system is that the cooling water is lost
outside containment and is therefore not available any more. If the accident is not terminated
before the reactor water storage tanks are empty, the cooling to the core is lost.

|
!-

BNL has performed a detailed study of interfacing systems LOCA for three pressurized water
reactors [20] The interfacing lines which have been identified as potentialISL pathways include

>

lines of low pressure injection, high pressure injection, residual heat removal suction, letdown
and the core flooding tank (accumulator) outlet lines. The results of the BNL study indicate that
the contributors from two groups of pipe lines, namely the residual heat removal suction and
low pressure injection lines,' dominate the core damage frequency (CDF) due to ISLs. The total
contribution of ISL events to CDF is generally less than a few percent of the overall CDF.
However, they can potentially be important contributors to risk if core damage occurs because
ISLs may bypass the containment and allow radioactive material release directly to the ,

environment.

!
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Steam generator tube rupture (SGTR), either as an initiating event or induced by high
temperature, represents another containment bypass event. Analyses have indicated a potential
for very high gas temperatures in the reactor coolant system during accidents involving core
damage with the primary system at high pressure. The high temperature could fail the steam
generator tubes long before the core begins to relocate. The ru; ture of steam generator tubes
would depressurire the reactor vessel, and if the steam generater relief valves are open, a path
would exist from the damaged core to the environment.

The two paths, SGTR and ISL, only become important in tho event of multiple faults, so they
are designed to be of very low probability. For example, in he case of an initiating SGTR, the
consequences are perfectly acceptable when judged against a single failure criterion, that is the
safety systems and the secondary steam relief valves work properly. In probabilistic safety -

assessments, a single failure criterion is no longer relevant, and it has been found that the SGTR
combined with failure of a secondary side relief valve to reset, is a significant hazard sequence
[21]. This is due to a combination of circumstances. Firstly, and most importantly, water is lost
from the emergency supplies direct to atmosphere, so core melting is inevitable if all the water
is used up. Secondly, core melting in this case would lead to a large source term because the
release bypasses the containment.
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DLTTERMINISTIC SEVERE ACCIDENT CRITERIA (DSACs)

AS SEVERE ACC DENT DESIGN CRITERIA AND POLICY FOR TilB NEW

PRODUCTION REACTOR - IIEAVY WATER REACTOR

Patrick T. Rhoads,
U.S. Department of Energy

|
|

Abstract

One of the most important functions that a nuclear containment serves is to protect the public
from the radiological consequences of se"ere accidents, i.e., those beyond design basis events
which result in significant core damagc. However, the design basis and design processes for
light water containments have not generally been explicitly linked to accommodating these
extreme events into the containment design. For light water reactors, the containment design
basis has been based on ccasideratius other than severe accidents, such as the consideration of
the containment pressurization due to a loss of coolant accident. The resulting containment
designs for certain pressurized light water reactors were then assessed and shown to have
adequate resistance to severe accidents. The light water reactor containment design basis would
not be directly applicable for the New Production Reactor-Heavy Water Reactor (NPR-HWR)
because of the low stored energy of the Heavy Water Reactor. The Department of Energy's
Office of New Production Reactors (NP) established as a fundamental point of policy that the
NPR-HWR containment would be designed under the following requirements:

o The NPR-HWR containment would be designed to accommodate hypothetical
severe accident challenges.

o A full-scope probabilistic analysis of reactor operations, including severe accidents,
would be performed to complement deterministic analyses and demonstrate
containment adequacy.

| o The defense-in-depth philosophy would be fully integrated into the containment
design.

The implementation of these and other requirements relevant to the containment design basis is
being accomplished in a systematic mannel for the NPR-HWR, Deterministic Severe Accident

-Criteria (DSACs), a significant element of the integrated strategy for design consideration of
severe accidents, have been established by the Office of Heavy Water Reactor to ensure that the

I containment is designed to withstand a wide spectrum of severe accident challenges.
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This paper traces NP's development and implementation of the DSACs with a focus on
examining the underlying technical decisions embedded in the DSACs. These decisions include
the following illustrative examples:

Degrees of conscrutism required in the design specifications;o

Ability to establish a defensible and reviewable set of design criteria;o

o Extent of accounting for mitigating factors in detumming severe accident
challenges;

Specification of the acceptable conditional cor*ainment failure probability, giveno
the incidence of a severe accident challenge imtlator;

_ Use and aggregation of expert opinion data in the decision making process; lo

Need to accommodate unprotected (i.e., unscrammed) accident sequences for theo
containment design.

The net result of NP's actions and decisions in regard to the DSACs is expected to be a strong,
robust containment design which is highly resistant to severe accident challenges and which has ;

a technically _ defensible design basis. This approach represents a logical approwh for
accommodating severe accident challenges early in the NPR-HWR design process. This

approach may also be applicable to future light water reactor containments and is similar in
principle to approaches recently advocated by the Advisory Committee on Reactor Safeguards
to the Nuclear Regulatory Commission.

BACKGROUND

Consideration of severe a :cidents for reactor safety analysis snd design has become increasingly
important since the accidents at Three Mile Island and Chernobyl. - This increased emphasis on
severe accidents since 1979 is directly related to the fact that the consequences associated with
severe accidents tends tu dominate all other radiologically significant events from the operation
of nuclear facilities. For the nation's production reactors, the need for increased emphasis on
severe accidents became readily evident in 1987 when the National Academy report on the safety-
of defense production reactors concluded:

...[The] existing level of understanding of severe accident behavior for the production"

reactors is inadequate to permit a realistic assessment of the effectiveness of these
_ designs in mitigating the consequences of severe accidents." [1)-

At approximately the same time that the National Academy of Sciences report was released, The .
United States Department of Energy concluded that new production reactor capacity was
required on an urgent schedule to support the nation's defense requirements for _ nuclear

-

materials, especially tritium.' The Department established the Office of New Production Reactors
,

in October 1988 to satisfy the need to provide new production capacity. As a consequence of
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I

NP's commitment to addressing severe accident concerns, NP's policy :stablished a series of
design requirements to ensure that severe accidents were explicitly covered in the earliest design
phases. [2] Specifically, the policy of NP was and continues to be that severe accidents would
be explicitly addressed in the design to ensure both prevention and mitigation [2] and that the
New Production Reactors would meet or exceed the level of safety and safety assurance offered
by modern commercial nuclear reactors.

The combined req 'irements of establishing severe acci' it criterih and satisfying an urgent
schedule led the Department to undertake a new approach regarding design criteria for severe
accidents. Previous approaches for severe accidents used by commercial nuclear facilities were
predicated on either or both of the following conditions: availability of an existing, mature
design in which 'o base severe accident analyses or the use of probabilistic analytic techniques.
Neither of thest , ; roaches was appropriate to the case at hand because a mature design was

~

not available and a definitized, deterministic set of requirements was required to estahnh design
criteria on an urgent schedule Furthermore, the existing regulatory basis for containment
designs could not be implemented since the regulatory basis assumes high energy water being
released from an escaping main coolant stream, an assumption that does not hold for the specific
low temperature, low pressure heavy water reactor (HWR). Therefore, a new approach-
Deterministic Severe Accident Criteria (DSACs)- was adopted. The fundamental objectives
underlying the DSAC approach for the HWR were ensuring that a wide spectrum f severe
accident challenges had been conservatively accommodated in the containment design and that
the severe accident criteria were posed so as to provide guidance for a reactor designer to
directly implement.

DJ}Ll]CTIVliS

The foundation for the DSACs rests in a programmatic policy document entitled " Design for
Normal Operation and Abnormal Events, including Severe Accidents." [3] This document
describes the overall philosophical approach for the design of the new production reactors. -

DSACs are required by this document to ensure a conservative spectrum of challenges are
considered, such as:

o Missiles

o Fires

o Explosions

o Rapid pressurization

o Slow pressurization

o High temperatures

in the case of the HWR, the DSACs have been initially restricted to the containment design.
This focus was adopted early since the containment represents the final barrier to release of
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fission products to the environment and is the system most clearly linked to severe accident
~

consequence mitigation. For the HWR design, the following challenges were determined to be
- applicable for developing an initial set of DSACs for the HWR:

o Missile generation

o Blast:

o Rapid pressurization

o Slow pressurization

The DSACs, which are combined stylized problem statements of the postulated severe accident
threats and the applicable containment survival criterion, act as a design envelope for the
containment. In this manner, the integrity of the containment is directly linked to a panicular
class of severe accident threats. This approach is a significant advancement from previous:
design methodologies which have not coupled the containment design with _the severe accident
challenges for which the containment is ultimately provided. This DSAC_ approach is then
similar in principle to the. containment design approach for commercial light water reactors
advocated by the Advisory Committee on Reactor Safeguards. [4]

OVERALL APPRCACH-

- A detailed description of the DSAC development process can be found in one of the papers that
accompanies this paper. [5] The brief overview that is provided here is for understanding the
strategic implicatic. s of the implementation of the DSAC process for the HWR.

One aspect of an integrated approach to considering severe accidents in design is in mitigation
of severe accident consequences. The containment design is a critical dimension of the severe
accident mitigation strategy. The focus on the containment design complements other objectives -

Eof the severe accident program for the HWR, including the design obj :ctives of minimizing the
frequency of severe accident initiators and the resultant energetics of postulated severe accident
sequences.

Once committed to focus the DSAC effort on the containment design, creation of a specific
mechanism to specifically link the containment design to the postulated severe accident energetics
was required. Two fundamental approaches were considered for this mechanism. The first
method assumed specific accident sequences and initiators and followed them to their

_

conclusions. This path in some respects parallels the path that some probabilistic analyses adopt
for assessing the impact of severe accidents in Level Il probabilistic risk assessments (PRAs).
The second method assumed the occurrence of a specific stylized sequence which was a
representative but conservative surrogate for a specific class of challenges to the containment in

- which the challenges might arise from any number of specific accident progression routes. This
~

approac'i is' described in Ref [5]. Whereas the first method represented a logical extension of
traditional analytical processes, this option proved to be unacceptable for several reasons,
including:
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:(a) Specific design -detail would have been - required to trace particular accident
sequences. This data base did not exist.

(b) A detailed understanding of all phenomenology along the event sequence was not
available. I

(c)- The design criteria that would arise from such an approach would be specific to a
- particular design and, perhaps, to particular accident sequences. This approach
would not necessarily result in a consistent set of criteria which would be robust
with respect to: (1) small design perturbations; (2) different analytical techniques,
or (3) refinements in branch probability estimates.

Recognizing the limitations to the first approach, NP adopted the second. This second approach !
|requires one to investigate the physical challenges to the containment and the sequences that

s might give rise to them. The resulting analyses showed that the significant physical challenges,
which could lead to a design loading on the containment, were missile generation,- blast, rapid
pressurization, and slow pressurization, as already noted above.

In defining the challenges, the obvious obstacle of quantifying the challenges presented itself.
' Computational capability does not exist to permit directly quantifying the challenges. Modelling

,

and understanding of phenomena are not well enough established to create a straightforward path
to quantification of the challenges. Therefore, reliance on expert opinion was necessary. In this
regard, the DSAC effort paralleled the NUREG-1150 process in which the mitigative capabilities
of some existing commercial nuclear reactors were assessed.

Complete elicitations and integrated documentation were forwarded to NP_ by the prime
contractors responsible for the DS AC development process, namely Sandia National Laboratories
and_ -Westinghouse Savannah River _ Company. This input was technically reviewed by an
independent set of experts. _This group provided an assessment of the technical quality of the
DSAC process, the elicitations, and the recommendations as an additional input to NP.

-STRATEGIC NP DECISIONS

.

Seveal strategic NP decisions were required to generate the DSACs. Some of the significant,
'

mangement-level decisions' and decis_ ion making processes are outlined below. This discussion
focuse an issues which might be useful in future considerations of DSAC-like processes.

P - A. Defense in death-
|

:The traditional defense-in-depth approach assures multiplebarriers to release of fission products -
_to the environment. In the HWR, utilizing this principle required one to assume core melt even

l for cases in which core melt probability was essentially negligible. Core melt was' assumed
because the defense-in-depth approach so required this assumption. Whereas . making ' this-
assumption may also be required in analyzing some light water reactor severe accident
sequences, the significance of this assumption is more pronounced for the case of the HWR.
This is so since the HWR design maintains a cadre of safety systems in which active systems

|
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are backed up by passive systems. This layering results in preliminary projected frequencies of
core melt one or more orders of magnitude lower than existing modern commercial reactors.
Notwithstanding, the approach of the NP with respect to defense in depth was to conservatively
assume core melt in an attempt to conservatively include a wide spectrum of severe accident
challenges into the containment design envelope.

B. Degree of mitigation capability

In parallel with the DSAC effort, NP was separately undertaking a so-called safety-in-design
program. Under this initiative, the reactor design was thoroughly reviewed to ensure that the
core melt frequency was driven to as low a value as was practical, to ensure that energetic
mitigation capability for core melt events was included to the extent practical, and to maximize
the potential for in-vessel retention of a postulated whole-core melt. This initiative led to the
addition of a number of mitigation and prevention features to the HWR design which were not
included in the design considered in the expert clicitations. While it was well established that
the elicited DSAC parameters would overstate the actually expected loads with the new
mitigative and preventive features, no credit was taken for these features in the establishment
of the accepted DSAC parameters. No credit was taken because the degree of the decrement
of accident energetics attributable to these features was not readily calculable, because the
attempt to revise the parameters without an established technical basis would run counter to one
of the governing principles of the DSACs in mainrining scrutability of the DSAC basis, and
because a degree of conservatism was inherently retained.

C. Protected and unprotected accidents

Consideration of unprotected accidents, accidents which are postulated to occur while at power
with a failure to scram when demanded, is usually implemented for the light water reactors in
the context of establishing criteria for the back-up reactor protection system (s). For the HWR
design, there are already independent systems to meet these so-called anticipated transients -

without scram (ATWS) incident criteria. Notwithstanding, the HWR assumed the incidence of
unprotected accidents and considered the associated energetics in the context of the containment
design. This decision was based on the presumption that unprotected sequences for the MWR
might result in more energetic challenges than protected sequences would. Whereas this
statement is probably true for LWRs as well, it was believed that difference between the two
might be more pronounced for the HWR than for the LWRs due to specific technology
differences. Indeed, in all clicited cases, the DSAC energetic parameters for the unprotected
cases exceeded the analogous energetic parameters for the protected case, as might be expected.
Consideration of unprotected accidents in the design represents a significant departure from past,
traditional approaches for light water reactors. Accepting the inclusion of the unprotected
parameters into the context of the containment design envelope then begs the question as to how
to integrate the unprotected and protected energetic parameters into a single set of definitized
criteria, the ultimate goal of the DSAC effort. Based on inputs from the Savannah River "K"
Reactor PRA document, commercial reactor PRAs, and phenomenology experts, it was estimated
that the expected frequency of a protected accident, low that it was, probably exceeded the value
for an unprotected accident by a factor of 10-100. It was realized that combining the
unprotected and protected DSAC parameters on an expected frequency basis alone would be

1
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tantamount to ignoring unprotected accidents because their relative contribution would be diluted
out. A compromise position was accepted, based on being relatively conservative (since the
expected frequency estimators are not necessarily robust estimates) and on not expressing undue
precision, by adopting a weighting ratio of 5:1 of the protected to unprotected energetics.

D. Conditional Containment Failts_hgability {CGE)

The nuclear industry, with some qualified endorsement from the United States Nuclear
Regulatory Commission, targets a CCFP of 0.1 as providing a robust containment when
accidents are weighted over the expected frequencies of all core melt accidents. A CCFP of
0.10 means that the frequency-weighted probability that the containment will perform its
intended function, given the occurrence of a core melt, is 90%. The CCFP for a particular melt
sequence would, in general, be different than 90%. NP recognized a desire for consistency with
the industry approach in this regard but also recognized that a CCFP of 0.1 per se does not
necessarily result in a robust containment. Indeed, it was demonstrated that a CCFP is not
necessarily even a Ogure of merit for containment performance if the calculation is performed
over the frequencies of all core melt accidents. To avoid the inherent limitations associated with
a CCFP =0.1, NP targeted accomplishment of a CCFP when weighted over only those core melt
accidents that could result in a challenge to the integrity of the containment since many-if not
most-of the core melt scenarios have benign energetics that do not represent - thre. to

containment integrity. This more conservative definition can be shown to result in a relav dy
robust containment design.

E. AggIrgati.on methodology

In some of the clicitation cases, the variance in the values of the elicited parameters between the
experts was significant. Such a spread results in an inherent difficulty in aggregating the data
in a meaningful way. Based on a review of the statistical approaches available to conduct the
aggregations, it was learned that no methodology currently exists which is universally accepted
or mathematically rigorous. However, the two most widely utilized approaches were adopted
in the context that the methodology that resulted in the more conservative value of the elicited
parameter was selected. One of these methodologies involves averaging the probability of a
specine value of a parameter; the other approach is to average the parameter values at given
probabilities. The actual approach adopted by NP in accepting the more stringent of the two
values is robust with respect to the acceptability of either of the aggregation methodologies.
This NP decision was considered prudent, owing to the uncertainty involved in the acceptability
of the aggregation methodology.

F. Selection of values for ooint estimatprs for parameters
_

Once the deci .on to target a CCFP of 0.1 had been reached, the path to accomplishing this
target still remained undefined. The question was how to pick off point estimators from the
cumulative probability distributions of the aggregated clicitations of the challenges (missile
generation, blast, rapid depressurization, and slow pressurization) to provide a high con 0dence
of achieving the CCFP goal. Three options were considered relating to the incidence of two or
more challenges from a single event sequence. One can choose a constant percentile pick off
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point above 90%, say, for example the 95th percentile, to be able to confidently state that the
overall CCFP was less than 0.1. This pick off point would accommodate more than one
challenge from a single event sequence. Another option is to " manage" the selection points from
the probability distributions such that a higher percentile pick off point for a challenge type that
is not as taxing to the containment is selected in conjunction with a lower percentile pick off
point for a more containment-taxing challenge. For example, one could choose the 99th
percentile for the slow pressurization case (a challenge type which is not overly taxing on the
containment) in conjunction with the 91st percentile pick off point for the missile generation (a
very containment-taxing challenge) to confidently achieve an overall CCFP of 0.1. This
approach is discussed in Ref [5] along with a graphical representation of a particular cumulative
probability distribution curve. The third approach is to accept a constant 90th percentile pick
off point for each threat. This approach considers the coincidence of two or more threats

,

happening in the same event sequence to have a probability to be sufficiently low that the i

conservatisms built elsewhere into the DSAC process would compensate for this non-
conservatism.

The first approach was rejected since the actual CCFP for this case was expected to be
significantly below 0.1, which implies that there existed potential for significantly ovcrdesigning
the containment. The second approach was rejected because the procedure for selecting pick off
points was somewhat arbitrary and because the pick off points would have to assume a higher
degree of precision than the data generation process would have warranted. The third approach
was judged acceptable in light of the conservatisms built elsewhere into the process.

G. Safety approval implications

The DSACs result in specific implications for the containment design. However, neither the
safety approval process for commercial reactors nor that for production reactors has specifically
included severe accident energetics for the containment design basis, where this term refers to
the regulatory-licensing connotation of the design basis deGned by the Nuclear Regulatory
Commission and the Code of Federal Regulations. The institutional rceptability of the DSACs
for safety / regulatory criteria is not yet finalized. Notwithstanding tue lack of safety approval
in a formal safety review process for the HWR, a proactive NP engineering decision was
consciously made to specifically include these criteria into the containment design envelope,
where the design envelope refers to the containment performance expected on a best-estimate
analytical basis. That DSACs should be an ENGINEERING approach to severe accidents
rather than a SAFETY design basis approach is consistent with the Electric Power Research
Institute philosophy for new advsnced light water reactor plants (ALWRs). Tais is also
consistent with the realization that severe accident criteria will inherently contain a measure of
subjectivity since the underlying physical processes involved in severe accidents are not always
well understood, and, therefore, not amenable to traditional regulatory purview.

COMPARISON TO LIGHT WATER REACrOR DESIGN APPROACHES

The traditional double-ended break of a main coolant system pipe has served as a regulatory
design basis for containment design basis for commercial reactors. This approach would notJ

.
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result in a robust containment for the HWR. In fact, the peak pressure resulting from a pipe
break in the HWR is less than 5 psig. A 5 psig containment need not be particularly robust.

-_The containment design basis for the commercial reactors does not r.ecessarily result in a robust
containment design with respect to severe accident challenges either. The Advisory Committee
on Reactor Safeguards has acknowledged this weakness when it stated that:

"Although this primary purpose (of the containment] has been recognized from the
beginning, and is perhaps obvious, existing NRC requirements do not account for many
severe accident phenomena that could challenge a containment's ability to perform its<

function."

"a containment cleverly and narrowly designed to mitigate a set of accidents that has -
been precisely identified may not be able to cope with the unexpected. A truly " robust" - ~

containment would have improved capability to deal with the unexpected." [4]

Notwithstanding the specific linkage of the containment design to severe accident challenges in
LWRs, commercial reactor containments have been assessed against these challenges and have
been found to be generally acceptable.

The DS AC approach represents a departure from previous design methodologies but is a logical
extension to these methodologies. The NP approach appears to be consistent in principle with
the proactive, emerging ACRS and ALWR approaches to containment design. The key element
in the DSAC, ALWR, and ACRS processes is the linkage of the containment capab_ility to severe
accident challenges. The DSAC approach is described above. The ALWR approach, as
described in Ref [6], is to consider all severe accident challenges early in the design phases,
ensure that the pressurization capability of the containment is high enough to accommodate
severe accident challenges using a surrogate loading condition, and perform detailed probabilistic-

analyses to demonstrate containment adequacy. Like the DSAC approach, the ALWR approach
is meant to be a proactive, engineering approach to addressing severe accident challenges, not -

_

a regulatory process for meeting the " clever and narrow" design criteria alluded to by the
' ACRS. The ACRS proposed approach also links containment performance to severe accident
challenges explicitly and in this regard is very similar to the DSAC approach although the
detailed implementation actions do differ.

_
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Abstrast

This paper summarizes the methodology developed by the DSAC Development Project to assist
-the DOE's Office of Heavy Water Reactor in formulating containment design criteria for the-
-NPR-HWR that are a practical implementation of high-level programmatic goals. The. design
criteria, or Deterministic Severe Accident Criteria (DSACs), represent a new approach because

.they address-severe-accidents early in the design phase of the nuclear plant. This paper -
' describes a process 'and approach that considers severe accidents in containment design by-
: establishing _ practical design requirements based on calculations of stylized ' loads .on the
: containment. The DSAC Development Project utilized a formal e'xpert opinion process to
. provide a quantitative specification of the severity of the loads and a reviewable technical basis.-

The| goals for the Project were to (1) generate specific proposals for quantitative criteria within -
_ ~

E he specified project. schedule,,(2) minimize the phenomenological uncertainty residing in. thet

g _ problem statements and success criteria so that the design's compliance wi_ h the criteria'would -t

no't be the subject of protracted contention,1(3) follow a formal plan consisting of well-defined
~

'

steps, each of which was scrutable and reviewable, (4) ensure that the complete spectrum of_-
credible' severe accident threats wa's covered by the criteria, and (5) avoid over-constraining the -

Edesign.T As a result of the output of this process, the DOE's Office of Heavy Water Reactor was -
able to integrate the project recommendations together with numerous other inputs to promulgate
design criteria that:were conservative, but not excessively so, and that could be technically;
reviewed and defcaded.

1. His work was supported by the United States Department of Energy under Contract DE-AC04-76DP00789. ,

2 Currently at Westinghouse Hanford Company.
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INTRODUCTION

3The Department of Energy's Office of Heavy Water Reactor (HWR) recently issued severe
.

accident design criteria for the containment building of the New Production Reactor-Heavy
Water Reactor (NPR-HWR). These Deterministic Severe Accident Criteria (DSACs) represent .
a new approach to containment building design requirements because they address severe
accidents in the design phase, but in other respects they are logical extensions of traditional
design criteria. For example, as in traditional design criteria, each of the DSACs consists of .

two parts: an idealized problem statement that represents a physical challenge to the containment,
and a success criterion for evaluating the containment's ability to accommodate that challenge.
The technical basis of the DOE's decisions related to the DSACc was provided by the DSAC
Development Project, which was carried out by a multi-laboratory team over a span of one year,
with the most concentrated effort occurring from December 1990 to June 1991. This paper'

summarizes the Project [1] with an emphasis on the methodology developed to generate proposed
~

DSACs for DOE consideration.

There are two other papers related to the DSACs that are part of tHs conference. The paper
by R. F. Sammataro et al. [2] provides details about the success critena which were developed
in parallel with the DSAC problem statements.4 The paper by P. T. Rhoads [3] explains how
DOE used these inputs, and others, to finalize the DSACs for the baseline design.

The specific DSAC problem statements that were developed to apply to a particular baseliner

L NPR-HWR conceptual design are not generically applicable to designs which differ significantly

| from the baseline. Recent changes in national priorities have resulted in some redirection of the

L NPR design effort. This will probably result in a significantly downsized NPR-HWR.
L

L Although the DSACs were developed to be applicable over a modest range of design variatior.s,
'

it may be desirable to modify the initial problem statements to accommodate these major design
changes. However, in the absence of details regarding the ultimate design changes, it-is
premature to discuss corresponding adaptations of the DSACs. The context of this paper is the
original baseline design, but the emphasis is on a process that considers severe accidents in
containment design. This process is of interest not only for the original and future NPR-HWR

'

. designs, but also for other possible applications for which rational design criteria are needed to
accommodate extremely improbable and highly uncertain events.

f

3 Design work is proceeding on two reactor concepts for the NPR: the HWR and a Modular High Temperature !

|- Gas Reactor (MHTGR); while a parallel DSAC development effort is taking place for the MHTGR, this paper

|- discusses only the HWR program.
|

4 The compliance process described in Reference 1 psoposes a slightly different application of the success criteria
than that described in Reference 2, because in the latter, the DSAC problem statements are assumed to
accommodate all sources of uncertainty, while in Reference 1, analysis uncertainties and uncertainties in
material properties are not accommodated by the conservatism in the problem statements. Any readers
interested in this subtle but rather minor difference shculd read Appendix M of Reference it

|

!
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i

The Role of DSACs in the NPR Program
|

There are similarities between the underlying techno!cgies of the New Production heactor and I

commercial nuclear reactors, but because there will be only one production reactor, and because
it will be a critical e!ement in the nation's future defense posture, it will have quite different
requirements from commercial plants. One aspect of those requirements is that the DOE's

,

Office of New Production Reactors (DOF1NP) is taking a proactive approach to safety by
requiring that :he NPR meet or exceed the degree of safety achieved by existing commercial-
nuclear power reactors, and that severe accidents be considered in the design [4).

Quantitative design criteria are needed for engineering design to reflect these high-level
requirements. The traditional Double Ended Guillotine Break (DEGB) accident, which is part
of the design basis for commercial nuclear power plants, would nat challenge the NPR-HWR
containment because the reactor operates at low pressure and temperature. The DSACs were
therefore developed to create meaningful severe accident design criteria for the NPR-HWR
containment. However, they should not be viewed in isolation from other design requirements.

;

,

,

The DSACs are not intended to replace or be independent of traditional design requirements, but
are rather intended to augment the standards, codes, and good engineering practices that are
traditionally employed. In panicular, the DSACs deal with only one aspect of reactor safety,
which is mitigation of severe accident effects; they have no effect on the important issue of
severe accident prevention, which is being addressed by other approaches. The DOE's dual
approach involving severe accident prevention thrsagh highly reliable and redundant system
design, and severe accident mitigation through the DSAC process, reflects a commitment to
defense-in-depth for the NPR-HWR design. In recognition of the need for multiple layers of

,

design requirements, the Office of New Production Reactors has issued a Design Standard (4]
which calls for DSACs as part of a hierarchy of design requirements for a series of successively
less probable classes of events.

Key Features of the Baseline Desigri

The NPR-HWR is a reactor dedicated to producing defense nuclear materials, primarily tritium.
This difference of function compared to commercial power reactors is responsible for many
significant design differences. Table I summarizes a number of design features (based on the
Ebasco baseline established on March 19, 1991) that are relevant to severe accident

- considerations for the NPR-HWR.
.

;igure 1 shows a cross section of the fuel assembly, through which heavy water is pumped to
cool the concentric fuel and target tuocs. Two features of this fuel assembly are of particular
importance for the HWR: the principal core constituents during operation are aluminum and
water (which can undergo energetic chemical reactions on explosive time scales under extreme

conditions), .md the physical separation of fuel from targets is a mechanism for reactivity
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Figure 1. Cross Section of Fuel Assembly in the Baseline Desip

Another important aspect of severe accidents is that the extreme conditions envisioned
necessarily involve significant uncertainty. It is impossible to eliminate uncertainty regarding
the nature of such highly improbable events, so the design criteria should accommodate this
uncettainty. However, it is important that the reactor designer not be burdened with the full
responsibility for severe accident uncertainty. It is inappropriate, for example, to leave
unspecified the degree of conservatism desired in the design for highly improbable severe
accident sequences. One goal of the DSAC Development Project was to accommodate the
desired degree of conservatism in the problem statements so that the question of whether or not
a particular design was in compliance with the design criteria could be answered unambiguously.
By accommodating severe accident uncertainty in the formulation of the problem statements, the
DOE removed a large portion of the burden for that uncertainty from the designer. The design :

- process could then take place in a stable framework of requireme ts and specifications.

The approach to severe accident uncertainty taken in the DSAC Development Project utilized
a formal expert opinion process that had the advantages of providing specific quantitative
information, as well as a reviewable technical basis. The expert opinion process followed was I

.in many respects an adaptation of the methods developed for the Nuclear Regulatory 1

Commission's NUREG-1150 Program [5]. The shortcomings of expert opinion processes in
terms of technical rigor were outweighed by the advantages--most importantly, the ability to j
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insertion; These features are of no concern for light-water reactors (LWRs); conversely, many
severe accident concerns for LWRs are unimportant for the NPR-HWR.

Table 1. Highlights of the Baseline NPR-HWR Design (all numbers are approximate)

Structure Constituents Dimensions / Quantities Features

Coolant heavy water inlet temperature: 120 F weak coupling of moderator
/Moderatnr (D 0) outlet pressure: 90 psia and coolant through orifices2

Reactor Core 414 fuel assemblies; nominal thermal power: core and fuel assembly
169 blanket and c.ontrol 2500 M W similar to current production
assemblies HWRs

Fuel six concentric tubes: 5* outer diameter coolant flows between
Assemblies - two target tubes, three 12.5' active length concentric fuel and target

fuel tubes, one sleeve tubes

Fuel Tubes sandwich of U:Al alloy alloy is 27 % U by weignt; the three fuel tubes lie
between aluminum 80% enriched uranium between the two target tubes
layers

Target Tubes sandwich of Li: Al alloy target alloy is approximately targets are neutronic poisons
between aluminum 2% Li by weight of very high worth
layers

Reactor Vessel 316 NG stainless steel 3" thick (nominal) submerged in flooded cavity
20.5 ' outer diameter for passive cooling
31,4' overall height

Containment . free standing steel (SA diameter: IS8' housed in a reinforced
Shell 537 Class 2) cylinder height: 258 ' concrete shield building

with hemispherical free volume: 5 million cubic which provides passive
dome feet containment cooling

!

Rationale for the DSAC Development Project Approach

The DSAC Develop. ment Project began by assessing the threats most important for the
NPR-HWR design. An important aspect of severe accident challenges to the containment is that

there aa several different mechanisms for containment failure due to severe accidents. A
rational approach is therefore to establish multiple design criteria. For the NPR-HWR, four

| DSACs were developed, each associated with a distinct mode of containment response. (The
| basis for identifying just four DSACs will be explained later.)

- 65 -

_ _ _ _ _ _ _ _ . - - - - -



= complete the project within a finite time frame. There was a limited amount of time for
developing concrete proposals for DSACs. The goal was to develop design criteria before the
details of the design were completed. As a result, the DSAC Development Project took place
over approximately one year, with most of the effort occurring from December 1990 to June
1991.

The experts on the panel for the DSAC project provided quantitative information about highly
uncertain severe accident phenomena. It would, however, be inappropriate to ask them to make

judgments about what is a reasonable degree of conservatism in design criteria. The DSAC
development project thus had the responsibility to develop a methodology which could process
the information from the expert opinion elicitations to produce candidate design criteria that were
conservative but not excessively so. There had to be some conceptual anchor in the

methodology to the notion of " reasonably conservative." The anchor chosen was a limit on the
likelihood that, given a severe accident, the containment would fail. This probability is known
as the Conditional Containment Failure Probability (CCFP), and 0.1 was the limit chosen as the
anchor for the recommended DSACs. This is consistent with a variety of approaches to
probabilistic safety goals being considered in the reactor safety community (see Reference 1).
The methodology for DS AC development added conservatism to this anchor, by considering only
those severe accidents that had the potential to generate a threat to the containment (e.g.,
disregarding accidents in which core melting terminates without breach of the reactor vessel).

Goals of the DSAC Development Project

The programmatic and technical context described above were important factors in setting these

goals for the project:

to generate specific proposals for quantitative criteria within the specified project*

schedule,

to minimize the phenomenological uncertainty residing in the problem statements and !*

success criteria so that the design's compliance with the criteria would not be the subject

of protracted contention,

to follow a formal plan consisting of well-defined steps, each of which was scrutable and*

-_ reviewable,

to ensure that the complete spectrum of credible severe accident threats was covered by*

the criteria, and

to avoid over-constraining the design.*
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The project was successful in achieving these goals on such a tight schedule because of the
extraordinary cooperation of a large number of people from many organizations including DOE,
Sandia National Laboratories, Westinghouse Savannah River Company, Argonne National
Laboratory (ANL), Brookhaven National Laboratory (BNL), and the Ebasco design team.

' DIE DEVELOPMENT PROCESS

. The DSAC development process was a large and complex technical effort. It is only possible
here to summarize the highlights, it is not possible to provide details on the reasons for the
numerous decisions made. The interested reader should consult the project documentation [1]
for more details. For conceptual purposes, it is convenient to describe the process as a sequence
of these nine steps:

Step 1--Categorize Containment Threats
Step 2--Formulate Problem Statements
Step 3--Develop Success Criteria

j

Step 4--Assemble Expert Panel
|

Step 5--Provide Technology Overview
i

Step 6--Formulate Representative Accident Scenarios
Step 7--Elicit Expert Opinion
Step 8--Aggregate Results

i

Step 9-Develop Recommendations for Quantified DSACs

In reality, there was significant overlap and important feedback among these steps, so that the
products of each step evolved as a result of such interactions. A brief description of each of the
nine steps is given below to convey the overall rationale of the DSAC development process.

Seo1: Categorize Containment Threats

While a severe accident specialist might begin by categorizing types of accidents by initiators
and subsequent event tree branchings, a more direct approach begins by considering the ways
that containment structures respond to physical loads. (Sorting by types of accidents enters into -
the process in Step 6.) Five distinct categories of containment threat were initially identified for

|- the NPR-HWR:
!

|

| * Missiles '(projectiles resulting from events in the reactor vessel)

* Blast (shock waves from an internal explosion such as a hydrogen detonation)

* Rapid pressurization (causing static loads which are not greatly reduced by heat transfer
to containment heat sinks)
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* Slow pressurization (wnen static loads are strongly affected by heat transfer from the
containment atmosphere)

'

* Basemat penetration (due to ablation of concrete by molten core debris)
|

This set of threats encompassed all events that could plausibly contribute to risk measures (e.g., f
|

the probability of a large radioactive release), but not the entire spectrum of events that the
imagination could generate. After considerable analysis and discussion, the last threat (basemat
penetration) was dropped from the list because it was considered extremely unlikel, with j

Ebasco's flooded reactor cavity design that significant erosion of the concrete could occur. A |

number of other threats to containment integrity th2.t are not directly due to severe accident loads j

-(such as seismic laads or containment by-pass) were considered to be beyond the scope of the |

DSACs. These are better addressed by other approaches. (See the section entitled "Swpe and i

Limitations of Results" for more on this topic.)

Steo2: Formuiate Problem Statements

A DSAC was developed for each of the four threat categories. The problem statement for each
threat was carefully formulated prior to eliciting expert judgment so that the expert panel would
know how their opinions would be used. The problem statements had to be well-posed so that
all important assumptions and parameters were specified (except parameters associated with the
design itself, which the designer would specify in the compliance process). Ideally, the severity
of the threat to the containment would be dominated by a single parameter which was called the

DSAC parameter. The expert panel would play a key role in quantifying the DS AC parameter,
by following the formal process described in Steps 5 through 7, below. Other parameters,
which had less effect on the severity of the threat, were called support parameters, and were
established prior to the expert opinion process on the basis of engineeringjudgment and a variety

of scoping analyses.

The_most challenging aspect of developing problem statements for the DSACs was the stated
goal of " calculability." The analyses and calculations required to determine whether a design
was in compliance with a DSAC should be straightforward and not subject to significant
uncertainty because of assumptions about severe accident phenomenology. In this way, the DOE
could remove a great deal of the burden for severe accident uncertainty from the designer. Once
there was reasonable assurance that the design satisfied the DSACs (as well as a broad range of

other design requirements), the designer could proceed with detailed design work without
assessing the entire spectrum of hypothetical severe accidents at every step of the design process.
The challenge in formulating the wording of the problem statements was ensuring that the
inherent nature of the threat to containment integnty was preserved while the uncertain details

of severe accident phenomenology were eliminated.
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Initial versions of the DSAC problem statements were developed early in the project. They were
thoroughly reviewed, and as the project progressed, *.he forms of the statements were refined and

frozen prior to the clicitation of the experts' opinions. Each of the problem statements is given
below in its entirety. The DSAC parameter for each of them is identified by quotation marks
(e.g., "Qg"). Other parameters are support parameters, and these are either given as specific "

values or left to the designer to specify.

Missile DSA C Problem Statement. At time zero, the top vessel head and attached structur~s

become a single large missile with a total kinetic energy of "KE " Using the appropriatem
success criteria and the best estimate valuefor the mass ofthe vessel head, control rod drive
mechanism, mechanism service structure, and any other structures that uvuld remain -

attacesd to the head, demonstrate that this missile, or any resulting secondary missiles,
cannot perforate the containment. Allinternal containment structures may be consideredfor
missile shielding.

,

local Blast DSAC Eroblem Statement. Assume a blast wave contacts allpoints on the r

containment shell at the same time. The air blast isformed by an explosive energy release
of "E ". Using the radius of the containment as the distancefrom the point of energyy

release, use standard compiled air blast parameters to determine the peak repected blast
unve pressure, duration, and reflected impulse. Assume that thepost-blastpressure is equal
to the pressure that results if the containment atmosphere absorbs all of the blast energy.
Assume that the containment atmosphere at the time of the blast contains 30% steam at

saturated conditions, and neglect the addition of noncondensible gases to the atmosphere.
(All concentrations expressed as percentages refer to molefractions of the gas mixture).
Demonstrate with a dynamic analysis that the containment does not exceed the limits set by

u
the success criteriafor dynamic loads.

Ranid Pressurization DSAC Problem Statement. Determine the maximum pressure and *

temperature that can occur 'sy rapid addition of energy to the containment atmosphere.
Assume that an energy addition of "Q,.," occurs over 2 seconds. Neglecting noncondensible
gas addition to the atmosphere, assume that the atmosphere contains 30% steam at saturated

conditions at the time of the energy addition. Demonstrate that the containment response
does not exceed the limits set by the success criteriafor rapid pressurization.

Slow Pressurization DSAC Problem Statement. At time zero, the reactor is shut down and
100% of the core decay power, Og(t), begins to directly boil water into steam that enters the

containment. A severe accident adds a total energy of "Qagg", starting 24 hours after
reactor shutdown. Assume that the energy "Qadd" is added unifo$mly over one hour, and
the energy directly boils water into steam that enters the containmere. The containment
atmosphere is at normal operating conditions at the time of reactor shutdown, but assume

10% moles of additional noncondensible gases are added to the containment uniformly
during the time of severe accident energy addition. With no active cooling and asing the
best estimate of the core total decay power curve, Qa(t), perform a mass-energy balance
calculation on the containment to determine the maximum pressi.re arut temperature that can
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occur after the adJition of 'Qagg* (that is, aRer more than 25 hours). Demonstrate that the
containment rnponse does not exceed the limits set bf the success criteria.

Sicpl:.Jevelop Success QiWIia

Given the problem statement and a quantitative specification of the DSAC parameter, the
des'gner could cc.le ilate the load on the containment and its response to that load. The success.

criteria for cach DSAC are the_ tests applied to the containment response calculations to
determine if the design satisfies the DSAC Generally, the success criteria are surrogates for
containment failure, but they are formulated in precise mathematical terms so that compliance
with the DSAC would be unambiguous. The development of success criteria for the DSACs
was assigned to a team of specialists in containment structural analysis. The development of
success criteria proceeded in parallel with the load quantification part of the project, but it was,
by intention, quite independent of the load quantification development except for the general j

knowledge of the four generic threats. This independence was intentional because it helped
ensure the integrity of the loads assessment by isolating it from considerations about the ability
of the design to comply.

Generally speaking, each success criterion has the form:

mj < M;.

The quantity on the left, m;, is the value of the response measure (e.g., stress in the steel shell)
calculated by the designer for the conditions specified by the i'th DSAC. The quantity on the
right M , is the threshold value for compliance, and it was :pecified by the structural analysis
team as a surrogate for containment failure.

A summary of the success criteria developed for the DSACs is provided in Reference 2 and they
will not be discussed in additional detail here. We focus instead on the methodology for
quantifying the containment loads, where most of the uncertainty related to severe accident

-phenomena was accommodated.

Steo 4: Assemble Expert Panel

Steps 4,5, 6, and_7 were critical elements of the DSAC Development Project, but they may
seem unorthodox for developing engineering design criteria because they utilize formal expert
opinion processes. However, it should be recognized that more traditional approaches require
a' consensus formation process which also depends substantially on expert judgment. The two
principal differences are that the formal expert opinion processes can be accomplished within
a specified and short schedule, and that the approach is amenable to extemal review because all
steps in the process are planned in advance and thoroughly documented.
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' An expert panel was formed by identifying the desirable attributes of the panel and then
recruiting six experts with broad experience in reactor safety and design. The selection of the
experts and their subsequent actisities were guided by two specialists in the use of formal expert ;

opinion methods (designated " normative specialists"). The panel of technical expert.s was called '

the DSAC Quantification Team (DQT), and consisted of six members, two from Sandia National

Laboratories, two from Westinghouse Savannah River Company, one from Argonne National
Laboratory, and one' from Brookhaven National 12boratoy. Although the individuals within
the group were chosen on the basis of their expertisc in severe accidents, they were not expected
to be equally proficient in all topics considered. herefore, an integral part of the DSAC i
quantification process was the exchange of technical views among the DQT members as technical j

complements of each other. Following the formation of the DQT the team would spend ]
approximately four months studying severe accident issues for the NPR-HWR and assisting the '

DSAC Development Project team in refining the expert opinica procees that culminated in |
eliciting quantitat?ve opinions.

Step 5: Provide Technolgy Overview

Preparation of the DQT for I) SAC parameter quantification as supported by a review of HWR
severe accident technology. This review included technical presentations by WSRC, SNL,
ANL, and invited consultants, as well as technical documentation compiled in "DQT Information
Packages." The review exposed the DQT to the spectrum ~ of relevant severe accident topics_

based on research performed for the NRC, DOE, foreign sponsors, and the US nuclear industry.
Of particular importance was the progress made in ongoing DOE-sponsored efforts for the NPR
and for the current production reactors at the Savannah River Site. The information packages,
technical presentation materials, and transcripts of the DQT meetings constituted approximately
27,000 pages.

Step ti: Formulate Reoresentative Accident Scenarios
. -

If the DSAC problem statements were posed-without specific limitations on the scenarios
envisaged, the controlling parameters (e.g., the various specified energies) would be essentially
arbitrary and might vary too much from expert to expert to be combined into a meaningful

. result. Consequently, the design criteria would bear no relationship to actual risk mnsiderations.
-By contrast, the methodology used for DSAC quantification established quite rational bounds on
the severe accident conditions that were to be considered in specifying the parameters in the
problem statements. As a result, the proposed quantified DSACs provide a defensible,
conservative set of severe accident design criteria for the NPR-HWR containment without
dictating unreasonable measures to protect against virtually incredible events.

In the expert judgment process, specialists are asked to provide a cumulative probability
distribution expressing their " degree of belief" about the numerical value of a parameter (the
DSAC parameter in our case), based on assumed conditions or events. Essential to the
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implementation of this process is the specification of the " assumed conditions or events" for_each
elicitation. Clearly, the containment design criteria should be based on the assumption that a
severe accident has occurred and there is a potertial for a challenge to containment integrity,
However, it is necessary to be more specific to enwr: bi the prop ccMitions are being

- considered for each threat. To ensure this, the concept of the Represcutaave Conservative
.

Accident Scenuio (RCAS) was developed.

The RCASs are general descriptions of the initial conditions and events in hypothetical accident

sequences that are used to assess a particular containment threat. An RCAS is a scenario
because it is only an outline of conditions and events; it is not a detailed specification of a
particular accident sequence. An RCAS is representative in the sense that it is typical of the j

more plausible scenarios that can give rise to a particular containment threat; it is not necessarily ;
dik most extreme or bounding scenario. An RCAS is conservative because it describes a type

of accident with the potential to become a severe accident that would result in a containment
threat.

The RCASs represent a categorization of phenomena sorted by accident conditions, in contrast
to the categorization denned by the four DSACs that is sorted by structural effects on the
containment. Double-sorting by both categorization schemes created a matrix of conditions for
the DQT to address. These conditions were individually much more clearly defined than they
would be by simply postulating a generic threat to the containment from an uncharacterized
severe accident.

An alternative approach to categorization of severe accident phenomena that was discussed
extensively in the conceptual stages of the DS AC Development Project would consider specific
accident sequences along the lines of Level 1 and Level 2 Probabilistic Risk Assessments
(PRAs). This approach was not followed because the detailed NPR-HWR design is incomplete;
this makes it impossible to estimate the relative probabilities of specific accident sequences. The
design criteria for the containment are needed well in advance of the availability of specific
sequence probabilities. The goal of the categorization employed in the DSAC development
process was design criteria that are insensitive to significant changes in the relative probabilities
of the multitude of possible accident sequences.

Draft versions of proposed RCASs were initially deseloped for the DQT, who then substantially
revised, tr orded, and condensed the set. Although it is beyond the scope of this paper to
discuss the rationale for each RCAS, this example of a scenario specific to the missile DSAC

may help the reader understand how an FOAS provides a coarse accident condition description

i ~ (FCI is Fuel Coolant Interaction):
1

RC4S M2h Description: FCI in lower nienum fo!!owine melting of inillal blockaees,
Assume thatflow passages to the lower plenum initially plug, permitting hot moltenfuel (or
fuel plus target material) to accumulate in the lower part of the core region. Assume that
eventually blockages remelt, or supporting structuresfail, allowing the accumulated molten
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material to interact with unter in the louer plenum and lower head region, and an FCI
results. Consider the potentialfor an FCI under these condi:lons to generate a large-mass

_

missile.

The complete set of RCASs is shown in Table 2. The DQT was nct required to consider so
many RCASs that every conceivable accident condition was represented by at least one of them.

*

Rather, they were only required to consider the minimal set of conditions which would ensure
that the resulting loads assessment was robust regardless of the details of severe accident
sequence probabilities characteristic of the final design.

Table 2. Summary of DSACs and RCASs Used for Quantification 1

DSAC RCAS RCAS Description

Mla Large-scale Core degradation causes RIA; vessel rupture

Missile hiIc Prompt criticality in lower plenum; vessel rupture

M2a FCI following lower vessel head failure

M2b FCI in lower plenum

Bla (air shock) Large-scale core degradation causes RIA; vessel rupture

Bic (air shock) FCI following lowee vessel head failure

. Bld (air shoek) FCI in lower plenum

Blast B2b (local H )2. Detonation of hydrogen produced by all possible sources

B2c (local H ) Detonation of hydrogen produced by all sources except CDBI2

B2e (global H ) Detonation of hydrogen produced by all possible sources2

B2f (global H ) Detonation of hydrogen produced by all sources except CDBI2
-

Ria- Large-scale core degradation causes R.IA; vessel rupture
Rapid

Ric FCI following lower vessel head failure.p g;

R2e- Burn of hydrogen produced by all sources '

S!nw S2a High steam addition to stmosphere
Pressurization

1 .

1 (Initialisne: RIA .= _ Reactivity Insertion Accident; FCI '= Fuel Calant Interaction: CDBI = Core Deluis-
'

Basemat Interaction; H implicitly includes D and HD)2 2 -

Superimposed on this matrix (of RCASs x DSACs) was a third categorization related to the
sticcess of plant protection systems.' -It was decided early in the project that the distinction
between accidents in which at least one of the scram systems succeeded (protected accidents) and
those in which none succeeded-(unpro'tected accidents) was so important that it should be
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preserved throughout the methodology. In other words, it should be possible to obtain separate
results for all DSAC parameters for the protected and unprotected cases. This feature was
requested by DOE and the designer because unprotected accidents would probably generate the
most severe containment loads, but their probabilities were expected to be extraordinarily low
because of the extremely high reliability expected of the NPR-HWR scram systems.

In summary, the experts were to be asked to give their quantitative " degree of belief" about the
value of the DSAC parameter for each of many " elicitation cases," representing the conditions
assumed for eliciting opinions. An elicitation case consisted of a choice from one of the four
DSACs, a choice from one of the several RCASs for each DSAC, and a choice of the protected
or the unprotected case. Figure 2 provides a schematic illustration of the several stages of the
decomposition. In Figure 2 the DSAC is decomposed into two RCASs. The result is four
elicitation cases (ECs). Further optional decompositions and subsequent recompositions are
represented by the boxes downstream of the ECs. The product of the process is an uncertainty ;

|distribution for each elicitation case.
|

ELik:lts % n !
Output !

[ uS*$ dunons.a.a Ect-* IndMoual :

__ RCAS1

Proteaed EC2-> Decompositions ;

Unquantified

Unorotected
- EC3-e- and y m

RCAS2 -

RcAS2
Protected Eh Msh : PmW

Figure 2. Simplified Depiction of DSAC Decomposition

Steo 7: Elicit Expert Ooinion

The culmination of the DQT activities was formal clicitation of the experts' opinions. For each
Elicitation Case, the experts were individually asked to provide a response to questions of the
following form:

Asswning the conditions described in the speciped RC45, and given the speciped assumption
about scram success, what is your degree of belief (expressed as a probability, P, ranging

j from 0 to 1.0) that the DSAC parameter would be le :. than the value "x"? Provide your
'

ansurrs in theform of a plot of P(x).
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The experts were not required to address every RCAS shown in Table 2, but they were required
to consider at least one for each DSAC. If they chose not to be elicited on a particular RCAS
(e.g., because they believed that the set of RCASs that they did consider was sufficiently
complete) they were required to explain their reasons. In addition, each expert assigned a
weight to each RCAS (summing to I for each DSAC) that expressed the expert's opinion about
the degree to which that RCAS should cc . tribute to quantitative design criteria for the
containment.

The experts were assisted in their responses by the normative specialists, who had provided
initial training to the DQT in quantitatively addressing such questions and who then acted as I

objective facilitators in one-on-one, private clicitation sessions. The normative specialists took
notes on the experts' expressed basis for the quantitative opinions and later produced summaries j
of these rationales. The experts themselves were given the opportuni:y after the formal
elicitation to review and revise their responses. They also wrote individual reports describing
the rationales for their opinions. All of this information is provided in entirety in Volume 2 of
the project documentation [1].

Slen 8: Aeeregate Results

The result of the elicitation process was a large number of curves, P(x), corresponding to each
Delicitation case and each expert (see right side of Figure 2). To develop a data base for

quantifying each DSAC these curves had to be aggregated. The method followed had been
substantially established before the clicitations and consisted of two steps:,

1. For each DSAC and expert, calculate the weighted average of the probabilities among
the different RCASs, using the RCAS weights provided by the DQT member.

2. Using the results of step 1, calculate the unweighted average of the probabilities among
the different experts for each DSAC.

Figure 3 illustrates the general aggregation process for six experts given the unquantified DSAC
depicted in Figure 2..

The. result was a set of two curves for each DSAC (one for the protected case and one for the
unprotected case). As an example, Figure 4 shows the results for the Rapid Pressurization
DSAC. The " Energy" shown on the x axis is the quantity Qnet, described in the problem

| statement discussed in Step 2. The " Probability" shown on the. y axis is the result of the two-
step aggregation process described above as applied to the set of P(x) curves from all six experts
and for each of the RCASs for the Rapid Pressurization DSAC they considered (see Table 2).

|
|
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Step 9: Develop _ Recommendations for cuantiEcdJ) SACS

The curves such as shown in Figure 4 are the processed output of the expert elicitation. Two
steps remained before quantified DSACs could be formulated for DOE's consideration: (1)
combining the protected and unprotected cases, and (2) selecting the fmal DSAC parameter from
the probability curves. For each step, a significant degree of judgment was required involving
more than just technical issues (e.g., safety policy, consistency with other DOE /NP initiatives,
etc.). The project documentation provided recommendations and evaluations of the pros and
cons of alternative options for consideration by the Review Team of DOE employees which was
formed for the purpose of deciding on the final DSACs (4].

The first issue was how to treat the distinction between protected and unprotected accidents. As -

expected, the unprotected case generated more severe loads than the protected case (Figure 4).
However, given the expected very low probability of unprotected accidents there was concern
that designing the containment for such conditions would be unnecessarily conservative. The
project documentation discussed various options, including, designing only for the protected case
by relegating unprotected accidents to the " residual risk" category. However, the option finally
recommended to the DOE was weighting the two cases equally for probability averaging. This
recommendation was chosen because it would be very easy to defend as exceptionally
conservative. As explained in Reference 3, the DOE Review Team decided to use a weighted
average of the protected / unprotected split with a different conservative value for the weighting
factor.

The second issue--how to select the final DSAC parameter from the aggregated probability
distributions--was discussed in terms of the "pickoff point" for the probability curve.
Simplistically, if we neglect uncertainties in material properties and in the designer's !

calculations, and if we furtherraore assume that if there is only one DSAC (i.e., only one type -

of containment threat), then a CCFP goal of 0.1 can be assured by choosing a pickoff point of
0.9; in other words, to set the DSAC parameter at the value whose aggregated probability is
90%. In the case of multi,:e threats the situation is more complicated because of the possibility
that a single accident sequence can give rise to more than one threat at different times in the
sequence. The rather subtle effect of multiple threats was extensively analyzed, and the
mathematical conditions which would be needed to justify various assumptions about multiple
threats were derived in the project documentation [1], but these details are not reviewed here.
*1ne effects of analysis uncertainty and materials properties uncertainties are also addressed in
[1], but not in this summary paper.

The recommendation finally made to DOE was to use an " unequal pickoff" approach: i.e., to
use a 91% pickoff point for the Missile DSAC (the most challenging) and a 99% pickoff for the
other three. It was shown that this method completely accommodates dual threats in the same
sequence while neglecting triple or quadruple threats.
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After review of this recommendation and receiving input from additional sources, the DOE
Review Team decided that there were enough additional conservative steps in the overall DSAC

development process that it was justified (and more easily explained) to use a 90% pickoff point

for all DSACs [3). After some rounding and simplification, the final set of quantified
parameters for the DOE's DSACs are as shown in Table 3. Reference 1 provides more details
about the DOE team's rationale. The complete specification of DSACs for the NPR-HWR
therefore consists of the problem statements given in Step 2, the numbers for the DSAC
parameter given in Table 3, and the success criteria discussed in Reference 2.

Table 3. Quantified DSAC Parameters in DSACs

DSAC Quantity Value

Missile KE , 150 MJn

Local Blast E 7.2 GJb

Rapid Pressurization Qnet 100 GJ

Slow Pressurization Qadd 190 GJ

Since the DSACs were promulpted, the reactor designer has initiated preliminary analyses to
determine whether the baseline design (which was develop- ' orior to the issuance of the DS ACs)

would comply with these criteria. These preliminary nalyses indicated that the last three
DSACs would be adequately accommodated by the current design. However, some design
changes (judged feasible by the designer) would be needed to accommodate the Missile DSAC.
It is interesting to note that the degree of conservatism embodied in the DS ACs was of the same
order of magnitude as the degree of conservatism already incorporated by the designer into the
design on-the basis of qualitative interpretations of high-level programmatic goals and good
engineering judgment.

SCOPE AND LIMITATIONS OF RESULTS

It is important to view the DSAC development project in the proper context. It has already been
emphasized that the quantitative results are applicable only to designs within a rather narrow
envelope, and not to systems as different as commercial light-water reactors (LWRs). However,
there are other limitations and clarifications of scope which should be mentioned briefly.

The DSACs deal only with the types of threats to the containment that result directly from core
melting and subsequent loss of core geometry. Another important set of design criteria for
the containment deal with :cismic loads. Stringent criteria for resistance of the containment to

.. large seismic loads are being developed under another program for DOE /NP. There is only one
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important area of overlap between seismic threats and the DSACs: severe accidents that are
initiated by seismic events which are not in themselves large ene gh to fail the containment.
Such accidents were considered to be in the realm of conditions to t>e assessed by the DQT, but
it is not expected that there would be any unique severe accident phenomena occurring in such
seismically induced core melt accidents.

Some modes of containment failure may be important to risk, but were not covered by the
DSACs because of their unique natures. For example, containment bypass events are not
covered by the DSACs. Also, the DQT decided that it would probably be sufficient to consider
only the large missile described .in the Missile DSAC Problem Statement, although there was a
possibility that some types of small missiles could be important. Finally, the topic of dynamic
loading of key interior walls due to a hydrogen detonation was identified as a potential safety
issue, but it was not covered by the DSACs.

For each of these concerns there were good reasons for not expecting the DSACs to be adequate
surrogates. It was recommended that as the design progressed, specific attention be paid to them
in the form of traditional engineering analyses or reliability goals. The fact that a number of
minor safety issues were identified that were not amenable to the " umbrella" approach of the
DSACs was not surprising; the success of the process should bejudged by the much larger range
of severe accident issues that do fall under that umbrella. !

Given recent events in the NPR program, the most important limitation of the DSACs is that
they are not robust with respect to significant design changes. As explained at the beginning of
this paper, the DOE is currently exploring approaches for adapting the current set of DSACs to
the downsized NPR-HWR design, but work in this area has not yet progressed enough to allow
a discussion of these approaches.

SUMMARY AND CONCLUSIONS

In this paper we have summarized the methodology developed to assist the DOE's Office of
i

Heavy Water Reactor in formulating containment design criteria that are a practical
implementation of high-level programmatic goals. The project was large and complex, even
though the implementation of the methodology required only about six months. It is not possible
to provide much quantitative detail here or to explain the reasoning behind the many decisions
which went into developing and implementing the methodology. The project documentation
provides extensive additional detail [1].

It is possible that other uses of this quantification methodology could be found both for the NPR
and for other systems. For example, this methodology, or variations on it, could be used to
establish performance criteria, under extreme conditions, for safety systems or other systems
important to safety in nucIcar reactors.
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-.We have summarized the sequence of steps taken in the formal process that was devised to
- generate quantitative criteria concerning a subject area characterized by extensive

'

phenomenological uncertainty. As a result of the output of this process, the DOE's Office of
'

Heavy Water Reactor was able to integrate the project recommendations together with numerous
other inputs to promulgate design criteria that were conservative, but not excessively so, and that
could be technically reviewed and defended.
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Ahstract

The U.S. Department of Energy (iterion for the IIcavy Water New Production Reactor (NPR-
DOE), Office of New Production Reactors (NP), has identified

saf6ty as the foremost design cr
IlWR). De DOE NP has issued the Deterministic Severe Accident Criteria (DSACs) to guide the
design of the NPR-IlWR containment for resistance to severe accidents. The DSAC concept
provides for a generic approach for success criteria to predict the threshold of containment failure
under severe accident loads. This concept consists of two parts: (1) Problcm Statements that art
c ualitative and quantitative bases for calculating associated loadings and containment response to
tiose loadings, and (2) Success Criteria that specify acceptable containment response measures and
limits for each problem statement. Als ? aper is hmited to a discussion of a generic approach for
contaimnent success criteria. He main e ements of these success criteria are expressedin tenns of
clastic suesses and inelastic strains. Containment performance is based on the "best estimate" of
failure as predicted by either stress or strain, buckling, displacements, or ability to withstand
missile perforation. Since these limits are "best estimates" of failure, no conservatism exists in
these success criteria. Rather, conservatism is to be pmvided in the problem statements, i.e., the
quantified severe accident loads. These success criteria are presented on a multi tiered basis for
static pressure and temperature loadings, dynamic loadings, and missiles. Within the static
pressure and temperature loadings and the dynamic loadings, the criteria tre se
analysis success criteria and inelastic analysis success criteria. Each of thes; r.-parated into clasticas, h tum, defines
limits ca either the stress or strain measures as well as on measmes fv huckling and
displacements.

INTRODUCTION

The DSAC Concent

The DOE-NP has identified safety as the foremost design criterion for the Heavy Water NPR-
HWR. Specifically, the DOE NP has required that the NPR HWR designs consider severe
accidents despite their extremely low likelihcad of occunence. Severe accidents are very unlikely
accidents that can result in sigmficant core damage, containment failure, and a potential release of
radioactive material to the environment. Contamment failure under severe accident loadings is
defined as the threshold at which the containment no longer retains its structural or leak tight
integrity,

ne DOE-NP has issued the Detembdc Severe Accident Criteria (DSACs) [1], [2] to guide the
design of the NPR IIWR containment for resistance to severe accidents. The DSAC concep
provides for a generic appmach for succors criteria to predict t! threshold of containment failure
under severe accident loads.

1 This paper is based upon work perfonned under Contract No. 78 5066 for Sandia National Laboratories,
Albuquerque, New Mexico, operated by Sandia Ccrporauon for the United States Depanment of Enerp
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The DS AC concept consists of two pans:

(1) Problem Statements that are qualitative and quantitative bases for calculating associated
loadings and containment response to those loadings.

(2) Success Cn'reria that specify acceptable containment response measures a .; limits for
each pmblem statement.

Succen Crlieria

Success criteria are presented in this paper for four DSACs: (1) Rapid Pressurization, (2) Slow
Pressurization /Ovenemperature, (3) Blast, and (4) Missiles. Success criteria for these DSACs are

$ expressed in terms of two ger'eral measures, clastic stresses and inelastic strains. These measures
best serve the need for success criteria. Additional measures are based upon considerations for
bucklin: and displacements. Empirical equations are defined for determining the ability of the
containtuit to withstand missile perforation.

Containnent performance is based on the "best estimate" of failure as predicted by either stress or
strain, buckling, displacements, or ability to withstand missile perforation. Since these limits are
"best estimates" of failure, no conservatism exists in these success criteria. Rathei, conservatism
is provided in the problem statements, i.e., the DSACs. Introducing additional conservatism in
these success critena is therefore neither needed nor warranted because of the extremely unlike!y
occurrence of a severe accident. A containment design whose calculated performance is within the
specified limits is considered acceptable from a severe accident perspective.

These success criteria are presented on a multi tiered basis for static pressure and temperature
loadings, dynamic loadings, and missiles. Within the static pressure and temperature loadings,
these success criteria are separated into elastic analysis success criteria and inelastic analysis
success critoAa. Each of these,in turn, defines limits on either the stress or strain measures as well
as on measures for buckling and displacements. Similar success criteria are presented for dynamic
loadings.

A design that satisfies either the set of clastic analysis success criteria or the set of inelastic analysis
success criteria is considered acceptable. The determination as to which of the two sets of success
criteria is utilized is at the option of the designer. Neither set of success criteria is considered to be
preferable over the other. It is acceptable to use the clastic analysis success criteria to qualify
portions of the containment for a given DSAC and the inelastic analysis success criteria to qualify
the remainder of the containment for the same DSAC. It is also acceptable to use a different set of<

success criteria (clastic or inelastic) for different DSAC static pressure and temperature bading
contltions or dynamic loading conditions.

Aonllention to Severe Accident Loads

The applicability of the containment success criteria to severe accident loads is summarized in Table
1. The loadings are defined in the following paragraphs.

Rapid Pressurization-

For rapid pressurization, containment faihire is defined as the threshold at which the stress or strain
limits that cocstitute loss of vessel integrity or initiation of leakage are reached. Either the elastic
analysis succ:ss criteria or the inelastic analysis success criteria may be applied. Limits for
buckling and displacements must be met. The time scale for rapid pressurization is such that the
dynamic loading success criteria are not applicable.
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Table 1. Applicability of Containment Success Criteria to Seve r Accident leads

SEVERE ACCIDENT LOADS
'~

SUCCESS 5bw
CRITEnlA Rapid Pressurization / Blast Missites

Pressurizatbn Overiomperature
~

STATC ELASIC
PRESSURE & ANALYSIS X X

1EMPERATURE INEtAS1C
LOADING ANA'.YSIS X X

ELASTC
X X'DYNAMC ANALYGtS

,

LO/ DING INELASIC
ANALYSIS X X'

PERFORAliON
MISSILES EQUATONS X

Note: (1) Appicable for misslies outside the limits of perforatbn equations.

Slow Pressurization /Overtemperature

For t' w pressurization /overtemperature, containment failure is defined the same as for rapid
pressurizc. tion. Ilowever, the effect of high temperature on the containment and the impact on
material properties and ultimate performance of the containment must be addressed. Either the
elastic analysis success criteria or the inelastic analysis success criteria may be applied.
Containment evaluation is similar to that required for rapid pressurization. The pressure boundary
metal temperature is limited to a maximum of 700 F.

Blast

Blast imposes a dynamic load on the containment boundary (e.g., air shock). This loading must
be evaluated using a time-dependent pry ssure (i.e., dynamic) analysis for the initial impulse of the
pressure load. Analysis methods based upon an equivalent static pressure are not considered
acceptable. Success criteria for the containment require that either the clastic dynamic response or
inelastic dynamic response success criteria be satisfied. Containment evaluation is similar to that
required for rapid pirssurization. Also, the hatches and other portions of the containment must not
budde and specified displacement limits must be satisfied.

Missiles

Intemal missiles resulting from an explosion or vessel rupture are thought to have the potential to
generate the most severe threats to the cor'tainment. This is because they can deliver high
concentrations of eaergy over small areas. The success criterion for missiles is that the
containment boundary not be perforated by (a) direct impact from a primary missile, (b) indirect
impact from a primary missile through reflection, or (c) impact from secondary missiles formed by
impact of primary missiles. This success criterion is based upon empincal energy balance
equations that include the missile mass, diameter, and velocity and the containment material
properties and geometrical parameters.
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Containment Success Crlierla

Elastic Analysis Success Criteria

Containment failure is defined as the threshold at which the containment no longer tetains its
stmetural or leak tight integrity. Success criteria in this paper address qualitative severe accident
loadings. Ilowever, to best represent the response of the containment when subjected to these
kinds of loadin,;s, measures of ftdlure are established based upon both the m.,ure of the loading
and the methoc of analysis. Therefore, for both static and dynamic loadings, separate success
criteria are established for clastic and inelastic analysis.

Within the clastic analysis success criteria, the measure of failure for the containment is the q uantity
stress more. By definition, stress measure is the equivalent intensity of combined stress
comput 4 by he Distortion Energy Theory. Limits are expressed as a function of the actual
material ,e stress (S ) or ultimate stress (Suhy

Elastic analysis success criteria limits are established for primary stress measun s and primary plus
secondary stress measures. The primary stress measure limits are further divided into general
membrane, local membrane, and general or local membrane plus bending stress measures.
Similarly, the primary plus secondary stress measures are divided into pencral membrane, local
membrane, and local membrane plus bending stress measures. Appheation of each of these
measures to the containment is a function of the location of the area bemg evaluated, the nature of
the applied loading, and the type of stress.

For the clastic analysis success criteria, the measure of failure for bolting within the containment
boundary is stress intensity. Stress intenstry is the equivalent intensity of combined stress
computed by the Maximum Shear Stress Theory. Sepamte clastic analysis success criteria are also
established for welds, buckling, and displacements. ,

|

Inelastic Analysis Success Criteria

Inelastic analysis success critena limits for static pressure and temperature loadings are expressed
in temis of the quantity equivalent plastic strain. These limits are expressed as a function of the
material ultimate strain, c . Limits unique to the success criteria in this paper are defined.u

For the inelastic analysis success criteria, bolting strain is limited to an average strain computed as
Sy/E where E is the modulus of clasticity of the bolt material. The total surface strain for bolts is
limited to 0.60c . Limits for buckling and displacements are similar to those for the clasticu
analysis success criteria.

Success Criteria for Dynamic Loaalng

Dynamic loadings require a time-dependent dynamic analysis to account for the transient nature of
the containment response. The success critena for dynamic loadings for elastic analysis are the
sarne as the clastic analysis success criteria for static pressure and temperature loadings. The
success criteria for dynamic loading for inelastic analysis are the same as the inelastic analysis
success criteria for static pressure and temperature loadings.

Success Crlieria for Missiles

Three empirical equations based upon energy balance approaches are defined as measures for
missiles. 'Ihese equations may be used to determine the maximum diameter, mass, and velocity of
missiles that will not perforate the containment. Conversely, the equations may be used to
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de: ermine the containnent thickness required to resist perforation by missiles of a given mass,
diameter, and velocity. Applicability of these equations is limited in terms of missile and
containment parameters. Idings fmm extremely large missiles that exceed the parameters of the
ernpirical equations must be trated as dynamic loads on the containment. When subjected to these
loads, the containment must be 4 valuated in accordance with the succt.s criteria established for
dynamic loadings.

Ad31tionni information.

his paper is based upon a technical report [3] by the same authors. This technical reytt pmvides
additional detail regarding the development and application of and rationale for taese success
criteria. Reference 3 also provides recommendations for analytical methods and computer
modeling, typical design curves for missiles, and a qualitative assessment of uncertainties
associated with application of these criteria.

DISCUSSION

Containment Annivsis

Present methods for containment design and analysis are not suitable for s ' vere accident loadings.
Design Basis Accident (DBA) loadings and methods of analysis for p::sent containments are
typically highly consemative. %crefore, the analyses ensure a rather low probability that the
containment would fall under the most severe DBA conditions. Ilowever, severe acc dents are
considered to be so unlikely, and the associated phenomena so complex, that it is
counterproductive to use conservative analysis methods. Rather, a "best estimate" approach based
upon containment failure is appmpriate.

There are fundamental qualitative differences between DBA loadings and severe accident loadings.
These differences require a different approach to containment analysis. New design criteria and a
new definition of containment failure are needed if the design is to include a robust containment

,

intended to withstand the highly unlikely severe accidents without needlessly impseting the design.

Success Crlierta Condderations

Success criteria measures must be established to assess containment performance and ultimately
containment failure. One challenge is to select the measures that best serve the need for these

I

success crheria. Desirable attributes of these success criteria include:

(1) Zero or low margin of safety (little or no conservatism),

(2) Low design variability (different designs will fail at approxinutely the same value of the
measure),

(3) low calculational variability (different analysts converge quantitadvely),

(4) Calculation is within broad engineering state of the art (existing analytical methods and
techniques may be used), and

(5) Provide a "best estimate" of containment failure.

Generally, clastic stress and inelastic strain have these attributes and have been selected as the
|

primary measures for containment performance (with the exception of missiles).

i

85 -

-- -. .-_ --



- _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . . _ . _ _ _ _ _ _ _ _

,

ne success criteria on which containment failure will b: based should not incorporate large safety
factors because the probability of severe accidents is very low and an adequate degree of
conservatism is intended to be incorporated into the quantified severe accident loadings.
Introducing additional conservatism in these success criteria or in the analysis method could result
in unrealistic requirements. The measurrs selected for these success criteria are best estimates of
the elastic stress, inelastic strain, buckling or other measures for prediction of failure. In that
respect, the user should be alerted that these success criteria are intended to be used in conjunction
with loading definitions that contain conservatisms consistent with the intended margins of safety
against failure of the pressure boundary for the severe accident loads.

The contaimnent success criteria in this paper are intended to be satisfied after the containment
design has been shown to meet all requirements of Section 111, Division 1 of the ASME Boiler and
Pressure Vessel Code (4]. Although similar to the ASME Code rules in some cases, these success
criteria are a sc aarate and unique set of rules for loading conditions that are not included in the
traditional ASME Code design criteria for nuclear containment vessels. They differ significantly
from the ASME Code rules in that the success criteria measures in this paper are intended to be best
estinutes of containment stmetural failure without any margin of safety.

The potential effects of radiation on material strength, ductility, or other material properties were
not considered in the development of these success criteria and need not be considered in their
application. Also, the potential effects of creep at elevated temperatures are considered
insignificant up to the maximum metal temperature of 700 F allowed in these success criteria. This
assumes that the elevated temperature does not continue for an extended period of time

The success criteria established in this paper were developed for ASME SA-537, Cl. 2 steel [5].
These success criteria may also be used for other materials, except for bolting materials and
welding materials, that satisfy the following requirements:

Su s 70,000 psi,
e > 10%, andu

Elongation > 20%;

where: Su is the minimum ultimate tensile strength in the applicable material specification in
Part A, Section II, of the ASME Boiler and Pressure Vessel Code [5),

i

fu is the material ultimate strain, and

Elongation is the minimum value of the percentage increase in length at failure due
to tensile loading for a 2-inch test specimen, as defined in the apphcable material
specification in Part A, Section II, of the ASME Code Boiler and Pressure Vessel
Code [5].

Success criteria in this paper also apply to all boldng materials and welding materials that are
permitted for containments in Subsection NE, Section III, Division 1, of the ASME Boiler and
Pressure Vessel Code [6].

SUCCESS CRITERIA MEASURES AND DEFINITIONS

Containment Failure

Containmentfailure when subjected to severe accident loadings is defined as the threshold at whichI

the containment no longer retains its structural or leak-tight integrity. Loss of structural integrity
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occurs when the clastic stresses or inelastic strains reach a level that results in the inability of the
containment to withstand further pressure, temperature or structural loadings or when buckling of
the hatches or any other portion of the containment vessel is initiated. Loss of leak tight integrity
occurs at the initiation of leakage through any portion of the containment vessel boundary. The
failtue thresholds defined in this paper are best estimates of the actual point at which containment
vessel structural or leak-tight integrity will be lost.

Elastic Annivsis

Elastic analysis refers to a method of structural analysis where the stress in the material is directly
(linearly) pmportional to the strain in the material. He state of stress at any point in a structure
may be completely defined by giving the magnitude and direction of three principal stresses. When
two or three of these stresses are different fmm zero, the proximity to yielding must be determined
by means of a strength theory.

|

The strength theory to be used to define the state of combined streases when applying these
success enteria, except for bolts, is the Distortion Energy Theory (7]. This theory is also referred
to as the shear energy theory or the von Mises.Hencky neory. The Distortion Energy Theory is
considered the best theory for ductile materials and results in the most accurate prediction of the
onset of yielding. He term stress measure is used in these success criteria to define the mavimum
stress computed using the Distortion Energy neory.

! The strength theory to be used to define the state of combined stresses in bolts is the Maximum
Shear Stress Theory [7]. The term stress intensity is used when comr uting stresses using the
Maximum Shear Stress neory. Stress intensities calculated in accouance with the Maximum
Shear Stress neory are the basis for all of the stress evaluations in section III, Division 1, of the
ASME Code [4].

The use of clastic analysis methods as a measure of containment failure is based on the ultimate
stress of the vessel materials. Using clastic analysis methods with stress limits that exceed the
material yield stress is not typical of most engineering criteria, llowever, as discussed in [8], this
approach is recognized for loads that are considered extreme in nature in Appendix F, Section 111,
Division 1, of the ASME Code [9]. For ASME Class MC components under Service Level D
loadings, the allowable primary membrane stress intensity is 0.60Su and the allowable local
primary membrane stress is 0.90Su. For ASME SA-516, Gr. 70 steel [5] at 300 F, the minimum
yield strength is 33.7 ksi and the minimum ultimate tensile strength is 70 ksi. The primary
membrane limit would therefore be 42 ksi and the local membrane limit would be 63 ksi, each
greater than the minimum yield strength. Furthermore, no limit is established in Appendix F on
primary plus secondary stresses for Service Level D conditions.

Elastic analysis success criteria are provided as an alternative to the inelastic analysis success
criteria. It is recognized that when stress levels are significantly beyorvi yield stress, inelastic
analysis methods are more exact and will produce results more closely representative of the
capacity of the containment. However, stress analyses required to demonstrate compliance with
the clastic analysis success criteria are analytically easier to perform, require less sophisticated
analytical tools, and tend to pmvide more consistent results from analyst to analyst.

It is not the intent of these success criteria to establish a direct correlation or equivalency between
the set of clastic analysis success criteria and the set ofinelastic analysis success criteria. Each set
of success criteria is essentially derived on its own basis although there may be close comparison
with easily determined stress conditions, e.g., general membrane stress in the free field. A direct
correlation between the two sets of success criteria would require extensive comparative analytical
studies. The clastic analysis success criteria will tend to underestimate the capacity of the
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,

containment relative to the inelastic analysis sucress criteria. Therefore, the clastic analysis success
criteria will hav9 an inemased level of uncertainty relative to the inelastic analysis success criteria as ,

a prediction of the capacity of the containment. ;

Elastle Analysis Definitions

Definitions of some of the more important terms used in the clastic analysis success criteria are
provided telow. Some of the stress related tem 1 definitions are similar to those used in NE-3213,
Subsection NE, Section III, Division 1, of the ASME Code [6], However, several of the
definitions are unique to these success criteria.

Stress measure, SM, is the equivalent measure of combined stress. It is defined as the squam root
of one half of the sum of the squares of the difference between the three principal stresses, or: .

f ((o t o2)2 + (o2 0 3)2 (,3. a 3)2) 3 (1)SM=

Stress Measure, andwhere: SM =

Principal Stresses.o g, a2' 83 =

Stress intensity, (SI), is the equivalent intensity of combined stress. It may also be defined as
twice the maximum shear stress. Therefore, the stress intensity is the difference between the ,

algebraically largest principal stress and the algebraically smallest principal stress at a given point.
Tensile stresses are considered positive and compressive stresses are considend negative. That is:

= 2t (2)SI max
Stress Intensity,where: SI =

Principal Stresses,o 3, a2' 03 =

Shear Stress,t =

og os
(3)'

t "
i,2 2

,

og.og
(4)T3 2

"
2 '

o3 - o3
and (5)T ,3 2

"
1

max (It ,2, h ,3 ' k ,3 } . (6)1 I 1t = t 2 1max

Membrane stress is the component of normal stress or shear stress equal to the average stress i

across the thickness of a section under consideration. Membrane stress includes normal stress and
shear stress. Normal stress is the component of stress perpendicular to the plane of reference.
Shear stress is the component of stress tangent to the plane of refennce, j

Local membrane stress is a membrane stress associated with a discontinuity effect that could
produce excessive distortion in the transfer of load to other portions of the structure. A local
membranc stress region may not extend along the meridian of a shell of revolution element for a
distance greater than (Rt)l/2 where R is the minimum mid surface radius of curvature and t is the
minimum thickness in the region under consideration. The definition of a local membrane : tress
region does not apply to areas such as flat heads, extended lengths along meridional stiffeners, or
along the edges of rectangular openings that are parallel to the axis of revolution of the shell
element. More liberal membrane stress limits are permitted for local regions only as !ong as the
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region is not closer along the shell's me:idian than (Rata)1/2 to another local region where
membrane stress limits are exceeded. The terms Ra and ta are the averages of the values for the
two regions under consideration. If two or more regions arr closer together than (Rata)l/2, then
only one of them may be classified as a local membrane stress region with stresses higher than '

permitted for general membrane stress. Although there are some su stle differences, this delimition
corresponds generally with the concept of local primary membrane stress as defined by
NE-3213.10, Subsection NE, Section III, Division 1, of the ASME Code [6).

Bending stress is the variable component of normal stress. He variation may or may not be linear
across the thickness or depth of a section.

,

l
Primary stress is any normal or shear stress developed by an imposed loading necessary to satisfy 1

the laws of equilibrium of extemal and internal forces and moments. The basic characteristic of a )
primary stress is thct it is not self limiting. Primary stresses that considerably exceed the yield ;

stress may result in gross distortion or even failure. 1

Secondary stress is a normal stress or a shear stress developed by the constraint of adjacent
material or by sdf , onstraint of the structure. The basic characteristic of a secondary stress is that
it is self limiting. Local yielding and distortion can satisfy the condition that causes the stress to
occur, The determination of secondary stresses is not required in typical clastic analyses
pe"foimed for loadings that are applied only once and when fatigue is not a consideration. The
dade analysis success enteria impose limits on both primary and primary plus secondary stresses.
Limits on primary plur, secondary stresses are imposed since the allowable primary stresses are
beyond the material yield stress and result in significant inelastic strains. Therefore, in order to
limit the total strain in the vessel, a pseudo-clastic limit is placed or. the primary plus secondary
stresses. Limiting the clastically-determined values of primary plus secondary stresses effectively
limits the maximum strains to values below the ultimate strain of the material even though the
strains aie not explicitly determined.

Primary plus secondary general membranc stress measure, SUhlm, is the average primary plus
secondary (equivalent clastic) stress across a solid section. It includes stresses produced by
thennal gradients. It excludes effects of discontinuities, both mechanical and thermal, and all peak
stresses.

Primary plus secondary local membrane stress measure, SUhfl, is the average primary plus
secondary (equivalent clastic) stress across a solid section. It includes effects of discontinuities,
both mechamcal and thermal, and stresses produced by thermal g adients. Peak stresses are
excluded.

Primary plus secondary membrane plus bending stress measure, SUM , is the primary plusq

secondary (iscor.tinuities. It includes effects of discontinuities, both mechanical and thermal, andequiralc.it clastic) stress necessary to satisfy continuity of the structure. It occurs atstructural d
stresses produc/xi by thermal gradients. Peak stresses are excluded.

Peak stress is that increment of stress that is additive to the primary plus secondary stress by
reason of local discontinuities or local thermal stress including the effects, if any, of stress
concentration. Peak stresses are ordinarily computed for determining the fatigue adequacy of a
structure. Adequacy for fatigue is not a regmrement for the containment under severe accident
loadings. Therefore, peak stresses are not required to be determined in the clastic analysis success
Cutena.
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Therinal stress is a self-limiting stress produced by a nonuniform distribution of temperature or by
differing thermal coemeients of expansion. Hermal stress is developed in a solid body wherever
a volume of material is prevented from assuming the size and shape that it normally would under a
change in temperature. Hermsl stresses are considered as secondary stresses only.

Free end displacement conr.ists of the relative motions that would occur between a fixed attachment
and connected piping (or other structure) if the two members were separated and permitted to
move.

Expansion stress is stress resulting from restraint of free end displacement.

Integral and continuous structure is structure that is cast or forged together or structure that is
welded together with full penetration welds.

Non integral and continuous structure is structure that is attached by bolting, pins or clamps or
structure that bears on other structure without being attached. It includes stmeture that is attached
by means of partial penetration or fillet welds. De ring ard bolted flange in the vicinity of a bolted
cover are considend non-integral and continuous structure.

The plastic shapefactor, SF, of a structural cross section is defined as the ratio of the plastic
moment capacity of a cross section (bssed on a bending stress equal to yield stress through the
depth of the secuon) to the clastic moment capacity of the cross section (based on a bending stress i

equal to initial yield stress at the extreme fiber of the section). Rus,

(7)SF =

Flastic Shape Factor,vhere: SF =

Plastic Moment Capacity, andMp =

Elastic Moment Capacity.Me =

Inelastic Annivsis

inelastic analysis success criteria are p:ovided as an attemate to the elastic analysis success cri. ia.
Definitions of some of the more impe f ut 'erms used in the statement of the inelastic analysis
success criteria and an explanation of the measums that have been selected are provided below.

Stress is a force divided by an undeformed cross-sectional area and strain is a change in length
divided by the corresponding originallength. These normal definitions are sometimes more
formally tefetted to as the definitions for eng neering stress, a, and engineering strain, c.

For the success criteria in this paper, ultimate stral,, tu , is the strain, expressed as an engineering
strain, corresponding to the maximum stress (i.e., ,:ltimate stress), expressed as engineering
stress. It is determined from a stress strain test specimen of the material in question. In other
words, it is the strain that corresponds to the maximum value of the stress (i.e., ultimate stress) as
determined from an engineering stress versus engineering strain diagram representative of the
materialin question.

~ In contrast, true stress, a , is defined as the load (for example, in a bar) divided by the7
corresynding deformed cross-sectional area. It differs from the more conventional definition of
stress xcause of the change in area uue to the loading itself. In a similarly refined manner, true
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strain, c is the integral over the length of a finite extension of each infinitesimal clongationp
divided by the conesponding infinitesimal length of the integration.

For the inelastic analysis success criteria in this paper:

c "in (1 + c), and (8)T

OT " U (I + C)- (9)

%ese relationships are assumed valid up to the material ultimate strain, c .u

-It is the intent of the containment success criteria to deal with the more traditional quantities of
engineering stress and engineering strain. However, it is xrmissible to use computed structural
responses reported in terms of true stress and tme strain so ong as the comparison is demonstrated
to be conservative.

Inelastic analysis success criteria strain limits are established as functions of the material ultimate
strain. Computed equivalent plastic strains are to be compared to these limits. Equivalentplastic
strain, #, is a scalar term related to the inciastic strain tensor at a given location. Specifically,
using tensor notation:

-

cP cj e) (10)=

where repeated indices denote ten <or sununation, and:

5

P E
eg) cij eg) (11)=

Pwhere: e equivalent plastic strain,=

eij total tensor strain component ij,=
,

l E
ij elastic tensor strain component ij, and| e =

c[j -= plastic tensor strain component ij.

Inclastic analysis refers to a class of structural computadonal methods that account for the inelastic
behavior of the structural material. That is, beyond some amount of material defonnation, the
stress in the material is no longer directly (linearly) pmponional to the strain in the material. As
used inelastic analysis success criteria, inelastic analysis need not consider time dependent effects
of creep.

He additional nonlinearity represented by large displacements must be included in computational
algorithms when displacements are large relative to certain characteristic dimensions of the
structure. However, the term melastic analysis used in these success criteria does not necessarily
imply large displacement analysis.
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Membrane strain, c ,is defined as average strain through the thickness of the shell or plate.m
%erefore:

+t/2
1

'

{ e dz (12)em =
,

t/2

membrane strain,where: em =

plate or shell thickness, andt =
a coordinate perpendicular to the mid plane of thez =
plate or shell.

The averaging should be performed on a component level and then combined to detennine the {
equivalent average strain, j

)
Swface strain, c ,is defined as the value of the corresponding strain component in the plane of the j

y
shell or plate, in the inside or outside fibers of the shell or plate. %crefore:

c (z = +t/2), or (13)c, =

c (z = .t/2) (14)e, =

surface strain,where: c, =

plate or shell thickness, andt =
a coordinate perpendicular to the mid-plane of thez =
plate or shell.

For normal containment design, the difference between membrane and surface strain is generally
only an issue with respect to the vessel's resistance to fatigue damage. The difference is usually
characterized as self limiting and would normally be of little concern with respect to rupture of the
pressure boundary due to a one time loading. The distinction is that since membrane strains are
allowed to reach values far in excess of the material's yield strain in the inelastic analysis success
criteria, and since surface strains may be multiples of the membrane strain, separate limits are
alaced on the surface strain in order to prevent the initiation of an unstable fracture due to the
11gher surface strains. 4

Freefield strain is strain in regions of the pressure boundary where structural response is not
. influenced by geometric discontinuities, attachments, penetrations, or sources of concentrated
loads from displacement induced interferences. Regions of free field strain constitute the majority
of the containment vessel's surface area. Free field strain also exists in major regions that are
normally identified with primary membrane stresses as defined by NE 3213.6 and NE-3213.8 in-
Subsection NE, Section III, Division 1, of the ASME Code [6].

Local strain is the strain that occurs in regions of the pressure boundary that are influenced by
geometric discontinuities, attachments, penetrations, or sources of concentrated loads from
displacement-induced interferences with items such as piping or other structural elements. This
definition of local strain applies to regions in elements of the pressure boundary that can be
characterized as shells of revolution.

By definition, a local strain region ma not extend along the meridian of a shell of revolution
element for a distance greater than (Rt)I where R is the minimum mid-surface radius of curvature
and t is the minimum thickness in the region under consideration. De definition of a local strain
region does not apply to areas such as flat heads, extended lengths along meridional stiffeners, or -

L
i
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along the edges of rectangular openings that are parsllel to the axis of revolution of the shell
element.

More liberal allowable strain limits are permitted for local strain regions only as long as the region
is not closer along the shell's meridian than (Rata)l/2 to another local region where free fic!d strain
lirnits are exceeded. The terms Ra and ta are the averages of the values for the two regions under
censideration. If two or more regions are closer together than (Rata)i/2, then only on; of them
may be classified as a local strain region with allowable stmins higher than pemiitted for free field
strains.

Although there are some subtle differences in the definibons, local strain corresponds generally
with the concept oflocal primary membrane stress as defmed by NE 3213.10 in Subsection NE,
Section l'1, Division 1, of the ASME Code [6]. Based upon linear elastic shell theory, it is
understood that local primary rnembrane stresses have some of the characteristics of secondary,

| stresses ard the same bolds true for local strains as computed on an inelastic basis and defined in
these success criteria.

Detallstrain refers to a category of strains St may be computed by inelastic methods that utilize
finite elements capable of capturing more ut$ 3 results than can be ex?ccted from thin shell or
thin plate fmite c!cments. Examples of detail strain are those strains near tie connection of a flange
to a nozzle, strains in fillet or partial penetration welds, and strains in the vicinity of the transition
from the basic shell plate to a much thicker insert p .'e (e.g., at the comer of such an insert plate).

There is no analog in the ASME Code for the temi detail strain as used in these success criteria.
Detalistrain is introduced more as a result of the analysis tools that have been developed since the
ASME Code parameters were established than for a concem that it is not currently addressed by the
ASME Code. Capabilities exist today that allow the designer to more accurately compute the
stresses (or, in this case, the strains)in a detail of the design. If these capabilities are exercised,
the designer should not be handicapped by applying criteria that do not acknowledge the increased
level of confidence in the accuracy of the cornputed results. With the increased level of
understanding of the strains, higher allowables are logically permitted by these success criteria.
This is acknowledged by the introduction of the parameter referred to as detallstrain.

Detall strain accounts for the strain concentration associatal with geometrically discon'inuous
regions, such as those defined above. These strain concentrations can only be assessco from
detailed finite element modeling of the discontinuity by the use of other than plate or shell type
elements. That is, continuum type elements must be used in the vicinity of the discontinuity, thus
providing a geometric approximation of the actual design.

Figure 1(a) shows a detail strain example for a flanged nozzle. Figure 1(b) shows an idealized
rhodel for assessing the detailed strain in the region of a discontinuity. This model would produce
an estimate of the total strain concentration at the geometric discontinuity, assuming that the mesh
is sufficient for the particular problem. Consideration of additional sources of strain concentrations
is incorporated into the detail strain limits.

De more liberal detail strain limits are permitted for regions of the containment so :ong as two of
the three linear dimensions that defime the region are no greater than six times t, the thickness of the
thinnest pressure boundary material within the region. He third linear dimension defining the
region (e.g., the dimension around the circumference of a nozzle-flange juncture) need not comply
with the 6t restriction. Figure 1(a) illustrates the application of the dimensional limitation to a i

flanged nozzle. However, more liberal strain limits are permitted for a region of detail strain only ;

| if that region is not closer than 12t to another region where the local stmin limits are exceeded. '

; i
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Figure 1. Detail Strain Exarnple for Flanged Nozzle

Buckline
1

Buckling, as used in the context of structural design and analysis, refers to a threshold of load |

carrying capability where branching or bifurcation into another equilibrium state is indicated. It is j

generally associated with membrane compressive stresses. As such, for large pressure vessels
such as containments, buckling is most often associated with external pressure design loads,
llowever, for certain ,;eometries and in local regions, buckling can be a concern even when the
overall vessel loading us dominated by internal pressure.

For thin shells of revolution, standard textbook or fundamental laboratory exacriments on the
subject of buckling generally fccas on the topic of' clastic instability' and the reac er is left with the
challenge of identifying the critical buckling mode shapes and corresponding buckling load (or
stress). Under these idealized assumptions, it is possible that the compressive stresses
corresponding to the buckling loads are much lower than the yield stress of the material. That is,
the structure buckles within the elastic range of material response and hence the name ' clastic
buckling.' 'Ihus, it may very well be that the allowable clastic buckling stresses control the design
m some regions of some vessels.

I It is well understood that the values at which large as-built pressure vessels buckle are much less
than the corresponding theoretical values. This is the reason that normal buckling design criteria
not only apply an appropriate factor of safety to theoretical values but also require that appropriate

|
' correction factors or knockdown factors' be applied to the theoretical values. When these
factors are applied to the theoretical values, the result often is that the designer is required to work|

|
within the limits of aa allowable, clastic buckling surss,i.e., buckling controls the design.

In contrast, these success criteria are intended to clwely parallel actual failure thresholds. Yet,it is
required that the designer account for differences between theoretical buckling values and those that
are to be expected for the actual vessel material and actual as-construct:d vessel geometry. These
success criteria are stated in these simple terms. However, the designer is cautioned that the means
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by which account is pmvided for the effects of geometdc imperfections and nonlinearities can be
controversial. A usel ul reference in this regard is ASME Code Case N 284 [10]. l

,

iMaterrhl Pronerties j

Success criteria for the metallic elements of the containment vessel pressure boundary are
expressed in terms of actual material properties such as the yield stress, Sy, and the ultimate stress,
Su. In order to demonstrate compliance with those elements of these success criteria that are
expressed in terms of strains in the nonlinear range of material behavior, it is necessary to utilize t

representative material stress versus strain characterizations that extend beyond the range oflinear
'

clastic material behavior.

Success criteria measures specified in this paper are established for the materials at the
corres unding service metal temperature. These success criteria do not apply for loadings that
result un pressure boundary metal temperatures greater than 700'F. For temperatures equal to or
less than 700 F, the effects that metal temperatures have on the material properties may be assumed
to follow the same trends as provided for the corresponding properties m Appendix 1, Section 111,
Division 1, of the ASME Code [l1).

The potential effects of radiation on material strength, ductility, or other material properties were
not considered in the development of these succus criteria and need not be considered in their
application. Also, the potential effects of creep at elevated temperatures are considered
insignificant up to the maximum metal temperature of 700 F allowed in these success criteria. 'Ihis
assumes that the elevated temperature does not continue for an extended period of time.

An estimate of actual yield stress, Sy, for base metal and for weld metal as a function of
temperature, to be used for implementation of these success criteria, should be established by the
designer. The values may be expressed as multiples (equal to or greater than 1.0) of the base metal
mimmum specified yield strength, at the appropriate temperatures, as provided in Table I 2.1 or
Table I-2.2, Appendix I, Section III, Division 1, of the ASME Code [11]. The basis for
selecting the multipliers and statistical expressions of the level of confidence associated with the
selected values of the multipliers are the responsibility of the designer. When this basis is the use
of historical or representative data, the values used should be subsequently qualified by
comparison with actual base metal or weld metal pmperties.

An estimate of actual material ultimate stress, Su, for base metal and for weld metal as a function of
temperature, to be used for implementation of these success criteria, should be established by the
designer. The values may be expressed as multi ples (equal to or greater than 1.0) of the base metal

i minimum specified ultimate tensile strength, at the various temperatures, as specified in Table 1-3.1
l or Table I-3.2, Appendix I, Section Ill, Division 1, of the ASME Code [11]. The basis for
i selecting the multi? iers and statistical expressions of the level of confidence associated with thel

selected values of tie multipliers should be documented. When this basis is the use of historical or
representative data, the values used should be subsequently qualified by comparison with actual
base metal or weld metal properties.

If the designer elects to utilize the inelastic analysis success criteria, representative stress versus
strain characterizations for base metal and weld metal that extend beyond the range of linear
behavior must be established. The designer should establish such characterizations for the
corresponding applicable temperatu:s. The basis upon which these characterizations are
established and statistical expressions of the levels of confidence associated with the
characterizations should be documented. When this basis is the use of historical or representative
data, the values used should be subsequendy qualified by comparison with actual base metal or
weld metal pmperties.
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| SUCCESS CRITERIA FOR STATIC TEMPERATURE AND PRESSURE
LO ADING S

i Discussion
1

De following are included as static pressure and temperature loadings:
2

(1) The tnaximum value of the pressure specified for rapid pressurization.

(2) The critical combinations of pressure and temperature determined fmm slow
pressurization /ovenemperature.

A design that satisfies either the clastic analysis or inelastic analysis success criteria is considered
acceptable. He deterromation as to which of the two sets of success criteria is utilized is at the
option of the designer. Neither set of success criteria is considered to be preferable over the other.

It is acceptable to use the clastic analysis success criteria to qualify portions of the containment for
a specific static pressure and temperature loading and the inelastic analysis success criteria to
qualify the remamder of the containment for that loading provided that appropriate boundary
conditions can be established. It is also acceptable to use cifferent success enteria, clastic or
inelastic, for separate static pressure and temperature loading conditions.

The potential for interferences resulting from deformation of the containment pressure boundary
should be minimized by careful design practice. Ilowever, some displacement induced effects are
inevitabl: due to interactions with piping, other structures, or equipment either attached to or in
close proximity to the containment. For static pressure and temperature loadings, all loads
produced on the containment due to displacement induced effects must be combined with the
correspondin); severe accident loadings. The resulting stresses or strains must meet the same
success critena imposed for pressure loads.

The designer should assure that accurate estimates are provided for the interactive loads from
displacement-induced effects. This is particularly important when the clastic analysis success
criteria are used. To the extent that interferences pr xiuce loads (possibly concentrated loads) on
the pressure boundary elements (e.g., the v:ssel itself), those loads are considered to produce
primary stresses. When resultant stresses are much greater than yield, elastically computed
displacements will generally not be representative of the actual displacements that would occur
under the postulated Imdings.

When the clastic analysis success criteria for static pressure and temperature vessel loadings are
used, the containment should be evaluated using the stresses determined from an clastic analysis.
Deflections must be determined accounting for the nonlinear behavior of the materialif clastically
computed stresses, especially membrane stresses, are beyond the yield stress. The success
criterion established to protect against failure of the containment due to buckling and the criterion
for displacements must also be satisfied. Base metal and weld metal material pmperties should be
based on actual values at tempenture for each sev .re accident loading.

Stress measures computed in accordance with the Distortion Energy Theory should be used for
comparison with the clastic analysis success criteria, except for bolting. For bolting, stress
intensities computed in accordance with the Maximum Shear Stress neory should be used.
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Einstic Analvsls Stress Crlierin

Elastic analysis success criteria stress measure limits for other than bolting, fillet welds, and partial
xnetration welds are summarized in Table 2. The primary stress measures are limited as dettned
>elow.

Table 2. Elastic Analysis Success Criteria Stress Measure Limits
|

PRIMARY STRESS PRIMARY PLUS I
STRESS CATEGORY' MEASURE LIMITSr.s SECONDARY STRESS

'

(SM) MEASURE LIMITSr.3
(SUM)

GENERAL MEMBRANE
Integral and Continuous 0.90 Su 4.0 Su
Non integral and Continuous 1.00 S, 4.0 Su

LOCAL MEMBfW4E
Integral and Continuous 1.10 Sg 5.0 S ,
Non-integral and Continuous 1.25 S, 5.0 Su

G94ERAL OR LOCAL MEMBRANE
PLUS BENDNG4

Integral and Continuous 1.35 Su 6.0 Su
Non-Integral and Continuous 1.50 S, 6.0 Sv.

Notes: (1) Not app!catWe to bolt;ng, fd6et wovs or partial penetraton welos.
(2) Stress measures computed in anordance with the Distortion Energy Theory.
(3) Su is the ultimate stress of the base metal or weld metal.
(4) Primary stress measure limits for local membrane plus bending shown are based on a plastic

shape factor of 1.50 for a solid rectangular cross section.

Primary Stress Measure Limits

The primary general rnembrane stress measure, SMm. is derived from the average value across the
thickness of a section of the general primary membrane stresses produced by pressure and other
mechanical loads excluding r_Il secondary and peak stresses. Averaging is to be applied to the
stress components prior to the determination of the stress measures. The following stress measure
limits apply:

(1) SMm is limited to 0.90Su, where Su is the ultimate stress of the base metal or we:d,

| metal, as applicable, for regions of the containtnent that are integral and continuous and
for full penetration welds.I

SMm is limited to 1.00S , where S is the yield stress of the base metal, for regions of(2) y
the containment that are non-inte and continuous.

The primary local membrane stress measure, SM1, is derived from the average value across the
thickness of a section of the local primary stresses produced by pressure and other mechanical
loads excluding all secondary and peak stresses. Averaging is to be applied to the stress
components prior to the determination of the stress measures. He following stress measure lhnits
apply:

(1) SMI is limited to 1.10Su, where Su is the ultimate stress of the base metal cr . veld metal,
cs applicable, for regions of the containment that are integral and continuous and for full
penetration welds.
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SMIis limited to 1.25Sy, where Sy s the yield stress of the base metal, for regions of thei(2)
contaimnent that are non integral and continuous. !

The primary general or local membrane plus bending stress measure, SMlb, is derived from the
'

j maximum value across the thickness of a section of the general or local primary membrane stress
plus maximum primary bending stress produced by pressure and other mechanical loads excluding
all secondary and peak stresses. He following stress measure limits apply:

(1) SMlb is limited to the plastic shape factor, SF, of the structural cross section times 1

0.90Su, where Su is the ultimate stress of the base metal or weld metal, as applicable, for
regions of the contairiment that are integral and continuous and for full penetration welds.

(2) SMlb is limited to the plastic shape factor, SF, of the structural cross section times
1.00Sy, where S is the yield stress of the base metal, for regions of the containment that :y
are non integral and continuous.

The plastic shape factor, SF, is computed on the basis of an interaction diagram of membrane 1

versus membrane plus bending stress for a fully plastic stress distribution on a specific section.
| When an unsymmetric section is subject to membrane and bending stresses, the direction of the

axial forces arxl moments must be accounted for in developing the appropriate intemction diagram.

; The plastic shape factor should not exceed 1.50 and can be as low as 1.00.

I Primary Plus Secondary Stress Measure Limits

Primary plus secondary stress measures, SUM, are limited as follows. The primary plus
secondary general membrane stress measure, SUMm,is derived from the average value of across
the thickness or depth of a section produced by the sum of all loads excluding peak stresses,

i Averaging is to be applied to the stress components prior to the detennination of the stress measure
values. He following stress measure limit applies:

! SUMm is limited to 4.0Su, where Su is the ultimate stress of the base metal or the weld metal,
as applicable. Th4 limit applies to integral and continuous structure, full penetration welds,
and non integral aAl continuous structure.

The primary plus secondary local membrane stress measure, SUMI,is derived from the average
value across the thickness or depth of a section of the local primary and secondary stresses
produced by the sum of allloads, excluding peak stresses. Averaging is to be applied to the stress
components pnor to the determination of the stress mearire values. The following stress measure

,'

limit applies:

SUM 1 is limited to 5.0Su, where Su is the ultimate stress of the base metal or the weld metal, - i

as applicable. This limit applies to integral and continuous structure, full penetration welds,
and non-integral and continuous structure.

is
The primary plus secondary general or local membrane plus bending stress measure, SUMq,lusderived from the maximum value across the thickness or depth of a secuon of the membrane p
bending stresses produced by the sum of allloads, excluding peak stresses. The following stress
measure limits apply:

SUMqis limited to 6. .au, where Su is the ultimate stress of the base metal or the weld metal,
as applicable. This limit applies to integral and continuous structure, full penetration welds,
and non-integral and continuous structure.
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B01 ting

Stress limits for bolting are based upon stress intensities calculated using the Maximum Shear
Stress Theory. Bolting is to be evaluated fur the combined effects of all credible loads. These
loads include but are not limited to bolt preload, pressure-induced loads, externally applied loads,
the effect of differential thermal expansion, and the effects of relative defomiation between the
bolted parts. All loads that pmduce primary and secondary stresses must be considered.

The maximum value of stress intensity computed from average stresses across the bolt
cross-section and neglecting stress concentrations is limited to the yield stress of the bolt, Sy. The
maximum value of stress intensity computed at the xriphery of the bolt cross-section resultin.;
from direct tension plus bending must not exceed tle hmits specified by Equation (15). Peac
stresses are neglected.

( ) +3 s 1.0 (15)

where: Pm membrane stress intensity in the bolt including shear and axial loads,=

Pb bending stress intensity in the bolt, and=

Sy yield surss of the tx>lt material at tempemture.=

Bolted flanges should be evaluated for the combined effects of ruechanically induced bolt loads in
combination with loads developed due to intemction between the vessel and the bolt,xt attachment.
Primary stress measures in the flange should not exceed the litnits applicable to regions that are
non-integral and continuous. Primary plus secondary site.ss measures in the flange should not
exceed the limits applicable to regions that are non-integrai and continuous. Interaction effects
include the loads created by pressure and temperature-induced displacemer" as well as loads
produced by the restraint of free end displacement. All loads that produce primary and secondary
stresses must be considered.

Welds

Welding electrodes should have material pro wrties equal to or greater than the weaker of the
materials being joined. Base metal and welc metal in full penetration welds must satisfy the
primary stress measure and primary plus secondary stress measure limits. The average stress in
fillet and panial penetration welds is computed by dividing the load per inch of the weld by the
minimum effective throat dimension of the weld, tw, in inches. Loads may be determined from
primary plus secondarv stresses obtained from the clastic containment analysis of the junction of
the pans being welded, exclus.ve of stress concentration and peak stress effects, or directly from
the analysis, 'the average stress in the weld is limited to 0.50Su, where Su is the ultimate stress of
the weaker of the materials being joined.

When detailed finite element analysis of panial penetration welds is performed and stress measures
are determined, the primary plus secondary membrane plus bending stress measure, SUMq,
exclusive of stress concentration and peak stress effects, is limited to 0.80Su, where Su is the
ultimate stress of the weaker material being joined. This limit does not apply to fillet welds. The
limits for fillet and partial penetration welds are not applicable to single sided welds.
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Buckling

The maximum buckling stress values to be used for the evaluation of instability are 1.0 times the
value determined by one of the methods given below:

(1) Rigorous analysis thL considers the effects of gross and local buckling, geometric
imperfections, nonlineanties, large deformations and inenial forces (dynamic loads only);

(2) Classical linear analysis rtduced by margins that reflect the difference between theoretical
,

a:xi actualload capacities; or

(3) Teats of physical models under conditions of mstraint and loading the same as those to
which the configuration is expected to be subjected.

Displacements

When displacements cJe computed from an clastic analysis, loadings from interaction of the
pressure boundary with other structure, equipment, piping, components, or other similar items
should be considered in combination with the applicable loadings when computing primary and
arimary plus secondary stmsses. The effects of containment displacement under severe accident
..oadings must be accountsx! for in the design of internal structures attached to the containment or
supponed by attachments to the containment.

Inelastic Analysis Success Criteria

When qualification of the vessel pressure boundary subjected to static pressure and temperature
loadings is established with msults from an inelastic analysis, the strain limits for inelastic analysi:;
success criteria must be satisfied. Criterion to protect against buckling and the limits for
displacements must also be satisfied.

Strain limits, except for bolts, are limits on the equivalent plastic strain. The equivalent plastic
strain at a point in the structure is a scalar quantity computed from the total strain tensor. If
applicable, components of the total strain tensor may be calculated using thin plate or thin shell
methods, but com utation of the equivalent p'astic strain must take into account the strain nomul to.

the surface of the late or shell.

Inclastic analysis success criteria equivalent plastic strain lir. tits for other than bolting are
summanzed in Table 3 and am discussed below.

Free Field Equivalent Plastic Strain Limits

Free field equivalent plastic strain must not exceed the limits for free field membrane and free field
surface strain. Free field membrane equivalent plastic strain in base metal or full penetration welds

is limited to 0.25c , where tu is the ultimate strain in the base metal or weld metal, as applicable.u
Free field surface equivalent plastic strain in base metal or full penetration welds is limited to
0.40c , where c is the ultimate strain in the base metal or weld metal, as applicable,u u

Local Equivalent Plastic Strain Limits
c

! Local equivalent plastic strain must not exceed the limits for local membrane strain and local
surface strain. Local membrane equivalent plastic strain in base metal or f'ill penetration welds is'
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limited to 0.40c , where e is the ultimate strain in the base metal or weld metal, as applicable.u u

Local surface equivalent pkstic strain in base metal or full penetn.: ion welds is limited to 0.60c ,u
where Eu is the ultimate urain in the base metal or weld metal, as applicable.

Detall Equivalent Plastic Strain Limits

Detail membrane or surface equivalent plastic strain in base metal or full penetration welds is
limited to 0.80cu, where e is the ultimate strain in the base nxtal or we!d metal, as applicable.u

!

Table 3. Inelastic Analysis Success Criteria Equivalent Plastic Strain Limits
i

FREE FIELD LOCAL' OETAll
STRAIN CATEGORY 1 EOUlVALENT EQUlVALENT FOUIVALENT

PLASTIC STRAIN PLABTic STRAIN PLASTIC STRAIN ,

LIMITS 8 LlWITS8 LIMITS 8 1

0.25 Cu 0.40 Cu 0.80 00
SUHFACE3

0.40 Eu 0.60 Cu 010EU
PAHilAL PENETHATK)N WELDS N/A N/A

0.60 Cu
FILLET WELDS N/A N/A

0.40 EU

Note 2: (1) Not apploat4e to bohng.
(2) Limits apply to base metal and weld metal in full penetration welds.

I

U s the ultimato strain of the base fastalor weld metal. !(3) C i

Bolfing '

The average strain on the cmss section of a bolt is limited to the material yield stress, S , dividedy
by the bolt mater 41 modulus of elasticity, E. That is:

fje dA s (16)

where A is the minimum cross-sectional area of the bolt. The surface strain on a emss-section of a
bolt that results from loads from all concurrent conditions is limited to 0.60c , where tu is theu
material ultimate strain.

I Welds

- Welding electrodes should have material properties equal to or greater than the weaker of the
mate 211 s being joined. Base metal and weld metal in fulI penetration welds must satisfy the strain

I limits for free field strain, local strain, and detail strain.

When detailed finite element analysis of welds is performed consistent with the definition of detail
strain, the following strain limits apply:
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(1) For base mi 'al and weld metal in full penetration welds, detail membrane and surface

equivalent piastic strain is limited to 0.80c , where e is the ultimate strain in the baseu u
metal or weld metal, as applicab!c.

(2) For weld metal in panial penetration welds, detail equivalent plastic strain is limited to
0.60c , where cu is the ultimate strain in the weld metal.u

(3) For weld metal in fillet welds, detail equivalent plastic strain is limited to 0.40c , whereu

cu is the ultimate strain in the weld metal.

Fillet and ynial penetration welds may be evaluated on the basis of allowable load. leads on fillet
and partia, penetration welds may be determined from the inelastic analysis of the containment at
the junction of the part being welded exclusive of peak strain effects. The average stress in fillet
and partial penetration welds may be computed by dividing the load per inch of the weld by the
mimmum effective throat dimension of the weld, tw,in incbs. The average stress in the weld is
limited to 0.f>Su, where Su is the ultimate stress of the weaker of the materials being joined. The
limits for fillet and panial penetration welds are not applicable to single sided welds.

11uckling

The computed inelastic response of the containment must not exceed the response at which
buckling or collapse of the containment is predicted to occur. For the application of the inelastic
analysis success criteria, the predicted buckling or collapse response threshold should be based
upon a rigorous analysis that considers the effects of gross and local buckling, geometric
imperfections, nonlinearities, rid large deformations. Inenial effects should be considered when
dynamic loading is included.

Displacements

When displacements are computed from an inelastic analysis, loadings from interaction of the
pressure boundary with other structure, equipment, piping, components, or other similar items
should be considered in combination with the applicable severe accident loadings when computing
free field, local, and detail strains. ne effects of containment displacement under severe accident
loadings must be accounted for in the design of internal structures attached to the containment or
supponed by attachments to the containment.

SUCCESS CRITERIA FOR DYNAMIC LOADINGS

- Discussion

Blast loc y 4 isist ci sa initial airborne pressurization wave that is capable of imposing a
ciynmle e m ;he containment boundary followed by a steady state pressure / temperature
condith ' 9 de containment. The initial airborne pressurization wave has the potential of
aroduch:g a Dwie structural msponse of the containment. In addition, very large missiles that
mpact the ceiuinment can also msult in dynamic structural response.

The natural vibration time characteristics of the containment (or applicable ponion of the
containment) must be established. - Due consideration should be given to the effects that all
loadings, including those that may have produced prestress (e.;;., pre blast pressure), may have on
the structural vibmice waacteristics. The msults of such eva untions are then i.ompared with the
time characteristi@ 4 Tiynamic loading transients and a determination made as to the level of
detailed dynamic tirs fory analysis required to determine an accurate estimate of the true
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structural response to the loading. An accurate estimate of the stmetural response to the dynamic
loading must be used when implementing the dynamic response success criteria.

Material properties may be enhanced due to the effects of high strain rates associated with dynamic
loadings. When enhanced nroperties are used, adequate justification should be provided.

The potential for interferences resulting from deformation of the containment pressure boundary
shou ld be minimized by careful design practice, llowever, some displacement induced effects are
inevitable due to interactions with piping, other structures, or equipment either attached to or in
close proximity to the containment. For displacement loadings, all loads produced on the
containment due to displacement-induced effects must be combined with the corresponding severe
accident loadings. The resulting stresses or strains must meet the same success criteria imposed
for pressure loads.

The designer should assure that accurate estimates are provided for the interactive loads from
displacement. induced effects. This is particularly important when the elastic analysis success
criteria are used. When resultant stresses are much greater than yield, elastically computed
displacements will generally not be representative of the actual displacements that would occur
unc er the postulated loadings.

Dvnnmic Resnonse Success Criteria

An estimate of the response af the containment, or portions of the containment, should first be
established. If the response is estimated with clastic analysis methods, the requirements of the
clastic dynamic response success criteria apply, if the response is estimated with inelastic analysis
methods, the requirements the inelastic dynamic response success criteria apply.

For the clastic dynamic response success criteria, all requirements of the elastic analysis success
criteria previously defined must be satisfied for the corresponding structural elements when
dynamic loading responses are evaluated using elastic analysis methods,

For the inelastic dynamic response success criteria, all requirements of the inelastic analysis
success criteria previously defined must be satisfied for the corresponding structural elements
when dynamic loading responses are evaluated using inelastic analysis methods.

SUCCESS CRITERIA FOR MISSILES

ihe containment pressure boundary must be shown to be capable of resisting perforation from
missiles. The energy developed by the missile must be less than the energy required to perforate
the containment. The effects of the missile on the containment are primarily local damage and are
evaluated utilizing an empirical energy balance method. The technique for evaluating the
containment bourxiary under missile impact consists of two parts:

(1) Determination of the energy acquired by the missile in its trajectory to the containment
boundary, and

(2) Detennination of the missile energy required to perforate the containment.

The adequacy of the containment is based on demonstrating t! e ability of the containnent to resist
perforation fmm missiles utilizing an energy balance method. Three empirical equations are used
to assure resistance of the containment to missile perfocation:
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(1) Stanford Research Institute (SRI) Equation [12),
.

(2) Ballistics hearch Laboratory (URL) Equation [13), and

(3) liershey Equation [14].

Any one these equations may be used to determine whether or not a missile of given diameter,
mass, and velocity will xrforate the containment. Ilowever, since the equations are based upon
different parameters anc tests, the equation that defines the most limiting missile diameter, rnass,
and velocity for any given missile threat should be used to estabbsh acceptability of the
containment for missile perforation.

The missiles success criterion is suitable for demonstrating the capacity of the containment to resist
missile perforation by (1) direct impact fmm a primary mtssile, (2) indirect impact from a primary
missile through reflection, or (3) impact from secondary missiles caused by impact from a primary
rnissile. 'Ihe direction of all missiles is considered to be perpendicular (normal) to the containment.

The perforation equations in this paper are limited to missiles of 20,000 lbs. or less. Extremely
large missiles that do not nwet the range of applicability of the empirical equations should be treated
as dynamic loads on the containment.

The SRI Equation (12]is:

" 46 500 (16.000 T + 1,500 T) (17)2

f MV = Critical kinetic energy required for perforation (ft-lb),2where: EK =

2Missile mass Ob-sec /ft),M =

Missile velocity at impact (ft/sec),V =

Missile diameter (in.),D =

Ultimate tensile strength of the target plate Ob/in.2),Su =

Target plate thickness (in.),T =

Ungth of a square side between rigid supports (in.), andW1 =

Length of a standard width (4 in.).Ws =

The SRI Equation is applicable only within the following ranges of parameten and should not be
used beyond the specified limits.

0.1 < T/D < 0.8.
0.002 < T/L < 0.05,

10 < L/D < 50,
5 < Wl/D < 8,

8 < Wl/T < 100,
70 < V < 400,

Missile Length (in.).where: L =

The BRL Equation [13] is also empirically derived. It solves for the target plate thickness, T, at
the threshold of perforation as a function of impact energy.'
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T /2 0.5MV23
9 /2 (18)17,400(KB)2 3

where: T Shell plate thickness (in.),=

2M Missile mass (lb sec /fi),=

V Missile velocity at impact (ft/sec),=

KB Constant depending on the grade of steel=

(usually appmximatel
Missile diameter (in.).y 1.0), andD =

The IIershey Equation [14) is based upon the fragments associated with a 50% probability to
achieve perforation.

V50 = K}iD (19)

where: V50 = Missile velocity associated with 50% probsbility (ft/sec),
KH = Ernpirical coefficient
D Projectile diameter (ft),=

T Plate thickness (ft), and=

W Weight of projectile (Ib).=

The parameter, K I in thuctshey Equation is an empirically derived coefficient. This parameterI
varies with ratios of T/D; plate thickness to missile diameter. It is valid only for perpendicular
strikes on steel targets. A linear approximation for K11 is applies for ratios of T/D 5 0.35. For
T/D > 0.35. an exponential approximation may be used.

The coefficant KI{ may be determined from Equations (20) and (21):

KH = 70,000 (T/D) +16,800 (for T/D s 0.35) (20)

K11 = 48,586 (T/D)0.1502 (for T/D > 0.35). (21)

Figure 2 shows a comparison of the SRI, BRL and Hershey Equations. The plots of missile
velocity versus plate thickness for perforation of plate thicknesses up to 2 inches are based upon
the following parameters:

80,000 lb/in2 (minimum specified),Su =

KB 1.0, and=

KH Varies as a ratio of T/D.-

The material ultimate stress, Su, is used only for the Stanford Research Institute E
Hershey Equation was developed for material with an ultimate stress of 115,000 psi.quation TheHowever, it
can be reasoned that the equation may be used for steels such as ASME SA-537, C1. 2 [5] with a
minimum uhlmate tensile strength of 80,000 psi.
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Velocity vs Plate Thickness
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2Note: W = 200 lb; D = 4.20 1 A = 0.10 ft ; Velocity in ft/sec.

Figure 2. Comparison of Perfomtion Equations

SUMMARY

This paper provides a generic approach for containment success criteria under severe accident
loads. The success criteria may be used to establish the threshold of failure for containments when
subjected to severe accident loads resulting from rap!d pressurization, slow pressurization /
overtemperature, blast, and missiles.

The success criteria are based upon the Deterministic Severe Accident Criteria (DSACs) proposed
by the U.S. Department of Energy to guide the design of the NPR IIWR contain'nent for - '
resistance to severe accidents. The DSAC concept provides for a generic appmach for success
criteria to predict the threshold of containmem failure under severe accident loads. The success
criteria specify acceptable containment response measures and limits for each problem statenwnt.

The main elementr. of these success criteria are expressed in terms of clastic stresses and inelastic
strains. Containment erformance is based on the 'best estimate" of failure as predicted by either
stress or strain, buckl ng, displacements, or abi!ity to withstand missile perforation. Since these
limits are "best estimates" of failure, no conservatism exists in these success criteria. Rather,
conservatism is to be prov'ded in the problem statements, i.e., the quantified severe accident loads.
These success criteria are presented on a multi tiered basis for static pressure and temperature
kudings, dynamic loadings, and missiles. Within the static pressure and temScrature loadings, the
criteria are separated into clastic analysis success criteria and inelastic ana ysis success criteria.
Each of these areas, in turn, defines limits for either the stress or strain measures as well asn

I measures for bucklir . ud displacements.
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Failure of a containment under these loadings is defined as the threshold at which the containment
no longer retains its structural or leak-tight integrity. The margins of safety or conservatism are e

included in quantificauon of the severe accident loadings and not in the containment success
criteria. Consequently, the success criteria in this paper do not include any margins of safety or
conservatism on the best esanate of the actual threshold of containment failure under the
prescribed severe accident loadings.
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ALWR UTILITY REQUIREMENTS DOCUMENT
CONTAINMENT PERFORMANCE REQUIREMENTS

David E. Leaver
TENERA,LP.

Stephen L. Additon
TENERA,LP.

Ahskad

U.S. utilities, with substantial support from imernational utilities, are leading the industry-
wide Advanced Light Water Reactor (ALWR) Program. This program is establishing a

~

technical foundation for the next generation of LWRs through development of a
comprehensive set of design reonirements for the ALWR in the form of a Utility
Requirements Document (URD).

The approach in the URD for severe accidents involved two main efforts: (1) accident
prevention through intrmsic design characteristics to avoid accident initiation and reliable,
ngineered safety systems to prevent core damage, and (2) accident mitigation and

containment performance. The purpose of this paper is to describe the URD containment
performance requirements for severe accidents.

For w v ent performance, a comprehensive set of severe accident containment
cha'- p n 4 defined and a matrix of design features and operating characteristics
spec xdresst.a challenges. Also, the URD requires evaluation of containment
respc w o v ,ere accidents.

Twenty th. e severe accident containment challenges were identified and a preliminary
evaluation of the URD indicated that requirements are adequate for addressing each of the
challenges. Further, best estimate severe accident evaluations for the ALWR containment
indicate that margin exists to ASME Service Level C limits and thus containment leakage
during severe accidents should be minimal. An updated accident source term was also
developed by the ALWR Program to provide an improved design basis for fission product
mitigation system design.

The key cor..lusions from this effort are as follows:

Sev're accident challenges are being systematically and explicitly addressed-

in to design.

Margin exists between the loads resulting from severe accidents and the-

Service level C limits.

For a realistic source term expected to bound that from any credible severe.

accident sequence, the site boundary dose is less than 0.5 rem.
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INTRODUCrlON

U.S. utilities, with substantial support from international utilities, are leading the industry-
wide Advanced Light Water Reactor (ALWR) Program. This program, under the
management of the Electric Power Research Institute,is establishing a technical foundation
for the next generation oflight water reactors through development of a comprehensive set
of design requirements for the ALWR in the form of a Utility Requirements Document
(URD). The URD~ defines the technical basis for improved and standardized future LWR
designs; both evoluticnary and passive plant designs are covered (1,2]. The passive plant
designs include more innovations in containment design [ represent the most advanced LWR
technology) and are the subject of this paper.

The passive plant designers, Westinghouse and General Electric, are working on designs for
certification under 10CFR52[3]. Both Westinghouse and General Electric have been active
participants in the URD development process and intend that their respective plant designs
fully comply with the URD.

Two specific passive plant concepts are included in the URD: the passive BWR with
pressure suppression containment and the passive PWR with large, dry containment. These
plants employ passive safety systems for core and containment cooling, relying on
phenomena such as natural circulation, gravity drain, and accumulators. These passive
conceots meet the ALWR Program safety standards which reflect criteria being established
by the NRC for advanced reactor designs as well as utility requirements for operational and
safety improvements achieved through design simplification, refinement, and reliability
assurance.

- The ALWR safety policy is that there will be excellence in safety both to protect the general
public and to assure personnel safety and pint investment protection. There is significant
emphasis on avoiding accidents since this is considered the best way to achieve plant owner
investment protection and also to achieve improved overall safety. Significant emphasis is
also placed on mitigation of the consequences of potential accidents, including severe
accidents, so that a balanced approach to safety is achieved.

This policy of excellence in safety is implemenied through an integrated design approach
- to safety wnich includes three overlapping levels of safety protection, i.e., accident resistance,
core damage prevention, and mitigation. The appf 2ach utilizes a deterministic analysis
framework and design feature specification, supplemented by probabilistic risk assessment

'(PRA) These levels of safety protection incorporate the philosophy of defense-in-depth.
Figure 1 illustrates the three defense-in-depth levels. This paper will focus on the mitigation
aspect of the Passive ALWR, specifically, the assurance of containment performance. for
severe accident challenges.

ALWR APPROACII TO CONTAINMENT PERFORMANCE

The ALWR Program has long recognized the critical nature of the containment issue for
severe accident mitigation and has undertaken an ambitious effort to resolve this issue. This
effort is directed at utilizing the substantial body v severe accident and containment
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. Accident Resistant Designs
(simplicity, design margin, other

-. intrinsic characteristics to minimize
frequency and severit: of initiating events)

Core Damage Prevendon
(engineered systems and features
which prevent initiating events from

*

progressing to core damage),,

C
,

Mitigation
-(systems to contain fission products released
from core damage and facilitate severe
accident management)

Figure 1. ALWR Defense-In-Depth
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performance information developed since the TMI 2 accident to support more explicit
consideration of severe accidents in the design process. The framcwork for this more
explicit consideration is an ALWR design basis comprising two distinct parts as shown on
Figure 2. One, the Licensing Design Basis (LDB), is the set of ALWR design features and
analyses necessary to satisfy NRC licensing requirements, including LDB transients and
accidents, in the Code of Federal Regulations and associated regulatory guidance. The
second, the ALWR Safety Margin Basis (SMB), contains requirements which provide margin
beyond the LDB. The SMB provides a means of incorporating severe accident features and
realistic, best estimate evaluations in the plant design while maintaining a distinction
between these features and evaluations and the L.DB.

This distinction between the LDB and SMB is being maintained in part since severe
accidents involve extremely complex phenomena for which detailed, verified design basis
methods are not available in the same sense as for LDB transients and accidents. On the
other hand, as a result of broad international research and development support, a
substantial amount is now knovcr. about severe accidents which is sufficient to allow
addressing them in plant desigr.. This has lead to the ALWR SMB approach, i.e., more
explicit consideration of severe accidents in the design process including specification of
plant features and best estimate, confirmatory severe accidents evaluations. This SMB
treatment of severe accidents (vs. an LDB treatment) is justified based on the margin which
exists in the LDB design, the features provided which reduce the uncertainty associated with
severe accident phenomena, and the extremely low likelihood of core damage in the first 1

place in a Passive ALWh.

URD PROVISIONS FOR SEVERE ACCIDENT CHALLENGES

As discussed above, the ALWR SMB considers accidents which go beyond the uaditional
licensing events. To address these severe accident challenges, the ALWR URD containment
performance provisions consist of a set of deterministic requirements with 'RA used in a
confirmatory manner. The deterministic requirements are as follows:

Provide a matrix of design features and plant operating characteristics which-

address a comprehensive set of severe accident containment challenges.

Evaluate containment response for loads due to peak LOCA plus pressure-

from hydrogen generation (and burning if not inerted) and show that ASME
Service Level C limits are not exceeded. Service Level C limits are selected'
based on 10CFR50.34(f) requirements together with the fact that low
containment leak rate should be maintained if loa is do not cause stress to
. exceed Service Level C limits.

Evaluate containment response for loads from probabilistically important--

- severe accident types and show that ASMil Service Level C limits are not
exceeded. URD evaluations indicate that the only such sequence type would
be a low pressure core melt into an intact containment with containment

. systems functioning as designed.
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Licensine Design Basis (LDB)' Safety Marcin Basis (SMB)2

Event Apolicable Limit Event Apolicable Limit

Containment Load LOCA - Service Level A LOCA plus Senice Level C
Hydrogen (75%)
with global burn

LOCA plus Service Level C Loads from Load from' LOCA
Ilyd, ogen (100%) Important Severe plus Hydrogen
with Control Accidents (or

,

System Service Level C)
Source Term Physically Based Part 100 Physically Based PAGs

i Source Terms Release from
C;; from Important Physically Based*

Severe Accidents (or PAGs)

Notes:

1. LDB evaluation methodology uses conservative, established design methods and credit for safety grade systems (and selected
nonsafety grade systems).

2. SMB evaluation methodology uses best estimate methods and credit for safety grade and nonsafety grade systems.

Figure 2. ALWR Mitigation
Ucensing Design Basis vs. Safety Margin Basis

;
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Determine containment ultimate capacity and identify the associated failure.

mode on pressurization of the containment to its ultimate capacity.

The PRA requirement is to confirm that there are no probabilistically important accident
sequence types, other than the low pressure core melt described above. Also, the URD
specifies guidance for the use of PRA to demonstrate a 10'5 core damage frequency goal and

4
an offsite release limit of 25 rem for cumulative frequency greater than 10 per year.

.

.
Each of the above requirements is fuither discussed below.

Matrix of Design Featmes

To provide confidence that ALWR containment performance is complete, a comprehensive
list of severe accident challenges were considered based upon past PRAs, operating
=pnience, and the large body of worldwide severe accident research [4,5,6,7,8,9,10].
Unique aspects of the ALWR were also considered. As a check, a comparison with the
containment challenges identified in a recent Advisory Committee on Reactor Safeguards
(ACRS) letter [11] was made. All of the challenges in the ACRS letter were addressed,

Table 1 lists the challenges. The upper half covers those challenges not directly related to
severe accidents, i.e., challenges which precede or are coincident with core damage, are
postulated to occur independent of core damage, or are traditionally evaluated apart from
severe accident considerations. The lower half covers those challenges which could
potentially resuit from the effects of a core damage accident. For each challenge, a set of
design requirements (e.g., plant features, operating characteristics, evaluations) has been
specified to either preclude the challenge or to a.:ommodate those which are considered '

credible. The basis for resolving each challenge is discussed in detail in Reference 12.

Tables 2 and 2a summarize plant features which address the challenges including interfacing
system"LOCA, steam generator tube rupture, high pressure melt ejection, hydrogen
combustion, core debris coolability, and decay heat generation. The list of challenges and
associated requirements is preliminary and is under discussion with NRC, and will be-

updated as additional information becomes available.

Loads _ From LOCA Plus Hydrogen

This_ requirement specifies that the containment system pressure boundary satisfies the
intended minimum requirements of 10CFR50.34(f)(3)(v) when subjected to the pressure and '
temperature loads associated with a LOCA combined with 75% of the active cladding
oxidation, accompanied by hydrogen burning (if not precluded by inerting) and combined
with the appropriate dead loads. The structural criteria are selected so that any gross
distortions and subsequent large strains in pressure boundary material due to potential shell
buckling modes are precluded.
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- Table 1. List of Severe Accident Challenges

Challenges / Failure Modes that are Independent of or
Coincident With a Severe Accident

1. ' Containment Isolation 4

2. . Interfacing System Loss of Coolant Accident (LOCA)

3. Blowdown Forces

4. Pipe Whip and Steam Jet Impingement

5. Steam Generator Tube Rupture (PWR)

6. Anticipated Transient Without Scram

7. Suppression Pool Bypass (BWR)
.

8. ' Catastrophic Reactor Pressure Vessel Failure

9. Internal Vacuum

10. . Internal (Plant) Missiles.
11. Tornado and Tornado Missiles

12. - Man-Made Site Proximity Hazards

-13. Seismic-

- Challenges / Failure . Modes Potentially Resulting
,

From a Severe Accident

14. High Pressure Melt Ejection.

15. Hydrogen Detonation / Deflagration.j

16. In'-vessel Debris Water Interaction

.17. Ex-vessel Debris-Water lateraction

18. Noncondensable Gas Generation During Core-Concrete Interaction

19. Reactor Pressure Vessel Support Degradation or Containment Basemat
Erosion During Core-Concrete Interaction

20. ' Core Debris in_ Containment Sump

21; Core Debris Contact with Containment Shell Liner
22. Decay Heat Generation

23. . Steam Generator Tube Rup:ure from Natural Circulation of Hot Gases
(PWR)

s
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Table 2'

SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT Cl{Al 1 FNGES
THAT ARE INDEPENDENT OF OR COINCIDENT WITH CORE DAMAGE

REY PASSIVE AtWR REoutpfMfwfS

AFFECTED

SAFETY PLANT ALWR ACCOMMTATE CuattthctSe
LIMti POTENTI AL FOR CHAttENOE'

CHAttENCE Fl*WCT ION TFE_ BAS 158

P Passive Residual Heat Removat minimire$ core

1. Contairunent Isolation isolation PWR/8WR 2 A Reduced fluid line penetrations. damage risk given isolation f ailure (wit _1
Isolation provisions and leakage rate testing RNA on-line even without IC power).
per standards.

Valves capable of closure with possible flow
and fut t contairnent pressure.

Control room position irdication for a rtomatic
a.xi remote renual vatves.

Manual valve configuration permits lockingA
only in closed position.

Closed systems penetrating contairmentA
evalueted fer ex-vessel severe accidents.,

Fall closed or DC powered isolatice vatvas.-
Capability for periodic gross check of

~,
A

contalrnent integrity.

Pressure Retief
Reduced interfaces between the Reactor Coolant Design pressure such that fuit PCS pressure

2. Interfacing System LOCA Bypass F.R/e# 2 A A
System (RCS) and tow pressure systems. is below rtoture pressure and no leaks wit t

High to low pressure interf aces provided with occur which exceed ECS seketp capacity,A
isolation valves teak testing capability,
isolation volve position indicater in control
room, and high pressure a1 arm.

Interlocks prevent ieolation valve opening
when RCS pressure exceeds RSOC system design
pressure (PWR).

r

RSDC designed for full reactor pressure (SWR).A

Dotble isolation.

# The acceptability of AtWR requirements to address containment challenges was based on the following criteria;
Current LWR resistance to chat tenge acceptable for AtWR. i t i nt.

Suf ficient ALWR design features added to increase resistance to chatlenge by redxing the severity arud/or ensur ng con a rmie1

2. ) or P (passive Atyrvs only).
* Passive plant design features which exceed reqJirements for current LWRs are identified with A (connon to at t AtWes

I

f NOTE: Reproduced from Reference 12.~



_ _ _ _ _ .

,

Table 2' (continued)

SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT CHAI I FNGES
THAT ARE INDEPENDENT OF OR COINCIDENT WITH CORE DAMAGE

MfECTED
_ KTY PASSIVE ALWP PEQUIPEwEwit

SAFLYY PLANT ALWR
CHAllENCE FUNCTION TYPE BA$iSW LIMIT POTEif tl AL F0e CHAlttuCE' ACCOMMODATF CpttEN7j*

3. Blowdown Forces Conteinment PWR/BWR 1 Design and IS! in accordance with ASME SPV Design contairment for dotbte-e WiPressure Code. pu T otine break of to w t pipe.Control Leak Be* ore Bresk.

4. Pipe Whip and Bypass PWR/BWR 1 Design and ISi in accordance with ASME SPV Protection frces jet / pipe whip where leakJet I mingement Code,
before break is not demonstrated.

. Leak sefore areak.
Use of only proven materials and f abri.ation
processes.

*
Use cf EPRI water chemistry guidelines.

G 5. Steam Generator Bypass PWR 2 I mroved water chemistry. P Operator actions can terminate teekage priorTute Rtyture Proven materials.,

to ADS actuation for design basis leak.
A Mechanical design of tubes, tthe supports, and P Autowtic Depressurization System (ADS)

tthe sheets re&ce likelihsod of SGTR. operation terminates tute leakage
A leproved design features facilitate SG automatically,

cleaning and replacement. P Passive RNR plus additional features prevent
,

secondary side relief fot towing SGTR.
6. ATWS Reactivity BWR 2 A Diverse Reactor Protection System (rtFS). Stan&y Liquid Controt (SLC).Control A Diverse meanr 68 d insertion. A Checkerboard pattern of scram grotg> rods

waximizes grotp worth.

PWR 2 A piverse RPS (or capability to ride out ATWS). Borated Safety injection (SI).
A Negative mtrierator tNature coef ficient

over entire fuel cycle inpreves ATWS
cesponse.

* The acceptability of ALWR requirements to address contaiment chaitenges was based on the fottowing criteria:
1. Current tWR resistance to chat tenge acceptable for ALWR.
2. Suf ficient ALWR design features added to increase resistance to challenge by rechring the severity and/or ansuring containment.

* Passive plant design features whict exceed requirements for current LWRs are ioentified with 4 (comunon to all ALWes) or P (passive ALWRs only).

*

NOTE: Reproduced from Reference 12.
t

!
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Table 2' (continued) ;

. SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT CHAT I FNGES
THAT ARE INDEPENDENT OF OR COINCIDENT WITH CORE DAMAGE

ILTY PASSIVE AtWR GEQUIREMNTS

'AFFECTED-

i

SAFETT - PLANT ALWR

'CHAttENE FlatCTION TYPE BASIS $ t!MIT POTE47t AL FOR CHALLENGE * ACCopa@ ATE CwAlt,ENGES* -

7. Sup>ression Pool Bypass ' Containment BWR 2- Vacuum Breakers: potential loads accounte<f ADS use of SRVs thich discharge to

Pressure for, position indication, minimal teakage. suppression pool and thus ensure vro v
Control P No high energy lines in wetwell airspace, suppression despite leakage.

P Passive RNR (inctief!ng PCCS).

8. ' Catastrophic RPV Failure Internal PWR/BWR 2 A Rig 2 10*F; initiet RT I -20*F for PWRNDT
Containment core beltline; tow fluence at vesset watt.
Loading A No welds in belttine region.

A Relief valves prevent overpressure, backed (A)
by depressurization system and tow-head
injection.'

-[ Design in accordance with ASME code.
O Design features to avoid relief watve opering

for espected plant transients.*

9. Internal Vacuum Contairraent PWR/BWR 1 Vacuum Breakers.
Design for externet pressure loads.Prussure

Control

10. Internal (Plant) Extermt PWR/8WR 2 Turbine overspeed protection. Turbine orientation avoids missile contact
Missiles Containment A Improved turbine integrity /one-piece rotors, with containment.

Missite protection for any safety relatedLoading
conponents in missile path (SRP 3.5.1.3).

11. Tornado and Tornado Esternal PWR/9WR 2 Conformance with 051 2.12 and ANS! 51.5. P Passive core cooling systems located within
contairynent.

Missiles Contairnent
Loading

!

# The acceptability of ALWR requirements to address contairunent chattenges was based on the following criteria:
1. Current LWR resistance to chattenge acceptable for ALWR.
2. Suf ficient ALWR design features added to increase resistance to chattenge by re<being the severity ared/or ensuring contairenent.

* *assive plant design features which exceed requirements for current LWRs are identified with A (comon to att ALWRs) or P (passive ALWRs only).

* - NOTE: Reproduced from Reference 12.

>
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Table 2' (continued)

SUMMARY OF REQUIREhfENTS TO ADDRESS CONTAINMENT CI{M I FNGES
TIIAT ARE INDEPENDENT OF OR COINCIDENT WITII CORE DAMAGE

REY PASSIVE AtW #EOff REuf 4TS
AFFECTED

SAFETT PLANT ALWR

CHAttENCE FUniCTICW TYPE BASIS # t!MIT POTENTIAL FOR CH8ttENCE* ACCOMarJDATE CNAltEWGES*

12. Man-Made site External PWR/BWR 2 Conformance with ANSI 2.12. P Passive core cooling systems located within
Proximity Hazards Containment containment.

Loading

13. Seismic External PVR/PWR 2 Siting requirements exclude the most A $$E at 0.3g.

Centainment vulnerable sites. A Evaluation at > SSE with PRA or aergins

Loading assessment as part of design process.
A Ackfress vulnerabilities f rom past

emperiences, e.g., provide common basemet.
'

|

~ 1

40 |

|*

|

|

* The acceptability of ALWR requirements to adfress contairunent challenges was based on the following criteria:
1. Current LWR resistence to challenge acceptable for ALWR,
2. Suf ficient ALWR design features added to increase resistance to chat tense by redJcing the severity and/or ensuring contaironent.

* Passive pi nt design feattres which exceed requirements t'or current LWRs are identified with A (connon to alt ALWRs) or P (passive ALWRs only).
i

a

*

NOTE: Reproduced from Reference 12.
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Table 2a
i
'

SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT CHAI I FNGES
RESULTING FROM CORE DAMAGE |

RET PASSIVE AtWR REQUIREwENTS

AffECTED
$

SAFETY PLANT 'ALWR

CH AL LE NCE '' FUwCTION TYPE BASIS # LIMIT 00TENTIAL FOR CHALLEtCE* ACCCMM00 ATE Cwsttf AGES *

14. Migh Pressure Melt Reactor EWR 2 P Diverse oepressuritation systems. Suporession pool cools heated gases.

Ejection (tlPME) Pressure P Passin RMR can aid depressurization. Inerted contairunent (no cophustion heat
adfition).Control

PWR ? P Diverse depressuriza2 ion systems. A Cavity configuration to limit transport of
P Passive RHR can aid depressurization. fragmented core debris.

15. Hydrogen ceneration to Codnastible aWR 1 Inerted. A Evaluation required if tocat detonation is
possible.

Detontabte Limits Gas Control*

A Evaluation reauired if local detonation isPWR 2 A Limit H2 generation with design features, such
as ADS and cavity flooding possible.

e A Hydrogen control system (e.g., non-safety
related igniters) designed to keep hydrogen
concentration below 10% for 100% active cted
equivalent reaction.

A Contairunent size prevents globat octonable Mg
concentration (< 13%) for generation to to

!

75% active clad equivalent reaction.
IA Design ensures convective mining and minimites
!

DOT-prone geometry.

[

!

|

* The acceptability of ALWR requirements to address contairvent chattenges was based on the fot!owing criteria: i
1. Current LWR resistance to chattenge acceptable for ALWR.

~

2. Suf ficient AL61t design features added to increase resistance to challenge by redacing the severity and/or ensuring containment.

* Passive plant design features whiCP eKCeed re<pirements for Current tWRs are identified with A (Conunon to att ALWRS) or P (passive ALWRs only),
i

NOTE: Reproduced from Reference 12. q*

t
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Table 2a* (continued)

SUMMARY OF REOUIREMENTS TO ADDRESS CONTAINMENT CHAIMNGES .
? RESULTING FROM CORE DAMAGE

:

REY PASSIVE ALWR PECCTREMENTS i'AFFECTED'
~,

SAFETY PLANT ALWR
CHALLENCE FLNCTION TYPE BASISW ' t!MIT Pof ENTI AL FOR CPAI.LENGE* ' ACCOMMODATE Ci4ALLENCES* ' ;

Hydrogen Deflagration Contustible BWR 1 Inerted.' A Demonstrated accommodation of generation ,
Gas controt 'equivateat to 100% active cted reactioni

A Structural evaluation for LOCA psus hydrogen -
toads (75% active clad reaction)J

PWR 2 A. Deflagration likely at low concentrations f, Cemonstrated accomodation of generation
-(* 10%) given hydrogen control system (IPVST egJivalent to 100% active cted reaction ..
and PCCS Iimit. Steam inerting pctential). with auttiple burns.

,
, (

e A Structural evaluation for LOCA plus hydrogen ''

[ loads, including global burn of hydrogen g
equivalent to 75% active clad reaction.tu

16. In-Wesset Debris-Water ' Internal. BWR/PWR 1 Large-scale phenc.nena limited in probability. ' Rugged reactor vesset contains forces; as
*

,

Interaction Containment In-vessel geometry limits interacting backup, rugged lower drywett/ reactor. cavity :1.cading quantities and size of any interaction. contains tower head failure.
t17. Ex-Vessel Debris-Water Internal BWR/P:s - 2- Large-scale chenomena timited in probability. A Rur,ged tower drywell/ reactor cavity / $Interaction' Contaitrent ' Sm-vesset geometry timits interactino confirmed by evetuatfon.
f- Loading qu itities a93 size of any interaction. Contefrunent design accononodates steam
a

generation. I

!

j t

I

+

# The acceptability of ALWR regJirements to address conta;runent challenges was based on tree fotics'ing criteria:
*1. Current LWR resistance to challenge acceptable for ALWR. *

2. Suf ficient ALWR design features ad$ed to increase resistance to chat tenga by reducing the severity and/or ensuring containnent.

* Passive plant design features thich exceed requirements for current LWRs are identified with A.(comon to att ALWRs) or P (passive ALWRs only).
,

i

L*

NOTE: Reproduced from Reference 12.
.
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Table 2a* (continued) .

SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT CHAI IENGES
. RESULTING FROM CORE DAMAGE

REY PASS!vE AtWR PEOU1PEu'NTS

. AFTECTED
SAFETY PLANT 'ALWR

CHALLENCE. FtMCTION TYPE' BAS!St LIMIT POTENTIAL FOR CFALLENCE* ' ,ACCfMe00 ATE CHALLEwCES*

18. Woncondensible Gas Fuet/ Debris BWR/PWR 2' A features limiting concrete erssion (see Contalryment size and pressure retention
Generation Cooling item 19) timit nonrondensible gas generation capability.

as weit.

A Sacrificial concrete epecified as tow gas

generation type.
A ov=rtying pool coots gases froe core-concrete

ir:teraction.

cavity / lower drywelt spreading area of A Sacrificist concrete where debris on floor19. Basemat Erosion and ' Fuet-Debris BWR/PWR 2 A
seectog/MWt promotes core debris cooling.0.02m centacts boundary structures (which are theVessel Support Cooting*

y Degradation A tower drywett/ cavity flooding. pessive 8WR vesset si m set).
'A Lower drywett flooding thermetty actuated4

direct free BWR gravity drain tank ore
*

stppression poot'.
A ChrerfInw from containment reflux via PWR 1RVST

preftoods reactor cavity.
A Backup capability for water addition from

sources external to contairmient. '

20. Core Debris in Swp Fuel / Debris BWR/PWR 2 A Special cavity step design prevents localized
Cooling unterminated core-concrete interaction.

A Sunp draintine configuration precludes gravity
transport of debris ex-contaiturnt.

A Reactor cavity / tower drywell flooding.

s lhe acceptability of ALWR requirements to address contairvnent chattenges was based on the followir?' criteria:
e

1. Current LWR resistance to challenge acceptable for ALWR.
2. Sufficient ALWR design features eiied to increase resistance to chattenge by reducing the severity arxVor ensuring contale.

* Passive plant design features which exceed requirements for current LWRs are identified with A (canron to all ALWRs) or P (passive ALWRs only).

*

NOTE: ' Reproduced from Reference 12.
1
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Table _2a*- (condnued)

SUMMARY OF REQUIREMENTS TO ADDRESS CONTAINMENT CHAI.IFNGES
ERESULTING FROM CORE DAMAGE

YEY PASSIVE Ap] eFOJ!RCwfNTS
AFFECTED

SAFETY P*.AN T ALWR
CHAT [ENCE . FUNCTION - TYPE BASIS $ t!MIT POTEtt! At FOR CHAttEMGE* . RCryse0CATE CuatLEWrJS* ' '

.21. Core Debris Contact fuel / Debris BWR/PWR .2 A Liner protected by concrete.
With Liner.. Cooling A Lower drywll/ cavity flooding.

A Design featu.*es to limit debris dispersal
including ADS.-

22. Decay Meat Generation Contairunent BWR 2 Main condenser. P Passive Containment Cooting.
Pressure A' Reactor Water Cleanup Syst m.

1Control -P Passive RHR tRCS heat removal mode). '

*
.

PWR 2 Steam Generators / Main feedwater (MFW)/89ckup P Passive Contatronent Cooling.
] Feedwater. P Fossive Meat Renovat through contairunent
u Reactor shutdown Cooling, shett without PCCS water timits

a conteircent pressure.
23. Tube Rupture from Bypass PWR 2 Steam Generators /MFW/Sackup feedwater.

Not Cases A Depressurization System.

# The acceptability of ALWR requirements to address contairunent chattengas was based an the fot towing criteria:
1. Current LWR resistance to challenge acceptable for ALWR.

!2. Suf ficient ALWR design features added to increase resistance to chattenge by reducing the severity and/or ensuring contairunent.

* Passive plant design features which exceed requirements for current LWRs are identified with A (conunon to att AtWes) or P (passive ALWRs only).

~

' NOTE: ' Reproduced from Reference 12.
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The Plant Designers supported a requirement for the hydrogen plus LOCA load to augment
se traditional large break LOCA in ensuring a robust containment, because it provided an
objective criterion early in the design process based or, existing regulations for severe
accidents.

The LOCA plus hydrogen load is an SMB requirement that in practice applies principally
to advanced PWRs. As shown on Figure 2, a parallel LDB requirement specifies that
containment integrity be maintained during an accident that releases hydrogen generated
from 100% metal water reaction of the active fuel cladding (this requirement governs
advanced BWR capalility).

An evaluation was performed in Reference 13 to confirm the feasibility of the passive plants
- meeting this requirement. For the passive PWR, assumptions were as follows:

Hydrogen release from 75% oxidation of active fuel clad concurrent with peak-

LOCA pressure.

No credit for igniter system or for spontaneous ignition prior to full hydrogen-

release.y
1

Uniform hydrogen mixing in containment.-

For a design-basis LOCA, the maximum containment pressure is in the range of 50-55 psia.
At this pressure, the steam partial pressure is sufficiently high that combustion of hydrogen
is not possible, i.e., the contt.inment is steam-inerted. As the containment and steam
pressure decrease with time (as heat is removed from the containment by the primary
containment cooling system), the relative hydrogen concentration increases until combustion
is possible. The analysis in Reference 13 shows that the maximum post combustion
containment pressure is 98.5 psia which roults from the assumed adiabatic combustion of
all available hydrogen with containment pressure initially at 40.6 psia.

|

|[ The Service Level C pressure capability of the passive PWR containment is estimated to be

| 121 psia. Based on these calculations, it is apparent that there is significant margin between
the LOCA plus hydrogen (98.5 psia) and the Service Level C (121 psia) containment"

'

pressures.

Since the passive BWR _ containment is inerted with a nitrogen atmosphere, hydrogen
! combustion is not considered and the greater LDB specified total hydrogen generation;

| quantity controls the BWR design. The hydrogen generation associated with the oxidat_ ion
of 100% _of the active fuel cladd;ng is calculated in Reference 13 to increase the
containm'ent pressure from a LOCA pressure of 50 8 psia to a final pressure of 106.4 psia.

The Service Level C containment pressure capability is estimated to be 110.4 psia which is
greater than the LOCA plus h: drogen pressure of 106.4 psia.

- 126 -
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lAmd1From low Pressure Core Melt

|
This requirement specifies that the loads trom low pressure core melt accident sequences !
not exceed Service Level C limits. Reference 13 defines the characteristics of the low |
pressure sequences in detail. Based on Reference 13, the best estimate containment i

pressure profiles are shown in Figures 3 and 4 for the passive PWR and BWR, respectively.
.

While these calculations and the limits are preliminary since the design is still evolving, it |
is evident that significant margin exists between the severe accident loads and the Service I

Level C limit.

Containment Uljimate Capacity Analysis

This requirement specifies that the Plant Designer estimate and report the ultimate pressure
and temperature capability of the containment pressure boundary, and identify the
associated containment failure mode. This provides information required followmg the TMI
accident and expected by the NRC in Standard Review Plan Sections 3.8.1 and 3.8.2 While
the passive plant containment designs have not been developed to a point where an accurate
relationship between the ultimate capacity of containment and other structural capacities
such as design pressure can be established, conclusions can be drawn based on typical
ASME Code Allowables analyses and scale model test results, as presented in Reference
13.

Based on a 1:8 scale containment model test and analysis (by Sandia) [14] and a Japan
Atomic Energy Institute containment analysis for a 40 psig design pressure containment, the
PWR containment pressure at collapse load is expected to be approximately 3 to 4.5 times
the design pressure. In addition, there is a margin of approximately 1.1 to 1.25 between the
collapse load and the uhimate (failure) containment pressure. Accordingly, it is expected
that the ultimate failure pressure for the passive PWR containment would be in the range
of 170 to 250 psia.

Evaluation indicates that the BWR_drywell head will be the limiting component of the
: containment vessel and the same margins as those estimated for the PWR containment

would be expected. Evaluations of the drywell head plastic capability indicate that the
ultimate _ capacity would be a pressure of approximately 1.6 times the Service Level C
pressure, or about 1_70 psia.

The ultimate pressure capability is depicted in Figure 3 and 4 and shows significant margin
beyond Service Level C limits.

PRA Confirmation

-While detailed PRAs are not yet complete for the passive plants, preliminary results indicate
that' core damage frequency is well below the 10 per year ALWR goal. Significant margin ;

4

4
to the 10 ,25 rem goal also exists. Sequence types other than low pressure core melt are i
expected to yield calculated frequencies lower than ~ 10 per year.4

- 127 -
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PIIYSICAILY-BASED SOURCE TERM AND DOSE EVALUATIONS

In addition to explicit consideration of severe accidents in the design, the ALWR program
has developed a revised design basis fission product source term to replace the old TID
14844. This revised source term is based on the physical phenomena which occur during
a core damage event thereby providing a much more physically correct representation of the
source term and thus a more rational design basis for mitigation systems. Reference 15
provides details on the ALWR work.

Table 3 shows a comparison of the physically-based source term and a revised NRC source
term _which is being developed for the ALWR. Differences are not major and work to
resolve the differences 6 unArway.

It is an ALWR Program objective to obtain redelmition of emergency planning
commensurate with the passive plant design. A necessary plant capability in this regard is_ j

to maintain best-estimate site boundary dose below 1 rem. Using the physically-based '

source term and taking into account URD requirements and preliminary mitigation system
design capabilities, site boundary doses are estimated at less than 0.5 rem for 24 hours after j
the accident.

'

CONCLUSIONS

The main conclusions from the Passive ALWR URD effort in the containment performance
area are as follows:

Severe accident containment challenges are being systematically and explicitly.

addressed in the design and the deterministic requirements coupled with PRA
confirmation provide high confidence that plants designed to meet the ALWR
requirements provide effective severe accident containment performance.

Design requirements address a comprehensive list of potential containment.

challenges through such means as plant features, operating characteristics, and
evaluations. Assessments of the effectiveness of these requirements indicate
that either the challenges are effectively precluded or the containment can
accommodate the challenge.

Margin. exists between the loads resulting from severe accidents and the-

Service Level C limits.

Significant margin exists between the pressure corresponding to Service Level-

C and that pressure at which containment ultimate capacity would be
expected to be exceeded.

For a realistic source term which is expected to bound that from any credible-

core damage sequence, the site boundary dose is less than 0.5 rem.

- 130 -
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Table 3. PWR Source Term Comparison

Requirements Document NRC Preliminary

In-Vessel Ex-Vessel (Dry) In-Vessel Ex-Vessel (Dry)

Nobles 1.0 0 1.0 0
'

Iodine .55 .1 .47 .29

Cesium .48 .1 36 39
Tellurium .11 35 .175 .29

Strontium .004 .002 .03 .12
;

Ruthenium .001- .01 .008 .004.

Ce .00004 .001 .01 .02

La .00004 .001 .002 .015

Timing 1-5 hrs. for most of release 1-2 hrs. for in-vessel
2-4 hrs. for ex-vessel

Chemical Form 97% - Csl 95% - Csl
2.85 % - I 5% - I+ HI

.15% - Organic

:

!

i

e
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Study of Potential Design Margins in the Codes of Practice
'for Structural Design of Primary Containment

!

|
S S Ray |

Taywood Engineering Ltd
'

Abstract :
e

- The structural designs of nuclear power stations all over the world have been carried out using a
variety of codes of practice with hardly any uniformity. This may have given rise to primary
containment structures with varying degrees of margin against failure. It is fruitless to argue about

- the appropriateness of the various provisions in codes of practice for design and analyses formulated

by different committees in different countries. In this paper a method to find the available margin
against collapse is defined without making any reference to the codes of practice used in the original

design of the containmer.t_ structure. A structured step-by-step method is suggested which can be
universally applied irrespective of the location, condition, age or type of primary containment. The
three key factors in a containment structure are the geometry, the material properties and the loading.

Coupled with these there are two further aspects namely, $.e condition of the structure and the-
efficiency of the analytical method. Objective judgement of the elements influencing these factors
is suggested in the method of finding the avaDable margin. The whole process is based on the broad

philosophy of assessment of existing structuies where the geometric and material variabilities
assumed at the design stage have been consid:rably narrowed down and most of the analytical
conservatisms removed by the application of ; tate-of-the-art computer software and parametric
studies.

Introduction
o

Nuclear power plants require a large initial capital outlay due to the high level of safety features

L incorporated in the design. They are also expensive to decommission. In a number of countries
.

-_the first generation of nuclear power plants are reaching the end of their design life. Because of the

high cost of replacing old plants there are a number of programmes underway to extend the operating

licence beyond the design life of the plants. - An existing primary containment for a nuclear power
station would have been designed using the " state-of-the-art" analytical tools and design codes
available at the time it was designed. This paper discusses a' method of determining the available
margin against failure of the existing structure when assessed against 'an understanding of the actual
load effects and actual structural resistance. The margin is defined as the number which is obtained

when the calculated resistance of the structum is divided by the load effects. In calculating resistance

and the load effects the code of practice need not be consulted at all. The margin against collapse
of a primary containment can be estimated by consideaag the geometry and stiffness of the existing

structure and the likely effects of probable loads. The method described here can be applied-

irrespective of the code of practice that was followed in the design of the structure. The margin
. thus found gives a measure of conservatism in the Codes of Practice that was used to design the
structure.[1]

.
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Structural Survey _

Assessment of existing structures should start by canying out a structural survey which should be
as comprehensive as possible. The purpose of the survey is to determine the actual geometry and
the material properties of the structures along with the existing condition of the structure. A series
of destructive and non<lestmetive tests should be carried out to detennine the actual material
properties. The actual geometry should be detennincu measurement. In an operating power
s:ation it may not be possible to directly measure all significant dimensions of the primary
containment, so existing drawings may be used to find the dimensions which cannot be measured.

Non-destructive tests or insitu tests should be canied out at regular intervals on the accessible areas

of the primary containment on a square grid basis. The number of tests areas should be numerous
enough to give a statistically significant material property and geometric parameter. The
nsn-destmettve tests would typically include the following:

a) Depth of cover using a cover meter survey.

b) Concrete strengths using a rebcund hammer properly calibrated by cylinder test results on
samples obtained from the primary containment.

c) Electropotential measurements using a half cell combined with resistivity measurements,

d) Penneabihty testing using initial surface absorption equipment. )
e) Carbonation depth using che nical indicators.

f) Thickness of steelwork using ultrasonic equipment.

g) The ultrasonic Pulse Velocity (Pundit) technique to measure concrete quality.

Destructive testing which should be carried out at regular intervals would typically melude the
following:

a) Concrete cores at regular intervals.

b) Chloride content tests on samples from cores,

c) Alkali content tests on samples from cores.

d) Sulphate content tests on samples from cores.

c) Depth of carbonation in core samples,

f) Cement content in concrete core samples.

g) _ Aggregate grading in concrete core samples.

h) - Compressive strength of concrete in cores,

i) Petrographic examination of hardened concrete as per ASTM C856-088
-f < section analysis.

j) Endoscopic examination of grouted ducts in post-tensioned concrete.

| k) Stress-strain relationship of existing materials on samples obtained from cores.
I

1) Stress-strain relationship of samples of reinforcing and prestressing steel.

The visual assessment should determine the extent of cracking, sealing, spalling, rust staining,

teaching etc.
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Condition Factor- Fc

The concept of" Condition Factor"is important and its detennination is dependent on the experience
of the assessment engineer. This factor has a subjective element in it but when it isjudged against
all the factors goveming it, a scientific detennination of this factor can be achieved. It depends
mainly on the following aspects:

a) Quality Assurance During Construction: Fct

This factor plays a most vital part in the estimation of margin against failure. A strict regime of
Quality Assurance system when implemer,ted during construction assures a high degree of
uniformity in the finished structure thereby reducing the need for a large factor to cover the variations

in material propenies. The Q.A. system when practised rigorously would also assure that the best
construction methods have been adopted ensuring the highest achievable quality.

A fully recorded case history during construction should be pan of the Q. A. system which in tum
will record all the authorised variations from the construction specification. This system will also
record the frequency and nature of all construction material sampling and testing including all test
results. Tne factor Fei may vary between 1 to 0.5 depending on the evidence of the nature of Quality
System adopted during construcuan, An excellent Q.A. . system with recorded evidence of all
internal and external audits and control will command a factor Fei equal to 1.

b) . Inspection and Maintenance Ilistory: Fe2

It is important to have a fully recorded history of all inspection and maintenance work carried out
on the primary containment together with records of all accidents and repair works thereafter. The
condition factor Fe2 depends on the rigorous application of inspection routines. All changes should
also be available in recorded fomi on drawings. This will give a level of confidence on the
perfocmance of the primary containment under operating loads. This factor may vary between 1 to
0.9 depending on the recorded performance and maintenance history.

c) Visual Assessment of Primary Containment Fe3 ~

Following the structural survey and the visual assessment it should be possible to determine this
factor Fe3 depending on the extent ofcracking, scaling, spalling,laminations, rust staining, leaching,
etc. An estimation of this factor can be made on the basis of percentage degradation of the cross
sectional area of the concrete of the primary containment or loss of area of steel by corrosion. In
an merating Nuclear Power Station this factor is not likely to be below 0.95 and it will generally
vary between 1 and 0.95.

d) Management Factor Fc.t

This important factor is of a very subjective nature. It depends on the overall control that the
management exercises in the operation of the nuclear power plant. It also depends on the interest
and regular audit of procedures by the licensing or regulatory bodies. It may be dependent on the
attitude of owners, profitability of the operating contpany, changes in management structure, general

staff morale etc. Due to bad management routine maintenance may suffer badly resulting in
degradation of strength of safety related items. This factor is usually equal to 1 in a highly safety
conscious environment.
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Fe = Fet x Fe2 x Fe3 x Fc4 s 1.0 (1)

Material Factor p
This factor represents the material strengths as actually exist in the structure and not the postulated
characteristic strengths adopted at the design stage. Following the structural survey and sampling

and testing the variability of the existing material properties should be clearly known, which should

give a greater degree of confidence in determining the ultimate structural resistance. There are many
factors which cumulatively govern this factor and they are enumerated below.

a) Statistical Malerial Property Factor - Ymt

In the design phase uncertainties exist regarding the actual strength of materials when compared
with postulated design strength. A large factor Yml is usually allowed to cover his uncertainty at _

the design phase. From an assessor's point of view this may be unduly conservative because the

strength of materials will be judged statistically from the test results on samples taken from the
actual structure. If this is not possible, then the material strength test results recorded during the
construction phase should be used to determine this material factor, and it should include an
allowance for the likely difference in properties Setween laboratory and the actual insitu

environment.[34]

When the characteristic material strengths and other properties are obtained statistically from test

results on samples obtained from existing sweture, then the material property factor Ymi should be
taken equal to 1.0. Where the material strengths and other properties are only obtainable by
reference to records during construction, then this factor may be between 1.0 and 1.2 depending on

the consistency of the- test results.

The material strengths in question here are for the ultimcte limit state provided the strains and
deformations of the structure remain within failure limits. A non-linear analysis may be carried out

with the failure criterion decided by strain rather than strcss and this may be the " ideal manner" in _

,vhich a true margin agsinst failure can be found. To ilh. strate the margin available against failure
in materials normally used in construction namely, cold worked Deformed Bars (Type 2) as per BS

4449 the following typical test results are reproduced below.135]

Size No. of Mean S.D. Actual Specified Mean Margin

Tests U.T.S. Character- Character- Margin for Yield
istic U.T.S. istic Yield Available

2
N/mm N/mm2 N/mm2 N/mm2 N/mm2 %

16 144 569 19.6 536 460 76 16

20 40 564 12.3 543 460 83 18

25 72 562 24.3 522 460 62 13

32 47 557 16.2 530 460 70 15

40 28 605 26.7 561 460 101 21
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The design of containment structures is usually based on characteristic yield strength for most codes
of practice.

b) Material Failgue Factor Ynd |
1n steel containment struetures fatigue can te a problem due to ope 9tional transients such as start up, f
shutdown, etc. Fatigue at containment penetradons and bellows should be considered depending |
on the number of stress cycles over its opetating life. Fatigue in containment concrete, prestrets j

! and trinforcement is not considered to be significant. This factor may be taken as 1.0 except for :

elementi, where large stress variations occur over numerous cycles. References (2], [3], [4], [5),
16), [7), [81, [26].

c) MaterialThermal Cycling Factor Ym3

Material strength degradation may happen due to large variations of temperature over many cycles
|

during the operating life. The degradation 'al depend on the chemical composition of the materir.ls
in o.ucstion and this factor may wry considerably depending on the temperatcre range and the

;

number of cycles. Specialist literature should be consulted to detennine this factor. References (9], '

[10], [11].

d) Material Radiatioh Exposua i' actor Ym.

The effects of radiation on concrete has been studied at several research institutiors. Depending on
the type of aggregate and cement matrix the effect of radiation may not be severe and is limited to !
discrete zones close to the source of radiation. The degradation of strength over a long period of |

intense exposure may be estimated by reference to specialist literature. This factor may be
considered equal to 1.0 under nonnai reactoroperating regimes. References [12], [13], [14] & 115].

c) Material Chemical Degradation Factor Yms

Concrete suffers from attacks by chlorides and sulphates. Alkali-aggregate reaction,if pmsent, can
substantially reduce the rtrength. The sampling and testing routines of existing concret: will
establish whether any chemical degradation of concrete has taken place or is likely to take place.
1.ikely loss of strength due to various chemical attacks is reported in many specialist literamres and i

based on ther fmdings this factor may be dctermined. References [21,[16],i17),[l8),[1N,[20],
[21), [22), [23), [24).

Corrosion is a major problem in steel structures, prestressing tendons and steel reinforcement.
Normally in reinforced concrete the reinforcement is protected against corro';an by a number of
physical and chemical processes. Firstly the highly alkaline environment within concrete
encourages the formation of protective oxide films on steel surface. Secondly it provides a physical
and chemical barrier to the penetration of moisture containing dissolved salts, carbon dioxide,
oxygen and sulphur dioxide. The passage of electrolytic corrosion currents is also restricted by the
high resistivity of the concrete. The insitu non; destructive and destructive tests should show the

steel to be depassivated and the half cell potentiometer may demonstrate the presence of electolytic
corrosion currents. Based on visual inspection and test results a detenninetion of this degradation
factor is possible. Reference [251

,

f
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liydrogen embrittlement could be a serious problem for prestressing tendons exposed to the gas.
Tests should be carried out on samples of prestressing tendons to evaluate the effect of hydrogen

absorption (25,33].

f) 51sterial Age Induced Factors ym6

When strength is determined t>y actual tests on samples obtained from the existing structure, the
age induced factor for concrete and steel may be taken equal to 1.0 When sampling and testing is

not possible, then the increased strength of mature concrete may le assessed by detennination of
concrete age and the average temperature experienced during ageing. A widely accepted strength

gain equation is given by:

-s
[ A + 11loga (h1 * 10 )]'7e (2)

2where, A = 21 and 13 = 61 for feu = 17 35 N/mm

M = Age of concrete in hours * Temperature in "C.

Wdern finely ground cements do not gain strength with age as much as older OPC. liowever,
there is still suffr .nt gain if minimum cement content for durability is used in prac' ice. Moreover
it is known that panial cement replacement by Pulverised Fuel Ash (PFA) or Ground Granulated i

131ast Furnace Slag (GG11FS) considerably increases the rate of strength gain during maturation.

The material age induced factor will be less than 1.0 in this case. Reference (2).

Age-induced stress relaxation in prestressing tendons is a known phenomenon and various specialist
literatures give values of this rate of relaxation depending on the manufacture and composition of
the tendons. The material age induced factor can be determined by reference to these documents.
Reference [29], [30). Though this is a material property factor, but the effect is on the permanent

prestressing load as stated in the section on loading.
4

g) Material Rate of Strain Factor Ym7
,

This factor allows an increase in strength of materials due to high rates of strain and may only be

applicable to loads which cause very rapid increase of strain. An increase in yield strength of low
|

|
and intermediate-grade structural and reinforcing steel with increasing rate of strain has been
reported by many. There is also a dynamic increase of shear strength and ultimate tensile strength.
Similarly,in concrete marked increases in both 'E' values and strength have been observed at higher -
rates of strain. Eanhquake loading results in a rate of strain in the structure which is much higher
than that used to determine the concrete crushing strength or the steel ultimate strength. This factor

obtainable from specialist literature may be applied when loads causing high rates of strain are
considered in the coinbination. References [27), [28). This factor, if applicable, w 11 be less than

1.0.

Ym = N x u x k x m x p x u x p 21.0 (3)

The stress-strain relationship obtained by test should be divided by this Ym factor for in,.ut in the
..
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arelytical mcxlel. Each material type will have a different yn w hich is also dependent on the types
ofloading in the combination. It shocid be noted that different pans of the structure may have a
different %n for the same material depending on the distribution of the various components of this |
material factor. |

Loading.

The object is to find the " worst credible load" on the primary containment during its service life.
The loads will be reassessed and the load factors will apply to individual types of loads depe, ding
on the degree of uncertainty. This is not code checking and hence, the load factors suggested by the

codes of practice for universal application will be unsuitable for this exercise. Each type ofloading !

will be judged indi'vidually on the basis of structural survey and a plant "walkabout", the level of

. uncertainty will be judged, and a load factor applied to cover the imponderables. The following
types ofloading are normally encountered forglobal analysis and design of the primary containment.
Accidental localloads from missile or aircraft impact have been left out from this exercise because

the code margin under investigation refers to global collapse resulting in uncontrolled release of
radioactivity. TM local effects are excluded from the analysis. *

a)- Dead Im > ator yd
The sampling and site survey carrim out should be sufficient to find the Dead Load with a degree c'
accuracy which should not require a ,y additional factor of uneenainty. If the dead load is detennined

with reference to drawings only, then a factor between 0.90 to 1.10 may be considered depending o..
whi-h produces the most adverse effect. His is to account for the variation in geomeuy and the variation
in material density. This f actor could be taken as 1.0 when the calculation of dead load is based on actual

p ometry and material densities. The dead load in this context should include weights of all permanent

structural and non structuml components including all fixed plant and equipment.

The dead load should also include other pemianent loads such as prestress. The prestressing load
must take into account time dependent relaation of steel and creep and shrinkage of concrete.

b) Operating Live Load Factor w

This live load is due to the occupancy of the building and due to the loads from plant and equipment

which are not fixed to the structure. The design is nonnally carried out with postulated uniformly
distributed occupancy loads on floors. This may be considered unacceptable when an assessment
for the global failure load is tving carried out. A more exact detennination of the global live loads
during operation will be necessary. A well planned survey of floor areas over a period of time will
give a feindication of the amount oflive load nonnally present. The factor y will depend on the
degree ^f uncertainty and may be as high as 1.2. It may be quite acceptable to find from the operation

routines of the station the total weight of all occupancy and movable plant, equipment, tools and
tackles, and then distribute this load onto various areas of occupancy. Likely storage of components
for routine maintenance should also be taken into consideration,

c) Operating Temperature and Pressure Loading Factor'ym

The operating pressures and temperatmes on a primary containment structure are not usually severe

but they have to be included in the analysis of load effects. The values of these presssures and
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l

temperatures which are kept within strict operating limits can be obtained from the plant operating
history. The overall factor yo must reDect any uncertainty of these thennal and pressure loadings.

30 should nonnally be equal to 1.0.

d) Accident Pressure Load Factor yp

The object is to find the " worst credible pressure load" which depends on the maximum mass and
energy releases in the containment. Depending on the size and configuration of the containment
and the other structures within it the pressures can be computed using the maximum seleases. If s

these calculations prove without doubt that for accidental releases due to breaks in the primary and

secondary piping the postulated pressures will not be exceeded then the load factor yp may be taken

as 1.0.

e) Accident Temperature Load Factor yi

Again the object is to find the " worst credible temperature" which in turn depends on the maximum
energy releases into the containment. If the calculations prove thai the maximum postulated
temperatures of seleases will not be exceeded, then the load factor vi may be taken as 1.0.

f) Seismic Margin Earthquake Factor ye

This earthquake excitation may not be the design basis canhquake which could have a higher
probability of occurrence. This earthquake is the worst credible at the site of the nuclear power
station considering all the geotechnical and tectonic features of the surroundings. For example the
geotechnical studies have demonstrated at a particular nuclear power station site in UK that the soil
subgrade is incapable of tre mitting an canhquake with peak ground acceleration greater than
0.27g. So,in this instance the Seismic Margin Earthquake is 0.27p. Similarly for other sites the
worst credible intensity and magnitude of earthquake can be detennined by considering the available

geotechnical evidence. If the credibility of the earthquake acceleration is in doubt then a factor pe
greater than 1.0 may be allowed. The ground liquefaction potential should be investigated and the

Seismic Margin Earthquake may be limited by the failure of subgrade.
-

g) Seismic Aftershock Earthquake Factorya

This additional scismic load may be introduced because the Seismic Margin Earthquake could
induce a mass and energy release due to a pipe break. The postulated worst credible pressure and

temperature loads will not act simultaneously with the Seismic M argin Earthquake of short durr. tion,
but is likely to be present when an aftershock of less intensity occurs. The level of acceleration of
the aftershock requires a probabilistic study involving geotechnical and tectonic considerations.
The level of uncenainty in the determination of peak acceleration, for the aftershock may be covered

- by the factor ya.

h) Other Loads
in the design of a containment structure many other loads are considered viz snow loads,
equipment / piping reaction loads, tornado loads, hurricane loads, missile loads, etc. These loads do
not fomi part of this assessment because their effect will create either a local failure or, there is
statistically an extremely low probability for these loads to occur simultaneously with a seismic

margin earthquake.
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Combination of Loads

In order to find the available margin against global collapse only two combinations of loads may
be relevant, and they are described below.

LC1 = yd x D + -)t1 x L + Yro x0+ye x Em (4)

LC2 = Wa x D + yn x L + yp x P + yn x T + y, x Ea (5)

D = Dead load

L = Live load

O = Operating Temperature and Pressure Loads

Em = Seismic Margin Eanhquake

P = Accident Pressure 1 cad

T = Accident Temperature lead

Ea = Afler-shock Eanhquake

Analysis Factor Ya

This factor is introduced to account for the uncenainty in the analytical procedure adopted. ya may
have a value from 0.8 to 1.5 depending on the degree of accuracy in the modelling of structure and

materials and the use of the analytical computer code. The limitations o'the computing techniques
including available hardware and software will affect the level of conservatism, which in turn will

determine the value of ya. This factor has a subjective element in it but may be objectively
determined by parametric studies of analytical methods on simple models, or by comparison of
results of analysis with those obtained from tests on models or prototypes.

Load F ;t Evaluation Procedure

In an ideal situation with limitless computer power a full 3-D non linear model of the primary
containment may be created. This model should incorporate full material non linearity and should
include all items of structure contributing to strength. The steel liner wr the primary containment
is not normally included in the structural strength calculations but it can act compositely with the
concrete containmeat to provide additional margin against collapse. Difficulty may arise in trying
to model the soil with a view to including soil-stmeture interaction. The strain-dependent soil shear
modulii and damping values may be obtained for different soil layers by reference to available site
investigation data. Some additional geotechnicalinvestigation may be necessary to remove any
doubts. S@ ay be modelled by 3-D solid elements with strain-dependent non-linear properties.
The boundary of the soil structure, may be assumed well away from the structure based on
Boussinesq pressure influence surface. Parametric studies on simpler models could help detennine
non linear soil properties which produce the worst effects. The soil, if modelled using non linear
solid elements, could effectively predict basemat uplift.
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The canhquake may be applied to the model as an acceleration time history obtened artificially
from a design basis response spectrum for the appropriate level of damping anticipated. For a
non linear collapse load analysis the damping level may be as high as 10% of critictl. A parametric
study on a simplified model may be required to justify the use of one of the many possible time
histories that can be artificially guerated within the envelope of a design basis resprinse spectrum.

Site specific time histories are very difficult to obtain and hence an FRS and a postulatea duration

may be used to obtain these time histories.

For non-linear analysis the load combination LCi will be applied in increments.Yrd x D in increments
will be applied first, followed by y1 x L and Yrox 0 The deformed structure will then be subjected
incrementally to ye x Em where the acceleration level will be gradually brought up to the level of
the postulated Em. The failure criterion is strain based with stiffness approaching zero at points
where the limits of strain are reached. A global failure will be signalled when the stiffness of the

whole structure approaches zero. The loadin w e LCs -hen completed in incremental fashion !

may show sufficient reserve of strength. A i cm h ' 't > 't then be applied incrementally

till a global failure occurs. In other words, at e 5'e K t ,A wocess of incrementalloading

starting with Ml' x Ym x D followed by other low u y ' ! le apt,ilec, Similar loading application
pnwedure will be followed for the loadcase LC2 and a Jifferent M2' will be found. The dynamic l
analysis for the carthquake will be carried out using no slinear material properties. Based on this !

analytical pnwedure the analysis factor ya may be 1.1 to cover the uncertainties still remaining.

The finalloadings incrementally applied which result in predicted failure of the primary containment

are as follows:

LCt = M ' x yd x D + M/ x y x L + M ' x yro x0i i

+ M/ x Yre x Em (6)

LC2 = M/ x yd x D + M/ x w x L + M/ x yrp x P

+ M/ x Yrt x T + M/x Va x Ea (7)

M'is the lower of M/ and M/ thus found.

The code margin M = M' x Fe (8)
'

Ya

h should be noted that M l'and M2'could be less than 1.0 signalling that the predicted worst possible

loads in combination cannot be resisted by the containment structure.

|

{

L
|
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Dolormination of Analysis Factor Ya

The analysis factor, as defined previously, is dependent on the computational mcthmi applied to
find the combination of loading which may cause stmetural collapse of the primary containment. {
The traditional method of analysis in clastic range with full superimposition of loads and no ductility -

incorporated may give rise to an analysis factor which is only 0.5. Whereas, a full 3D Non linear -

analysis with a proper concrete model (Fig.1) and reinforcement mmlelled as truss elements may
increase the analysis factor close to 1 or more depending on the level of uncertainty. It should be
noted that the concrete model illustrated is a simple uniaxial stress-strain relationship. Actual
triaxial stress strain relationship available as pan of ADINA package is much more complex and is
considered to be outside the scope of this paper. He following options may be looked into before
deciding on the analysis factor to be applied to find the code margir..

a) Scale Model Studies

These studies including dynamic shake table testing may be used to calibrate the non-linear finite

element programme. For static mechanical loads the non linear F.E. analytical techniques
j (computer code ADINA) have been validated in the case of 1/!O scale model studies of Sitewell
'

'IP Containtnent [31,321. It may be necessary to carry out small scale model studies on shake

tables to calibrate an F.E. package which is to be used for non-linear dynamic analysis. Dese
studies increase the confidence level and bring the analysis factor close to 1.0. Scale model studies
are ideal but expensive.

b) Parametric studies on a 1.inear Elastic F.E. Model of Containment
A less expensive option may be to carry out a full range of parametric studies on a linear elastic
F.E. model created for the analysis of the containment structure. The variations in material
properties are already covered by the factor Ym and the uneenainties of the loadings are covered
adequately by y The variables which are not adequately covered are the soil propenies and the
canhquake time history. Parametric studies may be carried out with the full range of possible soil
parameters and the probable canhquake time histories. The worst credible stress results from these

parametric studies may help select the soil model and the canhquake time-history. [ Fig. 2] [36]

Conclusion

The method described in the paper can be used to compute the available margin against collapse
for any primary containment - new or old. 'Ibe margin thus found may be used by licensing
authorities for considering extension of operating life or renewing licences. The application of this
philosophy cari be particularly suitable for the assessment of ageing nuclear power stations where
adherence to modern safety related design principles cannot be guaranteed or in situations where
access to original design documents may not be available.
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DESIGN CONSIDERATIONS FOR
CONCRETE CONTAINMENTS UNDER SEVERE ACCIDENT LOADS

Mohammad Amin' A. Curt Eberhardt' Bryan A. Erler*
Sargent & Ltmdy Sargent & Lundy Sargent & Lundy

Abstract

Current containments have been shown to accommodate credible severe accident loads. Future
containments should be explicitly designed for severe accident loads to address the uncertainty
associated with the response of containments to these low-probability events. This paper
examines the experiences from the application of current stnictural design codes for concrete
containments, ultimate pressure capacity evaluation of existing containments, and pressure
fmgility testing of scale model concrete containments to arrive at the directions for modification
of national codes. Recommendations are pmvided to consider the severe accidents directly in

_

the concrete containment design.

JNTRODUCTIOB

Steel-lined concrete containment stnictures are currently designed to the requirements of codes
as follows:

American Society of Mechanical Engineers (ASME), Section III, Division 2,*

Subsection CC for parts of pressure loundary that are backed by concrete
ASME, Section III, Division 1, Subsection NB for parts of pressure boundary that*

are not backed by concrete

Containment internal stmetures are designed to the requirements of ACI Standard 349 and the
American Institute of Steel Constniction (AISC) Specification, as applicable. Effects of
impulsive and impactive loads on internal stmetures are evaluated using inelastic respcmse and
ductility limits.

- The containment design procedures and requirements were basically developed in the 1960s and
1970s. At that time, a sudden large-break loss-of-coolant accident (LOCA) was used as the
design-basis accident (DBA). Current experience shows that existing containments can
accommodate severe accidents.

In the 1990s more is known about severe accidents and containment stmetural response to severe
accidents. This infonnation has become available through severe accident research, stnictural
evaluation of existing containments, testing of full-scale containment elements, and testing of

' Engineering Supervisor in Stmetural Deputment
S
Partner and Assistant Manager, Structural Department
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scale models of various containments. Because of this increased infonnation and to reduce the
risk and uncertainty of future containments to severe accidents, future containments should aim
be explicitly designed for severe accident loads.

Design for severe accidents implies explicit denni' ion of severe accident loads that affect the
containment. Ahhough these loads are yet to be quantified for different reactor types and system
designs, it is now clear that the following four types of challenges to the containment should be
addressed (see Reference 1):

static overpressurization combined with temperature,*

dynamic pressurization,*

internal missiles, and*

melt attack on concrete internal structures.*

Additional provisions in the containment design codes are necessary to directly consider the
severe accident loads in the design of future containments. This paper examines the experience

l

from three sources to arrive at the directions for code modification. The three sources examined
are:

containment design experience including those design experiences obtained from*

using current requirements of ASME Code, Section III, Division 2,
experience gained from calculating the ultimate pressure capacity of existing*

containments, and
obserWions made on pressure fragility tests conducted on containment scale*

models.

Through this examination, directions for changes in the ASME Code Section III, Division 2 are
suggested. Recommeridations are also made for other organizations and committees in the
containment design /research community to provide additional guidance for considering severe
accident loading in containment design,

pFSIGHEXPERIENCE

Figure I shows the cross-section through a post-tensioned containment. The nuclear steam
supply system (NSSS) has a signincant influence on the containment design. The example of
Figure 1, chosen to summarize current design experience, is for a 1000-MW, two-loop,
pressurized water reactor (PWR).

The equipment and radiation shielding requirements imposed the following minimum
requirements for the containment configuration:

The internal diameter of the cylindrical wall (144 feet) was dictated by the space*

required to accommodate all necessary equipment in a functional manner,
The minimum height to r,pring line was dictated by the required elevation for the*

crane book. The crane hook clevation is determined to ensure that major

152 -

- , __ _ _ _ _ _ . . _ _ ._ ____. _ _. _



._ _ _ _ _ _ _ . _ _ _ . - _ _ - __ - _ _ _ _ . _ _ _.

|

equipment can be erected, moved during refueling, and removed from the ,

containment. :
The radiation shielding requirement sets minimum thickness for the containment |*

wall and dome. t

The loads and load combinations for the design of containment shell and basemat are provided
in ASME Code, Section III, Division 2. Table CC-3230-1 lists 15 load combinations to be
considered. Table 1 indicates the 4 load combinations out of 15 that have usually been found -

to govem PWR, prestressed containment design. The Combinations 3, 8, and 11 usually control
,

the design of the shell. The Combinations 11 and 15 control the design of the basemat. |

Table 1. Imad Combinations Usually Goveming Design of Shell or Basemat
(Shell: Post-Tensioned; Basemat: conventionally reinforced) _;

.

Combination No. Factor on
ASMB Code Pan of Containment

load Category Table CC-3230-1 P, Seismic' Affected

Nonnal 3 0 0 Wall and dome -

Abnonnal 8 1.5 0 Wall and dome

Abnonnal/ Severe 11 1.25 1.25 E. Wall, dome, and
environmental basemat

.

Abnonnal/ Extreme 15 1.0 1.0 E,, Basemat ,

'

environmental

'E,, E,, = Effect of opemting and safe shutdown canhquakes, respectively.
.

The LOCA pressure, P., is the most significant load for design of the containment wall and
_

dome. Experience shows that usually canhquake loads are of such intensity that they do not
necessitate a change in containment concrete outline. The earthquake loads can be :
accommodated by adding reinforcement in the areas of the shell that are optimally sized for the
LOCA pmssure.

Although P does not appear in Load Combination 3 in Table 1, its effect is reflected by the a

pn stressing load in this combination. Reference 2 discusses the optimal selection of the design
pmstn:ss level. It is mon: economical to select the design prestress to fully counteract any
membrane tension that occurs due to 1.25 P, in Load Combination 11 rather than counteracting
1.5 P, in Load Combination 8; bonded reinforcement is provided a carry the additional tension
demand of Load Combination 8. Since P, detennines prestressing level, the pressure effect is
reDected in Load Combination 3.

:

The LOCA pressure, P,, and temperature, T , depend on containment free volume. Figure 2
shows typical variation of P, with volume for a PWR containment. The design of containment

s
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clements is not affected by T,; however, T, affects displacements somewhat. Economic studies
using preliminary designs, material take-offs, and unit costs are necessary to establish the
optimal mnge for P, Such studies, reported in Reference 2, show the optimal range for P, is
from 50 to 60 psig.

Reference 2 also considered economic configuration for the shape of the dome. Of the two
attematives, (a) hemispherical dome with inverted U vertical tendons and (b) ellipsoidal dome
with ring girder for anchomge of dome and wall tendons, the hemispherical dome was found to
be more economical.

For the example in Figure 1, the design pressure, P,, is 54 psig. The elevation of the spring
line was detennined by using a hemispherical dome, with a 144-foot internal wall diameter, and
the limitation for the crane girder location to provide for the volume corresponding to 54 psig.
The wall thickness of 4 fect-0 inch and dome thickness of 3 fect-6 inches satisfy the radiation
shielding requirement, the Service Level allowables for concrete compression in Load
Combination 3 (specified f', = 5500 psi), and the space required for the sendon and bonded steel
placement.

The basemat is conventionally reinforced. The basemat thickness is principally controlled by
foundation material chamcteristics. For the rock site in this example, the 12 foot mat thickness
satisfies the Load Combinations 11 and 15 with three or four layers of bottom reinforcement,
two layers of top reinforcement, and shear ties thmughout the basemat.

Currently, ASME Code, Section III, Division 2 pennits considering the effects of concrete
cracking in detennining intemal shell forces. Steel stresses in bonded reinforcement are always
limited to the clastic range for Service Loads. For primary Factored Loads, some yielding in
the bonded reinforcement is pennitted; however, no yielding can occur in the membmne zone
of the shell. For membrane plus bending, bonded steel strains are limited to 2 x yield strain.
Tendon stresses are limited to the clastic range for both load categories. The liner plate
allowable strain limits in Table CC-3720-1 exceed plate yield strain for Service and Factored
Load categories.

Two features in the internal stmetures of Figure I should be noted because of their relevance
for severe accident design: (a) the primary and secondary shield walls, in addition to supporting
the NSSS components, provide missile shield function against internally generated missiles; (b)
the 3-foot-thick concrete fill slab pwtects the basemat F'er. Design for potential melt attack and
missile effects of severe accidents should utilize des (s arrangements, material selection, and
impactive load design techniques to accommodate the demands on containment intemal
structures. A committee of ACI 349 should fonnulate appropriate approaches for these aspects.

CALCUIATED PRESSURB CAPABILITY OF DESJGNED CONTAINMEBLTS

Since the incident at Threc-Mile Island nuclear plant, it has become necessary to calculate the
ultimate pressure capability of containment structures. This is required by Standard Review Plan
3.8.1, although no specific acceptance criteria for the calculated capacity is specified. The
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calculated capacities are also used in probabilistic risk assessment studies, including the on-going !

individual plant examination (IPE) in response to Generic Letter 88-20.

Table 2 summarires the results and acceptance criteria used for pressure capacity evaluation for
the PWR, prestressed containment discussed in the previous section. The containment itas been
designed to the current requirements of ash!E Section III, Divisions I and 2. A simplified
global shell analysis using axisymmetric elements was used to detennine the shell response to
pressure , prestressing, and dead loads. Nonlinearities due to concrete cracking, yielding of
bonded reinforcement and liner, and basemat uplift were considered in the analysis. The
minimum specined material properties were used in the response evaluation.

Table 2. Capacity Factors' for hiajor Elements in Pressure Boundary
of Example Containment (Pressure = b5 psig)

1

| Parameter Acceptance Criteria Capacity Factor'

Strain:
Hoop tendon Yield strain = 0.01 1.00*

hieridional tendon Yield strain = 0.01 1.20: *

Liner 12 x yield strain - 0.02 1.40*

Iloop reinforcement 5 x yield strain = 0.01 2.86*

hieridional reinforcement 5 x yield strain = 0.01 2.00*

Radial Shear:
* Basemat near containment - ash 1B, Section III, 1.19

wall junction Division 2, Subsection CC,
Containment wall near Factored Imad allowables 2.90*

basemat junction
- Continment wall away Greater than 18*

from basemat junction
* Dome Greater than 30

Parts not backed by concrete:
Buckling of spherically AShfE, Section III, Division 1.06*

dished head in 25' diameter 1, Subsection NE and
equipment hatch Appendix F, Service Ixvel D
Highly stressed part of allowables 1.02* '

emergency exit airlock
(clastic analysis, surface
stress intensity).

* Capacity Factor = Response due to Pressure + Criterion Limit

Table 2 also summarizes the acceptance criteria used for various elements. These are strain
limits for tendons, liner, and bonded reinforcement exclusive of shear ties. For radial shear,
the Factored Load allowable of AShfE, Section III, Division 2 is used. For parts of pressure
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boundary, not backed by concrete, the Service 1.cVel D allowables of the ASME Code,
Appendix F are used.

The following observations are made from the resuhs in Tule 2:

The pressure capacity of the containment is governed by the hoop tendon yielding*

in the membrane zone of the wall. The ultimate capacity, P,, is 155 psig. This
capacity is 2.87 times the design pressure, P , of 54 psig.
At 155 psig, liner and bonded reinforcing bars yield; however, a margin exists*

against the strain acceptance limits used. These limits were set based on the 1:6-
scale model reinforced concrete containment test. (This model is further
discussed in the next section). The calculated liner stmin at P, is 0.014. This
stmin exceeds the corresponding stmin limit of 0.003 in Table CC-3720-1 of
ASME, Section III, Division 2.
In this containment, shear ties are provided in the basemat, dome, and wall*

except for the wall elevations from 40 feet above the basemat io 19 feet below the
spring line. Considering the provided shear reinforcement, the calculated margin j
factors are comfortably high.
For parts of pressure boundary not backed by concrete, clastic aaalysis and the*

Service Level D allowables used here show these elements do not govern.
Current ASME Code permits using the Service Level D allowables for dynamic |

loading, such as jet impir:gement, but not for pressure loading. The use of
Service Level D allowables for ultimate capacity evaluation is considered
conservative. Code guidance is needed to have m;m realistic allowables for
ultimate pressure evaluation.

Although not reflected in Table 2, it was also necessary to resolve certain displacement-related ;

issues to show acceptability of 155 psig for P,. These issues involved potential interactions with
the polar crane bridge, piping, and adjacent buildings.

Table 3 summarizes the calculated P, for six containments. The design time- frame for these
containments spans from the 1960s to the 1980s. Three different groups of engineers were
involved in these evaluations. Although there is a ("fference in the selection of material
properties used in analysis (i.e., minimum specified or actual), the calculated P, values are 2.5
or more times the corresponding design pressure, P,. In all cases, the wall memorane capacity
has been found to be the controlling element.

ERESSURE CAPABIIIIY FROM TliSTS

Testing of scale-mn lel containments to failure and interpreting results using analytical models
with increasing wgrees of sophistication provides useful basic infonnation. For design
purposes, however, simplified global models are needed because the intent of the design is to
estimate a pressure capacity at which a containment reaches a limit but does not fail. ;
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Table 3. Calculated Ultimate Pmssure Capacity, P,, of Several Concrete Containments

.__

Design Criteria and
Containraent Tirne P. Material Properties P,

Case (Source of Data) Frame (psig) for P. (psig) P,/P.

1 PWR, post- Late 47 * Hoop tendon 134 2.85
tensioned 1960s yielding
(Reference 3) Average actual*

properties

2 PWR post- 1970s 50 * 11oop tendon 125 2.50
tensioned yielding !

(Reference 4) Minimum*

specined
properties

3 PWR, post- Late 54 * Hoop tendon 155 2.87
tensioned (This 1980s yielding
paper) * Minimum

specified !

properties
,

4 BWR, Mark II, hUd 45 * Iloop tecdon 228 5.07
post-tensioned 1970s yielding
(Reference 5) Average actual*

properties

5a 13WR, Mark til, Late 15 Yielding of all 67 4.50*

reinforced 1970s reinforcement at
(Reference 6) critical section

near spring line,
hoop direction
Average actual*

properties

$b Same as 5a Same as Same as Same as 5a 56 3.73*

5a 5a * Minimum
specified
properties

6 BWR, Mark !!!, Late 15 Yielding of all 95 6.3*

reinforced 1970s reinforcement at
(Reference 5) critical section,

mid-height of
wall, hoop

-

direction
Average actual*

.

properties
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The following infonnation items from the fragility test, on the 1:6 sale mmlel reinforced
concrete containment are considered important for implementing design procedures (see
Refervnce 7)-

Except for minor inodifications necessitated by the scaled down fabrication and*

construction requirement, the design reflected the ASME, Section III, Division [
t and Division 2 requirements. The design accident pressure was 46 psig.

~

*

Failure occurred due to a liner tear near a cluster of piping penetrations.*

Ahhough the model was pressurized up to 145 psig, the discussion in Section 3
of Reference 7 indicates this liner tear (nitiated at a pressure of 140 psig. This
test result yields a ratio, P/P,, of 140 + 46 c 3.04
The wall-to-basemat junction did not show any indication of shear distress at the*

maximum test pressure. The discussion in Section 5.9 of Refu-nce 7 projects
a shear capability corresponding to internal pressure of 175 psig. >

At maximum test pressure, the peak strains measured in the liner and reinforcing* <

bars at locations that were not subject to stmin raisers (i.e., the far-fiw , trains)
can be used to develop strain based acceptance criteria. The values used in Table
2 were developed from this considemtion and measured strains from the 1:6-scale
model test. When such limits are used with global containment analysis,
additional refined analytical models are not necessary for design purposes.

DIMQN CODIL6HD_HIEWATORY IhiEL.!CA11DNl

Based on our experience in past containment evaluations for severe accidents, it is clear that
existing containments have the capability to handle severe accidents because of the margin
between the design basis condition and the actual ultimate capacity, llowever, future
containment designs need to explicitly address the containment capability to handle severe
accidents in order to reduce uncertainties associated with the response of containments to these
low probability events. The containment structural design requirements, defined in the national
codes, should be independent of the mechanistic evaluation of the containment system to
detennin,: severe accident loads. Guidelines for making detenninistic evaluations to obtain
containment severe accident loads considering different reactor types and system designs should ,

be provided by the U.S. Nuclear Regulatory Commission (USNRC) with input from industry
(i.e., owners, NSSS vendors, engineering finns, and research laboratories). |

Although the quantification of severe accident design loads for different system designs and
reactor types remains to be made, the types of load challenges are known The containment
stmetural design code committees should now fannulate code modifications for directly
considening severe accidents. It is with + a ent in mind that recommendations for future code

uarized in this paper. Suggestio is for ASME,changes am made based on infonnatic a e

Section III, Division 2, Subsection CC; Abtli, Section III, Division 1, Subsection NE; and ACI
349 follow.
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ASMH, Section III, Division 2, Subsection CC 1

The stmetumi design of the concrete containn, i pressure L9undary is within the scope of this
standard. The review of design experience show hat the LOCA pressure, P., most signincantly

,

influences the containment arrangement and design. In view of the acceptability of previous !
designs, the design concept considering LOCA loads should be maintained; additional checks '

should be provided to consider ultimate pressuie capability. The code currently has two
;

categories: Service leads and Factor leadt It is proposed that a third category, " Ultimate
,

leads," should be developed. This category would include one load combination defining the
load factors and allowables for the static severe accident pressurization combined with
temperature. As a minimum, guidance should be provided for the following items:

The code should provide guidance for making a global, axisymmetric, static,*

nonlinear analysis for the ultimate pressure condition combining the effects of
concrete cracking; yielding of liner, reinforcing steel, and post-tensioning
tendons; and basemat uplift.
The code should define strain based acceptance criteria for liner, reinforcing*

steel, and tendons for global far-field sindus, which would ensure that local
stmins remain within their ultimate limit. These limits may be based on far-field
test strains in scale containment models. Values used in Table 2 were obtained
from the 1:6-scale reinforced containment model test (see Reference 7).
The code requirements for the Ultimate Load category should consider realistic*

criteria for flexumi shear. The conservatism in current Hexural shear
requirements of the code for Factored lead category should be reexamined for ,

use in the Ultimate lead category. Pursuing containment model test results
discussed in References 8 and 9 may be one approach to arrive at more realistic
shear criteria.
Rules should be developed to ensure that the capacity at penetrations exceedt the*

sheb failure mode capacity.

The addition of the Ultimate Imads category to the code will factor in the displacement-rc!ated
issues into the design pmcess. The availability of code procedures for static overpressurization

,

will also be useful for a first-order assessment of dynamic pmssurizatloc. if such a severc !

accident condition needs to be addressed.
|

|- ASMB, Section III, Division I, Subsection NB

The design of pressure boundary not backed by concrete is within the scope of this code. Code
guidance should be provided for reviewing components for static overpressurization considering
existing test and analysis results on containments and penetrations. Criteria for shell e'ements
subject to buckling am particularly important because buckling by itself does not imply a failure ,

of the pressure boundary.
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ACI Standant 349

The severe accident challenges of melt attack and missiles will require design actions related to
layout arrangement, material selection for boundaries that can be Imtentially in contact with the
molten core, and impactive load design. A conunittee consisting of representatives from ACI
349 and organizations with expert'se in the containment severe accident events should be fonned
to prepare recommendations for addressing severe accidents in ACI Standard 349.
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Figure 1. Cross Section Through a T3 pleal PWR
Prestressed Concrete Containtnent
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Figure 2. Variation of LOCA Design
Pressure with Containment
Volume (Typical for PWR)
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DIISIGN llASliS AND S!!Vi!Rii ACCIDIINT CONSIDliRATIONS
FOR Till!

SYSTl!M 80-l * CONTAINMl!NT DI! SIGN
l

Raymond !!. Schneider and Lyle D. Gerdes
Ailli-Combustion lingineering, Inc.

J. Todd Oswald and J. Frank Snipes, Jr.
Duke !!ngineering & Services, Inc.

AbSLtact

Containments for Advanced Light Water Reactors (ALWRs) must not only be designed for
design bases conditions but also be evaluated for postulated severe accident concerns. This paper
presents the containment design description for the System 80+ ALWR, the conservative design
bases specined and the System 80+ ALWR design features to prevent and mitigate the

. challenges considered in postulated severe accident scenarios. Included in the containment design
bases are postulated primary and secondary pipe break conditions and seismic requirements for
an envelope of site conditions with a control motion having much higher energy content than
those used for existing reactor designs. Severe accident considerations addressed include
prevention and mitigation design features incorporated into the System 80+ ALWR.i

1.0 INTRODUCTION

The controlling design basis events for the System 80+ reactor containment consist of postulated
large breaks in the primary and secondary piping and the Safe Shutdown Earthquake (SSE).
The use of conservative design bases, design and analysis methods, and acceptance criteria
provide a robust System 80+ containment design which is also capable of withstanding the very
low-probability beyond design basis events (seveie accidents). All credible challenges to the
containment have been evaluated and, in addition, design features have been included to prevent
and mitigate postulated severe accidents.

2.0 CONTAINMENT DIISIGN

2.1 Description -

The System 80+ Standard Plant design includes a two hundred foot diameter, J-3/4 inch thick,
free standing spherical steel containment vessel enclosed in a cylindrically shaped cor. crete shield
building with a hemispherical dome (see Figure 1). The lower portion of the steel sphere is
encased in concrete. Major accesses include a large equipment hatch and two personnel a:rkxks.
The design provides a large dry containment with a free volumc of approximately 3.L x 10'
cubic feet (see Figure 2). The spherical shape provides maximum cyrating and l<ydown area
'for constniction, maintenance, and refueling.
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2.2 Codes _aniStandards

The containment is designed to the requirements set forth in the ASME Iloiler and Pressure
Vessel Code i11. Analysis is performed for service loads, stability, ultimate capacity (including
hydrogen burn), and construction loads. Design bases loads and combinations are per NUREG-
0800 |2|, and Regulatory Guide 157 |31

3.0 DESIGN _lMSES

The safety design basis for the System 80+ containment is the requirement that the release of
radioactive materials subsequent to an accident does not result in doses in excess of the values

'

specified in 10CFR10014j. The containment must withstand the pressure and temperatures of
the design basis accident without exceeding a design leakage rate of 0.34% volume for the first
24 hours and me percent volume thereafter is based on a leak rate associated with half of the
peak pressure assuming a 0.34% volume leak rate at peak pressure.

The controlling service level design basis events for the System 80+-containment consist of
postulated iarge breaks in the primary and secondary piping and seismic excitation. These

'

events produce the maximum temperatures and pressures in containment and the maximum
. dynamic inertial loads. The maximum compressive stressas for me stability analyses are
produced from a vacuum pressure due to inadvertent spray initiation and seismic excitation.

3.1 PostulateiDeslDLll&3iS_fipc_llicRks

The postulated pipe breaks which are limiting for the System 80+ containment design are the
double ended guillotine breaks in the primary system piping, referred to as the large Loss of
Coolant Accident (LOCA), and the double endea guillotine break in the secondary piping,
referred to as the Main Steam Line Break (MSLil). Th_c containment pressure and temperature
design requirements resulting from these postulated breaks are 49 psig and 290"F, respectively.
All other postulated breaks are also evaluated for plant and systa:m design; however, the large
LOCA and MSLil are controlling for containment design.

3.2 Scismic_ncsigitilases,

i

!- The System 804 seismic design parameters were chosen to envelope the majority of potential
nuclear reactor plant sites in the United States and abroad. Iloth current and anticipated Nuclear

;

i Regulatory guidance were considered in selection of both ground motion and soil profile

L parameters.
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3.2.1 Soil Profiles
i

To cover a maximum range of possible site conditions where the System 80 i design may be I
constructed, a range of generic site conditions was selected. A total of 13 cases were developed
conesponding to 12 soil cases and one rock case. Since each potential site has unique seismic
response characteristics, the investigation and selection of multiple generic sites for design-

purposes required the consideration of resonance between the bunding structures and the site soil
strata. -The sites selected for LH Soil Structure Interaction (SSI) analyses have free-field
amplifications that cover a broad range of frequencies with which fundamental structural
frequencies may coincide. Hence, the envelope of the results provide the maximum seismic
resp (mse to the SSE and Operating flasis Earthquake (OllE) motions when the plant is founded
on soil sites that are bounded by the selected soil profiles.

Generic soil sites were selected by first choosing four generic site categories designated A,11,
C and D. These categories were chosen to represent appropriate total thickness of soil everlying
bedrock. Site Category A consists of 52 feet of soil overlying bedrock. The soils in Category
11 extend to a depth of 100 feet and those in Categories C and D extend to depths of 200 and 300 >

feet, respectively.

One case was selected for Category A and one case for Category D; these were designated Case )
A-1 and Case D-1. Four cases were initially selected for site Category 11; these were designated |

Cases 11-1, B-2, B-3, and Ib4. Three cases were initially selected for site Category C; these I

were desig< ited Cases C-1, C-2, and C-3. Upon examination of the results of the respanse
analyses for these cases, three additional cases were added. The additional cases were designated .

'
Cases 11-1.5,11-3.5, and C-1.5. The latter cases were selected to properly and conservatively

Icover the response at frequencies that did not seem to be adequately covered by the other analysis
cases. A shear wave velocity distribution with depth was selected to provide a reasonably wide ,

range and also to provide significant contrast in velocities at certain depths for a selected number |
L of cases. 1

3.2.2 Earthquake Ground Motion

The control motion design response spectra are anchored to a 0.3g peak ground acceleration.
They were developed with the objective of being in full compliance with NUREG-0800 |2|
guidance as well as the EPRI ALWR Utility Requirements Document (URD) |5|. Again, to
cover a maximum range of possible sites where the System 80 t standard design may be
constructed, three separate control motion spectra were developed:

a. Control Motion Spectrum 1 (CMSI): This spectrum is a soil spectrum identical to
Regulatory Guide 1.60 (R.G. l .60) |6| spectrum it is considered in order to cover sites
with deep soil deposits,

b.- Control Motion Spectrum 2 (CMS 2): This is a rock outcrop spectrum and ir ' :veloped
'

to cover sites typical of Eastern North America which could be subjected to earthquakes
with high frequency content.
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c. Control Motion Spectrum 3 (CMS 3): This is a rock outcrop spectrum and is developed
based on recommendations of NUREG/CR-0098 |7| primarily to cover lower frequency
motions which may not be covered by CMS 2. In audition, it is in full compliance with
NUREG-080012| Section 2.5.2.6, item 3, for " scaling the acceleration, vehicity and
displacement values by appropriate amplification factors." It is also enhanced with
respect to NUREG/CR-0098 |7| in the high frequency range to cover earthquakes with
high frequency content. The maximum spectral acceleration range is extended to 15 Hz,
as opposed to 8 Hz which is used in NUREG/CR-0098 |7| motions.

All of the above Control Motion Spectra are shown in Figure 3. CMS 2 and CMS 3 are applied
at the rock outcrop, and CMSI is applied at the free-field ground surface. All three motions are
applied to each of the 13 sites to conservatively cover all combinations. Figures 4 and 5
provide schematic representations of how the control motions are applied in the System 80 + Soil
Structure interaction (SSI) analyses.

,

3.2.3 Seismic Margin in Containment

The System 80+ containment has a large seismic margin beyond the design basis earthquake.
As stated in Section 3.2.2, the control motion design response spectra are anchored at 0.3g peak
ground acceleration. The containment structure would not be expected to yield until peak ground
accelerations of 0.6g at the rock outcrop or 1.2g at the free field surface are experienced.

4.0 SINHRE ACCIDENT CONSIDERATIONS

Severe accident considerations were included in the design of the System 80+ containment by
focusing on the truly risk significant concerns. The underlying philosophy in developing System
80+ severe accident design features is to emphasize accident prevention while simultaneously
providing design features to mitigate any severe accident. Tt.e design process utilizes
probabilistic risk assessment (PR A) methods to identify events and sequences which contribute
measurably to plant risk. Deterministic analyses, in support of the PRA, were used to identify
the best available courses of action for dealing with severe accident concerns. By doing this
early in the plant design process, it was possible to provide timely feedback to the designer on
the performance of critical systems and containment structures during severe accidents.

The following sections provide information regarding the severe accident prevention and
mitigation characteristics of the System 80+ design, and an assessment of the relevent severe

'

accident phenomenology as it applies to - u SO + .
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4.1 S.YSTEMJO+ DESIGN FEATUlUIS_lEDIND. lid FOR Sli_ VERE ACCIDENI-
PREYliNIlOE

A primary goal in designing System 80+ was to ensure that the probability of an initiating event
-becoming a severe accident was for all practical purposes negligible. To accomplish this goal,
PRA was closely factored into the design process. This close coupling of design and PRA
pravided an effective means for focusing on areas in the p ant PWR design which could be
improved and selecting effective design changes to both imNove plant reliability and reduce
public risk,

,

A partial list of System 80+ design enhancements include:

1. Use of a four train Emergency Feedwater System (EFWS) with two turbine driven pumps
and two motor driven pumps to provide a highly reliable emergency feedwater supply.

2. Use of a non-safety grade Startup Feedwater System for normal startup and shutdown
-

operations. This reduces the demands on the EFWS.

3, Use of a four train Safety injection System (SIS) with Direct Vessel injection (DVI) to <

enhance the reliability of the inventory control function.

4. Use of an In-cowinment Refueling Water Storage Tank (IRWST) to eliminate the need
for a Recirculation Actuation Signal (RAS).

5. Use of a larger pressurizer and larger steam generators to make the system response '
transients slower and more resilient.

= 6.~ . Use of a Safety Depressurizntion System (SDS) to provide the capability to depressurize
the Reactor Coolant System (RCS) allowing the capability for once through core cooling.

7. Use'of dedicated batteries, independent of the station batteries, to start the diesel
generators.

8. Use of a combustion turbine as an alternate backup AC source to the diesel generators.

As a result of increased evstem reliability and enhanced capabilities, the frequency of core
damage caused by internai events wu reduced to 6.'. x 10' events / year. This is well below the
typical 10' internal event core damage frequency cammonly found in PRAs of operating plants,
Also, the total core damage frequency including external events is 1.87 x 10' which is well
below the EPRI ALWR URD [f' goal of 1.0 x 105

._
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4.2 HEBhlB0+ DESIDtLENDANCliMIiNTS FOR USE IN SEVERE ACCilEtLT_
MITIGATION

in addition to systems designed to prevent accidents, System 80+ also contains many unique
design features to enhance severe accident mitigation and management. The overall go# 'f the
severe accident mitigation features of the System 80+ were to reduc 'he risk of a o a .al
containment failure given a core melt to 0.1 and to minimize the contribution ly2

containment failure events.

4.2.I Mitigatiallcatumslo_ErcrentliarlyluntainmenLibillurn

Existing PRAs note that early containment failures can arise as a result of various severe accident
phenomena. Mechanisms contributing to early containment failure include:

1. Ilydrogen Detonation
2. ~ Direct Containment Heating
3. Steam Explosions (In-Vessel and Ex-Vesse')
4. Rapid Steam Generation
5. Direct Corium Attack / Missile Generation

The following sections discuss these phenomena and the role of System 80+ design features in
mitigating severe accident consequences.

4.2.1.1 Hydrogen Deflagration / Detonation

The production of hydrogen within the RCS and subsequent release to the containment fo!!owing
an assumed core melt has been noted to be a potential contributor to early containment failure
for existing PWRs. Hydrogen combustion can challenge containment either statically, as a
deflagration (slow hydrogen burn) or, dynamically, as a detonation. In light of this concern,
System 80+ has been designed with several features to both mitigate and respond to this
containment challenge. These features are discussed below.

4.2.1.1.1 System 80+ Containment Design

The System 80+ design includes a large, spherical, open, steel containment. The containment
structures have been designed to enhance mixing, and the containment has been sized to ensure
that detonatable concentrations of hydrogen would not accumulate. Stress evaluations of this
design indicated that the System 80+ containment is a very robust containment design with an
ultimate failure pressure of between 185 to 208 psia (4 iach maximim radial strain) and ASME
Boiler and Pressure Vessel Service Level C limit of 155 psia for a temperature of 350"F.
Analyses of the ALWR designs of similar size to System 80+ (Reference 8)' clearly show that
the worst credible deflagration would result in containment shell loadings that are below the
Service Level C stress limits (see Figure 6). These evaluations were confirmed for the System
80 + .
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,

4.2.1.l.2 Hydrogen Mitigation System (IIMS)

In an attempt to overwhelm the hydrogen combustion concerns, System 80+ is also equipped
with an operator-actuated hydrogen mitigation (igniter) system. The purpose of this system is
to minimize further the potential hydrogen challenge. Use of the HMS early in a severe accident
scenario would ensure containment hydrogen challenges would be casily manageable.

4.2.1.2 Direct Containment Heating (DCII)

In the context of the System 80+ PRA, direct containment heating refers to a collection of
assumed severe accident processes that oce. 'jon lower head breach to pressurize an LWR
containment. Processes included in DCH are (1) the blowdown of reactor coolant system steam,
and hydrogen inventory into the containment, (2) the dispersal of corium into the opper
containment, (3) direct heating of the containment atmosphere, (4) combustion of hydrogen
released prior to and during the high pressure melt ejection process and (5) vaporization of
available water. Several of these processes are not independent and the presence of certain
processes in the DCH sequence may preclude others. However, all serious DCH threats are
associated with depositing large quantities of energy directly into the containment atmosphere and
therchy rapidly pressurizing the containment. In the design of System 80+, this issue is
addressed by providing independent means of preventing any significant corium dispersal to the
upper containment and by designing a strong, robust containment structure.

As discussed above, debris dispersal into the upper compartment is necessary for a DCH threat
to containment < In fact, EPRI supported analyses show that by using typical System 80+ design
parameters almost 60% of the total core inventory must be fmely fragmented and entrained in
the upper containment for a significant threat to' develop (see Figure 7 and Reference 9). To
minimize the potential containment threat due to DCH, ABB-CE has incorporated active (Safety
Depressurization System) and passive (" debris retentive cavity with a convoluted vent") means
for ensuring that most, if not all, the corium debris is retained within the reactor cavity. These
systems / design features are discussed below.

4.2.1.2.1 Safety Depressurization System (SDS)
l
i

The Safety Depressurization System consists of.' trains of operator actuated relief valves located
. on the top of the pressurizer. The SDS serves several roles in the System 80+ design. In the
._ context of severe accident mitigation, the SDS will allow a timely depressurization of the RCS
. to below the debris' entrainment threshold pressure. Reactor Vessel (RV) failure at RCS
pressures below the entrainment threshold pressure (approximately 250 psia for System 80 +) will
preclude entrainment of corium debris into the upper cavity. Successful actuation of this system-

L will change an otherwise W:'i Pressure Mel' Ejection (HPME) scenario, with considerable
entrainment potential; to a lew pressure core ejection with no or very little expected corium
debris entrainment. This limits DCH pressure spikes to pressures that only modestly exceed
design basis limits.
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4.2.1.2.2 Debris Rctentive Cavity

System 80+ includes a debris retentive reactor cavity configuration with sharp turns, overhangs,
'

flowpath offsets, and a " debris trap" for the specific purposes of de-entrainment and retention
of corium debris. Assessments of this ALWR design concept concluded that these design
features should enable the reactor cavity to trap 90% of the ejected corium debris even during
HPME scenarios.

4.2.1.3 Steam Explosions

A fuel induced steam explosion refers to the rapid steam generation and concomitant
hydrodynamic loadings that occur when molten metal (such as corium) discharged into a water
pool rapidly fragments and transfers its energy to the surrounding fluid. Steam explosions have
been hypothesized to occur both interior and exterior to the RV.

1

4.2.1.3.1 In-Vessel Steam Explosions (IVSE)
!

. An IVSE consists of fuel coolant interaction which can hypothetically lift the RV upper head or
generate a control rod $nissile of sufficient energy to b' reach the containment steel shell. _ Based
on conclusions of the Steam Explosion Review Group (SERG), it can be expected that the !

potential containment failure probability due to in-Vessel Steam Explosions (IVSE) will be on )

the order of 0.001 (Reference 10) While this probability is very low, several members of the-
-SERG believed this event to be even lower. In the System 80+ design the containment is
protected from the consequer.:es of an upper head or control rod missile by a missile shield
located above the RV. Should any material bypass the missile shield, it would have to travel

~

another 100 feet vertically, while still maintaining a sufficiently high vek> city before the ejected
material could pose a credible threat to containment.

4.2.1.3.2 Ex-Vessel Steam Explosions (EVSE)

An EVSE occurs when corium ejected from the RV lower head falls into a water pool. EVSE
loads are a potential concern for LWRs in that they can induce failure of RV supporting
structures which may, in turn, cause failure of piping penetrating the containment. EVSEs have
not been considered to be a significant threaJto operating PWRs considered in the NUREG-1150
risk assessments (see Reference i1). This conclusion is also valid for System 80+. System 80+
is equipped with a Cavity Flood System (CFS). Thus, EVSE can occur in the System 80+
design when the CFS is actuated in advance of RV failure. However, the consequences of an
EVSE are not' expected to be significant since the loadings associated with the EVSE will not
directly act upon the containment wall or any major RV or RCS supporting structure.
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4.2.1.4 Rapid Steam Generation

Rapid steam generation refers to the containment pressurization following RV breach associated
with the RV vessel blowdown and non-explosive steam generation due to the rapid quenching
of the corium debris. Assessments of containment pressure loads associated from assumed rapid
steam generation indicate peak containment loadings will be below 70 psia. These loadings are
well below the containment SerWee Level C stress limits and, consequently, do not pose a
significant threat to containment integrity.

4.2.1.5 Direct Shell Attack via Corium Impingement

The System 80+ containment is constructed to provide protection against missiles and hot gases
that may be generated during severe accident scenarios. This protection is provided by 5 feet
of concrete directly below the reactor vessel (3 feet at the edges of the reactor cavity) and
containing the full RCS within a 4 foot thick crane wall. The uppermost portion of the
containment shell is protected from missile impingement by the RV upper head miAe shield.
Thus, the System 80+ containment is invulnerable to direct corium attack below the top of the
crane wall and marginally exposed to only those most energetic and very low probability corium
missiles at the uppermost containment surface.

4.2.2 Containment Design Features to Prevent or Paolong Late Containment Failure

Mechanisms for late containment failure include:

1, Containment Overpressurization,
2. Ilasemat Melt-Through,
3. Temperature Induced Failure of Containment Penetration Sealant,
4. Delayed Hydrogen Burn.

Several design features of the System 80+ PWR are intended to prevent and/or mitigate the
_

| consequences of a containment failure by prolonging the containment failure. It has been a goal
- of the System 80+ design to deterministically demonstrate containment integrity for 48 hours
after the severe accident initiating event and to probabilistically demonstrate that the conditional
probability of containment failure following a core melt scenario is less than 0.1.

4.2.2.1 - Containment Overpressure Failure

Containment overpressure failure will result from steaniing of the cooled corium debris (or, for
that matter, an intact core) in _the absence of containment heat removal. Such sequences are of

. Iow probability due to the high reliability of the System 80+ Containment Heat Removal (CHR)
system. Severe accident analyses have demonstrated that even a partially functioning CHR
system would remove sufficient energy from the containment atmosphere to maintain containment
pressures well below failure limits.
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In the unlikely event of a total and extended loss of CHR, MAAP |12| analyses of the System
80+ plant demonstrates that even for an L . recoverable station blackout scenario containment

. pressures can be maintained below the ASME Service Level C stress limits for more than 48
hours (see Figure 8). It should be noted that the analysis presented does not include any
mitigative effects of station batteries. This long time to containment overpressure is a passive
feature of the System 80+ plant which is a combined effect of the availability oflarge quantities
of in-containment concrete (approximately 9% of the containment by volume) and a 500,000
gallon CFS coupled with a high strength containment structure.

4.2.2.2 Basemat Melt-Through

Basemat melt-through refers to the process of concrete decomposition and destruction associated
with an assumed corium melt interacting with the reactor cavity basemat. The basemat melt-
through scenario is relatively benign. The accident progression is slow (taking from several days
onward to penetrate the reactor cavity basemat) and the corium release to the environment is
negligible since most of the corium will vitrify into a relatively impermeable substance withiri
the containment's extended foundation.

To minimize the overall risk of containment melt-through System 80+ has been equipped with
a manually actuated continuous Cavity Flood System and the cavity has been arranged with a

2Hoor area consistent with the EPRI debris coolability guidance of 0.02 m of cavity floor area
per thermal MW of core power. The intent of this design is to ensure a continuous water supply
to the corium debris and to provide suf6cient area so that corium accumulations will be relatively
shallow (below 25 cm in depth) and coolable.

The System 80+ PRA assumes that,-as a consequence of the cavity design, the availability and
actuation of the CFS is sufScient to prevent a basemat melt-through scenario. While there is
general agreement that water will retard the corium progression into the concrete basemat, there
is not yet conclusive proof that a wetted corium debris bed with a depth greater than 25 cm will
be fully coolable.- It is expected that the engoing Melt / Debris and Coolability Experiments
(MACE program) will provide information to confirm the existing PRA position.

~

4.2.2.3 Temperature Induced Failure of Containment Penetration Scalant

During an assumed dry cavity _corium attack sequences, the containment atmosphere has the
potential to undergo a gradual, but significant, temperature transient. Analyses of typical System
80+ accident scenarios suggest that sustained temperatures in excess of 450* F can develop
throughout the containment within 48 hours after accident initiation. At these temperature levels
several common .penetratien sealants (e.g., Nitril, Neoprene) will begin to degrade and
potentially result in a localized conminment failure. On the other hand, several other penetration
sealants less prone to temperature failure are available on the market. By specifying an
appropriate scalant, this containment failure mechanism will be averted.
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4.2.2.4 Delayed Hydrogen Burn

A delayed hydrogen burn can occur anytime in a postulated severe accident once a large quantity
of hydrogen is generated and the containment atmosphere is not inerted. The most common
scenario where a delayed hydrogen burn can occur is when a hydrogen rich, steam inened
containment is sprayed with water. This process is typically operator initiated and can result in
a hydrogee combustion event at pressures just below the steam inening limit. Because of the
large amount of steam initially available, the combustion event is far more likely to be a
deflagration than a detonation. Furthermore, pressures generated during this event will generally
be below the containment ASME Service level C pressure and should be well below the ultimate
containment failure pressure.

As discussed in Section 4.2.1, System 80+ is equipped with igniters to burn off hydrogen at
-low concentrations. These igniters have been demonstrated effective in steam environments and,
therefore, when actuated sufficiently early, should serve to fully eliminate any significant
hydrogen induced containment threat.

4.3 SEVERE ACCIDENT CONSEOUENCES

The severe accident consequences for advanced reactors have been established such that the
probability of exceeding radiological doses greater than 25 rem at distances beyond one-half mile

' from the reactor will be less than 1 x 10' per reactor-year. PRA analyses for System 80+
indicate this probability to be less than 3 x 10' per reactor-year.

5.0 - CORCLUSION

The System 80+ containment is based on conservative design bases, design and analysis
methods, and acceptance criteria. In addition, the System 80+- ALWR design represents a
balanced approach to severe accident mitigation and prevention. Consequently, System 80+ is
adequately designed with respect to severe accidents and represents a significant improvement

_

in overall plant safety compared to existing reactor plant designs.

:

!

|
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COMPARISON OF Tile WESTINGilOUSE-GOTIIIC
CONTAINMENT CODE PREDICTIONS

TO PCCS TEST RESULTS

Marcia D. Kennedy
Joel Woodcock

Westinghouse, NATD

Abstract

The computer code calculations which are reported herein examine integral tests of a steel vessel
with intemal steam condensation and external heat removal by natural convection from a dry
surface. Several of the advanced nuclear plant concepts utilize a passive containment cooling
system (PCCS) to remove the heat released to containment following postulated events such as
a Loss of Coolant Accident. F,ch a system employs passive or natural draft air cooling to
transfer Leat from the steel containment vessel to the environment. This process is simulated in
the tests with a steel vessel and natural convection annular air flow. Heat is delivered to the
vessel using superheated steam. Results of test simulations with a computer code are shown.
A methodology is presented which includes mechanistic heat and mass transfer correlations,
including wall-to-wall radiant heat transfer. A dynamic stratification of internal non-condensable
gases is shown to explain the axial wall temperature distributions.

INTRODUCTION

Several of the advanced nuclear plant concepts utilize a passive containment cooling system to
remove heat released to containment following postulated events such as a Loss of Coolant
Accident. Such a system employs passive or natural draft air cooling to transfer heat from the -

steel containment vessei to the envirotunent. Air enters an annular space between the steel
containment vessel and the concrete shield building through inlets in the shield building wall.
The air then rises in the annulus as a result of the natural draft developed as the air is heated by
the containment surface. 'Ihe heated air exits the shield building through an outlet (chimney)
located above the containment shell. Heat is transferred from the containment vessel and the
shield building surfaces by natural convection and radiation. Heat is also transferred from the
containment vessel to the shield building inner surface by radiation. This process is simulated
in an integral Small Scale Test facility using a steel vessel and natural convection annular air
flow. Heat is delivered to the vessel using superheated steam, and the tests are allowed to reach
steady state. Although the facility has the capability to deliver cooling water to the outer surface
and to provide forced convection with a fan in the chimney, the test results which are examined
herein have pressure vessel heal removal by natural convection without water being applied to
the vessel outer surface and with the fan off. ,

A methodology is presented based on a modified version of the GOTHIC (Reference 1)
containment analysis code, referred to as Westinghouse-GOTHIC, which contains mechanistic
heat and mass transfer correlations including wall-to-wall radiant heat transfer. The methodology

!
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1

includes the use of both the computer code to predict flow fields and mechanistic correlations
based on local fluid conditions to predict heat transfer. In the buoyancy dominated tests, it is
shown that good agreement with the total vessel pressure and the axial wall temperature
distribution can be achieved by modeling the buoyancy of the delivered steam and the effects of
internal distributions of non-condensable gases.

A discussion of the analytical methodology is followed by a description of the tests and the
computer code. Some modeling requiremer.ts found to be important are summarized, and a
comparison of the code predictions to the tests is shown.

ANAINTICAL METilODS SUMMARY

The use of correlations to model heat transfer in containments is inseparable from die formulation
of the computer code in which they are used. 'Ihe historical correlations used by containment
pressurization transient analysis codes, such as Tagami's correlation (Reference 2) for internal
condensation, have a reasonable test basis. However, the correlations had been intended for use
in containment analysis codes based on conservation equations written for a singic large control
volume representing the entire containment. The use of a single containment control volume
requires that any correlations inherently include the effects of forced and/or free convectio 1 flow
fields within the containment. Computations with such an approach are fairly straightforward.

- However, such an approach raises questions when finer detail is required for internal containment
modeling. For example, it is not clear whether Tagami applies equally to compartments
containing a break and the inner surfaces of walls in a passively cooled containment, nor what
should be used for the Tagami parameters, volume and total energy. Another difficulty in using
total heat transfer coefficients is how to apportion the total heat transfer between convective and
condensing heat transfer.

Current requirements for containment analyses, arising from hydrogen issues and reliance on
passive cooling,, have led to computer models that can calculate fluid distributions within a

'
containment volume as well as within external annuli. Steam and non-condensables within the
containment volume can be separately tracked. With such computer models, fluid conditions in
the regions near structures are available. Since heat and mass transferred to structures (internal j

heat sinks and. the containment shell) are govemed by conditions locally within the given
boundary layer, it makes sense to correlate heat transfer to known conditions as near the
boundary layer as possible. Therefore, a methodology is being proposed that includes a more
completely formulated set of thermal-hydraulic equations linked with correlations based on bulk
fluid conditions relatively near a surface.

Justification for the proposed methodology then requires demonstrating that the computer code
adequately determines the fluid flow field, and thus localized bulk fluid conditions, as well as
the heat transfer based on those bulk fluid conditions. With the installation of mechanistic heat
and mass transfer correlations and a film tracking model into GOTHIC (discussed in more detail
later), the Westinghouse-GOTHIC code can be used to assess the validity of the proposed
methods.
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TEST FACIIJrY AND DATA

Description of Test Facility

The integral Small Scale Test (SST) facility, shown in Figun: 1, is a 24 foot tall,3 foot diameter
steel pressure vessel. The vessel can initially contain air or nitrogen at one atmosphere and is
supplied with steam at pressures up to 80 psig. A transparent acrylic cylinder around tlw vessel
forms the air cooling annulus. Convection to the air flowing in the annulus and radiation in;m
the vessel surface cools the vessel, resulting in condensation of steam inside the vessel.

i f
'4

q ~ 4 ft. dameter axial fan (not used)
_ _ e*

1 r\

/ h
- 5.5 ft. <imwter plexiglass annulus wall

_ __
1~ - ~"'

S 3 ft. duuneter x 24 ft high
pressure vessel,

_ _. - steam distributor pipe,

- perforated shield- -
-

, -.,*--

34 ft. high tonr with-

' C C platforms at 3 elevations'

|
- -

t t

a .-
,

air in 7, w air in. ,,

steam inlet
~~

condensate outlet

i

Figure 1. Section View of Small Scale Containment Cooling Test
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Saturated steam from a boiler is throttled to superheated conditions at a variable but controlled
pressure and supplied to the bottom of the vessel which for these tests initially contained air at
atmospheric conditions. A fulllength distributor was developed for the first series of tests. The

| steam is' distributed hiside the vessel by a pair of steam distribution pipes. he inner steam
| supply pipe delivers steam uniformly along the vessel length and is surrounded by a shield pipe

designed to mitigate lateral steam jets.'

An axial fan, which was used to control the cooling air velocity in previous tests, is located in
the chimney region above the test vessel. Although the fan was disconnected for natural draft
testing presented, the fan, a component of the upper chimney, was left in place for the natural
draft tests and adds only nominal flow resistance.

Test Results Summary

The relevant test conditions are presented in Table 1. A more detailed description of the test
facility and test results caa be found in Reference 3. He annulus velocities (shown in Table 2)-

| are low, indicating that the annalus heat transfer is govemed by a boundary layer in the expected
free convection regime. Based on the Grashof number, the flow is also turbulent.

! Table 1. Small Scale Test Facility Test Data Summary

Test Number S101 S102 S103 S104 S105
-

Run Number 33 29 29 35 34

Ambient Conditions

Ambient Temperature (F) 70 59 71 85 78

Ambient Pressure (inches Hg) 29.2 28.9 28.9 28.8 29.1

Ambient Relative Humidity (%) 68 61 61 87 %

Nominal Test Conditions

Vessel Intemal Pressure (psia) 30 45 60 75 90

Measured Average Test Conditions

Steam Inlet Temperature (F) 252 278 293 308 321

Condensate Temperature (F) 124 157 168 214 213

Condensate Flow Rate (lbm/hr) 49 84 % 120 121

!

!
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In Figure 2, the axial vessel wall temperature distribution is repre.sented by the AT from top to
bottom. The trend is relatively consistent for four of the tests. However, Test S104 demonstrates
a decreased axial AT of less than half that of the other tests. Investigations showed that Test

L S104 had been vented during part of the test, thus expelling an undetennined portien of the non-
| condensable inventory. This indicates that the presence of non-condensable gases inside the

vessel has a strong influence on the axial temperature distnbutions. Code calculations presented
later show that a dynamic equilibrium with axial stratification of the non-condensables exists
inside the vessel.

COMPUTER CODE CONSERVATION EOUATIONS

The GOTHIC computer code is a contaimnent analysis package which has been selected by
Electric Power Research Institute (EPRI) cnd a national users group for development as a
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reference containment analysis code. GOTHIC is a state-of-the art program for modeling
multiphase flow. It solves the conservation equations in integral form for mass, energy, and
momentum for multicomponent flow. The momentum conservation equations are written
separately for each phase in the flow field (drops, liquid pools, and atmosphere vapor). De
following terms are included in the momentum equation: storage, convection, surface stress,
body force, boundary source, phase interface source, and equipment source.

For computational efficiency, an option exists to simplify the momentum equations by eliminating
the convective terms and stress terms when the flow field is not dominated by their effects. It
should be noted that the gravity terms are retained so that buoyancy dominated flows may be
determined. At the same time the mass and energy conservation diffusion terms are climinated
because there are no velocity gradients available for their calculation. That option has been
exercised for these test comparisons. De tests presented are those with lower injected steam
flow rates, and thus are more likely to have an intemal flow field dominated by buoyant forces.
This allows the calculation of the distribution of hot gases with flows that are induced by
buoyancy.

IIEAT TRANSFER CORRELATIONS

The GOTIIIC code has been tailored by the addition of mechanistic heat and mass transfer
correlations for heat transferred from the vessel internal atmosphere, through the walls, and out
to the ultimate heat sink, the environment. The correlations include wall to-wall radiant heat
transfer in the annulus, as well as radiant heat transferred from a wall (heat sink) to volume
gases. The tailored code is referred to as Westinghouse-GOTHIC and retains the conservation
equation formulations discussed above. Although the boundary layer is not explicitly modeled,
the nodal approach used with Westinghouse-GOTHIC provides bulk conditions much nearer the
surface of interest for use .with the correlations. De computer code pcovides a coarse
representation of the velocity fields within the vessel and the annulus.

In the Small Scale Tests, heat is transferred to the pressure vessel wall by convection and steam
condensation. Heat is conducted through the vessel wall and is then transferred to the air annulus
by convection and to the baffle wall by radiation. Most of the heat removed from the vessel is
removed by the buoyant air flow through the annulus. A significant amount of heat is also
conducted through the baffle wall and transferred by convection and radiation to the environment
from the outside surface of the baffle wall.

A solution technique which includes wall-to-wall radiation necessitates a close coupling between
the vessel shell and the adjacent baffle wall. This coupling is accomplished by def' ing a pairm

of boundaries through the vessel and baffle walls, such that there is corresponMng vessel and
baffle portions that radiate to each other and border against the adjacent volume m des. The wall
heat source terms that are represented are the heat and mass transfer to a volume node from its
bordering walls. Convective heat transfer and steam condensation on the inside of the vessel,-
conduction through the vessel wall, vessel wall-to-baffle wall radiation, convection from the outer
vessel and inner baffle, conduction through the baffle, and convection and radiation from the
baffle outer surface are modeled.
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The convective heat transfer conelation applied to inner and outer surfaces of the vessel is the
-McAdams correlation for turbulent free convection. For the inner surface condensation, the
analogy between heat and mass transfer (Reference 4) is used. That is, the fomi of the

- convective heat transfer correlation is retained, and the Nusselt number is replaced by the
Sherwood number, and the Prandtl number is replaced by the Sclunidt number,

On the inside, the condensate film mass flow is determined as a function of elevation. The film
temperature is determined such that the overall heat transfer from the adjacent volume to the film
and through the film to the wall are balanced at any given elevation. The Nusselt condensation
heat transfer correlation as modified by Chun and Seban (Reference 5) to account for wavy
laminar flow is used to determine the heat transfer rate through the film.

For both intemal and extemal hear transfer, the application of these equations in Westinghouse.
GOTHIC is based on average fluid conditions within the volume adjacent to the portion of the
wall being evaluated. The use of those conditions varies from the traditional use of heat and
mass transfer correlations in which the driving force is taken relative to some environment
parameter much farther away from the surface of interest. De traditional approach is much
easier to apply in design situations and does not require significant computing power. The
approach in this paper has the potential to provide more accurate calculations for a wider range
of geometric .. but which also requires much more computation. De current approach is also
consistent 5 th the theoretical basis of correlating boundary layer heat and mass transfer

. phenomena to a bulk condition which is still well away from the boundary layer. When dealing
with complex flow geometries, it is preferable to apply correlations based on bulk local
conditions near a wall along with an appropriate calculation tool, allowing the flow field to be
explicitly calculated. Such a method is consistent with the fact that the heat and mass transfer
are govemed by conditions near the boundary layer rather than by ambient, or environment,
conditions. The traditional approach leads to a large degree of uncertainty and is difficult to
justify when dealing with geometries not similar to those tested (Reference 6).

WESTINGIIOUSE-GOTIIIC INPUT MODEL OF TEST FACILITY

Input Model Description

The small scale test is modeled by dividing the 24 foot vessel and baffle sections into twelve
nodes axially. Early studies showed that buoyancy driving forces of the heavier air-steam
mixture outside the shield pipe can cause the lighter, pure hot steam to rise near the center of the

- vessel, resulting in lugher steam concentrations near the top. To sufficiently describe the flow
and non-condensable fields inside the vessel, the internal volume is also divided radially.

The steam flow rate and enthalpy are specified as input conditions to the bottom supply pipe
volume. The steam flow rate at steady state is equal to the condensate flow, and the condensate
is allowed to drain. The system air content within the vessel is set based on the measured initial.
atmospheric conditions. The calculation is allowed to reach a steady state pressure for a given
steam flow rate, at which time the heat removed from the vessel is equal to the heat input to the
vessel.
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De external flow annulus is modeled with a pressure boundary condition that represents the
environmental density gradient, the appropriate flow area, and a total unrecoverabla loss
coefficient. ne annulus is divided axially into a number of nodes equivalent to those hide the
vessel.. The computer code explicitly calculates the flow rate through the annulus thn aalances
the internal and external density gradients with the unrecoverable losses through the annulus.
In this way, the conditions within the annulus are calculated and used with the heat transfer
correlations. Such conditions, although still well away from the boundary layer, are much closer
to the boundary layer conditions compared to cMeulations based on the environment ambient
temperature.

RESULTS

Westinchouse-GOTIIIC Comparisons to Tests

The containment pressure and axial wall temperature distributions are considered to be the
primary measures of code success. Table 2 shows the steady state vessel pressure predicted and
measured values for the two Series 1 tests, S101 and S102, that have internal flow fields
dominated by buoyant forces. The test results are very well predicted for the compiex situation
of combined intemal and extemal heat transfer. Both vessel pressure and annulus AT are
predicted within -5/+8 % which indicates that the heat transfer methods are reasonable. The
annulus velocity shows excellent agreement which supports the use of the code to calculate the
natural convection flows and the resulting conditions within the annulus.

Table 2. Measured and Predicted Pressures for Integral
Small Scale Tests Without External Water Flow

Test M/P
Parameter Ratio

S101

Pressure (psia) 1.06

Annulus AT (F) 1.08

Annulus Velocity (ft/sec) 1.00

S102

Pressure (psia) 1.01

Annulus AT (F) 0.95

Annulus Velocity (ft/sec) 0.%

,

t
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Figures 3 and 4 show the measured and predicted axial wall temperatures, divided by the inlet '

1:mperature for each test. 'Ihe abscissa is givea as the integrated vessel area from the bottom i

of the vessel, since that represents the area over which a thermocouple reading is assumed to
apply; this also separates the readings of the dome thermocouples which are not significantly 2

different in elevation. Both measured and predicted values show a significant axial temperature
gradient. Although comparisons have not been completed yet for the remaining three tests in this
series, the data from Test S104 (Figure 2) suppon the hypothesis that a dynamic stratification of
non-condensables within the test vessel occars. Since an increase in air concentration of only
a few percent can have an order of magnitude effect on the condensation
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rate, the observed axial wall temperature variations can be attributed to a higher concentration
of non-condensables at the bottom of the vessel, effectively insulating the wall from the central
hot column of steam. Figure 5 shows the axial distribution of steam pressure ratios (partial
pressure of steam / vessel total pressure) predicted by Westinghouse-GOTHIC in the nodes near
the vessel wali for Tests S101 and S102.
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CONCl,USIONS

There is good agreement with vessel pressures which is a measure of the total heat removal rate,
and with the vesnl wall axial temperature variation which indicates that Westinghouse-GOTHIC
is simulating the buoyancy driven flow fields, including steam and non-condensables, within the
vessel and through the annulus. The postulated dynamic stratification of non-condensables is also
reasonably predicted. The predicted flow field also indicated that for these tests, the lateral
velocities exiting the shield pipe are redirected upward by the buoyancy driven vertical flows
near the pipe.

Effons are ongoing to develop similar models for other Small Scale Tests as well as for other
PCCS tests with different vessel width-to-height ratios.
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Extensive Westinghouse-GOTHIC code development work has been completed and progress has
been made in developing an analytical methodology that provides good agreement with an
integral Small Scale Test facility. A model of wall-to-wall radiation heat transfer permits an
explicit calculation between the containment surface and the baffle wall, and from the baffle to
the environment. Models are also in place for the convective heat and mass transfer on internal
and external surfaces.

The multi-component, multi-dimensional capabilities of the code allow for the tracking of non-
condensables, including hydrogen, which will affect the condensation rates inside containment,
heat transfer coefficients, containment shell temperature distributions, as well as accounting for
dynamic stratification that may occur. Such multidimensional capability to address stratification
will be imponant for performing safety analyses for severe accidents.
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SBWR REINFORCED CONCRETE CONTAINMENT
STRUCTURAL PERFORMANCE DURING SEVERE ACCIDENT

Giampiero Orsini Giuseppe Pino
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Rome, Italy Rome, Italy

Abstracl
The Simplified -Bolling Water Reactor (SBUR) reinforced concrete
containment structure is analysed for its ultimate internal
pressure capability'under slow pressurizetion and the associated
temperature loads in case of severe accid tt.
In the first phase of tho' analysis an axisymmetric Finite Element
model-_1. 7 been considered with an increasing internal pressure
without temperature effects; in the second phase a temperature
: transient load has been applied to the structure before
pressurication.
Major topics of the performed analysis have been addressed, with
emphasis o n- the- fallere criteria applicable to reinforced
-concrete structure.

1. INTRODUCTION.

In the frame of more intrinsecally safe Nuclear Power Plants
development, a cooperation is in progress between ENEA-DISP and
GENERAL ELECTRIC Co. . aimed to ' study safety aspects of the SBWR

'

' plant in-case of severe-accidents.
' One of. _ the Lobjectives " of these studies is to investigate about-

the upper limit of 1 strength and tightness of the reinforced
concreteLcontainment structure (Fig. 1), internally lined with a
thin _ steel membrane,_ subject to a slow internal
overpressurization-and high temperature.

'

In: the . first -vork. phase, the analysis of the non-linear
structural behaviour of an axialsymmetric finite element model
has-been performed (Fig. 2);-in the next phase a more refined 3-D
non-linear'model of a 90' sector of the containment upper part

'

will be analyzed, in order to take into account the-stiffening
and_ strengthening action of the upper pool girders.
The complete working plan comprises also the analysis of local-

! strain amplification in the = liner surrounding a large typical
penetration and the study _of a protective ' steel structure
. withstanding steam explosion-induced loads, following the corium
: falling into:the water accumulated in the lower drywell.
In this report- the _first phase o f -- the' study and the results-

obtained from the non-linear analysis of the axialsymmetric model
'are discussed. Steel rebars arrangement as well as thickness of
'some1membres have been assumed from preliminary evaluations and
do not reflect the final ~ design solution.-
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2 CONTM NMENT LOADS DURING SEVERE ACCIDENT

A severe accident. consists of a failures and malfunctionings
sequence leading to the reactor core melting. The consequences in
terms of containment loads consist of rising of the internal
pressure and temperature, attaining very high values, and risk of
explosion (steam explosion, H2+02).
In this case we want to know the ultimate capability of the
concrete structure before loss of the containment integrity under
-the rising of internal pressure and temperature. The definition
of the worst loading time history as consequence of a definite
event sequence is affected by high uncertainties, then it was
decided to apply the loads following a simple and conservative
way: first.the total range of temperature and after the internal
overpressurization until the structural collapse.
Two reference levels of maximum temperature values have been
selected; 260 *C (500 *F) and 540 *C (1000 *F), as consequences
of the hypothesized accident scenarios.
The maximum value of temperature considered in this first case is
260 *C (500*F), reached in 72 hours, applied directly to the
steel liner. The applied temperat.ure time function is shown in
Fig. 3. In the upper pools, the maximum temperature of 100*C
(212*F) comes up from the water boiling in atmospheric
environment.
Dead and permanent loads were applied in the first steps of ,

'

calculation. In order to make a comparison two analyses have been
performed: .the first one with internal pressure alone and the
second one with the temperature rising added.

3. AXIALSYMMETRIC FINITE ELEMENT MODEL |

The finite element computer model was obtained from the drawings
of the plant. In comparison with the real containment structure, i

approximations _ were introduced, to the purpose of limiting the
; dimension and complexity of the finite element model to a-

! reasonable level.
L The main simplification has been the transformation of'the three-

dimensional real structure into an axisymectric computer model,
which implied disregarding penetration holes'and the girders of
the upper pools.
The containment structure is connected to the reactor building by
the floor slabs at the elevations -5400, 8064, 15714 and 22714
(ground level 0,00).

-A limited portion of the outer _ floor slabs, restraining the
containment . in . radial direction, -have been represented in the
analytical model.
The foundation slab was not included in the analytical model
because it is not a critical element for the containment
integrity and, owing to its great stiffness, the fixed restraint
at the junction with the cylindrical wall is adequate.

|

! -Also tir drywell steel head has not been included in the model,
because the purpose of the analysis is the structural behavjour

| of the reinforced concrete structure until loss of containment
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integrity. The drywell steil head does not work as an important_
i

restraint for the concrete structure, therefore can be studied
more_ easily-by considering it separated and subject to internal
pressure and azsplacement of its edge.
Looking at concrete structure analysis, the overpressure acting
on the steel shell is transferred to the edge restraint as a
vertical increasing force.

The load resistant members of the analytical model consist of ;

reinforced concrete walls and slabs and steel liner jointed to
the-containment wall through anchoring studs.
-The' anchoring studs were not represented in the model and liner-
concrete joints are_ set at the finite element nodes.

Also the interaction between rebars and concrete is simply
modelled by fix connections at suitable concrete elements nodes.

The finite elenient model consists of 993 four-noded isoparametric
concrete elements and 111 four-noded isoparametric elasto plastic
steel elements-for the liner.
Vertical reinforcing steel bars were modelled by truss elements
and hocp robars by ring elements, placed at nodes close to the
surface. Fig.s 4 and 5 show vertical, meridional and hoop
reinforcing steel bars. The total number of nodes is 1304 with
2582 degrees of freedom.

4. MATERIAL MODEL FOR CONCRETE

The- concrete behavi3ur- has been represented by the model
implemented in the ADINA code [1]. The basic principle is to
treat the general multiaxial stress-strain behaviour as an
equivalent uniaxial relation. To_this purpose twenty-four input

L points-are required, covering all the expected principal stress
j values,.to model the triaxial concrete compressive fallure

envelope.

The basic' features of this model include (1) a nonlinear stress--
strain relation allowing for the weakening of the material, (2)
stress. induced orthotropy, (3) failure envelopes deftaing tension

-

and compression failures, (4) post-cracking and crushing modeling
ability, including strain softening, and (5) loading. and
-unloading conditions. The concrete uniaxial _ parameters, used in
the analysis, are:

2- initial tangent module =- 530.000-kg/cm (200000),
- Poisson's ratio = 0.15,

2- uniaxial ~ cut-off tensile strength = 30 kg/cm (21),
2- uniaxial' maximum compressive stress (SIGMAC) = -350 kg/cm (-210),

, compressive strain at SIGMAC = -0.002
2--uniaxial ultimate compressive stress = -290 kg/cm (-168),

- uniaxial ultimate compressive strain = -0.0035 (-0.0045).

The values between brackets have been adopted for the analysis
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with pressure +-temperature until 500 *F (260*C). Unfortunately,
the-ADINA concrete-model parameters can not change throghout the
computer calculation following temperature variation. Then,
average values considering 'he temperature range of interest,
have been assumed from technr al literature data.

5. MATERIAL MODEL FOR STEEL

A thermo-elastic-plastic and creep model, with isotropic
hardening, has been used to represent the behaviour of the
vertical, radial rebars and liner [1,2]. It was impossible to use
the same material model for the hoop rebars because not accepted
by the code, then the thermo-elastic model was adopted for ring
-rebars when the temperature was considered.
The mechanical parameters for vertical and meridional rebars are
[3,4]:

T *C ry (kg/sqcm) Ey(kg/sqcm) Eh ALFA (1/*C)
20' 4200 2.lE6 7.0E5 1.E-5
200* 3600 1.75E6 7.0E5 1.E-5
300* 3150 1.57E6 6.0E5 1.E-5
650* 1680 0.99E6 5.0E5 1.E-5

for hoop rebars

20* 2.1E6 1.E-5
200* 1.75E6 1.E-5
300* 1.57E6 1.E-5
600* 0.99E6 1.E-5

.for the liner:

20* 1680 2.1E6 7.0E5 .E-5'

200* 1440 1.90E6 7.0E5 1.E-5
300* 1220 1.87E6 6.CE5 1.E-5

600* 900 1.10E6 5.0E5 1.E-5

The values offthe previous table have been selected.with the aim.
to perform a thermal-stress analysis of the structure reaching a i

temperature of 540 *C (1000 *F). For this ' level of thermal
load creep fenomena on steel elements begin to be not negligible
.[5].
The ADINA creep law a. 3 has been used [1]:

at a2 -a7/T (*K)
r t- e (1)creep" ae - o

with,-for."t"-in hours and "r?" in tons /sqm, a0=1.17E-4, a=4.8,

a2=0.7 and a7=34000, selected trom data reported in the CEB Model
-Code [ ).In the analysis performed with the maximum value of terperature
of 260 *C (500*C), the creep strain is evnerally negligible.
However, this material model has been used in order to load the
structure until 540 *C (1000 *F) in next analyses,

a
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L
y The analysis without thermal loading has been performed with an
g clasto-plastic material model, with isotropic hardening. The
p~ na t.o ri a l characteristics reported in the previous table in
r corrispondence of 20 *C have been assigned to stool elements.

6. MEl1[QD__Q" ANALLTICALJQWTJOF

In f ormat io.. on this s u b ,i n c t. are reported in the ADINA Code
Manuals [1,2) and only a ..rief description is given here. The
finite element system has been evaluated using an incremental
solution of the equilibrium equations:

LKU = t+dtg_ F (2)
t3

where L tangent stiffness matrix corre onding to theK = n
configuration of the system at time t t vo E '"g [=U gtor g(dE "= vectorincremental displacements (i.e., U U), 9=

of extena[F'1y applied nodal point loads corresponding to timet+dt, ani vector of nodal point forcos correspond 1.ig to the
internal stresses at time t.

1

The solution of the previous equation yields, in general, an
approximate displacement increment U. To improve the solution
accuracy and in some cases to prevent the development of
instabilities it may be necessary to use equilibrium iterations
in each or preselected time steps.

The main features of the first analysis without thermal load are
-

reported in the '911owing table:

Tabl 1. Analysis without thermal load

LOAD PATH LOAD STEP E( t ' ,IBRIUM NOTES

0 _ 15 0.1 ENERGY (E)
FORCES (F)

1.5 _ 3.65 0.05 E- F

3.65 _ 3.67 0.01 E-F

3.67 _ 3.68 0.001 F

3.68 _ 3.80 3.01 Fo

3.80 _ 4.65 0.05 F Starting of extensive
cracking in concrete

4.65 _ 20.4 P.01 NO

Stiffness was reformed at every step throughout the analysis and
equilibrium iterations had to be abandoned when extensive
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cracking of concreto started.

For the evaluation of the stress and strain state due to
temperature loads, a tranuient thermal analysis of the
axisymmetric model has been previously performed. The temperature
time histories for each nodal point have been calculated and then
applied to the structural raodel.
Thermal analysis of concrete structure, subject to severe
accident conditions, implies several problems related to mesh and
time stop selection, due to the low value of the thormal
diffusivity of the material. In this case, the assumed ,

temperature time history is shown in Fig. 3.,

To check the effectiveness of the F. E. mesh, previous studies on
simplified meshes having the same characteristics have been
performed and the obtained results in term of temperature _

distribution and heat flux directions were satisfactory.

A typical temperature distribution through the wall thickness is
shown in Fig. 6.

The structural behaviour under the previous calculated thermal
loads has been ovaluated by means of a non-linear F. E. analysis
whose main features are reported in the following table:

Table 2. Analysis with thermal load

.

Load path Load step Equilibrium Notes

'C;(hours) hours iterations

- ;(0, - 5.) 5. Energy (E) dead & perm.
Forces (F) load

0 - 43;(5 --21.5) 5. E + F concrete cracks .

1. behind the
0.5 cover

43.-61;(21.5-24) 0.05 E+F hoop concrete

2 cracks and, near
struct. joints,
meridional cracks

61-142;(24-49.6) 0.2 E+F concrete meridio-
nal cracks

142-260;(49.6-77.7) 1.5 E+F max internal
0.5 temperature

reached; begin-
ning of pressu-
rization.

'260-260;(77.7-81.5) 0.1 E+F pressure =1.8 bar
0.02
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7. FA11d1RE CRITEJUA

To set reference failure criteria for the analysis of the'

ultimate structural behaviour until rupture is a complicated and
hard task. The design codes usually used for structure
dimensioning are inadequate-in this case because they are limited
to the linear field. It is necessary to introduce into the
calculation the real stress-strain behaviour of materials until

.

'

rupture, paying attention to the specific conditions of stress i
and deformation of the consicored structure. The objective is to !

infer reasonable failure criteria, attempting to exploit the
reserve of strength above the elastic limit of the structure. In
the-case of a containment structure, the potential failure
mechanisms, causing the loss of containment integrity, must be
first recognized in order to characterize better the related
failure criteria. In this case, not considering the leakage
through penetrations and the drywell head, the principal failure
modes are:

liner tearing due to local ex wasive strain amplification-

before actual structural collapse,

- sudden _ structural collapse occurring when liner strains are
still small.

The first type of rupture, tearing of the liner, can not be
detected directly from _ the results of the axisymmetric gir.: al
model calculations, because the zones of discontinuity of the
liner and the real interaction between anchors and concrete are ;

not correctly _ represented in the model. Particularly, near i

penetrations where the liner _is welded to a thicker steel plate
and the anchor studs are generally arranged closer each other, ;

large strain amplification can - take place until reaching the |

| local-tearing. This-happer:ed in the test performed at the SANDIA
Laboratories on a it6-scale r.c. containment model where the
' liner . tearing near an electrica? penetration occurred :when the
free field-maximum principal strain was about 0.011 [6).

The: liner is ucually made op with a-very ductile steel, able to
sustain elongation greater than 20% in the stantard monoaxial
tension-test. Also--in-biaxial tension. stress state, as-usual in
pressurized containment,. It keeps a - great capacity to sustain
plastic -deformation. In the Sandia 1:6-scale model post-test
evaluations [7), -it was demonstrated that also_ the use of an
empirically-based critorion alone, the Davis Triaxiality Factor,
could not explain the liner tearing and a decisive role must be
ascribed to the interaction with'the anchoring studs (mainly) and
- to local . discontinuities such as thicker penetration _ plates,
which causes large amplifications of the strain. In conclusion,
- great uncertainties arise for stating a deterministic strain
limit value in this condition and, after assuming that accurete
verifications are performed in discontinuities areas and of the
interaction.with the anchors, only an engineering judgement can
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be expressed. Of courso, from a safety point of view,
conservatism must be introduced and the exploitation of the
material plastic resources must be limited. On these bases, the
limit for the principal plastic strain is assumed at 2%, taking

,

into account the possibility of local strain amplifications.

The second type o ind of containment integrity involves a large.

structural failur, ~ reinforced concrete members.
Where membrano t re.c tion forces are prevalent, the concrete gets
cracked and the robar net sustains the load. In this case the
structural failure occurs when the ultimate strength of the
robars material or splices is attained. Due to the closeness of
liner and robars, their strains are similar, therefore the
fallure limit of the liner strain, which was assumed taking into
account the probability of local large amplifications, is reached
first. In structural zones where large bending moments occur,
high compression stresses give rise to concrete crushing, while
tensile strains can be lower than the liner limit strain. The
ADINA code accounts for concrete crushing transferring the
stresses to the surrounding concrete elements and to the rebars
placed in the compression region.

The concrete failure criterion is the one implemented in the
ADINA code. Starting from the uniaxial compression and tension
strength, a failure surface is defined in the principal stresses
space, both for compression and tension zones. Crushing or
cracking in the integration points of the concrete elements can
happen under stresssa grater or lower than the uniaxial strength, ,

depending on the triaxial stress state in that point. Cracking
of concrete does not mecn failure of the structural reinforced
member, whereas extensive crushing, other than the reinforcement
cover, shall trigger the structural collapse.

Another failure mode which must be considered in reinforced
concrete member is the shear failure. Specific shear failure mode

. depends on section tipology, amount of shear reinforcement and
shear span value. In our case, with short shear spans, assuming ,

that the amount of transverse reinforcement is enough to prevent
yielding, the shear failure could take place as crushing of the
concrete compression flange. Then, this failure mode is directly
detected from the results provided by the non-linear-f. e.
ana11sys with the ADINA-code, whereas the behaviour of the shear
reinforcement and its yielding can not be represented
satisfactorily in the non-linear model [8). At any rate, with the
aim to-have a further comparison and check, the Aoyagi et alt,
formula [9] will be used to verify the ultimate shear strength.

2 2(P f -r0)cosesin (70-0)+P f sinesin (0+20)+0,75vFy y y y e
(3)t" = -----------------------------------------------------

cos20+sinecose

where:
t = ultimate shear strainu
P = axial rebar ratio (on one side)y
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2f = yield stress of rebars (kg/cm )
2r0 = axial stress on uncracked section (kg/cm )

0 = angle of shear cracking plane
P = shear reinforcement ratioy

8. ANALYSIS REWLTS WITHOUT TEMPERATURE LOAD

8.1 General Structural Behaviour and DispleLcements

The containment structure subject to internal overpressure,
exhibits a behaviour different from that of the current free-
standing cylindrical containment. In o u .- case, high bending
moments and shear forcos arise along the Jtructure other than
membrane forces. In this particular axisymmetric model the
' interaction of - these forces lead to select the location of the
most critical section for the structural stability at the
junction of the - top-slab with the cylindrical' wall (elev.29,60
m).

Global displacements of the containment structure vs. Internal
overpressure are shown in Fig.s 7- 8.

In Fig. 9, structure deformation is shown when tho internal
overpressure attains the design value, equal to 3.84 bar. It is
clearly noticed the restrain action of the floor slabs, which
contrast the swelling of the cylindrical wall.
The upper pool structure is much less stiff than the other parts
of the containment. Nevertheless, the maximum displacement
computed is low, about 3 mm, and that implies that the concrete
structure has not undergone extensive cracking yet.

When the internal- overpressure goes up to about 6 bar, the
structure stiffness is greatly and sharply reduced, due to
extensive concrete cracking, and displacements increase faster
(Fig. 10).

The maximum absolute displacement is observed in thel point A
(Fig. 9) and it is caused by the flexural deformation of the
upper pool. The maximum horizontal' displacement takes place in
the point B, caused by the membrane force -in the cylindrical
wall.

The displacement.of the points A and B vs. the internal pressure
will be discussed in more_ detail to ' point out the meaningful.
aspects of the structural behaviour.

- Maximum vertical displacement
In the point A, lower central corner of the upper pool (R = 5.00
m elev. 29,60 m) the maximum value of the vertical displacement.
is observed.
Its increasing with the overpressure is shown in Fig. 7. In the
initial _ load steps, its value is negative, due to dead and
permanent loads while the internal pressure is low .
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When the internal overpressure is 3.85 bar (design pressure), the
displacement is about 3 mm . 'Jntil this point no loss of the
structure stiffness is displayed due to concrete cracking.

Extensive cracking in the top-slab appears when the overpressure
attains the value of 4.5 bar. From this point on the displacement
-curve is no more linear and when the pressure reaches the value
of about 6.5 bar, a sharp and great loss of stiffness takes place
which is related to the hoop cracks due to membrano tension
stresses.-At the end of this jump, the displacement is about 6
cm. Afterward, the curve goes up with increasing slope.

- Maximum horizontal displacement i
'

The maximum value of the horizontal displacement is observed in
the cylindrical wall at the elevation 10.70 m (point B).
In - Fig. 8 is shown the variation of tne displacement during
containment pressurization. Until 6 bar its slope is constant at
which -hoop stresses reach the _ tension _ strength of concrete and
general cracking of concrete in the hoop direction takes place.
Consequently, the displacement jumps from less of 2 mm to about i

11 mm. ,

'After_this sharp loss of stiffness, the displacement growth is
nearly linear up to 15 bar. Afterward, the curve slope
increases, displaying further-losses of stiffness.-

Horizontal displacements of the SDWR Containment are quite~small
comparing with the ones of current free-standing cylinder ,

containment, due to the structural continuity of the intermediate
floor slabs with the containment wall.
8.2' Concrete failure

The most critical location for the stress magnitude in concreto
is the junction between the top-slab and the cylinder wall at-
elev. 29.60 m.Both the . structural members are subject- to tensilo force and
bending moment. The progression of cracking and crashing _in_

concrete is shown in fig.s 11-12.
When the internal overpressure is equal-to the design pressure .

(3.85 bar), concrete cracking is_ limited to the bottom of the i

node, the most stressed zone by tension.

'At 10.7 bar cracking spreads all over the concrete. elements and
in many points cracks occur in all the three principal

' directions. Also crushing of _ concrete _ in a few points of the:
due torebars cover, in the upper part of the node, gakesplace,

the_high compression stress reached (360 kg/cm ).

- At - 11 9' bar, a whole concrete ' element representing the
reinforcement cover is crushed, at the -junction with the
cylindrical wall.

Increasing the internal overpressure, at 13,1 bar the nearby *

inner-concrete element in the top-slab gets crashed and at 15,5
bar also a crushed concrete zone is detected in the outer surface

'
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of the cylindrical wall.

The shear resistance capacity is checked using the formula given
in chaper 7, where:

Pv (axial robar ratio in one side) =0,0g43
fy (yloid stress of rebars) = 4200 kg/cm
Pw (shear reinforcement ratio) = 0,01

2FC (compressive strength of concreto) = 350 kg/cm

To the purpose of obtaining the axial stress in the top-slab, the
time of verification 10 assumed at p= 12 bar. The tensile force
in the top slab is calculated using the robars strain computed by
the code and placing the neutral axis at the half height of the
concrete finite element below the compression reinforcement, -

after having observed the cracks disposition in Fig. 12.

Stress in compression reinforcement:

r ,3= -0.0015*2.1*106= -3231 kg/cm2 (4)g

in tensile reinforcement

5 2
r ,1= (8.3-2.09)*1/1000*2.1*10 +4400= 5704 kg/cm (5)g

in the liner

'5ry= (8.76-1.7)1/1000*2.1*1O +3600= 5083 kg/cm'' (6)
n

compression force in the concrete "

crushtcl CIwu =360 (W _w

/ -

s' *
.

5P' E
s

.._. . .-.- ~

F =1/2*29,5*100*360= 531000 kg/m (7)a

making the forces balance in the section, the tensile force and
stress are:

4

F= (5704-3231)*188+5083*(100*0.9)-531000= 391000 kg/m (8)O

2r0= 391000/(100*220))= 18 kg/cm (9)

The angle of shear cracking plane is obtained by averaging the
values computed by the computer code and it is assumed equal to
28*.
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The ultimate shear capacity at p= 12 bar is

2t= [(0.0043*4400-18)*cos28'* sin (70*-28')+0.01*4400* sin 28'*u

2 2 2* sin (20'+20')+0.75* 350)/(cos 28*+ sin 28'*cos28*)= 22 kg/cm
_

(10)
The shear force in the top-slab is computed by hand calculation,
by distributing the total vertical reaction force due to internal
pressure and permanent load between the top-slab and-pool upper
slab.

Permanent load

g= (2.20+1.60)*2.5+2.S*1.00= 12 t/m2 = 1.2 kg/cm2 (ii)

Resultant load'(upward)

2Peff= p g= -12-1.2= 10.8 kg/cm (12)

R= Peff*r/2= 108*15.75/2= 850 t/m- (13)
|

Tts= 850*2.20/(2.20+1.60)= 492 t/m (14)
2 2rts= 492/(2.00*1.00)= 246 t/m = 24.6 kg/cm (15)

The resultant shear ctress is slightly higher than the-calculated
ultimate shear capacity, thus confirming that the structural
collapse of the top-slab is likely to happen at the internal
overpressure of 12 bar.

8.3 Rebars Strain

Results.regarding the most stressed reinforcing steel bars will
be examined.

A) Vertical rebars in the inner side of the cylindrical
containment wall at elev. 29.60 and R= 15.94 m.

The reinforcement consists of 1 #-18/25 cm + 1 # 18/50 cm._Its
strain Vs.- internal pressure is shown in Fig. 13. Until the
overpressure is below-the design _value, the strain is low. Beyond
4 bar, the rebar deformation increases more quickly_and between 6

_

and 7. bar a little jump points out that concrete elements are
extensively. cracked au already noted.

~ . .

The calculated strain at:12 bar is about 0.006,-much smaller-than
the_ ultimate _ strain coming out from_ tests which is greater than-

-0,12 on the gauge length of 5 diameters.
Increasing the pressure, computed strains at 10 and 15 bar are,
respectively,_0.0038 and 0.012.

B)L Radial rebars in the-bottom of the top-slab at . the junction
with the cylindrical _ wall.

The reinforcement consists of,2 # 9/15 cm. The rebars strain Vs.
.
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internal pressure is shown in Fig. 14. At 12 bar of
overpressure, the calculated robars strain is 0.0083, quite far
from the ultimate strain.

|

C) Radial rebars in the upper zone of the top-slab at the
junction with the cylindrical wall.

The reinforcement consists of 2 # 9/15 cm. The rebars strain Vs.
internal pressure is shown in Fig. 15. The most noticeable !Information gained from this curve is the overpressure value when
concrete surrounding the rebars begins to crush. This fact is
inferred by the sharp increase of the rebars strain when the
everpressure exceeds 12 bar. At that moment, compression stresses
in the crushed concrete are replaced by the sharp increase of
stress in the reinforcement which, consequently, undergoes large
strains.

D) Hoop rebars in the cylindrical wall at the point B of maximum
radial displacement.

The reinforcement consists of 2 # 18/30 cm. The rebars strain Vs.
internal pressure is shown in Fig. 16.
Calculated strains are lower than that of the previous robars.
When - the internal pressure is at 12 bar, the rebars are still
elastic; they yields at about 14 bar.

8.4 Liner strala_
Liner: strains Vs. internal pressure are examined in the location
where-the maximum value is reached and at the same elevation of
point B.

The maximum liner strain occurs at the bottom of the top-slab, at
the junction with the cylindrical wall. -The strain. Vs. pressure
curve is displayed in Fig. 17. When the overpressure is 12 bar,
the maximum strain reaches'is about 0.009, much lower than the
evaluated ultimate strain equal to 2 %. Computed strains are
average values which do not account for the interaction effects
with the. anchors in cracked concrete and nearby discontinuities.

However, using the f ailure criterion established in chaper 7 it
should be said that the liner is able to sustain further
increases of the internal pressure over 12 bar.

p -In the structure section (peint B) where the maximum radial
displacement occurs, the liner is. still- elastic at 12 bar
(Fig. 18)..

9. ANALYSIS WITH THERHAL LOAD

A correct evaluation of the temperature effects on reinforced
concrete structures is a very hard-task, which involves.the use
'of sofisticated analytical material model whose actual behaviour
'at high temperature shows numerical difficulties and, in the

- 203 -

_ _ _ , _ _ _ _ _ _ . . . . _ _ _ _ _-_. _ _ _ _ . _ . _ _ _ _ . _ _ _ _ - _ . . _ _ . .



_ _ _ _ - _ _ - _ _ _ - _ - _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - _ _ _ - - - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ . -

|

case of concreto, a large spread in experimental results.
Specific content of water and its migration, pressure of pore .

water and age at loading time are some of the major topics to be
considered in the analysis of concrete structure, as well as
temperature distribution and its influence on the rate of

'
hydratation.
The _ aim of the present work is the evaluation of the SBWR
containment behaviour under increasing internal pressure, ;

previously subjected to an heavy thermal load. I

With respect to problems involved in thermal-stress analysis of
concrete structure, this work should be considered an attempt to
gather general information on the behaviour of a complex
structure using an advanced commercial computer code that in past
experiences, without temperature load, provided results in good
agreement with test results (7).
Average values of the concrete characteristics have been used as
previously shown, because the available version of the computer
code does not allow variations vs. temperature, and assuming that
in this case the other parameters does not significantly
influence _the analysis.
The internal temperature has been increased up to 260 *C (500 'F)
in 72 hours, and an e tensive concrete cracking in the overall
structure has been detected. No concrete crushing occurred.

'

The stress-strain state of the steel robars remain within the
elastic range, also taking into account the mechanical properties-
degradation with increasing temperature.
The liner, as expected, reachs the plastic state with compression
stresses in general.

.The subsequent application of the internal pressure has reached
1.8 bar to date. During pressure. loading,_ the structural
behaviour is quite different from the case whitout temperature
load. In some _ zones, temperature and pressure cause opposite
stress state, so the initial phase of the pressurization acts as
unloading, causing previous concrete cracks to close. This, in
turn, causes numerical difficulties in computer calculation which
require very small loading steps.
In the Fig.s 19,20,21,22,23,24,25 and 26 results obtained in the
same points of the model whitout temperature and already
illustrated are shown. Pictures with concrete cracking states are
shown in Fig.s - 27,28,29.
To date no precise predictions can be made on the limit pressuro
for this case, being the computer calculation still going on with

| a very small stop, but_ extrapolating the strain values reached by
the liner and rebars it could be' expected not a great reduction
of -the previous estimated value of 12 bar.

10. CONCLUSIONS

The structural - analysis of the simplified axisymmetric model

| displays that the most highly stressed zone occurs in the top-
| slab at the junction with the cylindrical wall. In the load case-
i with pressure alone, when the internal pressure is 12 bar,_the_

maximum cgmpression stress in concrete reaches the value of-about
380-kg/cm and crushing takes place in the reinforcement cover.
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The shear capacity of this section has been checked by an
experimental formula which reveals that the limit state has been
reached with that internal pressure.
The other resistant componencs, horizontal reinforcement and
liner, .do not e::perience excessive strains until the
overpressure of 12 bar.
Particularly, the liner strain reaches the value of 0,009 which

1is deemed not to cause tearing due to local amplification. '

In the load case with pressure + temperature up to 260 *C (500*F) no definitive predictions can be done because the computer
calculation is still in progress, but the results obtained to
date, with the maximum temperature value applied and the internal
pressure at -1. 8 bar, show that the temperature load acts as a :

"proloading" of the structure and only the degradation of the
mechanical properties of materials will probably cause the
reduction.of the ultimate strength.
About displacements, an extensive cracking of concrete kahes
place _ during thermal loading and, as results, the stiffness of
the structure is quite smaller during overpressurization
Moreover,. considering that the real containment structure
_ presents, in the upper part, massive girders stiffening the top-
slab and not represented in the axialsymmetric model, it is
reasonable to expect a higher ultimate strength capacity. In
order to demonstrate that, the analysis of a more refined non-
linear 3-D model, 90* sector, of the upper part of the
containment structure is in progress.
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POST TEST ANALYSIS OF A 1:10 SCALE TOP St.AB MODEL OF
ABWR/RCCV SUIUECTED TO INTERNAL PRESSURE

Ilideaki Saito Yutaka Muramatsu llideyasu Furukawa
Tokyo Electric Power Co , Inc. Toshiba Corp. Hitachi Ltd.

Toshiyasu Hasegawa Atsushi Mutoh

Shimizu Corp. Shimizu Corp.

Abstract

The first Advanced Boiling Water Reactor (ABWR) employing a reinforced concrete containment
vessel (RCCV) has started its construction in 1991 in Japan. As RCCV itselfis the first structure

. of its kind in Japan, thorough verification tests have been performed. This paper presents the
results of simulation analysis of the Top Slab panial model of the RCCV subjected to internal
pressure beyond design load.-Top Slab portion is so complicated, composed of flat Top Slab,
cylindrical wall and fuel pool girders, that its simulation analysis requires the evaluation of
nonlinear structural behavior of reinforced concrete members due to membrane, bending and shear

' forces. This paper reports that Finite Element analysis with 3-D solid approach has given a good.

agreement quantitatively between experimental and analysis results with respect to deformation, "

' failure load and each nonlinear behaviors.

INTRODUCTION

A cross section of the ABWR plant is shown in Figure 1. The RCCV cylindrical wallis integrated
with the floor slab of reactor building, and the Top Slab is integrated with fuel-pool girders which
are connected with the reactor building walls and floors { 1].

a

-In this paper, the post-test analysis results for the " Top Slab Experiment" are presented. This test
L is one of the series of verification tests performed for the trial designed RCCV. An outline of the

tests was already presented in the paper of the 4th Workshop [2].

-Top Slab experimental modelis a 1:10-scale partial model which simulated the Top Slab portion a.s
- accurately as possible, and ultimate strength was experimentally examined by applying internal
pressure up to failure. The connection between the Top Slab and cylindrical wallis a. portion of
discontinuity where the shape changes abruptly and stress concentration occurs. As mentioned
earlier, the Top Slab is integrated with the fuel-pool girders in crder to resist internal pressure
(design internal pressure level : 3.16 kgf/cm2). In the test, it was oroven that the failure pressure
is around four times the design pressure.

The analysis was performed with a 3-D FE-model using solid elements because of the asymmetric
. shape of the RCCV model.
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OUTLINE OF Tile TOP SLAH EXPERIMENT

The objective of " Top Slab Test" was to examine the structural behaviors of Top Slab portion
under internal pressure load. Major items for the examination were stress distributions,
deformation and cracking.

Test Model

The Top Slab portion consists of Dat Top Slab with a large opening, cylindrical wall, and fuel pool
girders connecting to the top surface of the Top Slab. Fuel pool girders are also connected with
the exterior walls of reactor building. These structural elements exert great influences on the-
structural behavior of the Top Slab portion.

The configuration of the test model is shown in Figure 2, while the dimensions are given in Figure
3. The reinforcing bars of the test model simulated the rebar ratio'of the trial-designed RCCV and
the reinforcing bars arrangemcat was made considering distances between stress centers, adequate
spacing of reinforcing bars, anchorage of bars and pouring of concrete. An outline of the
reinforcing bar arrangement is shown in Figure 4. Concrete used in the test model had aggr: gate
of 10mm in maximum size and the target compressive strength at test was 300 kgf/cm2,
Reinforcing bars used were of diameters 4 mm,6 mm and 10 mm and of strengths equivalent to
SD35. The test results of the materials used are given in Table 1 and 2.
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- Liner used in the test model was of rubber instead of steel in the actual RCCV.

The anchor-ring of drywell head in the test model was mom strengthened than exactly reduced one
to prevent it from failure befom the failure of reinforced concrete su ucture, because the purpose of
this experiment is to evaluate the strength of reinforced concrete structure.

Table 1 Mechanical Properties of Reinforcement

Re.bar Yield point Yielding Young's Tensile Elongition
strain modulus strength(sectional area) (kgrcmi)

( 10-6) ( x 106kg'cmi) (kg/cmi)

D4 (0.-13 cmi) 3590 1840 1.95 5090 24

- D6 (0.32 cm2) 3900 2220 1.76 5520 15

D10 (0.71 cm2) 4150 2140 1.94 5500 19

Table 2 Mechanical Properties of Concrete

standard cunng held curing
compresuve Te.tsele (emprem., voung 's n TenulePortion Age Density '""'Ystrength strength strength modulus strength

(date) tt/ mil (kg>cm2) (kg>(m7) (*/m l) (kg tml) (10% gen (kg (ml)

7 2 30 237 - 2 25 173 -

Rr'LV
Cyhndntal 28 2.27 331 26.7 2.25 270 20 8well - -_ _- _

36
Top slab

,,,, ny o , . - - - 2 25 293 2 30 24 9
" ' " " " 'Pool Girder

.- -- - . - - _ . _ _ . .

56
,no o, - - - 2 25 316 2 36 - 25 2

c renmm

7 2.29 326 - 2.25 201 -- -

..

#
t>e, nn ng o+ 2 30 383 30 2 2.25 309 2.22 27 0, e.ce. nen

- 48 -
-, .- _

,no 4 - - - 2 25 134 2 55 28 i
e , oen ment

11 Sesant modulus of elastioty at the streu couevaient to 1/3 of compre awe strength

Londines

The loads applied were thermal load, vertical load and internal pressure load. The loading steps in
the experiment are shown in figure 5. Internal pressure load was applied by injecting water from
outside and the vertical load is to simulate the stress state of the trial-designed RCCV due to dead

. load.
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Summary of the Test Results

p
Major items in the test are described below.

Internal Pressure Load p=1.8 kgf/cm2 (=0.57Pd)*

The first cracks were observed at the top surface of the middles of the fuel pool girders and
the vicinity of the Top Slab opening.

Internal Pressure Load p=3.64 kgf/cm2 (=1.15Pd: almost the same pressure as the Structural*

Integrity Test (SIT))

Cracks were observed at the Top Slab, fuel pool gicder, exterior walls of reactor building and
refu'eling floor slab.

Internal Pressure Load p=7.0 kcf/cm2 (=2.2Pd)*

The first rebar yielding occured at the Top Slab near their connection to the cylindrical wall.
2:(p=6.8kgf/cm )

From rebar-strain, it was estimated that shear crack plane was formed at the connection
between Top Slab and cylindrical wall.

Around the Failure Loads p=12.7 kgf/cm2 (=4.0Pd)E - *
,

L Shear failure with the entire Top Slab being torn out occured at the connection between Top - j
j- . Slab and cylindrical wall. Large horizontal cracks were observed at the connection between

fuel pool girder and cylindrical wall,'and finally rupture of vertical rebars and concrete of this
2portion tensinated the test. Maximum internal pressure load was 12.7 kgf/cm .

The deformation mode of the test model are shown in Figure 6. The relationships between
- internal pressure loads and displacements at principal locations of the Top Slab and fuel pool
girders are shown in Figure 7. It can be seen that the vertical displacement at the connection
between Top Slab and cylindrical wall began to increase rapidly at internal pressure load of about

2b 7.0 kgf/cm .
!

l'
l-

Residual cracks in Top Slab and fuel pool girder failure are shown in Figure 8 Resid .d cracks in|

cross section are shown in Figure 9. Large diagonal cracks were confirmed at the connection
between Top Slab and cylindrical wall.;
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3.D IIALF MODEL ANALYSIS
.

Comouter Code

In this study, DIANA (release 4.1) code was used in the analysis for a model of solid elements.
DIANA code was developed by TNO Building Construction Research[3]. An outline of the
assumption in the analysis is summarized in Table 3.

Table 3 Assumption in the Analysis

element 20-noded iso farametric quadratic solid elements

reduced int ( gration (2 x 2 x 2)

reinforcement smeareri reinio, ement

considered as embedded reinforcement (Figure 10)

orthogonal reinforcement

cracking of smeared crack model
concrete multi-directional crack (threshold angle = 60 deg.)

bond perfect bond

linear tension-stiffening for cracked concrete

constitutive elasto-plastic model (plasticity theory)
law

criterion Drucker-Prager for concrete, Von-Mises for reinforcing bar

shear transfer constant shear retention af ter cracking
i

concrete element,

i

,

l

,.i. - 7 <,
,

t / y.

. /
,

K,,,
/

,1- (C.
- -retnforcement grid'

( r
-- .. o

, ,gy ~ - - - ,
' '

, . . . '- '

O X

Figure 10 Reinforcing bars in the Element
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Table 4 Assumed Material l'roperties

I
i concrete Young's Moduluf 236000 kgf/c m',

Poisson's Ratio 0 167,

Denuty 0.000002t.5 Lgf/c m'/G,

Unimial Compressive Strength * 316.0 kgf/cm',

Uniaxial Tensile Strength * 25 2 kgf!cm',

Tension-Stif fening linear (zero stress,

with strain = 0 002216)
Shear Retention f actor 03

rebar Young's Modulus * 1760000 k gf/tm',

Density 0.00000801 kg f/c m'/G.

Yield Stress' ; 3900 k gf/cm'
2nd Modulus * 17600 kgf/cm',

'gven by material test
,

ANALYSIS RESULTS *

Load-incremental method with Newton-Raphson iteration scheme was adopted and the final step
of the computation was determined by the rapid redt.ction of incremental tangential sdffness into
nearby zero around 12.0 kgf/cm and divergence occured over 12.2 kgf/cm .2 2

The relationships between internal pressure loads and displacements at principal location of the
structure are shown in Figure 12 along with the test results. Deformed shapes around 3,6,8 and
10 kgf/cm2 are given in Figure 13. The calculated load-displacement relationships show relatively
good agreement with the experimental results. More precisely, cr.lculated displacements are
smaller than observed value from around 5 kgf/cm to maximum pressure. It is censidered that -2

the assumed tension-stiffening in the computation was a little larger than that of real phenomena '

and there is a delay in the stress transfer from concrete to rebars after cracking. Concerning the
horizontal displacement at the center of the pool girder, calculated value exceeded the observed
value beyond about 9 kgf/cm . One of the reasons seems to be attributed to the use of not so fine2

mesh in the refueling floor slab part. Transverse shear failure of the Top Slab / cylindrical wall
connection was observed in the experiment and those corresponded to the observed vertical
displacement at that connection, and the calculated load-displacement relation of this location
shows good agreement with the experimental results up to failure load.

Therefore, it can be said that a 3 D solid model can simulate the behavior of the Top
Stab / cylindrical wall connection dominated by the stress transfer from concrete to rebars after
development of shear crack plane. It .is not easy to simulate this kind of behavier by a FE-model
using shell elements. In this calculation, maximum load and deformations around maximum load
can be estimated with adequate accuracy.

The initial cracks occun d at the Top Slab / cylindrical wall connection and vicinity of the Top Slab
opening around 1.7 kgf/cm2 After that, encks increased gradually. Cracks occured at the center
of the fuel pool girder around 4 kgf/cm , at the refueling floor slab and bottom of the cylindrical2
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1
I

Annivsis Model

In the calculation, a half of the specimen was modelled considering the symmetric nature of the i

test nuilel. The base mat was rigid enough to be idealized that a model is fixed with it at the foot in
the analysis. The finite element grids are illustrated in Figure 11. Nonlinear analysis using 3-D
solid elements allows precise modeling of structures. In the analysis, a total of 724 solid
elements (4715 nodes) for concrete and a total of 1291 reinforcement elements (4714 nodes) were
used. In the model, reinforcements are carefully modelled in the FE-mesh. Material propaties
used in the analysis are listed in Table 4, which are obtained by the material test except tension-
stiffening and shear transfer characteristics.1.inear tension-stiffening model is adopted because of
the compu'ational limitation. At present, it is not clear how much influence the shear transfer
effect has on actual structures, and shear retention factor is not evaluated properly. Inthis
analysis, constant shear retention factor of 0.3 is adopted w hich is considered reasonable from the
previous works [4].
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1

wall around-5 kgf/cm2 and at the exterior wall, most of the cylindrical wall and Top Slab |
connection around 6 kgf/cm2.- In Figure 14, integration points with opening cracks are marked.
Pressure level of initial crack observed at the vicinity of the Top Slab opening (1.8 kgf/cm2)
corresponds to the calculated results (1.7 kgf/cm2).-. Cracking spread into almost all of the Top
slab / cylindrical _ wall connection around 4 kgf/cm and into the cylinder and the center the girder2

around 6 kgf/cm2. From the analysis results. shear crack planes were found to peretrate at the
Top Slab / cylindrical wall connection around 7 kgf/cm2. It corresponds to the :xperimental results
induced from the rebar strain in the experiment.

Rebar yielding started at the upper surface of Ton Slab opening, at the Top Slab / cylindrical wall
connection and at the refueling floor slab around 8 kgf/cm2. Around 10 kgf/cm2, yielding spread
into the cylindrical wall. Experimental results of rebar yielding are shown in Figure 16 with the .

- analysis results. Estimated pressure levels at which yielding started are a little higher than the
experimental results in some principal portions but generally there was good agreement between
test and analysis in the whole structure.

l
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CONCI,USIONS

Presented in this paper were results of the post-test analysis of the Top Slab partial model of the
reinforced concrete containment vessel subjected to internal pressure beyond design pressure.
Top Slab part of the specimen has a complicated structure that consists of cylindrical wall, flat Top
Slab plate and wall girders. From the ex,.:rimer results, nonlinear behaviors due to concrete
cracking (caused by membrane, bending m,3 eear stresses), yielding of rebars and transverse
shear frilure were confinned. Post-test analysis was perfonned to simulate the behaviors with 3 D
FE nonlinear analysis with solid elements. From the results obtained, not only qualitative but also
quantitative agreements were found between the test results and computed results by a 3-D solid
approach in the sense of maximum load, defonnation and each nonlinearities.

In this case, the validity of non-linear analysis by 3-D FE Analysis using 3-D solid elements was
_

proven but there remain some nnsolved items as follows: (a)many uncertainties (compressive
characteristics of cracked concrete, effect of bond, 3-D constitutive law of concrete, etc),
(b) difficulty in estimating which uncertainty has an important effect in case of the complicated
structure.
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LI.R.A.: AN ADVANCED CONTAINMENT SYSTEM TO MINIMIZE TIIE
ACCIDENTAL RADIOACTIVITY RELEASES,

Arnaldo Turricchia
ENEL-DCO, VIA G.B. Martini 3,1-00198 ROMA

Abstract

A containment system named LI.R.A. has been studied for advanced PWRs with the
general ' design objective of limiting the accidental radioactivity release to the
emironment to less than one millionth of core inventory (of Cesium, Iodine and other
aerosols), by using substantially passive features.
The intent is to avoid, even in case ci severe accident, the evacuation of the population
living near the nuclear power plant and to .mit the contamination of the surrounding
territory to such low values as to permit its continued and unrestricted use after the
accident.
The design objective has been achieved by adoptirig the vapour suppression principle,
with a drywell concentric with the wetwell, but still retaining a large and strong
contamment.
The integrity and leaktightness of the containment is preserved against all the challenges
posed by severe accidents by:
- making the suppression pool large enough to be able to absorb, without boling, all the
heat inputs generated in the first 24 hours;
- burnmg the hydrogen as it emerges without steam above the sup'aression pool, by
means of D.C. powered spark igmtors backed up by passive cata ytic recombiners
located near the top of the containment dome;
- locating, in the dry cavity below the pressure vessel, a stack of staggered graphite
beams which causes the dispersion and solidification of the mol en core in thin layers.t
After corium solidification, water from the suppression p is allowed to flood

- gradually the cavity.

INTRODUCTION =

The fear of a large accidental release of radioactivity to the environment, such as that
which took place at Chernobyl, is one of the main concerns of the , general public and
one of the causes of uneasiness and opposition toward the installation of new nuclear
power plants (at least in some countries).

The existence of an emergency plan covering many miles of territory around a nuclear
~

plant, and the related drilhng exercises, even if dictated by the commendable intent to
protect the population also in the remote event of a severe accident, far from satisfying
the persons mvolved, contributes enormously to the perception of the nuclear station as
a dangerous plant.

The large and lasting contamination of the territory experienced around Chernobyl and
the forced and permanent evacuation of many people from their homes has arobably
had a more negative impact than the potential (and not yet fully assessec) health

| consequences of the accident, since the contamination is there and can be measured
whereas the health effects are stochastic in nature, are difficult to predict and to verify
and they appear, if ever they do, many years after the accident.
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To allay the fears of the concerned citizens and make nuclear power more acceptable to
the affected people,it is then evident that the factors which contribute most to the risk
perception must be addressed. As a consequence, it seems important to design and
construct the new nuclean power plants in such a way as to rule out the need of
evacuation and the possibility of significant land contamination even in the case of a
severe accident.
This goal could probably be achieved if the plant were designed according to the
following safety criteria:

a) dangerous nuclear excursions must be made impossible by design, so as to avoid
immediate consequential rupture of the containment; this is possible and is already so in
present LWRs, thanks to the negative power coefficient;

- b) the core melt-down associated to a prolonged mismatch between heat production

and heat removS must have a p)robability as low as possible: extremely low values (of
i

the order of 10- 104 per year are possible with presently envisaged reactor designs
(" advanced" and " passive types). A design which permits to exclude the core melt-down
is not yet commercially available;

c) a containment system capable of withstanding the adverse effects of severe accidents
without loosing its integnty and design leak-tightness , neither in the short nor in the '
long term, must be provided. But, in addition to that, efforts should be made to come
out with a containment design which .eally minimizes the radioactivity releases, even in
the worst conceivable circumstances. From this point of view there is a need to modify
not only the existing containment designs (which were not conceived with severe
accidents in mind) but also to modify the design of the more advanced types so far
proposed,

d) the probability of containment bypass sequences must also be minimized by design,
otherwise tne good containment system adopted would not substantially reduce the
overall risk.

In TMI 2, even if a core melt-down took place, the existence of a containment system
which aerformed its function, the recovery of core cooling before pressure vessel melt-
throug i and the availability of active containment cooling systems which maintained the
contamment pressure at very low values, -permitted to have a negligible release of
radioactivit to the emironment. But the situation could have been worst.
In Cherno I the accident (a nuclear excursion) caused also the failure of the existing
partial con mement system. However, even if the corJinement structure had withstood
the accident stresses, the release of radioactivity would not have been much lowerr

- because of the poor leak tightness of the confinement system.

With the above considerations in mind a study was performed at ENEL's Direction ofi

i Construction, to see whether the general design goal of "no evacuation and no land
contamination" could be achieved with a new containment design using presently
available : technology and without incurring into excessive costs.

L An effort has been made to address all the issues associated to severe accidents in an
| Integrated manner since sometimes the isolated solution to one of the problems may
! worsens or make difficult the solutions to the others.

.This paper presents the results of this investigation. The following discussion pertains to
PWRs because this type of reactor is the most widespread in the world and also because
the preferences of many countries still interested in the nuclear option seem in favour
this type of reactor. However, with some modifications, the proposed solution could be
adapted to BWRs and HWRs.
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l. Tile GENERAL DESIGN OILIECI'lVE

If the accidental release of radioactivi to the -nvironment could be held six order of
magnitude below the core inventory r Cesium, Iodine and other fission products
except noble gases) the goal of avoi ing significant land contamination and people
evacuation also in case of a severe accident with core melt-down would certainly be met.
This has been the ambitious general design target set for the proposed containment
system. And it has to be met, for the first 3 days, with substantially passive features,

2. EROPOSED CONTAINMENT DESIGN (LI.R.A.)

6To obtain the desired overall decontamination factor of 10 , the containment
schematically shown in Figures 1 and 2 is proposed for adoption in the nuclear power
)lants of next generation. It has been named Lt.R.A., with reference to its intrinsic
. imitation of radioactive releases (Limitazione Intrinseca dei Rilasd Accidentali, in
Italian) [1].

The volume and design pressure of the primary cSntainment are similar to that of
present large dry contamment (e.g. 70 000- 80 000 m and 0.3-0.4 MPa for a 1000 MWe
plant), but, nevertheless, the containment principle adopted is that of vapour
suppression, with the primary circuit inside a drywell concentric with the wetwell
(Chinese box arrangement). The primary containment is a steel-lined reinforced or
prestressed concrete structure and its leakage rate is about that of the best present-day
containments, namely around 0.2%- 0.5% per day at design pressure.

Conceptually the system is similar to the BWR Mark-Ill containment but is larger,
stronger and adapted to PWRs. One may also think of it as a larger and stronger ice
condenser containment where the ice has been substituted by water and the water has
been moved downwards so tha,t the discharge pipes coming from the drywell plunge
down into it. ( The discharge pipes may also be horizontal, with a weir wall inside the
drywell,in an arrangement identical to that of the Mark-III containment.)

It should be noted that the full pressure capacity of the containment would be needed
only in case of:

- gross suppression pool bypass, namely in case of large drywell leakage or rupture;
- or in case of protracted unavailability of the suppression pool cooling system.

The proposed arrangement makes it possible not to push the design pressure of the
containment at or beyond the technological limits (as in the so-called super strong
containments). It is well known that too large a design pressure in a reinforced or
prestressed concrete containment causes civil engineermg problems especially around
the large penetrations.

In this context one should remember that, in the
were introduced mainly for economic reasons,past, the vapour suppression conceptsnamely to reduce the cost of the

containment system by putting, inside it, a heat sink cap (as a trade-off) the volume and
able of absorbing the internal

enery of the primary coolant and consequently reduce
the c esign pressure of the containment.
The mam purpose of the introduction of the vapour suppression concept in the proposed
containment design is the minimization or radioactivity release to the environment
(with passive features), for all accidents including the " severe" ones.
This goal is achieved by the following specific measures:
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1) Introduction of a large heat sink (about 8000 cubic meter of borated water for a
1000 MWe reactor), so as to be capable of absorbing, before boiling:

- the internal energy of the priory coolant;
- the initial energy stored in the core;

the energy released by zirealloy m idation
- the decay power for 24 hours.

N Usc of the suppression pool not only as a heat sink but also as a passive and reiiable
radioactivity scrubber capable of performing its function in all design basis and severe
accidents, and therefore capable of reducing, the airborne radioactivity concentration in
the volume in contact with the primary contamment barrier. With a careful design of the
ds encomers extremities (quenchers /spargers) and a suitable choice of the water head
and temperature,it would be possible to obtain a D.F. of the order of 100.

111) incation of the drywell inside the wetwell, so that the concentration of the
radioactive products liable to leakage is minimized.

Iv) Exploitation of the steam quenching afforded by the suppression pool to deliberately
burn the hydrogen emerging above it, and so avoid the hydrogen accumulation and
explosmn.1

v) Use of the large water supply of the suppression pool to flood the reactor cavity and
avoid the containment basemat erosion.

With reference to the large heat sink piovided the containment presstne, and hence its !
-leakage, remain extremely low for t long period of time (considerably more than 24 i

. hours),(Refer to Table 1 for heat balance assessments). I

If the suppression pool cooling system is started before the water starts boiling, the
'

containment pressure would contint.e to remain very low,
if pool coolin;is not recovered in time, the pool would start boiling but at least 24 more -

hours would have to elapa before the containment pressure reaches the design value. i

A grace peilod of more than 48 hours can be consiuered more than adequate for the
recovery of active emergency cooling systems. If, however, a longer grace period were
desired, the containmm ought to be fitted with a filtered venting system.r

volume of the suppression poolis substantially reduced (about 5% pass before ti,e water
After opening of tL: venting valves, many days would have to

water loss per day). .

The large water pool provided can also perform other useful fonctions:

source of coolant for active ECCS, without the need to switch from the injection to
the recirculation mode like in the Combustion Engineering C.E. 80+ system);
enlarged pressurizer re(lief tank; i

relief tank for the secondary side of the steam generators;
- source of water for reactor cavity flooding.

.With these features the proposed containment system can achieve the design target of a
radioactivity release less than one millionth of core inventory, as shown in Table 2. As a
matter of fact, the secondary containment system might not even be needed to achieve
the stated target.

|

i
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1AlllE i

lil AT SOURC13 AND lil%T SINKS IN 1111! LI RA. CUNTAINMlWF
,

. INil'.RNAL ENERGY OF PRIMARY COO!ANI' 320 0J

SIINsllll.!!Ill%T OF MO!.11!N CoR!! 140GJ

thONU llOUR OF Dl! CAY lil%T(4 IlOUR) 110 GJ

'

. Ill%T ARSORilED DY ORAPilflT!%~ TACK (AT=lustrc) to oj '

,

. DffAY lil%T Ol'1'' DAY (PROM 4th to 24'I' !!OUR) luo OJ

Ifl%T AltSORill1) IlY SUPPRI As!ON POOlgra 6PC) 2200 GJ

. DFCAY lil%T IN 3 DAYS Al'111R111111 ' 3w)OJ5

. lil%T AllM)lillED llY VAPOR 17A110N OF 2v4 OF
SUPPRIXslON POO!. WNII R wo GJ

TAllt.E 2

RADIOAC11VilY RI!!JMSil 1%CIOR$ (11RYr DAY) lDR *l110
'lARGE DRY' AP'D 1.1 RA. CONTAINMENT SYKil!MS,

IN CASI! OP SEVI'RII ACCIDENT *

-

,.stolt DRY f l.RA.

- PIATliOtfr 1%CTOR IN P llMARY CIRCUIr 4 2

. PIA 11!OtJr1%CTOR IN ORYWEll. 2.

. lJMKAGE PROM liRYV:t .l.1U CONTAINMl!NT 1%.

;

. SCRUDillNO PACIT)R IN S JPPRESSION POOL 100-

- . PI AT1?OtJT FACIOR IN CONTAINMENT . 10 5

-IJ%KAOU FROM PRIMARY CONTAINMINT 5*1(f3 1 10-34

. PI A11!OUT 1%CIO R IN SECONDARY CONTAINMl!NT 21 23
-

+ OVERAll REllMSU (FRAC 110N OF CO Rl! INVlWF.) 1*10 4'10-74

- (NOll!: The ahwe qucwed values are to tw intended as ensers of magnitude, not preche values).
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Up to now, the limited resources available have not permitted the adaptation of existing
codes to the Lt.R.A. containment system and the performance of the safety analyses
necessary to accurately evaluate the radioactivity rele,ses for the various severe
accidents. Ilowever, by comparison with and extrapolatioi of the results of calculations
performed for other centainments systems, the capabilides and merits of the LI.R.A.

'

containment should be clear.

The ;?roposed containment system has one technical drawback with respect to other
contamments: since, from a utility point of view, it is desirable to be able to remove and
substitute the steam generators during the plant lifetime, the fact that they are
enveloped by the drywell structure might make it necessary:

- cither to have a taller containment, to be able to extract the entire steam generators
from the drywell, or

- accept the cutting and removal of the steam generators in two pieces the dryer
section and the tube bundle section.

This is an issue on which the designer must work to find an acceptable and economic
solution. For example, the upper part of the structure enveloping each steam pnerator
could be a bell shaped removable metallic cap.

3. S191CIFIC DESIGEEEATURES TO MEET Tile CIIAI.I.ENGES OF TIIE
SjiYEllE ACCIDENTS

The proposed contamment must be designed to withstand all the challenges associated
with severe accidents. In particular, in order to maintain its structural integrity and its
design leak tightness, in all circumstances, the containment must be designed to co
with these phenomena (unless specific design features prevent them from appearing): pe

Overpressurization;
- Direct Containment lleaF
- Hydrogen accumulation and' explosion;

Interaction of the molten core with the containment basemat.

One way of meeting these objectives is describec hereafter,

i 3.1 Protection against Containment Overpressurizatiott
|

| The large internal heat sink provided and the large containment volume of the '

containment avoid overpressurization for well over 48 hours. After this time, if active'

cooling systems are not recovered, it shall be necessary to perform a filtered
containment venting.

| This feature is already state of the art and many operating reactors have been equQed
I with a filtered venting system.

For future reactors a design filtration efficiency of 99.9% should be the goal for both
- aeroscls and iodine.
In this manner even a prolonged containment venting oyeration would lead to a
negligible increase of the radioactivity release (apart from noble gase ).

3.2 Direct Containment IIcating

To avoid DCII and its associated pressure spike in the dryell, it is prudent to arovide
for automatic prin"iry circuit depressurization before pressure vessel melt-t arough.
This is also the trend m many PWRs currently being designed.
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llowever, even in the unlikely event that the deliberate primary circuit
depressurization does not take place, the situation, in the LI.R.A. containment,
would still look better than in a large dry containment. 'fhe woist thing that can
happen is the breach of the drywell barrier with consequent suppression pool bypass.
Ilowever at this ooint the suppression 1ool has nearly performed one of its tasks,
namely the abscrition of a large part of the internal energy of the primary coolant
blown down through the pressunzer relief valves: as a consequence the pressure
inside the primary containment is close to atmospheric and the containment is in the
best conditions to face the challenge of DCll. Furthermore the suppression pool can
still perform the task of cavity flooding.

3.3 PI91tc11on against IIydroun2csmnuhition and Explosion

The hydrogen problem is a complu one. With a large and strong containment, the
deflagration of the hydrogen which may accumulate in the containment atmosphete as
a consequence of oxidation of the fuel cladding i.11pht be absorbed by the containment
structures. Some concerns, however, might remam if, in addition to the hydrogen
produced by the zirconium oxidation, there were a large contribution of hydrogen from
the oxidation of other metals ( e.g. the steel of the pressure vessel bottom, of the vessel
internal structures and of the reinforcing bars of the containment basemat).
For a large hydrogen accumulation tlie transition from deflagration to detonation
(DDT) could not be ruled out and the dynamic loads associated to a detonation would
constitute a more severe challenge tn the containment integrity.
Ilecause of this situation, the pp.d of the design must be that of preventing large
hydrogen accumulation in the coinainment. In the proposed design this objective is met
by deliberately burning, by means of suitable igmtors, the hydrogen as it emerges,
deprived of steam, above the suppression pool, as is presently envi.saged in the Mark 3
oressure suppression containment of 13WRs or in tac ice condenser containment of
PWRs (LOVIISA, SEQUOYAli, etc.). The ignitors located above the suppression pool
can be fed by a reliable DC power supply.

As a back up to the ignitors or in place of them, it is possible to place, in the
containment dome, catalytic foils [2] which are ca iable of inducing the hydrogen
recombination in a smooth manner, starting even at ow hydrogen concentration. The
clean atmosphere existing in the Lt.R.A. containment, thanks to the scrubbing action of
the suppression pool which is effective also against possible catalyst poisons, is a
guarantee for the correct and reliable operation of the catalytic foils.

3.4 Protection of the Integrity of the Containment llisemat

To avoid the crosion of the containment basemat by a molten core it is necessary to
develop a reactor cavity design which permits the spreading of the rnoiten corium over a
large surface area, so that the thickness of the layer is thin enough (few centimetre) to
oermit a c uick resolidification and cooldown of the melt.
la particu ar, the solution proposed by the author (Fig.3 and 4) [5][6] consists in locating
in the reactor cavity, below the pressure vessel, a stack of staggered graphite beams of
sc uare cross section, each with an upper channel for corium collection and distribution.
'Inis structure permits to have a three-dimensional redistribution of the molten core
and prevents the direct contact of the corium with the containment basemat.
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I
it js useful to remember that the egre of a 1000 MWe PWR has a volume of about 10i

m- and a S/V ratio of 400 m-/m . If this core melts down and falls into a cavity of!
limited cross section (40 50 m ), such as that of many present containment buildmgs,2

the S/V ratio is reduced by 2 orders of magnitude: this is the main reason why most of
the various core catchers so far proposed base failed to give a satsvtory solution to the
heat removal problem.

With the solution proposed in this report, the thin molten core layers resting on the
graphite beams become easily amenable to solidification and cooling, in the first phase
thanks to the heat capacity of the stack itself and, later on, by flooding the cavity with
water.
The heat capacity of the stack should be large enough to absorb all the latent heat of the
melt (120-140 G3) and at least one hour of decay heat (100-120 GJ) and yet remain at a

relatively low temp)erature (to minimize chemical reactmns both in the dry phase and in
_the flooding phase . In other words the heat capacity of the stack should be an order of

magnitude higher than that of the corium.

If graphite is chosen for the beam material, about 240 t of graphite (150 m3) would be
sufficient: with a uniform distribution of the sensible and decay heat (1 h) of corium into
the graphite, the equilibrium temperatuie would be about 700 *C.

If cne considers a typical cavity of 50 m2 cross section, putting a graphite slab (3 m
thick) on the bottom of the cavity would not permit the conum solidihcation because the
rate of heat transfer to the grapliite is intrinsecally limited by:

- the small heat transfer area:
- the large thickness of the corium layer (20 cm);
- the low thermal diffusivity of the corium itself,

in other words, with such a geometry, the graphite slab cannot provide its full heat sink
potential.

On the contrary, a stack of staggered graphite beams, with the same graphite volume,
would be able to give the S/V ratio necessary to solidify and cool the molten core. _

3.4.1 Material for the licams

The material of the beams must have, to the maximum extent possible, the following
characteristics:

- a high thermal conductivity, to allow a quick corium cooldown and to facilitate the
distribution of the heat removed from the corium in o the whole gra)hite mass;

- a high melting point and chemical stability, both in dry and wet conditions, to preserve
the mitial geometry and limit the undesirable chemical reactions at high temperature.

-low cost.

At the moment, the preferred material for the beams of the structure is graphite, but
other materials can be taken into consideration (and also com osite materials).
The choice of graphite is a source of concern to somebod because this material is
instinctively associated to the Chernobyl accident (critical ty accident, graphite fire,
hydrogen generation upon contact of overheated graphite with water, etc). These
concerns, however, are groundless:

-if criticality were a real danger, a neutron poison could be distributed into the graphite;
- the reaction of graphite with the air present in the cavity is limited because the

- 25S -

-___ _ __ __ _ - -



-.
- - - -

|

1

graphite temperature is not allowed to reach dangerous levels and the amount of air
available in the cavity for the reaction is limited;

- the reaction of graphite with water is limited by flooding the cavity within half an hour
from the fall of the molten core into the cavity, i.e. before the graphite temperaturc
reach:s temperatures above 1000*C.

3.4.2 Reference Design Geometry

Stacks of graphite beams characterized by different geometries and different S/V ratios
can be taken into consideration for tne dispersin 4 structure to be located in the bottom
of the reactor cavity. To demonstrate the feasibi,ity of the proposed conce at the design
shown in Fig. 5 has been chosen as a reference. Of course it shall have to 3e optimized
on the basis of experimental tests.
This design consists of 7 layers of staggered graphite beams of square cross section,60
cm side and 90 cm pitch. A channel,30 cm wide and 5 cm deep,is grooved on the top
side of each beam to facilitate corium collection and distribution.
The sides of the cavity, up to the level of the vessel, are lined with graphite bricks (also
60.:m thick) backed by refractory bricks (15 cm thick). In this way, a useful heat sink is
3rovided for heat transfer by radiation from the corium deposited on the uppermost
ayers of the stack.
For a molten core. spread uniformly on the reference stack of beams, the S/V ratio
would be 5 times that associated to a single slab, even if one considers only the upper
side of the beams; it is actually much larger, if one takes into consideration the vertical
sides of the beams, on which a fraction of the corium is bound to stick.
With tl
240 cmywould be associated to the 3600 cm2 uniform distribution of the molten c. pre on the beams, a corium cross section of

of the cross section of the
In other words, in addition to the filling up of the top channel (150 cm2), graphite beam.there would be
an equivalent layer of 1.5 cm thickness (90 cm2) resting over the top.

3.4.3 MechanicalImpact of the Melt

As stated in Section 3.2, at the time of pressure vessel melt-throtgh the primary circuit is
depressurized.
The impact of 100 tons of molten material falling from a help,ht of 4 meter on the
underlying structure could produce the displacement or overturning of the beams of the
upper layer (s).
This, however, is not a serious challenge to the structure as a whole and to the
underlying layers which could still perform their function. At any rate, to better preserve
the whole geometry of the stack, it is advisable te modify somewhat the two upper layers
of beams by giving them also lateral stability or protect them with a slab receiving the
direct impact of the falling melt.

3.4.4 Uniformity of the Melt Redistribution

This is a very important issue and should be carefully investigated.
In effect,it is difficult to precisely predict the degree of uniformity of corium distribution
without some experimental tests. Ilowever, the following considerations can be made:

Upon falling from a height of 4 meters (even with the primary circuit depressurized),-

the horizontal spread on the melt on the stack is inevitable upon impact, because of
the conversion of a substantial fraction of its potential energy into kinetic energy.
The corium spreading is enhanced if, at the time of pressure vessel melt-through,
there is a slight overpressure inside the primary circuit.
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The heat capacity of the air 3 resent in the cavity is so small compared to the internal-

energy of th'e molten core t1at it can absorb only less than 1% of it. So its cooling
effect can be neglected, even if there were an instantaneous transfer of heat to the
surrounding atmosphere. Therefore, heat would be removed from the melt mainly by
conduction and raciation to the graphite beams and to the cavity walls.
Corium is a molten material with a high ' ' m heat of fusmn (280 kJ/kg and
internal heat generation (0.2-0.3 kW/kg): boto inese characteristics tend to ma)ntain

-

i
it in the liguid phase and to favor the uniformity of its spreading.
A very thick layer of corium cannot accumufate on the upper side of the beams-

because it takes time for the melt to solidify: the thicker the corium layer, the longer
its solidification time. As a consequence the material which is not quickly solidified
tends to squirt or ooze out of the horizontal side of the beam.

Apart from these considerations, the uniformity of the melt distribution, even if
desirable, needs not be rigorous, because there are margins for a certain degree of non-
uniformity in the distribution. 'lhe degree of disuniforrnity which can be tolerated
without adverse effects, can be determined by heat transfer ca!culations.

3.4.5 Temperature Transients

a) Mathematical Model

With a three-dimensional distribution of the melt on the stack of beams, three-
dimensional heat transfer calculations would be necessary.
However, to arove tne soundness of the proposed solution these complex cakulations
are not strict y necessary. In this preliminary phase only a simplified one dimensional
heat transfer model has been considered. Therefore a uniform thickness of corium on
top of the graphite beam has been assumed.
The heat loss by raditalon from the top of the bet.m (when considered) has been
arbitrarily compensated by a similar heat mput into the bottom of the beam.
The decay heat has been uniformely distributed, part in the corium and part in the
praphite, the ratio between the two parts being a function of the thickness of the corium
iayer.

The decay power has been reduced by 20% to account for the loss of volatile fission
products.
The pressure vessel melt-through has b2en assumed three hours after the beginning ot
the accident.

b) Variable Parameters

The temperature transients in the corium and in the graphite have been calculated by
for different values of the following parameters:

- thickness of corium layer (from 0.5 to 20 cm);

- thermal diffusivity (large metallic fractionEfrom that of pure UO3 to that 5 times larger, to encompass types ofcorium with a very
- heat removal by conduction only and by both condection and radiation.

c) Temperature Profiles

In this section the main results obtained with the com
presented.The interested reader is refctred to References [puter runs performcd are5] and [6] for the entire set
of parametric studies performed.

1
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Fig. 6 shows the temperature profiles in,)he corium and in the graphite, in the case of a
sing,le graphite slab,3 m thick and 50 m- cross section, over which a corium layer of 20

,

cm is distributed. Ileat is assumed to be removed by both conduction (at the corium-
and radiation (from the top of the corium la

graphite interface)is geometry the corium cannot be solidified:yer) .
-

As expected, in th its internal temperature
rises to extremely high values because the heat transfer area is too limited and cannot
dissipate the internally generated decay power. The mathematical rnodel ado)ted is not
strictly correct in this situation (there couid be crust break ups) but, neverticless, she
coolability of the corium is not guaranteed.
Even doubling the cavity cross section from 50 to 100 m2 would not be sufficient to
obtain the corium solidifi:ation and cooldown.

Figure 7 (a,b,c,d) shows the temperature profiles in the cor:um and in the graphite, at
various times after the fall of the melt, for the reference case (molten corium layer 4 cm
thick deposited on the top of a graphite beam of 60 cm side). These results, of cours
would be valid also for a single graphite slab at the bottom of a cavity of 250 mb
horizontal cross section.These are the main conclusions of the calculations performed:

the corium is always solidified and cooled down in a relatively short time. This r-

conclusion holds irrespective of the thermal conductivity of the corium and of the
heat removal scenario;

in case of pure UO , whatever the heat removal scenario, the graphite tempernture2
-

remains evegwhere lower than 800'C for it least one hour after the fall of the melt;

in the case of corium of high thermal conductivity, and combined heat removal-

scenario, the corium graphite interface temperature exceeds the 800 *C for the first
1015 min; thereafter, it drops below 800 C, as in the rest of the graphite and
remains below said temperature for at least one hour;

in case of corium of high thermal conductivity and heat removal by conduction only,-

the corium graphite interface temperature remains between 900 and 1200 *C for the
first hour after the fall of the melt; the bulk of the graphite, however, stays below 800
'C also in this case.

Calculations have been performed also for the case in which the equivalent corium
thickness on the top of the graphite beam is 7 cm. This case is representative of a non
uniform corium distribution on the stack of beams. The results of the :alculations
-indicate that the graphite surface temperature in the affected beams reaches, in[5][6]the
same time interval, values higher than in the average beams so that, to avoid
undesirable chemical effects with water, it is necessary to perform the cavity flooding
earlier, say before half an hour from the fall of the melt.
Corium layers of larger thickness are practically impossible to exist since the molten
fraction of corium would tend to slip out of the top of the beam. The sli) ping out of the
molten fraction can also be facilitated by suitable geomet* features of t )e beam itself.

In conclusion, by spreading the coriura in layers of limited thickness over a stack of
graphite beams and by flooding the cavity withm half an hour from the fall of the molten
core, the solidification and cooldown of the molten core can be ensured and the integrity
of the contaimnent basemat preserved, without adverse effects (no steam explosion,
limhed hydrogen generation if any).
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- 3A.6 The Cavity Flooding

In the I..l.R.A. containment, the reactor cavity is in communication with the suppression
pool through pipes located close to the bottom of the pool; these pipes are norrnally
closed either by isolating valves or by melting pl*igs. The opening of the valves or the
melting of the plugs causes the flooding of the cavity and the gradual quenching, starting

,

from the bottom, of the ruolten corium distributed in the dispersing structure. In this
manner damaging steam c~tosions are avolded.
' Die flooding should take place whithin half an hour from the fall of the melt to avoid
graphite overheating and subsequent extensive graph |te water reactions. )
As long as the graphite surface temperaturc stays below 1000 *C, the reaction rate with
water is limitec and the extent of the reaction is also limited because the time required
to cool down the walls of the graphite beams to safe levels (below 700 *C) is of the
arder of 15 minutes or less.

but, for the tim [e ]being, that solution has been set aside untill more is known on molten (in Reference 3the full of molten corium directly in a Gooded cavity was considered

corc/ coolant interaction and associated potential steam explosions).
I

3A,7 Applicability - |

}
' Die cavity design described in the previous paragraphs can be adopted in all types of |

containment, even in those which do not expouse the pressure suppression concept. i

4.EQURCE TERM AND PROllAllllETic SAFETY ASSESSMENT

The " source term" is the reference release to the environment which is assumed to
evaluate the worst possible consequences of a severe accident.

In most of the operating reactors the adoption of a source term orders of magnitude
smaller than the core inventory is difficult to be justified, if one takes into consideration
the results of the PRAs performed.
In fact, exam!aing: Fi . 8 which shows the so-called * Cumulative Complementary
Distribution Function" namely, the probability of having a release larger than the value

probability of a release does not decrease appreciably as th[e] release itself incteases. chosen on the abscissa for five typical oprating reactors 4, it is evident that the
Only the curve related to a BWR equipped with a Mark 111 containment shows an
encouraging, albeit not very strong, downward trend. This trend is mainly due to the
features of the Mark Ill containment and in particular to the passive scrubbmg action of
the suppression pool which limits the radioactivity release to 11e environment.

i - Unfortunately the design limitations of the Mark III containment (for severe accidents)
--

- do not allow to take full advantage of the potential of the system. For example, in the
plant taken as a reference (Grand Gulf), the hydrogen agnitors located above the

- su pression pool are fed by A.C. power and therefore if power is not available the
h rogen would accumulate in the containment and its deflagration could cause the

- f ilure of the containment itself, because of its small volume anc. design pressure.

In the proposed containment system, hydrogen accumulation is prevented by D.C.
powered ignitors and by the (passive) catalytic foils in the containment; furthermore the
containment volume and design pressure are so large that even a hydrogen deflagration
would probably not fail the contamment.
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An other reason why the potential merits of the hiark 111 containment are not strikingly
evident in the PRA performed is the fact that a steam explosion in the drywell is
possible and has a certain probability of causing a suppression pool by-pass, with
consequent failure of the containment structure. Dy avoiding the interaction between
the molten core and the wter untill the former is fully solidified the corresponding risk
of containment failure could be made negligible,

if the mentioned shortcomings of the hiark Ill containment were eliminated as in the
proposed LI.R.A. design, a PRA level 2 would probably show a corresponding CCDF
with a very clear downward trend of probability vs. release, thereby confirming the
applicability of a very low source term for a reactor equipped with the promsed
containment.

,

5. COSTS

-Of course a containment system such as the LI.R.A. is not cheaa. One might argue that
a large and strong containment with a pressure suppression poo , such as that proposed,
is unnecessary and that such an expensive containment tends to make the nuclear power

'

>

plants less competitive with other existing alternatives. Even if an accurate evaluation of
the cost of the proposed containment cannot be made without a detailed design, an
approximate and preliminary estimate ccn be tried.
Keeping in mind the desire to maintain a large and strong containment ( say 70 000

. cubic meter of volume and 0.4 htPa of design pressure for a 1000 hiWe reactor) the
addition of:

- the suppression pool (of say 8000 cubic meter);
the struc,ture enveloping the whole primary circuit (drywell) and the associated
penetrations;

- the new reactor cavity design, below the vessel;
the hydrogen recombination devices (ignitors and catalytic foils)

might lead to an incicase in the cost of the containment perhaps around 20-30% above
that of a. large dry containment of the present generation. Since the cost of the
containment is about 4% of the tctal plant cost, the cost increase associated with the
7toposed Ll.R.A. containment is biout 0.8-1.2% And since the capital cost accounts
Lor approximately 60-65% of the unit cost of electricity, the increase in cost of electricity
associated with the L.I.R.A. containment amounts to 0.5 0.8%, i.e. not very much
considering the enormous increase in safety afforded by the Lt.R.A. containment.

Furthermore, some savings might also be made since all the expenses related to the t

preparation of the emergency plan can-be avoided; in addition, since the proposed
containment system is based on well known principles and does not require knowledge
in unknown scientific domains, limited costs are envisaged in related R & D.

In the opinion of the author, if the superior radioactivity retention capabilities of the
proposed containment are recognized and credit is given for them by the regulatory
authorities, by the scientific commuaity and by the affected population, the proposed
containment has a chance of being adopted, even in countries where there is, at present, '

a strong opposition against nuclear power.

In conclusion the limited cost increase associated with the LI.R.A. containment cannot
be considered an obstacle to the competitiveness of nuclear ener3y.

o
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6.COMMERCI AL ASPECTS ,

i
'

The LI.R.A. containment system described in this report requires know-how both in the
fic!d of PWR technology and in the field of va Jour suppression technology.
In the West, the vapour suppression techno'ogy (in its suppression pool variety) has '

been develo)cd by General Electric, the main 11WR vendor; the main leader in PWR e

technology las been Westinghouse: since these two companies have always been ,

traditional competitors, the b;ending of these two technologies does not appear easy. |
But it should be remembered that in the world there are at least three vendors who have
both technologies:

- ABil, now incorporating Combustion Engineering, has experience in the design and
construction of both PWRs (with large dry contamments) and BWRs (with vapour
suppression containments) in Sweden;

- Siemens, now incor aorating A.E.G., has similar experience; in addition to that, it also
has acquired knowaow in the field olhydropn recombination with catalytic foils;

- Atomenergoprojekt, the Russian reactor designer, has experience in bmh PWR
'

technology and vapour suppression technology.
8

So, even without a G.E./ Westinghouse joint venture, there is in the world the capability
of designing and constructing PWRs with Lt.R.A. containment systems.

7. CONCLUSIONS AND 1[ECOMMENDATIONS

The LI.R.A. containment system proposed in this paper for adoption in future nuclear
')ower plants affords a major increase in the safety of nuclear power plants in so far as it
s capable of limiting the release of radioactivity to the environment to les:: than one
millionth of the core inventory, also in case of a severe accident with core melt and
pressure vessel melt thrcegh. With such a small release no evacuation plan would be
necessary for the surrounding , population and the contamination of the surrounding
territory would be negligible. Smce the proposed containment is based on well proven
concepts little additional experimental research is necessary to prove its feasibihty and i

to optimize its design,
its cost is expected to increase the cost of electricity by less than 1% with respect to the
current systems. .. |

If the containment concept proposed in this re !

the appreciation of Utilit:es, Reactor Vendors, port meets, on one side, the iMerest andArchitect Engineers a.A of the Scientific!

Community, and , on the other, gets credit for its su >crior safety characteristics i the |
Regulatory Authorities, some experimental te:;ts anc more detailed analyses mi be

the proposal. pate residual doubts and confirm the feasibility and economic vali ity of
funded to dissi
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DESIGN OF THE INTERNAL GEOMETRY OF AN ADVANCED
CONTAINMENT FOR MITIGATING DEFLAGRATION OVERPRESSURES

Marco Nicola Carcassi Fabio Fineschi
Dipartimento di costruzioni meccaniche e nuc!cari

University of Pisa. ITALY

Abstract

During a severe accident at a nuclear power plant, there is the potential for the generation,
accumulation and combustion of hydrogen. Various models and computer codes have been
developed to predict the conta!nment loading that may result from the maximum overpressures
generated from the combustion of hydrogen during a severe accident. In the first phase of our
research, the DEVENT code was deve oped as an analytical tool to provide a more realistic
evaluation of the maximum overpressures reached in the compartments as a result of a dcHagration.
DEVENT simulates the denagration transient in a compartment with venting towards a constant
pressure environment. Deflagration tests where carried out in a partially contained volume in the
HYDRO apparatus (0.5 m3 steel vessel) and in the VIEW (0.4 m3 lass vessel) apparatus, whete theg
flame front can be seen with the addition of a Nacl aerosol. The preliminmy data that has been
generated from our theoretical and experimental result, on the optimum collocation of venting
apertures and igniters, can be used to develop of igniters or other systems, which address
hydrogen mitigation in advance type containments.

INTRODUCTION

In the case of severe accidents in a water cooled nuclear power plant, hydrogen may be present in
the containment and form a flammable mixture with the atmosphere. Mixtures are considered
flammable when enough fuel and comburent concentrations are present to let the combustion
propagate as a wave front in the gas, after being triggered in a small volume by an external source,
like a spark, quickly releasing enough energy (ignition). The process causes the rapid release of a
large quantity of energy (explosion). Here are various modes of propagation of the combustion
wave, which may be divided into two categories:

| 1) slow deflagrations, which are dangerous in closed or partially confined envimnments, because
I

they provoke a nearly uniform increm in pressure and loads, almost static upon the containment
structures. The overpressure increases along with the degree of connnement and with the reactive
state of the mixture untilit reaches the stoichiometric conditions.
2) rapid deflagrations and detonations, whose probability and danger increases with the reactivity

- of the mixture. This combustion forms shock waves and, therefore, dynamic loads " the
stmetu e, independent of the degree of confinement since the rarefaction wave causing the burnt
gas vent (this is the only pressurised gas since the fuel wave and the shock wave coincide) cannot
catch up and attenuate the faster shock and fuel wave.
An explosive accident can therefore damage the safety containment and result in the release of
radioactive substances into the atmosphere,
For the purpose of this investigation, we will focus on slow deflagrations.

"
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'lhe slow deDagration is the most probable in a nuclear plant. In order to evaluate the risks and
design the safeguards to be installed to reduce the consequences of combustion, we must predict
the pressure transient that a slow deflagration would propagate between the various cor p,utments,
since the safety containment is subdivided into communicating companments. In partiaily confmed
volumes, the denagration overpressure depends on the combustion rate, and this on the geometric
and thermonuid dynamic conditions of the system affected by the propagation of the Game. The
complexity of the chemophysical mechanisms responsible for the deflagration phenomenon has not
yet allowed us to develop a theory complete enough to describe quantitatively the influence of each
parameter on the deflagration process. 'lhe overpressures generate gas Dows (venting) betwe:n
communicating compartments, such that the distribution of temperature, p ssure, speed and
chemical composition of the gas change while the combustion transient affects the containment.
This change generates retractions in the combustion rate. Since the " vented" deflagration depends
on the geometry of the compartments, the overpressures caused by the deflagration can be

-

mitigated by properly designing these compartments and the apertures which put them in ,

communication. ,

At the Department of Mechanical and Nuc' ear Engineering at the University of Pisa (DCMN) we
started a theoretical and experimental research program on vented denagration. Initially, cues of
venting towards a pressure constant environment were considered. These are not only imyirtant as
a first stage for funher study on deflagration vented toward variable pressure environments (typical

iof containments with compartments), they are also important for their direct application in the
conventional field, where venting towards the atmosphere is used as a method for mitigating
overpressure due to accidental denagrations in containments or buildings where flammable gases
are generated, released, stored or manipulated. The computer code, DEVENT, was developed to
simulate this phene :& ology and, at de same time, experiments on the apparatus called ilYDRO
were conducted. To visualise the evolution of the flame front during combustion and its passage
between compartments, the VIEW apparatus was then designed and constructed. These first phases
of our trsearch have already provided some interesting information for optimising the design of the
intemal geometry of the containments of new generation nuclear tractors.

-

TIIE DEVENT CODE

The computer codes, like MAAP, JONTAIN, RALOC, FUMO, etc, that are currently available to
simulate the phenomena which may occur in the safety containment of a nuclear power plant during
a postulated severe accident, operate on " concentration parameters" and do not characterise very
well the contair, ment volume that includes regiorr of bumt and unburnt gas, created by the
combustion wave. For example. the ilECTR 1.8 contait, ment code [1] with concentrated parameter,
has a deflagration model that takes into account regions of different chemical composition (bumt
and unbumt states) within the compartment. Ilowever, these containment volumes within llECTR
are detemlined in a tothl!y untralistic way in that the temperature and molar density are considerrd
to be uniform throughout the compartment. This implies an incorrect assumption on the temporal
evaluation of the venting characteristics and, therefore, on its effects on the pressuir transient since
the balances on mass and energy change as vented gas is assumed to be bumt or unbumt.

DEVENT [21, instead, takes into account the marked difference in temperature between the
expanding volume occupied by the burnt gas and the decreasing volume occupied by the unbumt
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gas, with characteristics of the vented gas equal to those present in the volume which face the
venting apertures.1he system is adiabatic, under the assumption that the energy toss due to the

,

tranrfer of heat towards the walls is negligible compared to ti.e energy released by the combustion
and lost through venting.1he pressure in the compartment is assurned as always uniform, as in
llECTR 1.8 since the speed of the name front is much slower than the speed of sound (slow
denagrations). An infm' itesimal element undergoes an iscentalpic transformation while crossing the
combustien wave, assumed to be of zem thickness. The combustion of the infinitesimal element is,
therefore, instantaneous and complete because the dissociation of the reaction prcducts is
neglected. The overall increase in pressure is caused by the subsequent cornbustion of various !

i mass elements and is in part counterbalanced by venting towards an exterm.1 environment at ;

constant pressure, lower than or equal to the internal pressure .cince the gas cannot enter the
compartment, the chemical composition of burnt and ur,bumt gas is constant and, obviously,
different. The unburnt gas undergoes an isoentropic compression because there is no gas input in
the unburnt zone and all output gas (due to the venting or to the combustion) has the same
characteristics as the gas in the trgion.1he Dame temperature,i.e. the temperature of the gas which
enters the burnt zonc, varies in time along with the varia. ions in the pressure and the temperature of
the unburnt gas.

In order to simplify the thermodynamic treatment, the deflagration models similar to DEVENT
[3,4,5) genemlly assume that no individual mass element undergoes any matter or heat exchange
with the other elements after it is burnt. It is iscentropically compressed from the cembustion
pressure to the final pressure. In essence, unlike the unbumt gas, the burnt gas is considered
anisormpy, in most cases this hypothesis is unrealistic, DEvrNr also considers a perfect mixing of
the burn phrtse. This difference from the other models entails a more complex thermodynamic

| analysis, because the burnt gas is not iscentropically compressed. On the other hand, the model
makes it much easier to determine the characteristics of a possible venting of burnt gases, because
the temperature is also unifonn in the unburnt gas. The gases are assumed to be ideal, with
different specific heats _ depending on their chemical composition, evaluated as a function of
temperature by rneans of classical empirical relationships [6],

The required input to the code is given by:
- the initial conditions of the mixture (the veating flow rate is initially zero either because the
pressure is equal to the external pressure or because the venting apertures are closed);

!_ - the law with which the volumetric combustion rate varies in time from an initial nil value
1 - (ignition); the volumetric combustion rate is calculated as a product of the burning velocity (the

relative speed component of the unburnt gas with respect to the perpendicular of the Dame)
multiplied by the flame front. The code must therefore be provided with both the law of variation
of the burning velocity due to the thermofluid dynamic variables of the system, and the law of
variation of the Dame frunt with the burnt volume;

- the pressure value at which venting begins through an aperture and the value, lower than the
former, at which it may stop after having begun;
- ti.e values of the burnt volume when the aperture is reached by the Dame front (at this point the
chernical composition of the vented gas changes from unburnt to burnt); these values are:

determined a priori by the user with geometrical considerations based upon the dimension and fonn
of tae compartment and on the venting apertures, on the position of the venting, on the position of
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the ignition point and 01 the hypothesised geometry for the flame fmnt while the combustion wave
propagates.

MATIIEMATICAl, FORMULATION OF Tile DEVENT CODE

The thermodynamic analysis is based on the following balances:
- mast .md energy balances in the unbumt gas;
- mass and energy balances in the flame;
- mass and energy balances in the bumt gas;
- momentum balance implicit under the assumption of pressure uniformity.
The accuracy of the code result is verilled through a global mass balance. The quantities used as
reference for the non dimensional formulation of the equations are:

-length V/A
- surface A
- volume V
- temperatum Ts
- molar energy RTs
- pressure Pe

- energy PeV
P,V Mu

- mass R T.
L R T.cs=u

- speed Mu
V

- time Acus

The non-dimensional variables am underlined.

Mnw Balances

' *llic molar flow rate of senting is obtained by adding unbumt to burnt flow rate:

'CauAvufu 5u + Cat 5sbeb 5b'dHy _ I3
dt i Tu

_. (1)- _

Tb
where

' 5 = ' Y+ 1 <
for F 2 Fe, = ' 1- N2-- -

iY+1 16

or
- L

5=.'1k(y-1
21 Il for P < Pc,

1P1
-

1p2 /

unburnt gas

' The moles of unbumt gas decrease in time because of the combustion eaction and the beginning of
venting. In differential terms the expression is:

dn = - dn , dnu u ur
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with
PV (1.x)" " "

RTu
and

u=gf 13, dtdn

from which, by non-dimensional mndering:
1 -- i

(1-x) df b - dx = -(Qu Xvuc iiu + lis)di (2)u
>P Tu i

fame

The flame is of zero dimension, hence:

dnb, = (1 + ev)dnur = S n ,du
hib

ournt gas

The moles of bun.t gas vary according to the balance between the positive contribution given by
the combustion maction and the negative one given by venting:

dnb = dnbr - dnby
where

!!b " RT '

b
fmm which, by considering the mass balance in the flame and adimensionalising:

x dE - dT ' + dx = - Cdb Evb cb ib + E di (3)
b i ,

iP T; h1b Tu i3 ,

Enert'v Balances

unburnt gas

7he assumption is that the unburnt gas undergoes an iscentropic compmssion:

d E = 7" h (4)
P Yc1 Tu

fame

The unifonn pmssure in the system and its adiabaticity, entail the iscentalpic combustion of the
infinitesimal gas element Th 3as enters the flame at the temperatum of the unburnt gas and leaves

. it at the flame temperatum:

(EbTr - Ebr, ) - ( EuT - EuT. ) + c AE, = 0 (5)

burntgas

d(n uTe)b + hbT, dnby - h , dnbr = - P dVbbT

from which, by using the mass balances and adimensionalising:
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d - Mh = S li,dt (6)x
iP W l T3 Mb Tu

R ILAME IVONT SURI' ACE
Solution of the mathematical oroblem g ] .( 3 g]

m
By using Equation (5) to find T, the differential Equations d d. d
(1), (2), (3), (4), (6), can be rearranged and integrated to
obtain P , Tu, Tn, x e ny as a function of time with a
standa-d library subroutine for the solution of ordinary Q
differential egaation systems.
DEVENT had presiously been applied to the three
elementary geometries (planar, cylindrical, spherical). VV V
Current application has been extended to include cylinders Figure 1 Evolution of the Dame
with bottom ignition and the flame evolution (Figure 1) in a cylinder
[2],

1!SE OF Tile DEVENT CODE

The main difficulty in the use of DEVENT comes from the need to know, as input, the variation
laws of the combustion speed and of the flame front. These are detennined by many parameters,
which include:
1) the turbulence of the unburnt gas which is due to the expansion of burnt gases and to the
presence of obstacles,in relation to the geometry of the companment .The greater the volumetric
combustion rate, the greater the turbulence which,in its turn, tends to increase both the combustion
speed and the flame front by distoning it;
2) the heat losses towards the walls, especially when they come in contact with the burnt gas;
3) the relative movement between hotter burnt gases and colder unburnt gases, due to buoyancy

-

forces;
4) the distortions of the flame f rtmt due to instabilities similar to the Taylor one [7,8,9], which are
caused by impulsive accelerations from the unburnt toward the burnt gas. This occurs when the
Dame slows down by touching the walls or when burnt gas venting begins;
5) the number and the position of the igmd= h,res;
6) the " jet-ignition," (the simultaneous ignition of almost all the gas present in a compartment),
caused by the close mixing of burnt and unburnt gases which is provoked by the sudden burst of a
Game, from an adjacent companment in the highly turbulent fluid dynamic field which originated in
the compartment. This was caused by the violent entrance of unburnt gas which precedes the
arrival of the Dame [10,11].

The complexity of these phenomena and the possibility of their combining in various modes makes
it almost impossible to find laws of variation for the combustion rate other than those empirically
derived. Today experimentally studied cases are insuf ficient with regard to the enormous spectrum
of possible situations that may be found in practice.
DEVENT may be used in an inverse sense to derive semi-empirical |aws of variation for the
combustion rate, staning with the observation of experimental transients [12,13].
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EXPERIMENTS WITil Tile IlYDRO APPARATUS

Exocriments
I, 650 a

Since the beginning of the 1980's, the Scalbatraio Laboratory n-
of the Department of Mechanical and Nuclear Engineering of
the University of Pisa has been conducting eeperiments on the " ' ~~

it ,-
deflagration of hydrogen mixtures. ~

R = 520
"

Along with the theoretical work, tests have been made on the ; n

deflagration in containment with venting in a free atmosphere .n _. ,

a3 .he first phase of experimental studies on the effects of 2 ? C =_, _
, ,

compartmentalization. The results allowed for a |
g

phenomenological analysis propaedeutic 'o the study cf more ;
complex situations, nese results are of immediate interest for 4 g
an understanding of the evo's tion of deflagration in the '

s

compartment, where ignition takes place and there is (' jc .

communication with compartments where the pressure Figun 2. IIYDRO vessel with
remains almost constant. This is because they are larger than vent and igniter positions.
the vented gas volume or because the venting towards other
environments is intense. The pressure also remains constant, independent of the unload pressure,
when there is a critical flow conditions.

The initial conditions and results of selected tests (14] conducted in the llYuRO apparatus [15] are
found in Table 1. The test apparatus is essentially a vertical steel cylinder,0.5 m3 (Fig. 2). The
composition of the hydrogen-air mixture was 14% by volume of hydrogen in all the tet,ts in ortlar
to show the effects brought about by varying the follows parameters:

Table 1. Initial conditions and results of some HYDRO tests.

Test number 4 10 11 12 15 19 22 25 26
Conc. vol.112 (%) 14,3 13,9 14,0 14,0 13,9 14 14 14,0 14
Igniter position L L L L L L L 11 H
Venting position H H H II TC C L L TC
$ venting (mm) 30 100 70 50 TC 70 70 70 TC

t init. vent comb. (s) 0,125 0,074 0,092 0,115 0,066 0,01 0,154
number of peaks of P 1 2 1 1 1 1 1 2 1

t of i peak of P (s) 0,28 0,086 C. 05 0,265 0,285 0,267 0,218 0,124 0,38
1 peak of P(kPa) 297 139 * 170 238 356 173 192 141 364
t of 2 peak of P(s) 0,139 0,238
2 peak of P (kPa) 121 142 *
t end c. (from P) (s) 0,28 0,139 0,203 0,270 0,267 0,245 0,238
t end c. (from T) (s) >0,28 >0,167 0,190 >0,276 0,285 >0,240 '),225 >0,198 0,38
P end e. (kPa) <297 120/<75 150 <210 356 173 <185 142 364
t end transient (s) 4,435 0,992 0,690 0,862 NR 0.567 0,76 0,52 NR

* = Max value; NR = Not reconier; TC = Test Closed; c. = combustion.
H=high, C= central, L= low (see Figure 2)
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- the position of the igniter: high, low (H. L 5
4 e nt inerclosed x nm

see Figure 2)
- the position of the venting: high, centrai, a 4 470 mm
low (11, C.L see Figure 2) 4 . ? \ _ y o=yomm

%- the diameter of the venting area: 30,50, j
d N70,100 mm.
8

3 ~ ~

jBased on pr-ious experimental data [16),
we assue that the volumetric n v

concentration of the hydrogen is high [2 [( I

enough at 14% to guarantee that the [- -a.

\ !combustion wave will propagate in the I

entire volume of the vessel. The o j
'

dimensions of the venting area are small 1

enough, with respect to the volume of the 0 0.2 OA 0.6 0.8 t

vessel, to enable us to casily measure the time (s)
overpressure. Figure 3. Pressure transients with igmtion in L
The initial pressure was the same as the position and venting in H position.
external pressure and the venting opened as
scan as the pressure went up. For those tests not reported in Table 1, the main interest was for an
application of venting in the containment of conventional plants. For these tests the overpressure of
the venting aperture was varied using: 20,40,60,160 kPa.
Pressure and temperature were measured at certain points inside the vessel and in the venting
aperture. The thermocouples were not able to estimate the real temperature of the gas because their
response times were too long with respect to the speed of the transients. They are, however, useful
to evaluate when the flame front has arrived at the thennocouples since it quickly increases the exit

signal.

Annivsis of the results

1) The effect of an increase in the venting 3- , i

aperture dimension, which diminishes the
'

#11 ig. L vent. Hx
maximum overpressure, was studied in g. o #25 ig. H vent. L
tests with the igniter at L position and the . 2.5 / 1
venting at H position. An increase in the S i

venting Dow rate diminishes the quantity h [' . *

,

of overall burnt gas (even during unburnt O 2 '

gas venting) and increases, during burnt 8 4

gas venting, the energy lost towards the $
outside compared to the energy generated [1.5 *

by the combustion of unburnt gases \ ;'3

trapped in the vessel (Figun: 3).

1
2) The experimental curves of the pressure 0 02 OA 0.6

time (s)
in two tests are shown in Figure 4. The Figure 4. Pressure transients in tests with igr.ition in
igniter was first placed in H position and IJH position ar.d venting in H/L position.
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then in L position while venting, with an apenure diameter of 70 mm, was placed in L position and
then in If position. The figure clearly shows that when the igniter is placed above the venting
aperture, the maximum pressure in the compartment is lower than when the igniter is low and the
venting high. In the first case, we have a " max value of 41 kPa and in the second 69 kPa, an
overpressure 40% greater than in the first. This is probably due to the effect of the buoyancy force
on the hot, burnt gases. In the test with low igniter, the advancement of the flame front is initially
fostered by the buoyancy force. The induced turbulence is marked and the combustion is fast, so
only when the venting of burnt gases (after 0.092 s) begins does the lost energy counterbalance the
energy generated by the combustion. In the test with high igniter k) cation, the initial comhustion is
less rapid because the huoyancy forces oppose the advancement of the name front. The lost energy
iw' nes along with the pressure and is able to counterbalance the energy that was generated
', g the last phase of the unburnt gas venting, which ends at 0.154 s. The geometric
emuacteristics of the system should only affect the phenomenon quantitatively and not

~

qualiiatively.

3) Figure 5 shows the experimental 3
= #22 ip L vent Lpressure curves registered during three tests f a #19 i L vent Cwhere the igniter was placed in L position Ad #11 ig. L vent il

.

s xand the venting area (with an aperture of 70 32.5
mm diameter)was Orst close (L position), g 3

-

then at an intermediate distance (C position) y %>

and, fir, ally, at the maximum possible -2 - '

distance in the apparatus (11 position). In the $ /
ktest where the distance of the igniter and the $

venting area was maximum or minimum the !.1.5 y
'initial pressurisations were faster. This could \

be due to a more turbulent name, in the first
,1

case, this is due to a longer duration of the 1 0 0.2 . 0.4 0.6
venting of the unburnt gas (ended at 0.092 s) time (s) -

and in the secc.nd, to a longer duration of Figum 5. Pressure transients with ignition in L
burnt gas venting (begun at 0.010 s), in the position and different venting positions.

test with the venting aperture at an intermediate distance, neither unburnt nor bumt gas venting had
enough (the type of venting switches at 0.066) time to generate very high turbulence levels. The
mechanisms with which the two types of venting provoke turbulent flames are essentially different
and, to a cenain extent, antithetical. Unburnt gas venting inexases the turbulence of the Dame since
it tends to increase that of the unbumt gases in which the Dame propagates. Venting increases the
unbumt gas outflow speed, while bumt gas venting tends to make the Dame turbulent due to the
triggering of the Taylor instability. The maximum overpressure was greater in the test with a
minimum distance between the igniter and the venting aperture because the mass of gas entirely
burnt is certainly greater since the unburnt gas venting is lower. This result could have been
different if the dimensions of the venting apenure had been varied.

EXPERIMENTS WITil TIIE VIEW APPARATUS

With the IIVDRO apparatus relatively high pressures can be reached, but the evolution of the flame
front cannot be observed (the surfaces of the Dame and the volume of the bumt gas). The VIEW

- 279-

_ _ _ _ - __ _ _ _ _ _ ._-_-_-__- -_________ ___-_____ ___--- - - - -



m

1500
E d LEGFNDg

- h k k 1 - Plastic sheet

k b @.,
2 - Diaphrr gm

-

n 3 - Steel w all

hb l
.

4 - Igniter
V - 5 - Vent nreai Q 3 All the other walls are
\, - )<

'.L - ----

made of glass

.-

Figure 6. Schematic view of VIEW apparatus,

apparatus was designed for this pumose. Its vessel is a 0.4 m3 parabelepiped with four of its walls -

'
made out of glass (Fig. 6). Since the hydrogen Dame is not visible to the human eye, an aerosol is
added to the gas mixture. The aerosol consists of an aqueous NaC solution with 10 m drops
which makes the Dr ne surface visible so that it may be videotapeu. During one of the preliminary
tests, a diaphragm with a 200 mm diameter circuhu opening was inserted in the vessel one meter

,

y from the spark igniter, in onier to divide it into two compartmeni.s. Ilydrogen concentration was ,

about 10% in volume. Figure 7 shows four photographs taken during the tests. When the name
reaches the second chamber, the entire mixture catches Gre almost imraediately due to jet ignition.
Although this research has onlyjust begun, preliminary results suggest that this phenomenon may
play a role in the pressurisation of the second chamber depending oa the distance between the
igniter and the aperture. For this reason, other tests have been planned which a larger apparatus (2
m long, squared base length 0.6 m) fitted with pressure and thermocouple transducers. The

'

positions of the igniter and the diaphragm, the dimension of the diaphragm hole and the
composition of the mixture will be varied inside the apparatus. To better evaluate the shape of the
flame front and the volume occupied by the burnt gas, the transient will be videotape from above as
well as from the front.

_
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Figure 7. Test in the VIEW apparatus with diaphragm and hole of 200 mm.
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USEFUL CONCLUSIONS FOR PLACING Tile IGNITERS IN TIIE S AFETY
CONTAINMENT OF NUCLEAR PLANTS

Igniters were installed in some safety containment types of nuclear power plants. Igniters increase
the potential for slow deflagrations since they are intended to inauce combustion at low hydrogen
concentrations. This would decrease the robability of fast deflagrations or detonations occurring
at higher hydrogen concentrations. Igniters are also considered for installation in the advance type
containments. The analysis of the experimental results from lhe preliminary phase of our research
on compartimental containers carried out at DCMN Pisa, shows that overpressure in the
compartments affected by the propagation of the flame depends ca both the dimensions of the
apertures and the relative position of igniters and apenures.
Overpressurc is lower when igniters are placed above the ventin y .es. An optimum distance
was found between the igniter and the ventins - cc. This p coably depends on the ratio
between the venting area and compartment volume and is related to the jet ignition phenomenon.

The DEVENT code is currently being upgraded in order to simulate 'he deflagrat on transient ini

communicating compartments with environments at variable pn ssures, which may ;her than
that in the compartment where stan the combustion. Future experiments planned e HYDRO
and VIEW apparatus should provide data and adequate basis to find some empirical reia .onships to
be implemented in the code. This new work should describe the principal phenomenon and provide
acceptable values for the combustion rate of the deflagration. The comparison with the
experimental findings from other laboratories will be very useful to check for possible scale
effects. When the code is validate ( m will be able to determine the optimum placement ofigniters
and compartment apertures of the safety containment in every possible case. Such a validated code
can be used to identify,in each case, the optimum position of the ignitets and the compartment
apertures of the safety containments.
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-Svmbols

A characteristic surface of the vessel.
A,: venting area.
B, volumetric combustion rate of bumt gas.
Ce coefficient of venting resistance,>

yT-
e speed of sound = g
hr molar enthalpy at temperature T.
M molecular weight.
n - number of moles.
F pressure.
R constant of gases.

-t dme.
-T temperatum.
u internal molar energy.
V compartment volume.

-x | vi lume fraction occupied by bumt gas.
Ah emhalpy variatica in a constant temperatum combustion when reactant and product moles are 1

equal to the reaction's stoichiomettic coefficients.
c- ratio between the molar fraction of deficiency reactants in the unburnt gas and the I

corresponding reaction's stoichiometric coefficient.
y : pressure factor in the correlation of the venting flo_w rate.
y ratio between specific molar heat and pressure and constant volume of gas mixtum.

'v- - difference between sums of product and reactant stoichiometric reaction coefficients.

Index

: b: -burnt gas.
- cr critical condition of venting.
e external environment.
f. flame.
0- initial conditions.
r combustion reaction.
s standard conditions.

.u unbumt gas.
Y venting,

a
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STUDIES ON ALWR's CONTAINMENT SYSTEM PENETRATION

Franco Mantega Enrico Penno Paolo Vanini
CISE-Segrate(MI)dtaly CISE-Segrate(MI)-Italy ENEL/DSR/VDN-Roma-;taly

ABSTRACT

The reduction of the radioactive release du ing the Severe Accident can be achieved by
improving some precise plant requirements, among which the Containment leaktightness to the
environment. One of the critical points of this matter is due to the Containment penetrations.
The SANDIA/NUREG experience on the Callaway-2 Personnel Airlock showed good behaviour
of the whole component as for pressure and, in some way, temperature. Starting from this
experience studies are in progress in order to explore the possibility of realizing a mitigation of
the thermal load of the elastomered sealing area of both Personnel Airlocks and Equipment
Hatches during a long-term Severe Accid:nt.
These studies, performed on one of the ALWR design concept, also regard the mechanical and
thermal stress behaviours of these components as integrate (consequences of Containment
deformations and radiation damages of the elastomers). On the basis of the currently used
elastomers, the paper deals with new arrar.gements to passively improve the component
performances in case of Severe Accident conditions. Calculations performed on a Personnel
Airlock show that it can be possible to assure less than 170 C of the outer door temperature
and 355 *C at the inner door while the Containment temperature would be more than 450 C
by passively improving heat dissipation and thermal insulation . About the Equipment Hatch
which, because of its position, represents the weak point of the whole Containment barrier it is
worth noticing that the double-seal arrangement 60es not represent a redundant feature due t '
the closeness of the two gaskets. Modi 6 cations of this component are being studied to give rise
to an independent sealing area far enough from the main one to assure milder radiation and

~

thermal conditions for the elastomer even in a Severe Accident scenario. An experimental
campaign is expeted to be performed in the future on a Personnel Airlock in a cancelled Power
Station.

PURPOSE OF THE WORK

A significant discussion has taken place in the scientific community in the last years on the
subject of Containment performance for the nuclear plants of the new generation.
It is growir.g opinion that the new Containment performance shall be based upon the definite
target of environmental impact limitation. The Italian design target is to reduce the
environmental impact in case of any reasonably conceivable accidental event including Severe
Accidents and related phenomenologies, so as to require no reliance on the success of the off-site
emergency response procedures for the protection of the population health.
To attain this target it is necessary to improve the current plant design in order to comply with
the technical requirements and with the "what if" beyond the plant ds ;gn performances.
To do this it is necessary, about Containment, to provide a design able to:

assure a stringent design leak-rate for any conceivable accidents, long term Severe-
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Accider.t included,
solve Containment bypass issues (interfacing system LOCA, multiple tube rupture,-

isolation function improvements, etc.),
. improve the plant system design in order to be sure about the Containment leak-ate in-

any moment in which an accident may occur (e.g., by means of a continuous leakage
monitoring system).

About the first item, due to the ALWR design philosophy allows a considerably reduction of
mechanical and electrical penetrations and the current te :hnology provides zero-leakage electrical
penetrations, the niost criticalissue regarding the isolation device involves the Personnel Airlock
and the Equipment Hatch (this pcper does not report a study carried out on isc,lation valves of
Heating Ventilation and Air Conditioning HVAC systems).
These are critical components because they are [1,2,3):
- potential . main contributcrs to the total Containment leak-rate in Severe Accident

conditions,
- a potential direct path between the Containment atmosphere and the environment,

a weak point because their tightness is trusted to organic materials that are susceptible-

of aging, thermal and radiation damages.
The purpose of ENEL/CISE studie. is to develop the criteria and conceptual design fors

Personnel Airlocks, Equipment Hatches in order to solve the problem according to the new
target for le future nuclear plants.

APPROACH TO THE PROBLEM

The studies (started in 1990) considered events slightly beyond the current Severe Accident
[4,5,6] in order to avoid unrealistic situations involving too heavy design requirements.
This approach was modified, as described below, after reading, the S ANDIA/NUREG report that
describes the test carried out on a Personnel Airlock of the cancelled Callaway-2 Plant (that was
originally designed for a .41 MPa pressure ar,d 170 *C temperature) [7]. .

The conclusions of this test program were:
altho"gh the gaskets were degraded by an acceleiated aging process,Mmulating ooth heat-

and radiation damages, no leakage in the inner airlock door occurred during all tests at
!

quite a high temperature and a very high pressure,
;

| - failures in the gasket seal was related to temperature beyond the degradation temperature
j 'of EPDM E603 (approximately 330 oC),

the gasket expanded while increasing temperature causing significant upward deflection'
--

of the door and resulting in larger gaps between the inner door and bulkhead,
- the Personnel Airkck survived 2,07 MPa internal pressurization at 427 C; in spite of

these heavy conditions the structure remained in the elastic range,
- . the outer door at 2.07 MPa did not leak because ofits low temperature (below 100 oC;.
The examination of the above results leads to these following remarks:
- the failure of the inner door gaskets must not cause temperature increase at the outer-

doo: owing to the metal-to-metal contact between the inner door and its bulkhead; even
if the-gaskets were completely destroyed, the metal-to-metal contact would provide a

| _ strong resistance to the gas circulation,
| - heat transfer canditions of the. structure nave an important effect on the temperature

distribution. The outer door temperature and consequently the Airlock isolation functionI
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depend on this heat transfer.
These considerations led to a change in the approach: instead of assuming as input data the

'

-Severe ' Accident temperature values (whose validity is often under updating) the Personnel
Airlock design value was taken as the maximum acceptable temperature value of the outer door.
Starting from this point, calculations are unde ,vay to verify the gain in term of thermal
mitigation produced by the improvements, such as thermal insulations and passive heat
dissipation (whose passivity ranges in the No.2 Category [8]). The same approach was adopted

-ior the Equipment Hatch. In this case it was necessary to design a modification of the component
in order to realize a second (or back-up) seal area at a temperature not far from the design one
even ifin long-term Severe Accident conditions. As for the Personnel Airlock these results were
achieved by means of thermal insulation panels and a passive heat dissipation system.

DESCRIPTION OF THE IMPROVEMENTS-

Personnel Airlock

The improvements studied for this component have to fulfil the following requirements in order
to .

avoid any strnetural modification of the component-

reali7e both insulation shielding and dissipation featuring for a life of 60 years-

perform the heat dissipation ii a strictly passive way-

perform the heat dissipation system for all kinds of layouts.-

Fig. I shows a*scherre of an improved Airlock in the hypothesis of a lay-out allowing good
natural air circulation outside of Containment (the last generation French PWRs,for instance).
The fmned surface may help increasing the dissipation.

'

Fig < 2 shows the same improved component realized by a floodable annulus welded on the
cylindrical surface outside the containment. Two suitable pipes link the annulus to a storage tank
arranged outside the containment and filled with water. The heat dissipation of this loop can be
obtained, in a passive way, by natural air exchange or evaporation or both of them.
The portion of component inside the containment (cylindrical part, bulkhead and door surfaces)'

is insulated by means of suitable panels that fill any free space, a ; for instance the space between
the stiffenings. These panels must be realized in cuch a way as to avoid their contaminatioas and

. performances losses especially in case of shocks, during the plant hfe. In the same way the
- inner surfaces'(door and bulkhead) of the portion outside the containment is to be covered with
insulating and reflecting panels,

- Equipment Hatch

The improvements to apply to this component were studied in order to :
realize both the insulation shields and the dissipation area for a life of 60 years-

- perform the heat dissipation system in a strictly passive way
- perform the heat dissipation for all kinds of layouts

minimize the structural modifications of the component.-

Fig. 3 shows a scheme of a modified Hatch thus extending the component toward the
environment, involving a modification of its handling operations (sometimes there is no room to
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allow this movement), in the hypothesis of a good natural air convection layout (as in the French
last generation PWRs).
Fig. 4_ shows the same improved component realized by means of a Ocodable annulus welded
to the flange between the two seal areas. This annulus must be linked to a suitable tank as for
the personnel airlock.
Fig. 5 shows the component with an extension toward its centerline that allows a llatch handling
quite similar to the current ones but with a consequent increase in the component diameter.
Fig. 6 shows th same IIatch as fig. 5 with the Hoodabit annulus.
The portions of the component insit the containment of both the solutions,i.e., Hatch, Dange
(welded to the containment wall) and a suitable part of the wall around the Dange should be
thermally insulated by means of proper panels, as for the Personnel Airlock.

- RESULTS OF CALCULATIONS

Personnel Airlock

The first improvement studied was a passive heat dissipation system to be installed on the
portion of the Airlock outside the Containment. Some calculations were made on the Airlock as

. designed and built in order to verify the rate of heat dissipated by this outer portion of the
component under the assumption of a good natural air replacement. The temperature inside the
Containment was supposed at 350*C with a dissipation rate outside the Containment of

2 2 2. 10.5 kJ/m h C from the cylindrical surface which is some tens of m wide and 13.8 kj/m h*C
2from the bulkhead and door surface which is more than 7 m wide.<

The calculations show a _ temperature distribution as reported in Fig. 7 in which the inner door
is' supposed at 350*C, as the Containment atmosphere, and the outer door turns out to be 201 C.
Although the assumed dissipation rate is not very high, the plant layout does not, in some cases,
allow such an exchange rate because of the configuration of the room where the outside portion

-

- of the Airlock is housed.
For this reason a dissipation system based on-a completely passive water loop under the

~

- assumption of a boiling mode heat transfer was studied, while neglecting any possibility of air
and radiation exchanges.

- A second run of calculations takes into account the above mentioned water system and the
thermal insulation of the bulkhead area and the cylindrical portion of the Airlock inside the-
Containment. The insulation of the cylindrical portion is a quite an easy problem, whereas the
bulkhead area and the door involve more difficulties because of the presence of stiffenings and

,

. some.other electrical and mechanical components.
The insulation panels were supposed made of a poor material,50 mm thick (0.4 kj/m h *C),'

L canned by suitable antishock and anticontamination liners. Studies are in progress with the goal
of representing a true situation, at the present stage of the study it was supposed that the
insulated portion of the bulkhead surface would be no more than 80 %.
In th:s| condition, with a temperature of the Containmeat atmosphere of 350 *C,the inner door;

,

would be at 277 *C and the outer door at 175 *C, see fig. 8.
A third run of calculatiens-is based again on the water dissipation system and the thermal
shielding of the inner surface of the outer door only.- At this stage, the calculations take into

- account only a roughly reflection contribution of these inner shielding panels.
In this condition, with a temperature of the inner door at the same value as the Containment

,
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atmosphere, i.e. 350 C, the outer door turns out to be 167 C see fig. 9.
A fourth run of calculations take into account the above mentioned three solutions all together
and are based on the same heat transfer outside the Containment and the same Containment
temperature (350*C).
By means of this configuration the tem,nerature of the inner door is 277 *C while the outer door
temperature would be no more than 145 *C, see fig.10.
The last rua of calculations are practically the same as the fourth one but with an important
difference about temperature inputs. As a matter of fact, the design temperature of the outer
door (outside the Containment), i.e. 170 C, was assumed instead of the containment
temperature at the inner door.
In this conditions the inner door would be at 355 C but with the Containment atmosphere
temperature at about 450 *C, see fig. I1.
Some simple calculations were made to know the volume of the tank linked to the floodable
annulus around the outside portion of the Airlock when the Containment temperature is 350 C
and the Airlock is equipped with the above mentioned solutions. Even in case of evaporation
only, less than 6 m' of water would be necessary for the "72 hours grace period" imposed by
EPRI.
Structural calculations, although important, were not made on this component, because the
conclusion cf the program is expected in the spring 1993. It is worth to note that all the
solutions do not imply structural modif~ cations and the S ANDIA/NUREG tests give encouraging
results about the mechanical behaviour.

Equipment Hatch

A structural modification of the component is necessary ;o obtain a back-up seal area. For this
reason calculations were made both on the thermal and structural behaviours. Some runs of
calculations were performed in the aim of getting a reasonable compromise among thermal
mitigation, dimensions of the modified component and acceptable stresses on materials.
The first run of calculations deal with the two proposed solutions, see figs. 3 and 5 again, -

without any insulating material inside the Containment ai,d with natural air exchange with the
environment according to the IAEA passive category No 1 [8].
In these conditions the temperature of the backup seal area is 220 and 225 C, respectively, for
the two proposed solutions while the temperature inside the Containment is 350 *C, see Figs.
12 and 13.

The air temperature autside the Containment is supposed to be 50 C because of the hot air
rising from the lower surfaces of the Containment. The heat transfer convection coefficient is

,
2assumed to be 6.3 kj/ m h *C.

Figs.14 and 15 show the temperature dis;ributions of the two different design solutions with the
inner area of the flange protected by an insulating ring and air cooled. The Containment
temperature is 350 C. The backup scal area temperature is 140 and 180 C for the solutions
described in Figs. 3 and 5, respectively.
As for the Airlock, a dissipation system based on a completely passive water loop under the
assumption of a boiling mode heat transfer was studied. The insulation protection around the
backup seal area, while preventing any possibility of dissipation by air, realizes an effective
protection against the heat radiation flow coming from the Containment surfaces.
Figs.16 and l'T show the behaviours of the two different design solutions with the flange inside

1

- 289-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _-

|
the Containment protected by the insulating ring, the annulus Gooded by boiling water and the
external surface of the backup seal area properly insulated. The Containment temperature is
350 C. The backup seal area temperature is 106 and 120 C for the solutions described in Figs.
2 and 4 respectively.
In the last two con 6gurations the water evaporated during the "72 hours grace period" would
be about 10 and 31 m' for solrtions described in Figs. 2 and 4 respectively.
Calculations on the Containment temperature value, in the assumption of the backup sealing area
at 170 C (design value), were not performed because the closeness between the seal area and
the floodable annuius does not involve important temperature increases even in the case of
Containment temperatures largely beyond the Severe Accident ones. The higher heat flow
through the structure obviously needs a greater rate of evaporatea water. Calculations dealing
with the mechanical behaviour of the Hatch under a value arbitrarily assumed as Severe Accident

conditions are in progress.
-

Fig.18 shows the deformaticcs of the Equipment Hatch flange in these conditions.
Fig.19 shows the Finite Element Model of a Large Dry Containment; the load conditions are
supposed to be at 350 *C wall temperature and 0.5 MPa pressure.
Fig. 20 shows the Finite Element Model of the toward outside solution (see Fig. 4). The
maximum local stress is 360 MPa, see Fig. 21.
Fig. 22 shows the Finite Element Model of the toward centerline solution (see Fig. 6). The
maximum local stress is 290 MPa, see Fig 23. ,

RADIATION DAMAGE OF GASKETS

Calculations are in progress. A rough evaluation by means of the Origen-2, on the assumption
of 100% noble gases,100% volatile fission products,50% non-volatile fission products released
from the core, has given encouraging results. As a matter of fact, the gaskets of the outer door
of the Airlock would integrate lx10" rad in some months in case the gaskets of the inner door
would fail, thanks to the metal-to-metal contact between door and bulkhead, see Fig 24.
The backup seal gaskets of the Equipment Hatch would integrate the same value in a longer time
(in this case, the failure of the main seal gaskets is less important).

CONCLUSIONS

Starting from the considerations that the next generation of nuclear power plants must have a
higher Safety level in comparison with the present generation, the concept of the " Defence in
Depth" has to be taken into account where possible, namely for all the critical points of the
Containment.
Although the elastomer behaviours have been deeply improved and many other Penetrations have
now good performances, the geometries of both Airlocks and Hatches have had little variations
during the last decades.
For this reason it seems to be necessary to increase the level of the " Defence in Depth" of the
Equipment Matches as the Airlocks in which a second (or backup) seal area is present.
A second seal (or backup) area must have milder accident conditions to be effective.
The realization of all the described mitigation solutions seems to be simple, effective and safe
for both Airlocks and Hatches.
The on going calculations show that it is possible to give quite a longer life to the second (or
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backup) seal areas and a higher possibility to the first (or main) seal areas of surviving in
conditions even beyond the Severe Accident ones and for a long time. A test programme is,

planning for 1993 on an actual Personnel Airlock in a cancelled ENEL Power Station and might
be considered as the ideal continuation of the SANDIA/NUREG experience.
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SEVERE ACCIDENT RISK MINIMIZATION STUDIES FOR TIIE ADVANCED
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Oak Ridge, Tennessee 37831-8057

Abstract

This paper discusses salient aspects of severe accident r-lated phenomenological considerations,
scoping studies, and mitigative design features being studied for incorporation into a high-power
research reactor plant .<ey results of scoping studies on steam explosions, recriticality, core-
concrete interactions, a.ed containment transport are highlighted. Evolving design features of the
containment are described. Containment response calculations for a site-suitability basis transient
are presented that demonstrate acceptable source term values and superior containment
performance.

INTRODUCTION

Oak Ridge National Laboratory's (ORNL's) Advanced Neutron Source (ANS) will be a new user
facilityL2 for all kinds of neutron research, centered around a research reactor of unprecedented
(~1020 neutrons /m2-s) neutron beam flux. A defense-in-depth philosophy has been adopted. In
response to this commitment, ANS Project management initiated severe accident analysis and
related technology development early-on in the design phase itself. This was done to aid in
designing a sufficiently robust contamment for retention and controlled release of radionuclides in
the event of such an accident. It also provides a means for satisfying on- and off-site regulatory

. requirements, accident-related dose exposures, and containment response and soun:c-term best-
esumate analyses for level-2 and -3 Probabilistic Risk Analyses (PRAs) that will 1,e produced.
Moreover, it will pmvide the best possible understanding of the ANS under severe accident
conditions and consequently provide insights for the development of strategies and design
philosophies for accident mitigation, management, and emergency preparedness efforts.

This paper describes salient aspects of the ANS system design, results of focused severe accident
scoping studies, efforts to identify mitigative design features, and strategies for reduction of the

.

i consequences of severe accidents in the ANS. Thereafter, the results of containment response
calculations for a licensing basis transient are presented.

ANS SYSTEM DESIGN

The ANS is currently in the conceptual design stage. As such, design features of the containment
and reactor system are evolving based upon insights from ongoing studies. Table I summarizes
the current principal design features of the ANS from a severe accident perspective,in comparison

. with ORNL's High Flux Isotope Reactor 3 (HFIR) and a commercial Light-Water Reactor (LWR).
; As seen 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 U-235) uranium silicide fuel in an aluminum matrix with a plate-type geometry, and a
total core mass of 100 kg. The power density of the ANS will be about 2 to 3 times higher than
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that of the ILFIR, and about 50 to 100 times higher than that of a large LWR. Such features have
led to increased attention being i;iven to phenomenological considerations dealing with steam
explosions, recriticality, core-concrete interactions, core melt progression, and fission-product
release. Ilowever, as opposed to power reactors scenarios, overall containment loads from
hydrogen generation and deflagration are relatively ta,impanant for the ANS.

A schematic representation of the reactor and containment is given in Figure 1. The reactor core is
enclosed within a so-called core pressure boundary tube (CPBT) and enveloped in a reflector
vessel. As seen in the figure, this reactor system is immersed in a large pool of water. Experiment
and beam rooms for researchers are located on the Erst and second floors, which are connected to
the thin 10oor high-bay region via rupture disk, t .a. :ubpile room housing the control rod drive
mechanisms is also connected to the third floor via lines with a rupture disk in between. The
appmximately 95,000 m3 primary containment of the ANS consists of a 25-mm steel shell housed
m a 0.8-m-thick reinforced concrete secondary containment wall with a 1.5-m gap in between.
The targeted design leak rate for the primary containment is 0.5 vol ?c/ day (to the annulus),

_

whereas, for the secondary containmen the design leak rate is 10 vol 7c/ day. Annulus flow is
exhausted through vapor and aerosol filters. The containment isolation system is designed to
automatically initiate closure of isolation valves on lines that penetrate the primary containment
wall.

ANS SEVERE ACCIDENT RISK MINIMIZATION STUDIES

Based upon the salient features of the ANS identified in Table 1, relevant severe accident issues
that have been identified are:

- Fuel-Coolant-Interactions (FCis) (e.g., stertm explosions),
- Recriticality.
- Debris noncoolability and ablation of structural boundtuies,
- Core-Concrete-Interactions (CCI),
- Gas detonation, and
- Containment overpressurization failure.

Results from focused studies on the issues listed above are summarized in the following sections. _

Studv and Prevention of Steam Exolosion Loads in ANS

The study of FCIs is of panicular interest to ANS safety due to well-known propensity for molten
aluminum to interact explosively with water.4,5 Such reactions can cause large amounts of
mechanical energy to be generated within a very short time frame, creating missiles and shock
waves that may damage the containment. Results of a recently completed scoping study 5 for the
ANS have indicated that the CPBT and reDector vessel (made of aluminum) very likely would
rupture under predicted FCI loads generated for a variety of severe accidents. Severe accidents
considered in this focussed study included anticipated transients without scram (ATWS), reactisity
excursions, and debris melting under decay heating conditions. This study clearly indicated the
need for incorporation of a well-characterized set of mitigative features. Merely increasing the
thickness or changing the materials of the CPBT are in connict with the main mission of the ANS
(i.e., high thermal neutron flux) and were thus not options. Considerations are being given
towards the material of choice for the reflector vessel,in conjunction with the strategic introduction
of a void volume for reduction of pressurization loads. More sophisticated evaluations are being
made to give indications on the relati.e merits of the energy absorption capabilities of various
system structures, including the reactor coohmt system (RCS). Based on results of these studies,
judiciously positioned missile shields or pressure relief valving will be considered to minimize the
risk for containment failure or damaging blowdown loads.
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For the ex vessel phase of steam explosions (especially in the subpile room), evaluations a e being
made for the introduction of strategic flooding. As a basic recommendation, system operation is] being prescribed to minimize situations in which large quantities of reciten debris and water come
into contact. If, for example, the core debris must be cooled with water, a Hooding strategy is
recommended that employs a pulsed injection mode so that if an explosive FCI does occur, the
amount of water present will be limited. Another strategic flooding method would employ sprays
with appropriately timed injection that causes sufficient quenching but significant steam blanketing
at the water-fuel interface to prevent triggering of explosions.

As is well-known, the appropriate use of additives 4 o the water can supp ess the steam explosiont
triggering potentisi to a neghgibly low value. Therefore, the use of additives to the water used for
flooding strateg;es is also under consideration in ex-vessel situations. Another mitigative feature is
tL use of surfactants which may assist in inhibiting steam explosion occurrence. Presently, severe -

accident researchers in conjunction with ANS designers are considering the feasibility of using
particular preventive mechanisms in the overall conYxt of plant design. Thereafter, a focussed
experimental-cum-analytical effort will be undertaken as needed to quantify, qualify, and validate
such a midgative design feature.

Prevention nnd Miticatict JUebris Recriticality Loads in ANS

As shown in Table 1, the ANS will use about 15 kg of highly enriched U-235 fuel encased in an
aluminum matrix. Under certain accident scenarios the fuel material can relocate out of the control
region and under the appropriate configuration, may undergo a prompt recriticality tmnsient (an
aspect that is usually considered a non-issue for power reactors), A scoping study has been
conducted to evaluate such a potential for the ANS using the KENO 5-SCALE neutronic code
system 6 at ORNL This preliminary recriticality study for the ANS core debris in various
postulated post accident configurations within the RCS has indicated that it might theoretically be
possible to insert significant excess reactivity (i.e.,10 dollars worth). This was found to be the
case only for dispersed configurations where all of the fuel (i.e.,15 kg of U-235) was involved.
An alternate calculation with about 4 kg of fuel dispersed in a D2O medium resulted in a kert of

,

only 0.85. The amount of fuel which needs to be dispersed to give a keff value of 1.0 has yet to
be evaluated for various thermal-hydraulic conditions. All lumped fuel configurations remained -

significantly subcritical for the conditions studied. These evaluations demonstrated, to the extent
they were representative of expected conditions, that a mechanism should be found to prevent
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. Other options considered relate to the introduction of neutron poisons (e.g., borated
pipes)in selected RCS regions.

This is a clc ar case where a design fix, that "will" prevent recriticality, is far more preferable to an
extensive research program that "may" solve the problem. This is because not much is known on
modeling and analysis of " transient" debris recriticality events.

As mentioned above, a principal aspect dealing with debris recriticality in the ANS during severe
accidents requiring investigation deals with debris dispersion. Research efforts are thus to _be
focused toward analytically quantifying melt progression aspects with the potential for leading to
ecriticality, possibly coupled with qualification via scaled experimentatwn.

Prevention and Mitiention of CCI and Combustible Gas Detonation Loads

As mentioned previously, the potential generation of combustible H in the ANS from oxidation of2
the aluminum in the fuel plates is significantly lower than for power reactors. However, additional
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CO and 112 gases can also be generated during the CCI stage. Fortunately, our scoping studies
show that even if all the generated gases were to uniformly fill the primary containment, the
concentration level would still be less than 1% by volume. This is significantly lower than the
level necessary for deflagration (8 vol %) or detonation (13 vol %). However, the possibility
exists for generating high concentrations (i.e., greater than the detonation limits) of combustibh
gases in selected containment regions. Specifically, this becomes a real possibility in the subre
room during CCI if the basemat is made with limestone-common sand concrete. For such
conditions, the use of an inert atmosphere combined with igniters in selected volumes most
susceptible to the buildup of detonation quantities of combustible gbes has been strongly
recommended. This will be considered for feasibility ofintroduction within the overall context of
plant design.

Another means for pmventing detonation loads in critical regions was studied in conjunction with
minimizing concrete ablation and gas generation du; ig CCI For the ANS conditions, our
scoping studies have shown that the threat to containment integrity from CCI loads can be
prevented or mitigated if the surface lining of the basemat were made with alumina concrete
coupled with the flooding strategy described above. Details of the study can be found in
Reference 7. Another means considered for minimizing CCI would be to d.: sign the subpile room
cavity to spread the core debris sufficiently for maintaining coolability (i.e., interface temperature
below the concrete ablation temperature). This was not considered feasible trom operational
considerations and also because the amount of debris spreading on a level surface is limited by
surface tension.

The most promising approach toward eliminating threats fram CLI-generated loads for the ANS
would rely on lining the basemat of the subpile room with alumina concrete. The depth of this
lining (for a conservatively scoped debris-concrete configuration) should be greater than the
thern d boundary layer thickness as a minimum, combined with an appropriate flooding strategy.
Strategic flooding would achieve the purposes of preventing steam explosions, quenching the
debris to prevent CCI, and finally to also assist in scrubbing fission products. It is recognized that
the qualification and validation of this mitigative feature would require focused analytical and
experimental efforts. In conjunction with this prescription, we have introduced strategically
positioned igniters to bum off the greatly reduced (albeit potentially damaging) amounts of .

combustible gases in confined volumes.

Measures for Minimintion of cpurce Term. Debris Noncoolabiltiv
and Structural Ablation

From an obvious perspective, for severe accidents with significant fuel melting, the best way to
minimize the source term is clearly to keep the fission products bottled up in the RCS itself. This
requires maintaining the debris in a coolable state. For the purposes of this discussion, we define
coolability to mpresent a thermal condition where the interface temperature between the debris and
structure under attack is lower than the structtue's melting temperature. Scoping calculations have
shown that in order to achieve this for ANS debris with its high-power density (viz., more than
50 to 100 times that of power reactor debris), the debris would need to be sufficiently dispersed,

8 o be published later. Dispersionand covered with water. Details will be discussed in a report t
would effectively increase heat transfer surface area. The precise degree of dispersion necessary is
clearly a function of several parameters (viz., debris decay power level, structural material and
geometry under attack, coolant thermal-hydraulic conditions, etc.). In any case, it is evident that a
means should be engineered in the system to ensure that the debris does not relocate to regions in a
lumped geometry if noncoolability is to be avoided. However, this approach is in conflict with
design needs for minimizing recriticality loads, which can be initiated in dispersed geometries. An
iterative approach is being followed toward identifying an optimized set of design features.
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As is well-known, a simple but highly effective technique for reducing the soi ree term utilizes the
natural tendency of water to provide fission-product scrubbing. Every effort is being made to
make sure that wherever possible, fission products are released only through a water pool. For
this and other reasons, the ANS reactor vesselis located in the bottom of a large pool. Most of the
RCS piping also passes through water-filled pools. It should be noted however, that the scrubbing
function is dependent on and, in some cases, very sensitive to key parameters such as pool
subcooling, depth, and pil, as well as the fission-product form. Therefore, the design attributes of
such water pools will take into account these parameters to provide the needed scrubbing
capability.

Measures-for Minimization of Overnressurization Failure

It is recognized that no amount of filtration or containment capability can help if the containment
boundary fails catastrophically via overpressurization. Several possible means by which this may
occur involve loads generated either due to explosions or from events such as steaming or
combustible gas deflagration. Prevention of containment failure from explosive events was
discussed earlier in the sections dealirig with FCI and recriticality prevention. IIere we discuss
aspects dealing with minimization of risks from overpressurization failure due to relatively static
loads.

Due to the large size of the ANS containment (> 95,000 m3), containment transport calculations
show that pressurization from nonexplosive conditions will not cause ovemil primary containment
shell failure. However, for smaller compartments, such as the subpile room where a CCI event
can quickly cause overpressurization failure of containment walls, pressure-relief mechanisms have
been selected. Specifically, a rupture disk is allowed to open up a flow path from the subpile room
to the high bay volume if the subpile room pressure goes above 115 kPa (2 psig). Another similar
rupture disk allows p.. sme relief for the large high bay volume if the pressure exceeds 115 kPa
(2 psig); that is, if the pressure in the high bay volume exceeds 115 kPa (2 psig), a rupture disk
opens up to allow expansion into the first and second floor volumes. Such a zoning arrangement
also serves the important purpose of facilitating personnel evacuation from the first and second
floor volumes in the event of a severe accident. The effects of such a designed pressure-relief
mechanism will be evident from results presented in the next section, displaying containment
response characteristics for a site-suitability basis transient.

The large containment volume of the ANS coupled with the relatively smaller quantities of heat-
generating fission products (about 10% of that for large power reactors) and the designed pressure-
relief mechanisms make engineered safety features such as sprays unnecessary. However, fan
coolers will be considered for volumes such as the subpile room where even if appropriate
pressure relief is provided, the atmosphere may reach high temperatures during deflagration
events.

ANS- CONTAINMENT RESPONSE DURING A SITE-SUITABILITY B ASIS
TR ANSIENT

This section describes the thermal-hydraulic and radionuclide transport modeling aspects along
with analyses conducted for evaluating the ANS containment response for a site-suitability basis
transient. The scenario to be modeled follows the prescriptions given by the 10 CFR 100
guidelines outlined in Reference 9. It is hereafter referred to as the CFR100 scenario.

The MELCOR severe accident analysis code 10 was used to develop an overall representation of the
ANS con:ainment. The model, consisting of 11 control volumes,15 flow paths, and 21 heat
structures (representing walls, ceinngs, shells, and miscellaneous materials) of various shapes, is
shown in Figure 2. A fan model has also been included to account for flow through the large

I
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anaulus gap between the steel shell and om antainment. Aerosol and vapor filtration pmcesses :

are also modeled, as are various complex aer : sal and vapor transpon phenomena associated with !

the severe accident scenario bemg evaluated.

The CFR100 scenario was analyred assuming an intact primary and secondary containment. '

lodine and aerosol filter trains have been incorporated to provide retention (of halogens and
particulates) with decontamination factors of 100 and 200, respectively. Leakage rates of i

0.5 vol %/ day from the primary containment to the annulus (under design pressure difference), and :

10 vol %/ day from the annulus to the environment were mcxleted. The modeling of annulus leak ,

rate of 10 vol %/ day was performed by conducting an inverse calculation. That is, the exhaust rate
of 10 vol %/ day was specified as a boundary condition, and resulting pressuie distributions in the
annulus were back calculated. At the stan of the calculation,100% of the noble gases and 25% of ,

the halogen inventory were sourced into the high bay volume atmosphere as vapors in addition,
IG o he remaining radionuclides were sourced into the high bay atmosphere as acrosols Ther

r mainder of the radionuclides were assumed to " stay" in the reactor pool volume of 100 m3
.'

without volatilization. Such a prescription provides for the maximum possible heat generation for
steaming purposes.

Salient results of MELCOR calculations are showtiin Figures 3 through 7. "rrssurization traces
for various argions of the containment are shown in Figure 3. As seen therMn, high bay volume

Thv. af er, rupture diskspressure rises quickly after pool steaming begins in about 4 hourr t

provide pressure relief when a pressure difference of 112 kPa (2 psig) is reached. Eventually, the
entire containment volume pressure levels off at about 121 kPa (2.75 psig). ,

Figure 4 provides results of temperature nse in various containn.ent regions. As the figure shows,
the atmospheric temperatures in the high-bay and annulus regions can get quite high duc admarily
to steam condensation and radionuclide settling on various heat structures. Figve 5 slows the
transient variation of total mdionuclide mass denosition onto heat structures in the cor.'ainment. As
can be seen, more than 0.5 kg of the radionuclides that were originally deposited in the high bay-
area are deposited onto heat structures within the first 15 hours of the transient.

Figures 6 and 7 show the variation of the radionuclide source term (after passing through filter
banks). As seen frorv Figure 6, only about 1% of the noble gases, and less than 0.0007% of the ,

halogen inventory is released over 70 hours. Figure 7 shows that ; negligible amount (i.e., less
'

,

than 10 7%)_of nonvolatile elements escape to the environment over 70 hours. Most of the
nonvolatile release occurs soon after the high bay area volume presstne meeds 112 kPa
(2 psig).

We results presented above indicate that the negligible amounts of radionuclide releases will allow
the ANS to meet site suitability criteria by a good margin. ne low releases are essentially due to 1

the leak-tight nature of the containment, coupled with halogen and aerosol removal by the filter
banks.

SUMMARY and CONCLUSIONS

To summarize, this papN 9as discussed salient aspects of severe accident related phenomenological
considerations that have been considered for developing designed risk minimization features in the
ANS. Key results from scoping and other studies on steam explosions, recriticality, CCl,
containment transport, and pressurization have been described along with evolvmg design feattues
of the one-of-a-kind ANS containment. Table 2 summarizes several recommendations that have
been made in this paper for mitigating and/or managing containmerit loads from severe accidents in
veious phenomenological areas. As noted in Tabh 2, a comprehensive series of design features
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are being researched for incorporation into the design of the ANS for risk minimization from
severe accidents.

The results from the CFR100 scenario with an intact containment mdicate that selective.

overpressurization in the ANS will be avoided by judicious use of pressure-relief mechanisms. i

Negligibly low values of radionuclides are shown to be released to the environment, indicating the
effecuveness of natural heat sinks and stmetural deposition (in addition to filtration).

It is recognized that the averall risk will have to consider ses d severe accidents in various release
;ategories. liowever, it is expected that when the designed mitigative features summarized in
Cable 2 are accounted for in the overall context iplant design, the ANS will demonstrate overall,

safety by a wide margin. That is, it will be shown to be safe from both probabilistic and
deterministic standpoints (viz., neglighly low values of nsk and no fatalities or injuries if a severe
accident did occur).

Referen ces

1. C. D. West, "The Advanced Neutron Source: A New Reactor Based Facility for Neutron
Researth," Transactions of the American Nuclear Sociery. 61, p. 375, Jun,: '990.

2. F. J. Peretz, " Advanced Neutron Source PLnt Design Requirements," ORN1/rM 11625
Oak Ridge National Laboratory, Oak Ridge, TN,1991.

| 3. F. T. Binford and E. N. Cramer, "The liigh Flux isotope Reactor, A Functional
Description," ORNL-3572 (Rev. 2), Oak Ridgt. *tional Laboratory, Oak Ridge, TN. June
1968.

4. hi. L. Corndini, " Vapor Explosions: A Peview of Experiments for Accident Analysis,"
. Nuclear Safety lournal 32(3), July-September 1991.
|

S. R. P. Taleyarkhan, " Steam Explosion Safety Cansiderations for the Advanced Neutron
Source at ORNL," ORNLffht-11324, Oak Ridge National Laboratory, Oak Rioge, TN,
March 1990.

6 L. M. Petrie and N. F. Landers, " KEN 05 A-An improved Monte Carlo Criticality Program
with Supergrouping," Vol. 2, Section Fil from " SCALE: A Modular Code System for
Performmg Standardized Computer Analyses for Licensing Evaluanon," NUREG/CR-0200
Rev, 2, ORN1/NUREG/CSD 2/R2, Oak Ridge National Laboratory, Oak Ridge, TN,
December 1984.

L

'

7. C. R. Ilyman and R. P. Taleyarkhan, " Characterization of Core Debris / Concrete Interactions|

for the Advanced Neutron Source," ORNI/FM-11761, Oak Rioge National Laboratory, Oak
Ridge, TN, February 1992.

8. R. P. Taleyarkhan, " Core Melt Progression and Fission Product Release Considerations for
- the Advanced Neutron Source Reactor at ORNL," ORNL/fM 12022, Oak Ridge National
Laboratory, to be published.

9. J. J. DiNunno et al., " Calculation of Distance Factors for Power and Test Reactor Sites,"
Atomic Energy Commission Technical Information Document TID-14844, March 1963.

10.- R. M. Summers et al., "MELCOR 1.8.0: A Computer Code for Nuclear Reactor Severe
Accident Source Terms and Risk Assessment Analyses,"-NUREG/CR-5531, Nuclear

,

Regulatory Commission, January 1991.

311 -

- - . - . . ..- . , - - - - . . - . __ - -. - , _ - - .



_

1

Table 1. Severe Accident Characteristics of the ANS
and other Reactor Systems

Parameter Commemial LWR llFIR ANS

Power [MW(t)] 2600 85 300

U Og-Al U3Si AlFuel UO2 23

Enrichment (m/o) 2-5 93 93

Fuel Cladding Zircadoy Al Al

11 0 D2OCoolant /hkxlerator 1-10 22

Coolant Outlet Temperarme ( C) 318 69 92

Average Power Density (MW/l) <0.1 1.7 4.5

Clad Meltir.g Temperature ( C) 1850 58u 580 l

- Ilydrogen Generation Potential (kg) 850 10 12

.

5
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Table 2. Summary of Recormnendations for Design Fixes '

and Mitigative Mechanisms

Recommendation Notes on Recommendation
,

1

Employ an ANS design that retants or traps Fundamental safety prescription
fission product vapors and aerosols for
minimization of the source term

.

Design against selective overpressurization Carefully engineered venting paths with
in contamment companments selective compartmentalization without

overpressurization is desirable to provide more
time for evacuation as well

Carefully consider a more robust reflector Containment of steam explosion pressure
tank material than aluminum pulses, and also radionuclide dispersion

Cora,lder incor, station of a missile shield or .lf evaluations indicate a high probability of
other energy-absorbing mechanism energetic missile generation from explosive

events

Alter the design and operation to minimize Improves quenching, prevents explosive fuel- I
possibilities for inolten core debris coming in coolant-interactions, and prevents core-
contact with large amounts of water in the - concrete interactions
subpile room, employ strategic flooding or
timed-sprays for subpile room

Consider ta of additives to sufficiently Minimizes triggering potential; can be used in
increase viscosity of water used for flooding conjunction with an appropriate surfactant
strategies

Find a mechanism that prevents uniform Recri icality prevention via design andt
dispersion of core debris in reactor coolant - operation

.

system to prevent recriticality. Another
consideration would use borated water-
injection system as in power reactors, or

' barated stmetures .
,

.

Adopt in-depth measures to prevent and This includes igniters (e.g., in subpile room) to
mitigate combustible gas detonation burn combustible gases as they evolve and

before detonation concentrations are reached

Consider either confining debris (using a Iterate with severe accident researchers to
core catcher) or dispersing it to avoid determine location and validity of the installed
noncoolability and or ;ceptable stmetural mechanism
ablation

Line the subpile room floor with alumina Unless operational considerations dictate
concrete and provide for strategic flooding to otherwise
minimize structural ablation and production
of combustible gases

.
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t

Table 2. Surnmary of Recommendations for Design Fixes
and Mitigative Mechanisms (cent.)

Recommendation Notes on Recommer3 ationd

Make every effort to design flow paths to iterate between designers and severe accident
ensure that reh ased fission products are researchers to optimize the scrubbing potential
tmnsported only via passage thmugh a water of the water pool

'
pool

Design to ensure that the radionuclides in the Work needs to be done iteratively between ,

prtxiuction target rods do not escape from the designers and severe accident researchers
reactor cooling system

Address phenomena such as combustible gas For prevention of detonable gas formation
'

stratification via mixing mechanisms

i

|

i

i

|

h

!
|
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Figure 1. Schematic Representation of ANS Containment
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,

Abstract

Advanced safety demands call for reactor containments which are able to withstand
any conceivable accident including the different types of core melt down accidents.
The necessary improvements for the inncr structures of the containments are
discussed. Extreme loadings of these structures such as an in-vessel steam explosion
and a melt through failure of the reactor vessel under high pressure must not
endanger the containrnent. The ongoing research work to show this is described.

'
1. THE SAFETY PHILOSOPHY LEADING TO IMF i '/ED CONTAINMENTS

For technical facilities or other human activities the risk of an accident is usually
quantified by the extent of the expected damage and the probability of its
occurrence. From the fact that some facilities or activities are widely accepted ona
can conclude that their risks are accepted, too.

It turns out that for accidents causing small damage relatively high probabilities of
occurrence are allowed. However, for an accident causing severe damage including
the loss of lifes the probability has to be quite low.

In most countries nuclear power plants are designed in accordance with this rule.
Severe accidents occur only with the same or even with lower probabiities as
corresponding accidents in other power plants (Fig. la).

Nevertheless,in many countries the risk of nuclear power is highly questioned by the
public; and this tendency is increasing. Accidents with severe consequences for the
environment are felt to be unacceptable, no matter how low their probability might
be. Furthermore, people want to be able to see and understand what is gomg on;
and when this is not possible, they are against that technology.

Therefore, research has been stcrted to design-power plants tak;ng into account
these requirements,in this paper and the following paper [1] a new plant concept is
proposed,

based on the successful pressurized water reactor under operation in manye
countries,

e however, with an improved contamment able to cope with any conceivable
accident, including the diHerent types of core melt down accidents.

.The improved containment is designed to provide a clearly defined barrier
preventing any radioactive releases.323 --
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Its function follows simple physical principles and can be easily understood,
its existence and readiness can be easily ,een (since the containment is e huge
component requiring only minor active measure),

its reliab,ility is based on the long time experience in buildings and civil
engineenng.

This new plan'. concept with an improved containment he,s already been discussed in
previouA papers 12 5].

It is clear that from a theoretical point of view absolut safety can never be reached.
But with the improved containment

the risk for the environment of the plant will be additionally reduced such thailte

(Fig.1b) ger reasonable and possible to characterize it by probability numbers
is no lon

and
the transparency of the safety measures will be strongly increased such thate
concerned people who cannot check all the details of a nuclear system will
nevertheless have a chance to get a realistic impression about the high level of
safety.
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| Fig.1: Description of the risks of nuclear power plants
L a) with standard containment; b) with improved containment
|

The impact of the new plant concept on the safety philosophy and especially the
important role of transparency in our society has been discussed in [6), considering
many sociologicalinvestigations about the acceptance of different technologies.

- 324 -



_ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ . ,

in order to prove the effectivness cf the new containment a comprehensive
investigation program has been started at the Nuclear Research Center Karlsruhe.
Core melt down accidents with the most extreme loadings and the resulting most !
unfavorable failure mechanisms of the inner structures are considered. '

,

in this paper an energetic in vessel steam explosion and a melt-through-failure of the
reactor vessel under ligh pressure are dealt with. The goal is to show that parts ofi

the failed pressure vessel will not become missiles endangering the containment and
that expelled core melt will be safely enclosed by a core catcher. t

in the following paper [1] design concepts for the new containment are discussed.
The ongoing research work will show that the new containment will be able to cope
with the decay heat, the resulting pressure build up and a postulated hydrogen

- explosion.

2. ENERGETIC INNESSEL 51 E AM EXPi.OSION

After a core melt down accident, the mo! ten core masses could come in contact with
water remaining below the core support structures and cause an in vessel steam
explosion (7 J 9] It could destroy the reactor pressure vessel and resulting missiles
(e.g. the pressure vessel head) could pierce the reactor containment (a mode failure). .

in the recent Germasi risk study (10) it was concluo~ed that steam explosions with a :
mechanical energy release of 15 GJ and a pressure peak of 75 MPa would not
endanger the integrity of the reactor vessel and that more violent steam explosions
have a sufficientl'the overall risk. y Icw probability of occurrence for not to contribute significantly to

However, following the requirements of chapter 1 for the next generation PWR
containtnents, the most severe steam explosion has to be considered which can be
postulated on physical grounds. Furthermore, if a subsec uent failure of the reactor '

vessel cannot be ruled out, provisions against any missiles have to be taken. *

A first attempt to estimate the expenditure required to control possible missiles has
been based on the data providec; by Theofanous et al. [7). Using always the most
pessimistic data it was found that a steam explosion releasing.3 GJ of mechanical
energy finally might cause the pressure vessel head to be catapulted away with a
kinetic energy below 200 MJ. Design studies have shown that such missiles can be

,

intercepted by reinforced internal containment structures [2,3].

The above figures are, of course, only an illustration of what might be expected and
should serve m-ainly to identify research needs. An equivalent set of figures, which
however has to be proved to be reasonably conservative, must ensue from the
research that has been initiated at the Nuclear Research Center Karlsruhe.

| In the first place an upper limit of the explosion energy and corresponding pressure-
time histones are required. Here we concentrate on two phenomena. The first is the
autocatalytic separation of molten core masses and liquid water during premixing

L which is due to the high va por production rate and which prevenu the interaction of
; c:xcessively large masses. The second is an upper limit to the conversion of thermal
i into mechanical energy that is clearly lower than the theoretically estimated

thermodynamic upper bo_unds (e.g. half as high). Undoubtedly both effects require
further experimental verification. Therefore, appropriate large-scale (field type) '

simulations are being prepared.
,
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Analysis of the expenments and transfer of the results to the reactor case shall be
performed using the three-dimerasional multiphase computer code IVA3 [11] which
describes the motions of melt, water, and steam by three separate velocity tields. For
further development of this code and for its verification by a representative but
somewhat simplified problem, laboratory experiments are forthcoming in which the
premixing phase is simulated using large quantities of hot solid spheres, in theI

| experimental as well as in the numencal simulations of premixing, dif ferent modes of
I discharoe of the melt from the original core area will be investigated in order to

identify the most pecsimistic mode. For completeness, the melt down of the reactor'

core which sets the mitial conditions for the orflow of the melt into the lower
plenum and also for the mechanical effects of the steam explosion is studied
theoretically.

It is likely that the integrity of the lower head of the reactor pressure vessel cannot be
guaranteed under the extreme condition -' a release of 3 GJ mechanical energy.

- Thus measures have to be taken to protect tne core catcher located below the reactor
pressure vessel against the impact caused by a failure of its lower head. These
measures include a heavy bottom grid shown in Fig. 2.With a construction height of,

approximately 5 m, a kinetic energy of about 300 MJ couid be absorbed. Steel grids
,

can be inserted into the rectangular openings of this concrete grid to avoid the"

passing of smaller itagments. This could be important because small fragments might
travel with high velocities and cause some impact damage.
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- But on the other hand,it is quite difficult to show that the failure of the lower head
will occur for sure. Fig. 4. for instance, reveals that the distribution of the plastic
deformations in the lower head depends strongly on the type of loading. Under a 1

-static overpressure the lower head deforms similar to a clamped bulge with plastic |
strains mainly concentrated in the lower central part, but under an impulsive 3

pressure the lower head deforms nearly spherical symmetric with plastic strains .,

!

!
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distributed nearly uniformly. Thus, under the impulsive piessure of a steam explosion /
'

a considerable amount of energy could be dissipated in the pressure vessel head
before failure occurs. Right now it is not clear whether this condition will really be
reached.
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Fig. 3: Calculated plastic deformations of the lower head of the reactor
pressure vessel

Therefore, as far as upper structures are concerned, that mechanical behavior of the
lower head has to be assumed which causes a maximum of kinetic energy being
transfered to materials which move upwards towards the upper head of the reactor
pressure vessel. Furthermore, in order to have simple pessimistic conditions, it will be,

L assumed that this material will form a coherent slug.

| It appears, however, to be quite clear that much of the kinetic energy of the slug is
dissipated during the interaction with the remaining internal structures above the

'

reactor core. (1ere the main problem is to provide a sufficiently reliable proof of the
magnitude of this effect. The same is also true for the forces on the vessel head
resulting from the impact of the slug. First estimates 112] have shown that the
expected forces are smaller than the strength of the bolts of the vessel head, which is
in contrast to the statement in [7). However, a reliable proof is not available yet.

- To clear up this problem a model experiment is unde way as shown in Fig.,4. It
simulates the interactions of the upwards moving materials with.the remaining,

internal structures 3.nd it also simulates the finalimpact on the vessel head. Both, the
loads and the resulting strains will be measured. The experimental findings can be
easily transferred to the reactor case due to the similarity between the mooel and the
real problem.
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in order to demonstrate this, additional experiments are carried out studying impact
processes between liquid masses and deformable structures in different scales. First
results show that indeed similarity exists under certain conditions.
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Fig.4: Loading of the reactor vessel head by a postulated steam explosion
a) full size problem; b) model experiment

if it would turn out that the integrity of the upper head of the reactor pressure vessel
cannot be guaronteed, a missile shield could be located above the pressure vessel in
order to protect the containment as indicated in Fig. 2.Then the kinetic energy of the
upward moving vessel head can be absorbed by unbonded prearessing cables which
are anchored into the very stiff hollow box type structure that is formed by the
integrated core catcher and the concrete structure ai the ground floor.

Missile shields with smaller load carrying capacity suf ficient to intercept a control rod
drive mechanism ejected from the upper head are already used in some French PWR.

Calculations have shown that the weakest parts are the bolts connecting the head to
the vessel. Their limited load carrying capacity will not allow for strains in the upper
head higher than about 10 %, as indicated in Fig. 5. According to material tests tbese
strains will not be able to initiate breaks. Consequently, the upper head ' nill not
break apart, even under excessive loadings and therefore, the missile shield could
have an open central section which would f acilitate the reactor operation-
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Fig. 5: Plastic deformation of the vessel head under the maximum (static)
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3. MELT-THROUGH-FAILURE OF THE REACTOR VESSEL UNDER HIGH PRESSURE

During a core melt down accident the pressure in the primary system may assume the
-discharge pressure of its safety valves which is slightly above-the operational
pressure. In the worst case also accident management measures to depressurize the
arimary system may fail. Now the molten core which finally forms a pool in the iower
iead of the reactor vessel.will heat ua this lower head and thereby reduce its
ultimate stresses until it is no longer ab:e to carry the high pressure of the system.
During the failure of the lower head the discharc e of a two-phase mixture of steam
and water under high pressure causes a strong c ynamic force acting at the reactor
vessel in upward direction. It must be shown that this forca can be carried by the
supporting structure of the reacter vessel. Otherwise, the wactor vessel would
become a missile which could destroy the containment.

An equivalent dynamic force is acting at the bottom grid underneath the reactor
vessel in downward direction. A quite similar loading which could be caused by a

,

steam ex alosion- has been discussed before. The bottom grid 'must be able to
withstanc these loadings and thereby to protect the core catcher which is needed for
a reliable decay heat removal

Another consequence of a melt-through-failure of the reactor vessel under high
pressure will be a strong pressure built up in the reactor vessel cavein. It must be.

L shown that also this loading can be carried without endangering the itegrity of the
L containment.

,

it is evident that reliable descriptions of uie time histories of the dynamic loadings
discussed above are i'levitable. If the break opening caused by the failure of the
lower head is given, adequate knowledge and computational models are available to

- solve this problem. So, successful analyses have been carried out at the Nuclear -
Research Center Karlsruhe recently, using the'one-dimensional; two-phase thermal-
hydraulics code RELAPS/ MOD 3,[13).
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| The analysis was simplified by the assumption of an instant circumferential rupture
and a complete separation of the lower head from the reactor vessel near the melt
pool level. The assumption leads to rather high loadings, but it seems to be not
unrealistic since the maximum wall temperature is expected to occur close to the
melt pool level. The lower head, which then is accelerated downward, is assumed to
be filled uith core melt.The ejection of melt and core debri> have been neglected in
this analysis.

The RELAP nodalization scheme for the analysis reflects the currently discussed
design of the reactor vessel surroundings, as shown in Fig. 6. The upper part of the
reactor cavern is connected to the big containment volume via large pressure relief
openings.The nodalization uses 26 nodes (control volumes) for the representation of
the vessel,54 nodes for the piping of the primasy system, and 3 nodes for the reacto'
vessel environment and the containment. The four loops of the primary system are
put together to one loop in the representation. Thc fluid reservoir of the
accumulators has not been considered since it becomes active only when the system --

pressure falls below a certain threshold. But then the most severe phase of the
process is over.
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Fig. 6: Nodalization scheme to analyze the dynamic loading caused by a melt-
through-failure of the reactor vessel under high pressure

The cffective discharge flow area, defined as the cylindrical area between the edge
of the ruptured vessel and the lower head is controlled by the strong downward
acceleration of the lower head. The effective flow area reaches its maximum when
the lower head hits the bottom grid.

The calculation of the force F acting on the reactor vessel is based on the following
equation:
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2i< - V, p, q + (p - p) A, 4 pv A

where
Ao is the circular area opened by the vessel rupture (break opening),
p is the pressure at this circular area,
p is the fluid density at this circu.... area,
v is 'he fluid velocity at this circular area,
A is the effective discharge flow area (defined above),
p. is the pressure in the upper cave. .

Vi are the control volumes inside the reactor vessel,
pi are the densities in these control volumes,
vi ve the velocities in these control volumes

RELAP5/ MOD 3 allows to consider the increasing effective flow area by solving the
equation of motion for the accelerating lower head as well as the computation of the
reaction force, along with the main thermal hydraulics computation by using the
control system of the program.

The base case of the analysis is characterized by a lower head having a height of
1.5 m and a mass of 150 Mg, a circular area opened by the vessel rupture of 17.8 m2, a
maximum effective flow area of 8.7 m2 and a relief opening area between the vessel
cavern and the containment volume of 4 m2

The results for the base case are shown in Fic1. 7 and 8. The main contribution to the
force acting on the reactor vessel is due to be pressure exerted at the circular area
opened by the vessel rupture. It is represented ay the second term in the above
equation. A moderate contribution is caused by the wave force, represented by the
first term in the equation. The influence of the momentum described by the right
most term is very small.The total force F is about 300 MN at the beginning of the
blowdowa and decreases rapidly to a value of 50 MN within 0.2 s (Fig. 7).

After a rapid equalization phase a pressure load of about 3.0 MPa is lasting for more
than 1 s in the reactor cavern (Fig. 8). It causes an additional load of about 70 MN on
the reactor vessetl annular supporting frame, assuming 25 m2 of exposed area of the
supportina frame. However, when this load occurs the maximum of the force F is
already over. Another result for the base case shows that 25 ms af ter the rupture the
lower head hits the bottom grid with a kinetic energy of nearly 150 MJ.

Several parameter variations have been studied concerning break opening area,
relief opening area, lower head distance to the bottom grid, and the initial
conditions of the tuid [14). Summarizing the results, the rnaximum force is nearly
proportional to the break opening area, whereas the subsecuent force is sensitive to
the lower head distance to the bottom grid and the initial fluid conditions. The relief
o aening area is of minor influence, Since the assumed break opening area is cimost
ic entical with the cross section of the reactor vessel, the calculated maximum force
represents roughly an upper limit. Checks based on simpler calculations which can be
carried out by hand confirm this statement.

Right now research activities are under way to check, whether realistic break
openings might be smaller. However, it is hi aly questionable whether the results
will allow to rely on smaller maximum forces.

i
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To prevent an upward movement of the reactor vessel,its supporting structure must
be reinforced. Assessments show, there are no apparent reasons which would negate .

the technical feasibility of such improvements (2,3].
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4. CORE CATCHER CONCEPT

The core catcher is an inevitable part of the new containment concept [15] and has to
cope with the core material after penetration of the lower head of the reactor vessel
under all conceivable severe accident conditions. The core catcher must allow for

the safe enclosure of the ex vessel corium in a predefined location in order to
exclude penetration of the basemat and attack of important structures and
the removal of decay heat which corresponds to a ievel of 25 MW initially and
10 MW in the long term for a 1300 MWel reactor.

In this context it is important to consider the behavior of the less volatile fission
products which are still dissolved in the melt af ter the accident. They only will remain
in the core material if the long-term temperature of the corium is low enough, i.e.
considerably below 2000 K, to exclude vaporization release over a long penod of
time;This imposes a more specific cooling condition on the heat extraction from the
core material: besides the necessary decay heat removal the highest temperatures in
the bulk of the material must remain below the vaporization temperatures of the
fission products. Therefore, complete solidification o, the core material is a goal to
be achieved in this design.

The core catcher shown in Fig. 9 is designed to cope with both high pressure and low
pressure core melt scenarios The geometric dimensions are determined by the
amount of surface needed for the cooling device and by the space needed for the
reduction of the pressure in case of a reactor vessel failure ;nder high pressure.
Coolability is achieved by spreading and fragmentation of the molten masses in order
to create large surfaces for sufficient heat transfer. Direct contact with water supply
from the bottom aroduces steam which flows through the pressure release openings
located in the wa 15 of the reactor vestel cavern into the containment hall. The reflux
of the steam condensate from the inner containment shell establishes a self-
circulating steam / water flow.
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The key phenomenon for the safe operation of the core catcher is the process of
flooding the melt from the bottom through melt plugs which are located in the
sacrificial surf ace layer.

Prototype experiments in laboratory scale have been carried out with high
temperature two component melts for a small segment of the core catcher.
Complete flooding of the melt and early coolability within less than two to five
minutes have been observed where the water supply rate excceds the rate needed
for the decay heat removal, by more than an order of magnitude.The melt formed a
porous structure in the solid _ified oxidic and metallic layers, allowing continuous
coolant supply and long term heat removal by evaporation.

Further experiments are presently on the way to visualize and optimize the
fragmentation ano safe coolability of the core melt Future experiments will simulate
the long term behavior in a scale large enough to allow extrapolation to the reactor
scale.

5. [ONCLUSIONS

The research work already carried out or under way will be sufficient to prove that
.the extreme loadings of the inner structures discussed above will not enclanger the
integrity of the containment. The most severe problem represents the in-vessel steam
explosion. Here, the described experimental work is necessary;ln contrast to this the
investigations of the melt through-failure of the reactor vessel under high pressure
has already reached a satisfactory state. Open problems may be due to (smaller)

-missiles caused by other types of explosions and collapsing inner structures. Here
adequate investigations are still required.
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AN IMPROVED DESIGN CONCEPT FOR NEXT GENERATION PWR
CONTAINMENTS

J. Eibl, F.H. SchlUter, T. Klatte
( Consulting Engineers Karlsruhe )

W. Breitung, F. Erbacher, B. G611er, R. Krieg, W. Scholtyssek, J. Wilhelm
( Kernforschungszentrum Karlsruhe )

Mb!DK1

Considering the tremendous energy demand of a fast growing world population nuclear energy
generation cannot be avoided. The safety of nuclear power plants can be increased by building
strength. ed containments, which will be able to withstand even severe core-melt accidents.
Consequ, 'y, for a new containment design high static and dynamic internal overpressures must
be taken into account. The design concept includes installation of a core catcher system and the
removal of decay heat in a passive manner. Furthermore, several failure mechanisms of the
reactor pressure vessel must be considered in the concept. Three design alternatives with
different wall structures and cooling systems are demonstrated. The analysis of the long term
thermo-hydraulic behaviour and the determination of the loads resulting from hydrogen
combustion are important factors for the containment design.

l. lMPILOVED DESIGN CONCEPT *

11 Why new PWR-ContalDments ?

The following table shows the expected growth of the world population for the year 2060 which
can be estimated rather correct as parts of this population are already borne.

Table 1.1 World Population
.

1990 2060

Developed Countries 1.2 x 10' 2.0 x 10'

Undeveloped Countries 3.8 x 10' 6.0 x 10'

Total 5.0 x 10' 8.0 x 10'

Today the energy consumption in [ kW x Years / Year ] is ( see also [1.6),[1.7] ) :

US 11 kW CHINA 0.6 kW
EUROPE 4 kW REST 0.45 kW

* J. Eibl, F.-H. Sch10tet, T. Klatic, J. Wilhelm
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This figures allow the prognosis, that within a very short period of time a tremendous amount
of additional energy will be needed to give anybody a value of about 0.7 kW, which to experts
opinion is necessary, to allow a low, but acceptable standard ofliving. Without the latter, social
security of most human beings is only guarantwd by membership in a big faraily without any
chance for birth control. Because this energy demand cannot be gained by wind energy and
probably not by solar energy at a cheap price within the available time, we have to live with
nuclear energy, if big environmental and social problems are to be avoided.

Now, is the risk connected with nuclear power acceptable? Risk is usually defined as the product
of the ocurence of an unfavourable event times the resulting damage consequences. According
to German Risk Studies severe core melt accidents have a probability of occurence of about

4
10 / Year for an assumed low pressure failure of the reactor pressure vessel and 10 / Year6

resp.10' / Year for a high pressure failure. This are more or less the limiting probabilities of
all severe accidents, which in general are very low. The appropriate resulting damage howevu
is very large (see e.g. a recently done investigation by KeBler/Ehrhardt [1.8]) and the risk
defined above as the product of the two factors is even increasing with failure scenarios adjoined
to decreasing probabilities of occurence. The reason is that the consequences of failure rise faster
then the probability of failure reduces with more serious scenarios. This is probably the reason
why the public in many cases does not accept the risk connected with nuclear power plants. The
public has a sound feeling for this here analytically discussed risk problem beyond practical
experience.

To the authors opinion the only solution of this problem is to cut off, i.e to limit the conse-
quences of failure. A further reduction of the probability of failure occurrence without a definite
limitation of the failure consequences is neither economically justified nor will it lead to public
heceptance. We have to convince people that in spite of a severe core melt accident, even if it
happens with only a low probability of occurrence, there will be no wvere harm to them due to
a nearly deterministic " safe" containment. In probabilistic terms one can argue that containments
as civil engineering structures have in principle a probability of failure in the range of

5 410 to 10 / Year so that according to the relation

) ( l.1 )pf = pm x(pgg + p f,y,y + ,....

alsc the probabilistic safety is dramatically raised by a reasonable designed containment.

.k2 Designifr9D01als for Conlainments

1.2.1 Governing Parameters for Design

The aim of our design is to keep away any severe harm from the public and the environment
even in case of a severe core melt accident in the above discuswd sense. In a cooperation
between the authors and the Nuclear Research Center at Karlsrub "fK) the following problems
and actions have been identified as decisive and will be discussed partly in the following
chapters (see also [1.1]--[1.5] and [1.9]) -

Static internal overpressure mainly due to hydrogen deflagration ( 2.0 Mpa )a
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Dynas , internal overpressure due to hydrogen detonation ( 10 Mpa / 12 ms )m

Failure of the reactor pressure .;ssel ( see Figures 1.6 and 1.7 ) due toe

Righ system pressurey
@ $te' 'xplosion
.

m Insta af a core catcher system
0

Passivt. . _. oval of decay heat.
m

E * ' g, tig sure of all penetrationsy

rd at:._ embly and removal of the pov er plant"

.med in detail all given values are intenGed to be upper boundary valuesta

exOjing ,e f ly fur *hu discustou

1.2.? Ic w diernatives
,

At the time be > and icgarding the au' hors professionai status it canact be their tast to design
f'cs reactore 4 reauor containments finally. There intention is just to investigate the feasibility of

[9 conta structures fulfilling the abor ulate<' conditions. Details have only been
inve>Hge with regard to this aim res being completely open fcr Gnal design. ,
by competent engineers.

Fig"res 1.1 to 1.5 show the prii. , a relevant alternatives Cl, C2 and C3 in historical order.
They all have L. commoi: ',

!

a core catcher sys'. ., loct 3 I underneath the reactor pressure vessel, and connected with=

the becm plate e a em the above ananged pressure vessel enclosure also against
uplif m,
a strong outer cor^ rete snell designed against external events as expiosions, aircrafta ,

impact etc. as well as interrai : vents. r

h
in case i Cl the contaminated steam resulting from cue catcher cooling remains within an

d
internal lcop between core catcher and steel shell, while the contained decay heat is transferred
to the surrounding steel shell and will be removed from there by possive air cooling from the
outside. The same is true for al: err.ative C3, while in alternative C2 water inside the cores
catcher system will be used to transport the decay heat by natural convecton via a steel wall into
an outer watcr pool, a cooling tower or a simi!ar device. The latter system C2 is therefore called

**

i$, water cooled to distinguish it from the air cooled systems C1 and C3.

Alternative Cl
-

Accorc'ing to Figure ! the internst static pressure of 2 MPa is taken by a composite wall i

structure cotisisting of an inner steel shell with 40 mm thickness and an outer concrete shell of
about 2.0 m. The acting pressure is covered to about one third by the steel shell and to about
two thirds by the outer concrete shell. The dynamic pressure resulting from a postulated
hydrogen detonation is initially taken by the inner steel shcIl in tension. When the increasing
radial displacement due to internal pressure or tempetature rise will close the small gap between
steel shell and supporting steel elements (which are anchored into the outer concrte shell), the

-3"-
h

'

.
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main part of the dynamic loading will be carried by the outer concrete shell. Internally generated
impacting missiles have to be retained by the steel shell.

The circular gap between both shells is divided by radial elements, in short distances to limit
bending of the steci shell. These are forming a number of vertical chimneys which are able to
passively remove the decay heat from tM steel shell by natural draft. Ftathermore every
chimney is divided in two compartments, the inner of which is filtered via the plants central
chimney (about 150 m high) to achieve reasonabic air stream velocities - 'op of the concrete
shell. The natural pressure gradient between both compartments guaranSxs leakage tightness
under normal operation. By a reasonable device single chimneys may be uosed if in spite of
the design aims the steel shell and also the filter membrane in the con:partments might be
violated. According to thermodynamic calculations a cooling air stream seems to be necessary
only over the height of the cylindrical part of the containment, while the filtered air stream has
to be led also along the upper spherical part. Discussions came up wether it is not reasonable
just to filter the chimneys in areas where pipes penetrate the shall.

Alternative C2

As in this case (Figure 1.2) the decay heat is removed by water cooling of the core catcher
environment, the upper containment may consist of a concrete shell including a tightening liner.
The latter needs a missile shielding respectively a detonation protection in form of a additional
inner concrete shell, as already discussed. A third outer thin concrete shell allows filtering of
leakage through the lined concrete under normal operation.

Still under discussion is the question wether a solution can be found to avoid liner straining due
to tantperature. Such a mean could help to save the expensive liner fixing by studs which from
safety , ,nsiderations is questionable. Prestressing of the main shell is connected with several
problems, e.g. longtime corrosion, and is therefore not preferable.

Alternative C3

Design alternative C3 (Figure 1.3), still under investigation, consists of an outer concrete sh '1.
which carries the static internal pressure. On its inner surface air cooled steel elements are
attached (Figure 1 A,. With their ianer side they form a liner which is in contact with steam in
case of an accident. They are designed to carry also the acting static pressure. Every cooling cell
is again divided in two compartments, the inner of which is filtared as in rase Cl. Nevertheless
each cell may be redundantly closed at the top to avoid endronment pollutwn in case of leakage.t

4

With regard to its function as a leak tight liner these cooling cells may be fixed to the concrete
shell in rather large verticai di.,tances. As they are very stiff, buckling due to vertical
temperature restraint is not a major problem. In horizonal direction folds in the steel decks avoid
temperature stresses. Stud connections between liner and concrete, which are expensive and
sometimes disadvantageous, are avoided to a hy a extent.

| The air ducts are designed to remove the whole decay heat passively. Nevertheless water
sprayinp from above into these ducts, if available after a few days to decrease the internal
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pressure in a simple manner with regard to leakage under long time internal pressure.

The complete cooling arrangement including the liner are protected against missile impact and
hydrogen detonation by a second inner concrete shell. Openings inside this shell will allow a
con.paratively slow gas Cow, thereby enabling the steam to contact the cooling elements.
However, the detonation pressure will be reDected to the containment's interior without a
significant pressure rise behind the protecting walls. Similar structures are used for military
structures designed against fast travelling shock waves. The advantage in comparision to the steel
shell in case Cl is, that now a concrete mass is activated ham the beginning loading to resist
the impulse, while in the other case a steel sh:ll with only lit.le rnass is useo.

1.3. Reactor pres *ure Vessel Failure

Basing upon the German SIEMENS\KWU Convoy type PWR-reactor the acting loads in the
reactor pressure vessel environment are labe!|cd in Figure 1.6 and 1.7 as evaluated and
estimated by KfK.

With respect to the so called "High Pressure Path" the following failure modes have been discus-
sed:

A circumferential separation of the upper spherical capm

a' A circumferential separation of the lower spherical cap
A longitudinal rupture of the cylindrical part along a straight generatrixu

Until r ow these failure modes have been mestigated only in a rather rougi manner trying to
decide on the principle feasibihn; inore detailed studies ..re under investigation.

It could be shown that the upper spher %al up can be kept in place by a retaining device which
is designed for 300 MN. This device and the surrvunding prestressed concrete cylinder are also
capable of taking the pressure resulting from a steam explosion. This relevan' force has to be
transmitted from the pressure vessel to the supports at the surrounding concrete cylinder. The
reaction forces inside the concrete wall are taken by unbonded prestressing cables connected with

. rrdid reinforcement at their lower end carrying the anchor forces to the core catcher and the
' bottom slab below.

|

| The horizontal rocket forces resulting from vessel rupture along a vertical generatrix can be
taken by the concrete cylinder using either prestressed or mild reinforcement in circumferrentialI

direction.

Immedeately below the bottom of reactor pressure vessel a strong reinforced concrete grid is
arranged which allows the core melt to pass through into the core catcher device and which is
necessary to stop the downward moving end cap in case of separation due to high pressure
failure or due to an in-vessel steam explosien,

,
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2. PASSIVE DECAY llFAT REMOVAL, SYSTEM *

The long term ;ask of the containment is to evacuate the decay heat while maintaining its barrier
function against radioactivity release into the environment. For this purpose, the containment
must be designed to survive essentially unharmed the mechanical, chemical and thermo-hydraulic
loads which may result from events occuring during the early transient post-accident phase.
Moreover, its design must be capable of convertino, the transient situation into a quasi-stable one
which can be controlled over a very long period and during which maximum thermo-hydraulic
loads may not exceed critical values.

A quasi-stable configuration is reached when, after primary system failure, the core melt is
quantitatively collected in the core catcher .nd quenched by sump water. The core catcher
concept aims at a high retention of radionuclides in ; - debris bed. Consequently, the duy heat

-

will be released mtinly into the sump. It is transferred inta ;he containment atmosphere by
evaporation and will be distributed onto surfaces of internal structures and the containment hull
by condensation. The condensate is recirculated into the sump, thus a continuous cooling system
of the debris bed is maintained.

'

Heat removal from the building is achieved by cooling of the containment hull with an air flow
operating in the gap space in a passive, natural convection mode. An important condition for the
new containment concept is that, also in a severe accident case, any !eak Dow from the
containment should be filtered before reaching the environment. This condition lead to various
gap designs, of which two solutions are roughly depicted in Figure 2.1. In a first version, the
complete coolant flow passes through a filter. Very large filter arces, in the order of several
hundred square meters, would be needed in order to keep the flow resistance reasonably low.
In version B (Figure 2.1, right) all penetrations, which are assumed to be the principal sources .

for leakage, are gt )uped into a lower section of the gap which is sealed from the remaining gap
space. Leakages art collected in the Icwer gap section and relieved to the gnvironment through
a filter. The cooling air Dows along the penetration free section of tbQhull which can be -

considered as leaktight. Without filtering, mass flow rates in the gap space are increased by
about one order of magnitude as compared to the filtered case. This deercases, for a given
cooling power, the heat up span in the air flow and it improves the heat transfer from the hull
into the gs.p.

2.1 Analysis of long ternLcontainment thermo-hninmlic behaviour

-In order to estimate upper bounds for pressure and temperature development, the h>ag term
thermo-hydraulic behaviour of the containment was analysed based on geometrical and
operational reactor data which are typical for a German KONVOI PWR (see also Table 2.1).
The physical processes considered in the analysis are sump water boiling, vapour condensation
on structures, heat transfer by convection and radiation between hull and shield, gravitation
induced air flow inside the gap, heat conduction within the internal structures and the
containment shield, and leakage from the containment.

_

* F. Erbacher, W. Scholtyssek
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Figare 2.2 shows the principal heat flows in the containmut for the two gap designs as a
function of time after accident initiation. In the early phase, the internal structures provide the
principal heat sink.. The KONVO! PWR profits from an important internal concrete volume,

3
about 13000 m , which efficiently delays temperature and pressura built-up. The maximum heat
transfer rates through the hull are about 7 and 9 MW for the filtered and unfiltered flow
respectively, being reached at about 15 and 7 days after beginning of the accident. The
corresponding containment pressure curves are shown in Figure ?.3. Peak values of about 1.0
MPa and 0.48 MPa respectively, are reached. Corresponding temperat're developments of the
air inside the containment and in the gap are shown in Figure 2.4.

Extensive parameter studies have shown that the thermal-hydraulic evolution is rather sensitive
to various system data, e.g. heat transfer characteristics and flow data in the hull-gap syste.a.
heat capacity ofinternal structures, nominal power of the reactor etc.. Since precise design data
of future PWR containments are not yet available, the results of the analysis presented here must
be considered as preliminary. However, with respect to the long term pressure evolution it may
be concluded that a failure pressure of 2.0 MPa static as specified for future containments can
be safely considered as an upper bound.

Table 2.1. Input Ihta for Therino-Ilydraulic Analysis

-

Parameter Vah'e

3free containment volume 71200 m

3' internal concrete volume 13200 m
. t

sump water volume- 1600 m"
'

2effective hull area 6500 m

gap flow area 120rr'

gap height 40 m

reactor thermal power 3670 M W

full power days 585 d

leak rate 1.0 Vol % / day

environment temperature 20 *C

heat transfer coefficient
2 .)inner hull face h ,; = 11 + 280 X W s me

'

2 mouter hull face h,,, = 5.6 + 4 y W / ra

emissivity of hull and shield 0.5'

*) - X = mass ratio steam-to-air
M v = air velocity in gap ( m/s )

- 343 -

- - . . ,,



. .- . .- - _ . - - -, ._- - . . _ - - -

LLOADS FROMEQIlOGEN COMBUSTION *

Hydrogen is generated in severe accidents anytime hot reactive metals (Zr, Cr, Fe) contact
steam. Various processes can contribute to hydrogen generation as the accident progresses.
These include slow in-vessel oxidation of metals, in-vessel st.:am explosions, direct containment
heating, ex-vessel steam explosions, quenching of a degraded or molten core by water and
core-concrete interactions.-

Calculations and experiments have shown that large amounts of hydrogen can be produced
rapidly in direct containment heating scenarios (400 - 680 kg in 5 seconds, [3.1]), in steam
explosions (20-30 % of metal oxidized [3.2]), in flooding a degraded bundle (up to 80 % of total-
11 [3.3], [3.4]) or in quenching a metallic melt [3.5].2

Slow processes like in-vessel Zr-oxidation may lead to high hydrogen concentrations if no
ignition source is available, as e.g. in station black-out scenarios. Examples for the development
of detonable mixtures are given in [3.6] and [3.7]. While igmters will definitely reduce the risk
for some accidents, they cannot safely cover core-melt accidents with periods of fast hydrogen
generation.

In order to be able to excitde containment failure from hydrogen combustions mechanistically,
conservative limits for combustions loads must be found. The work described below considers
any physically possible accident scenario, independent of its (anyway uncertain) prcbability.
Because the response of a structure depends on the load duration, static and dynamic loads are
distinguished.

__3.1 Static loads

Deflagrations result in quasi-static loads because the load time is much greater than the response
time of the containment structure. The static pressure is conservatively described by the
adiabatic, isochoric, complete combustion (AICC) pressure.

To identify worst-cases the parameter space of hydrogen-steam-air mixtures must be
. investigated. Such (homogeneous) mixtures require four intensive variables to define the initial
state. Two of them may be fixed by the following reactoc-typical mitial conditions:

= the air density is equal to the pre-accident air density ( e 1 atm, 20 C ), and=

the containment atmosphere is steam saturated.a

- This leaves as two free variables'a measure for the hydrogen and the steam concentration, e.g.
the equivalence ratio a (= 1/2 pm / po_,), and the steam mole fraction xnn (= pan / pu). The
AICC-pressure was cakulated for the complete composition space of flammable H -steam-air2

mixtures as a function of e and xno [3.8], using the code CET89 [3.9].

* W. Breitung
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Figure 3.1 shows that the AICC-pressure increases signincantly with the hydrogen concentration
and w,:akly with the steam content. The latter effect is due to the increasing initial pressure as i

nn iaises. For a fixed equivalence ratio the highest burn pressure results from the mixture withx

the highest steam content which is still Dammable. For near stoichiometric mixtures this limiting
steam mole fraction is about 65 % (for T s 410 K),

Upper limits for hydrogen generation were discussed in [3.10]. In a German PWR of the
1300 MWe class the assumption of 100 % zircalloy oxidation leads to about 1500 kg of
hydreeen production. If some credit is given to possible stainless steel and UO oxidation, as2

e.g. in the case of a high pressure vessel failure, total amounts of about 2000 kg H can be
2

envisioned. Systematic calculations exploring worst-case accident progression paths are needed
for mechanistic estimates of the maximum possible hydrogen generatien. A clearly de0ned upper
limit is given by the available oxygen. In a free volume of 70 000 m' NPT air not more than
2400 kg H can be oxidized. So despite the current (and future) uncertainties in the accident2

progression phenomena, the maximum possible hydrogen mass is limited to the quite narrow
region of 2000 to 2400 kg.

3Assuming gi dally well caxed conditions the hydrogen limit (2000 kg in 70000 m ) gives
o * 0.82 ano the w.ygen limit gives o = 1.00. The corresponding worst-case AICC-pressures
are about-1.5 and 1.7 MPa respectively (see also Figure 3.1).

Locally any equivalence ratio is pewie. Figure 3.1 shows that the highest AICC-pressure in
the complete Dammability range results from a hydrogen-rich ( o a 6.5 ), relatively dry
(x 2u 0 = 0.10 ) mixture. Such mixtures can be generated locally under in-vessel steam starvation
or reDood conditions. The corresponding AICC-pressure is about 1.9 MPa. This value
represents a conservative upper limit because the local deDagration will not proceed
isochorically, as assumed in the data of Figure 3.1. In a reactor-typical multiroom structure
always some pressure venting into neighbouring compartments will occur.

The Gove assumptions lead to a static design requirement of 2 MPa for future core-melt
resistant containments. A containment designed for this static load will withstand any slow

'

hydrogen combustion.

.

L2 Dynamic loaisl

Worst-case dynamic loads result from large scale detonations. Detonations must be included in
the design requirements for strong containments because it is not possible to prove that
detonations will not occur.

-To identify limiting detonation loads the relevant parameter space must first be identified and
then explored in a systematic way. Two different approaches are currently being pursued :
a) single effect studies to-better understand the phenomena and the significance of a given
parameter,. and b) construction and investigation of conservative, self consistent accident
scenarios. A detonation event tree methodology was used in approach b).

Figure 3.2 shows the relevant parameter space. Conservative parameter values were identiged

.
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in single-effect studies [3.8] and combired to an accident sequence which results in apparently
limiting global detonation loads [3.10]. The assumed sequence is the release of 2000 kg of
hydrogen, stratification according to HDR test T31.5, 30 % steam content in the atmosphere
( 95 *C ), burn of 800 kg in lower compartments, compression of the unburned gas in the dome
by expanding enmuustion products, detonation of the H enriched dome gas, triggered by jet2

ignition when the Game front reaches the upper containment. The calculated normally reDected
peak pressure reached 10.5 MPa (Figure 3.3), the detonation impulse was about 60 kPas
(in 30 ms), applied over 1385 m?. The one-dimensional model still contains a high degree of
conservatism, which should be reduced by more realistic 3-D modeling.

An existing 3-D detonation code [3.11], originally developed for detonation cell size
investigations, was recently modified and implemented at KfK to analyze confined large scale
hydrogen detonations in complex geometries. The code solves the equations of inviscid, "

compressible gas flow with a chemical reaction in a 3-D Eulerian cartesian grid. The H / O2 2

reaction kinetics are described by a one-step mechnism with an Arrhenius expression. The
kinetic parameters were benchmarked by comparing calculated and measured detonation cell
sizes. A two-y-model is used to describe the thermodynamic state of reactants and products.

Fgure 3.4 shows some first test results for a cetonation in a half-sphere of 25 m radius,
containing some arbitrary obstacles. Shown is the pressure distribution in the vertical planc
[ p ( x, y = 0, z ) ] and a hcrizontai che [ p ( x, y, z = 5.6 m ) ]. Cross sections of the
obstacles are visible in both planes. The grid depicts the used mesh size. Ignition occured
underneath the hollow cylinder. The detonation propagates towards the right, the highest
pressures occuring in the primary detonation front, at the renecting sphere surface and in the
wave intersection caused by the cylindrical obstacle. ;
This and other calculations with more realistic geometries have shown that the point of ignition
and details of the geometry can strongly innuence the magnitude and timing of local pressures.
However, when averaged over several 100 m the (global) loads seem not to be very sensitive2

towards these parameters. It appears that global loads mainly depen.d on the average combustion '

energy released per unit area of containment surface (MJ / m ). The code is currently being used
2

to evaluate upper bounds for gicbal detonation loads in realistic 3-D geometries. The first results
with a homogeneous mixture mdicaic impulses which are roughly a factor of 2 below the 1-D
results described above.

4. STATIC AND DYNAMIC CONTAINMENT RESPONSE *

LLSintie internal nressure

Under normal operating conditions a gap separates the st(el shell from the outer conciete shell
with the attached ribs. As the internal pressure increases, the steel shell is designed to contact
the ribs. Now the structure behaves as a composite shell, i.e., the reinforced concrete shell also
carries a part of the internal pressure.

* R. Kneg, B. G611er j
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In the first design the gap width between shell and ribs is chosen to be about 40 mm. Finite
element calculations have shown that under the loss of coolant accident primary stresses in the
steel shell remain in the elastic range, whereas secondary stresses due to thermal expansion can
reach values beyond the elastic limit. As the latter stresses are not required for the equilibrium
between the internal pressure and the resistance of the structure this is allowed according to
present German KTA-rules. However, buckling of the steel shell under thermal expansion must
be analysed carefully.

For pressures increasing beyond ue where contact between shell and ribs occurs, the
external concrete shell participe tarrying the loading. In combination with a mildi

reinforcement of 3% BSt i100 the ultimate bearing capacity of this composite containment
reaches values irore than 2.0 MPa of static pressure.

4 2 Dynamic _bthtmigrsgitte
.

1 _

in the case of a hydrogen detonation a dynamic pressure pulse with a peak value of about
10.0 MPa is expected to occur. Figure 4.1 shows a typical pressure-time-history [4.1). It is
composed of a first spike due to the detonation having a pulse content of 28 kPas and of a nearly
quasistatic pressure of 1.85 MPa due to heating up the containment atmosphere by the thermal
energy of the chemical reaction. One has to assure that global effects as well as local effects due
to this loading do not endanger the integrity of the containment.

Assuming that this loading is axisymmetric the deformation of the cylindrical part of the
concrete shell has been calculated. Material non-linearities of wncrete and reinforcement were
taken into account. The resulting time history is shown in Figure 4.2. The maximum radial
displacement is about 20 cm, the duration of one oscillation period about 120 ms. The
comparison with the short duration pressure pulse of the loading shows that due to the large
mass of the concrete shell the deformation does not depend on details of the time history of the -

loading but rather on the amount of the pulse, i.e. the resulting impulse. -

In reality, for the first few milliseconds the loading is expected to occur only in a certain region =

of the shell. Consequently, the axisymmetric response will be smaller but the local response may
be even higher. In any case it has to be discussed whether these deformations are acceptable.
The dynamic response is expected to be smaller for the spherical part of the shcIl where the load
carrying capacity is more favorable.

The dynamic response of the stee! shell is quite different. Only a pressure of about
0.5 to 1.0 MPa is carried by the shell itself while the exceeding part of the pressure pulse is
accelerating the steel shell until it impacts on the ribs. The deformation state of the shell
primarily does not depend on the gloabal shape of the containment but rather on the distance
between steel shell 'nd nN and on the stiffness of the ribs themselves.

The local behaviour of the steel shell and the supporting ribs has been analysed using nonlinear
finite element calculations. Only one rib with the corresponding section of tne shell was modeled
and the concrete shell was assumed to be rigid. Two different gap widths between steel shell ar.d
ribs were considered.
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For a gap width of 40 mm and very stiff ribs, the maximum strain in the steel shell after
hydrogen detonation reaches values of about 4 E Due to the thickness of the ribs with 40 mm
buckling effects will not occur.

With respect to detonation loading a contamment design with a small gap between shell and ribs
is advantageous._ But also for a gap width of 150 mm acceptable maximum strains _in the
containment shell can be achieved by softening the impact. This can be reached e.g. by ribs
undergoing large plastic deformations under _the impact of the shell. Figure 4.3 shows a
corresponding computational result. A triangular pressure pulse of 10.0 MPa with 5 ms total
duration, which describes approxima;ely the first spike of the loading in Figure 4.1, accelerates'

the shell to an impact velocity of 69 m/s. Under the impact the ribs with only 10 mm thickness
are compressed plastically by about 50 mm. The maximum strains in the shell are about 4 E

This concept of ribs deforming plasticaHy under the impact of the shell will be developed further
aiming to limit the maximum strains in the shell to 2 E Parameters for modification are the
distance of the ribs to each other and their mechanical stiffnesses. Of course for thin ribs
buckling effects may occur. This problem can be overcome by an appropriate corrugation of the l
ribs as shown in Figure 4.4.

In order to demonstrate that the ribs in the final design will indeed de: 3rm und. the impact as
calculated ano that the maximum strains in the containment shell will indeed remain acceptably
10./, appropriate experiments are planned. A section of the shell covering some 4 or 5 ribs will

'

be loaded by a high-explosive charge, thus simulating the pulse of the hydrogen detonation.i

4.3 Leak-Ticulms

Another problem is the proof of the containment tightness under the different accident
conditions. Here well considered manufactoring and control conditions and well predictable
stress and strain distributions are essential preconditions. But also constructive measures can
contribute to ensure the containment tightness.

.

Therefore in' Figure 4.8 containment penetrations having a potential for leakages from he
containment into the annular space are concentrated in the lower region of the containment shell.
-Here the annular space is separated and any gas flow into the environment has to pass filters.
The annular space in the upper region of the cor.tainment shell which cesers most of the area of
the containment surface is available for heat removal by natural circulation of the surrounding

,

atmosphere as described above.

In the upper region the only reason for leakages could be cracks going through the whole wall
thickness of the shell. Howeve,- taking in mind that currently applied crack detection methods
are able to detect cracks w e; a depth of just a few millimeters, the existence of penetrating
cracks can be ruled out.

,

4

The considerations mentioned above show that the loads due to a hydrogen detonation cannot be
'

carried without plastic deformations in the steel shell. In the final containment _ design a reduction
of the maximum strain from 4 to 2 % seems to be possible. As outside the shell unfiltered

,
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enviror. mental air might be flawing for decay heat removal, occ :rring of any leakage due to
such deformations must be avoided. Therefore it has to be discussed, if leak-tightness of the

-steel shell can be guaranteed even under small plastic deformations.

In [4.2] some bulge tests with the containment steel 15MnNi63 are descrit>ed, in which initially
- planc membranes were inflated up to failure. Figure 4.5 shows the experimenta; set-up,
Figure 4.6 a specimen membrane after failure. In Figure 4.7 a comparison of measured and
coraputed strains is depicted. The membrane finally had failed due to plastic iistability at
equivalent strains of about 50 %.-

In order to study the behaviour of weldings under plastic strain uniaxial tentile tests with the
containment steel were performed using large specimens having a thickness of 38 mm and a
width of 500 mm [4.2]. The specimens included weldings in longitudinal and transversal
direction as well. Uni-axial strains of up to 19 % occured in the specimens prior to failure.

'

Additionally, bending tests of specimens including weldings were performed. Surface strains of
50 % were reached, without any surface crack detected.

These investigations show that leakages through the containment shell will not be caused by
small plastic deformations. This statement should be confirmed by the planned experiments
mentioned above. The sections of the shell used will contain some weldings donc under reactor
specifications.

4.4 External events

Considering the dimension and the reinforcement of the outer concrete shell it could be shown
that a typical airplane crash of a phantom military aircraft or a gas cloud explosion, as required

.by German regulations, can be sustained by the presented design. Also an earthquake does not
endanger the structure. The maximum relative displacement between steel and concrete shell is
less than. 4 cm for an earthquake with a ground acceleration of 2 m/s ,2

L
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_. OVERVIEW OF! NUPEC' CONTAINMENT _ INTEGRITY PROJECT

K.Takumi and A.Nonaka
Nuclear - Power Engineering Corporation , Japan

c\b11LE.1

NUPEC has started - NUPEC Containment Integrity Prohet entitled " Proving Test on the
Reliability for Reactor Containment Vessel" since June,1987. This is the project for the +

term of twelve years.
-

The' objective of this project is to confirm the integrity of containment . vessels under
accident conditions.

This paper shows the outline of this project.

14 - INTR ODUCTIO N -

In order to confinn the integrity of containment vessels, the proving tests are conducted.

- The test items are (1) Hydrogen mixing and distribution test.(2) Hydrogen burning test, (3)
- FP behavior test and (4) Structural behavior test .

~ Based on the test results, computer codes are verified and as a result of analysis and
. evaluation by the computer codesicontainment integrity. is to be confirmed.

t

Figure 1 shows test schedule of this project.
L

; 2. HYDROGEN MIXING AND - DISTRIBUTION TEST

~
~

The objective of this test is to investigate hydrogen distribution and mixing behavior .in
-- the -containment with large^ volume:and many compartments for the case of the relatively-

- large amounts of hydrogen production.
'

.

I - Figure 2 and 3 show hydrogen mixing and distribution test facility.

~

This test vessel has the. volume of 1000 m) that is about 1/4 th scale of actual PWR
containment vessel. The diameter and height of the test vessel are 10 m and 20 m-

respectively.

This test' vessel has 25 compartments.

' The compartment ' number is almost -the same as that of actual plants.
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Having similar characteristics to hydrogen, helium is used for this test instead of hydrogen
.in order to prevent hydrogen explosion. Helium concentration of this test is
. iess than 18% The test facility has three supply systems that are helium - supply system.
cooling water supply system and stream supply system for simulating the burst of

.

. piping and blow down.
-

Table I shows PWR mixing and distribution test conditions. For BWR only analysis is
performed.

Example of the test results is shown in Figure 4 where the pretest prediction of concentration
of helium in the compartments is compared with experimental data.
The NUPEC tests conducted so .far suggest that hydrogen will be well . mixed in a
containment vessel and the prediction by the computer code is in excellent agreement with
the data.
According to - the recent NUPEC tests with injection at higher position, the stratification
phenomena were found.

3. HYDROGEN BURNING TEST

The objective of this test is to research hydrogen buming phenomena including mitigation
effects of steam , spray, nitrogen inerting etc. in the containment vessel and to confirm
containment integrity for hydrogen burning. This test is composed of small scale test in 5'm'

5cylindrical _ vessel and large scale test in:270 m spherical vessel.

Figure 5_ and 6 show. test vessel and test facility of small scale hydrogen _ burning test .
- The diameter of the test vessel is 1.5 m and its height is approximately 3.5 m. The vessel=

design pressure 30 kg/cm was decided taking account _of the postulated detonation. Figure 7 ~2

shows test vessel of large scale hydrogen burning test. The diameter of spherical test vessel
is - 8 m. Test facility of large scale hydrogen buming _ test is now under construction at
Takasago Engmeeting Laboratory of NUPEC.

!

The content of the small scale tests is as follows: !e

a) Before .large scale tests are conducted, basic data pertaining to the transitional areas
_among combustion, deflagration and detonation is accumulated to decide the scope of
the large scale tests.

b) Before large scale tests are conducted, the appropriateness of the measurement and
data processing system.is confirmed.:.

!

| c) Comparisons are made with data from the United States to make sure that the data
conforms.

'd) In order to confirm the effectiveness of hydrogen combustion control, characteristic-

data is obtained.

e) The: flammable limit under nitrogen inerting condition is confirmed,

The content of the large scale tests is as follows:

a) The effectiveness of compartments for hydrogen combustion is confirmed.

-_-
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b) Small scale and.large scale tests are conducted to confirm the effects of scale.c

c) The effectiveness.of hydrogen combustion controls using blowdown steam, nitrogen
and other diluents is ~confirrned.

'

d) The flammable limit unde' nitrogen inerting condition is confirmed.

. Table 2 and 3 show burning test conditions.

. Main test items are effect of temperatre, effect of pressure , turbulence effect , spray effect
, distribution effect , concentration effect of gases , etc. Figure 8 shows Iso-arrival time
contour. NUPEC data has good accordance with FITS data (1) and some new data were
provided in the higher concentration.
High temperature hydrogen combustion research has been started at BNL(Brookhaven

National Laboratory) as_ joint research with NRC (U.S. Nuclear Regulatory Commission).

4. FP BEH AVIOR : TEST

This ' test is . composed -of (1)- Radioactive Material Trapping Characteristics Test, (2) FP
Removal Test and (3) PHEBUS FP Program.

-The objective of radioactive material _ trapping characteristics tests is to confinn iodine
trapping effect in the leakage path.of penetration assembly after reactor accident.

_

Organic seal materials 'such at epoxy resin and silicone resin are used in these penetrations
as an insulator or a gasket, therefore the test is conducted on the assumption that the leakage
path owing to temperature and pressure rising under accident condition grows at the organic

- seal.

This test ; program consists of following tests. One is bench scale test for surveying.
parameter's effect and get data to discuss iodine trapping mechanism.The other is large scale
test for: confirming and evaluating iodine trapping effect, and' it is conducted with test
assembly simulating those of actual plants.

Figure 9 shows radioactive material trapping characteristics. test facility,

LThe objective of FP removal test is to confirm FP removal. effects-by natural removal or
pool scrubbing.- '

Figure 10 and 11 show . natural removal test vessel and _ pool scrubbing test vessel
respectively.

(: PHEBUS FP program is being performed by CEA and CEC.The objective of this program
is to study in an in-pile test facility, under sufficient prototypical conditions.

. phenomena governing the transport , retention and chemistry of fission products under Light
Water Reactor (LWR)' severe accident conditions.

NUPEC has participated in its preparation phase and is now planning to participate in its
~

: experimental phase,

5. STRUCTUR AL BEH AVIOR 'I EST
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The objective of this test is . to confirm containment integrity structurally by analytical
evaluation ~ based on tests to failure of-SCV( Steel Containment Vessel), PCCV( Prestressed
Concrete Containment Vessel ), and RCCV (Reinforced Concrete Containment Vessel ) in
addition to flange leak test.

- Figure 12 shows (1) SCV model vessel ( scale 1/10th ),(2) PCCV model vessel ( scale
1/6th),(3) RCCV model vessel (scale 1/6th) and (4) vessel for flange leak test (full scale)
respectively.
Tests to failure of SCV and PCCV have been started as joint research with NRC (U.S.
Nuclear Regulatory Commission )/ SNL (Sandia National Laboratories ).

6. CONCLUSION

Both hydrogen mixing and distribution test and hydrogen burning test (small scale) have
been completed. A part of these test results has been reported. Some of other tests are being
performed and the others are under design. Test results of these tests will be introduced in

'

the near future.

REFERENCES
(1) MARSH ALL Jr., B.W., " Hydrogen: Air: Steam Flammability Limits and .Co .bustion
Characteristics in the FITS Vessel",NUREG/CR-3468. Dec.1984.
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FISCAL YEAR .
87 '88 '89 '90 '91 '92 '93 '94 '95 '96 '97 '98

(APR-MAR)

1. HYDROGEN M[XING & -
'

DISTRIBUTION TEST
DES!GN & CONSTRUCTION

TEST & EVALUATION

2. HYDROGEN BURNING TEST

(1) SMALL SCALE .

DESIGN & CONSTRUCTION

TEST & EVALUATION

(2) LARGE SCALE

DESIGN & CONSTRUCTION
7

TEST & EVALUATION

D)HIGH TEMPERATURE
! .-
|

3. FP BEHAVIOR TEST '

(1) R DIOACTIVE MATERIAL *
TRAPPING CHARACTERISTICS DESIGN & CONSTRLICTION
TEST

;
I

~ TEST & EVALUATION

(2\FP REMOVAL TEST -

.(a) NATURAL REMOVAL TEST

i

(b) POOL SCRUBBING TEST

(3) PHEBUS FP PROGRAM -- .. - - - - + . - -
.

4. STRUCTUhl BEHAVIOR TEST -

' (1)SCV '

. (2)CCV .

* !ODINE. SCV; Steel Containment Vesset, CCV: Concrete Containment Vessel

Figure 1 Test Schedule

'
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Table 1 PWR Mixing and Distribution Test Conditions

ITEMS ACTUAL PLANT MIXING TEST
CONDITIONS CONDITIONS

HYDROGEN (HEllUM)I
CONCENTRATION < 15 VOL % 5 18 VOL %

2 STEAM CONCENTRATION o .100 VOL % g 60 VOL %

_.

L
3 3

L
3- WATER SPRAY FLOW 1200 m /h 70 m /h

|-
-4 HYDROGEN (HELIUM) FLOW max. 3 kg/s max. 0.12kg/s

|_

5 STEAM FLOW - max. 40 kg/s max. 0.74kg/s

6- COMPARTMENT- 20-30 25
_

_

IMAGINARY . SG LOOP ROOM
.7 BREAK DOWN PRESSURIZER RELIEF

_ LOCATION - TANK

INITIAL NITROGEN..

8 CONCENTRATION ATOMOSPHERIC

INITIAL OXYGENg ATOMOSPHERIC
CONCENTRATION.

10 INITIAL PRESSURE - ATOMOSPHERIC
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Table 2 Small scale burning test conditions
_

ITEMS BWR PWR

20 VOL %
HYDROGEN CONCENTRATION < 70 VOL % 5

j

2 STEAM CONCENTRATION
g 60 VOL % g 60 VOL %

3 NITROGEN CONCENTRATION < 97 VOL% ATOMOSPHERIC
,

4 OXIGEN CONCENTRATION gio VOL % ATOMOSPHERIC

3 3

SPRAY FLOW RATE g15 m /h g3 m /h
5

ATOMOSPHERIC ATOMOSPHERIC
6 INITIAL PRESSURE

7 COMPARTMENTS

Table 3 Large scale burning test conditions

BWR PWRITEMS

HYDROGEN CONCENTRATION ; 7.0 VOL % 5 18VOL %
1

< 60 VOL % g 60 VOL %
2 STEAM CONCENTRATION %

3 - NITROGEN CONCENTRATION < 97 VOL% ATOMOSPHERIC

4 OXIGEN CONCENTRATION 310 VOL % ATOMOSPHERIC

SPRAY FLOW RATE g350rd/h 545m /h
5

ATOMOSPHERIC ATOMOSPHERIC
6 INITI AL PRESSURE

s8
7 COMPAR"MENTS |

-
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PLAN ON TEST TO FAILURE OF A PRESTRESSED
CONCRETE CONTAINMENT VESSEL MODEL

K. Takumi, A. Nonaka, K. Umeki
Nuclear Power Engineering Corporation, Japan

K. Nagata, M. Soejima
Mitsubishi Heavy Industries, Ltd., Japan

Y. Yamaura
Mitsubishi Atomic Power Industries, Inc., Japan

J. F. Costello
United States Nuclear Regulatory Commission, US A

W. A. von Riesemann, M. B. Parks, D. S. Horschel
Sandia National Laboratories,1 USA

Abstract

A summary of the plans to test a prestressed concrete containment vessel (PCCV) model to failure
is provided in this paper. The test will be conducted as a part of a joint research program between
the Nuclear Power Engineering Corporation (NUPEC), the United States Nuclear Regulatory
Commission (NRC), and Sandia National Laboratories (SNL).

The containment model will be a scaled representation of a PCCV for a pressurized water reactor
(PWR). During the test, the model will be slowly pressurized internally until failure of the
containment pressure boundary occurs. The objectives of the test are to measure the failne
pressure, to observe the mode of failure, and to record the containment structural response i.p to
failure.

! Pre- and posttest analyses will be conducted to forecast and evaluate the test results. Based on
- these results, a validated method for evaluating the structural behavior of an actual PWR PCCV
will be developed.

The concepts to design the PCCV model are also described in the paper.

1. INTRODUCTION

~ A containment vessel is designed to contain the energy and radioactive material that would result
from a design basis accident (DBA). However, since the Three Mile Island accident, the ability of
containments to withstand loadings in excess of the design basis has been questioned. Therefore,
there has been considerable research focused on studying the behavior of containments during a
severe accident.

SNL has conducted static overpressure tests on a steel containment vessel (SCV) and a PWR
- reinforced concrete containment vessel (RCCV). The work has been conducted Dadu the
sponsorship of the NRC. Prestressed concrete containment vessels are also commonly used in-

1 Sandia National Laboratories is operated by the U.S. Department of Energy under contract
number DE-AC%76DP00789.
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PWR plants. However, a model of a PCCV with a carbon steel liner has not yet been investigated
- experimentally.

,

;

NUPEC has conducted a series of programs, known as the " Proving Tests On The Reliability For j
Reactor Containment Vessel," for several years. - As a part of this overall program, .NUPEC is or

planning to conduct an overpressurization test to investigate the structural behavior of a
containment vessel using a scale model of an existing PCCV in Japan. This paper summarizes the-

1

plan for the PCCV model test.

The test will be conducted as a part of a cooperative program on containment integrity with the joint
participation of NUPEC and NRC/SNL. NUPEC has the lead role in design of the model with
review and input by NRC/SNL. The model will be constructed and tested at SNL.

2. DBJECTIVES

The primary objectives of this program are:

1. _to develop a validated _ analytical method that can be used to assess the Lehavior of an actual
PCCV during a reactor accident,

2f to assess the likely failure mode of an actual liner plate system and the likely statural failure
mode of an actual PCCV, and

3. to assess the ultimate capacity for leak tightness and structund integrity of an actual PCCV.

3. TEST MODEL

3.1 Design Rules

The test model will be a scaled representation of an actual PCCV in Japan, which was designed in
accordance with the Japanese Concrete Containment Vessel Design Code. The actual PCCV
consists of a hemispherical dome,. a cylindrical wall, and a basemat. The general arrangement of

~ he actual containment is shown in Figure 1.t

Two buttresses are used to anchor the horizontal or ' hoop' tendons, in the vertical direction, a
' hairpin' tendon layout is employed. The sertical tendons extend from the basemat up through the - '

-_ cylinder wall, over the dome, and back to the basemat on the opposite side of the containment.
: They are anchored in a tendon gallery that is inside the basemat. ;

I
- As shown in Figure 1, a steel liner plate is placed on the inner surface of the concrete wall, dome,
and basemat and forms the containment pressure boundary in these areas. T-sections are welded to
the liner in the vertical direction and flat ' rings' in the horizontal direction. The T-sections and flat.

rings are then embedded in the concrete, thus anchoring the liner to the concrete wall.

The test model will be designed in accordance with the following rules:

L 1. The test model will have the same general configuration as the actual containment. In oser -.

|
words, it will consist of the dome, cylnder, basemat, two buttresses, a steel liner, the larger
penetration _ openings (such as an equipment hatch and personnel airkrks), and several
penetration sleeves.-

2. The liner plate shall be attached to the concrete using the same type ofliner anchorage systeni
as usd in the actual containment.
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3. The reinforcement ratios for reinforcing bars and prestressing tendons, which prit trily
. determine the structural behavior of the containment, shall be equivalent to those in the actual
containment.

4.- There will be a 'one-to-one' replacement of tendons in the model. That is, for every tendon in
the actual containment, there will le a tendon at the same relative location in the model. The
area of the model tendons will be scaled.

5. The matedal characteristics of the steel elements and the concrete shall be the same, or as cicse
as possible, to the respective materials in the actual structure.

3.2 Scale of the Model

The scaling method to be used fo. th: model has not yet been decided. An option that is being
considered would use a geometric scale of 1:6 for all dimensions except those associated with the
liner, liner insert plates, and the liner anchorage system. There is some concern that the liner
thickness at 1:6 scale would be too small to allow proper fabrication of :he liner system.
Therefore, a larger scale of 1:3 is being considered for the liner system. The configuration and
dimensions of the model, based on this scaling method, are shown in Figure 2. TL 'istorted
scaling method mentioned above is still tring investigated.

Smaller scales for the overall model geometry, such as 1:10 and 1:8, were considered. However,
they were not acceptable because they were not large enough to allow a one-to-one modeling of the
actual tendon layout.

3.3 Dimensions of the Pronosed Test ' Model

A comparison of the dimensions of the current test model design and the actual containment is
provided in Table 1.

Table 1. Dimensions of the Test Model* and the Actual Containment

Test Model Actual Containment

Total Height 10933 mm 65600 mm,

'Inside Disccer 7166 mm _43000 mm|

i- - Wall Thicknese
'

Cylinder 21' mm 1300 mm
Dome 184 mm 1100 mm

Design Pressure 4.0 kg/cm2 ' 4.0 kg/cm2
(0.392 MPa) (0.392 MPa)n

* Dimensions of the test model are based on the 1/6 scale which has not yet been finalized.

4. SCIIEDULE

The PCCV model test is expected to be conducted in 1996.

- 383 -



,y , . . - . . _ _ _ _ . __ . ._ _ , .. . _ _ _ . . _ . _

, -

r'
.

..-: .

I.

7 .

.!-

%

equipment ha';ch

personnel lock g
270' __ ._\

.- 90' /

#g buttress/
personnel lock

| HORIZONTAL SECTION|'
4,6

.
./

*

M/sg
I

_

90 O' oe
E $ 8

. . 1r __

'
s

i
1300 e43000- 1300 900 o

| O
e45600 g

\ buttress o'

3{
_ -.

liner plate / 8.

Qi

_ (6.4t)u

/

4

= .- ._
_

g .

o
E tendon gallery o
0

. '[- -- @ @ hi

,n- --o
|:-.O 3

[ 2600

l @-@ VERTICAL SECT 10N|' -.

21500 21500
_

,

|1 Figure 1. General Anangement of the Actual Containment Vessel

!-
I

384 --

. . -



, m .. . _ - . . . . . . . _ . . _ . . . . _ _ . - . _ _ . . . - _ . . _ __

'

h 6

$: W i

-
.

*

fL.
#

equipment ha';ch ,/
/

personnel lock

270'
_, ,,

go. j

buttress- personnel lock
/

|_ ORIZONTAL SECTION|H6 .
3

.
N

b M/S
*
,

|

- //

k'g s .,

$o ,

\#4
'

^-- - - . ._ _

.

I
217 7166 217 n

*
I

7600 8

\
f buttress ,

/.E
- ' e

liner plate s- gg
- N
/-

E

'5
E o

g.-g "
a

| @-@ VERTICAL SECTION|

3583 3583
.

Figure 2. General Arrangement of the Test Model

- 385 -
.~

s m # y #*4 - -eqM1 1T-f 7 g



PLAN ON TEST TO FAILURE OF
A STEEL CONTAINMENT VESSEL MODEL

1

Kenji Takumi, Akira Nonaka, Katsuhiko Umeki, Yasushi Yoshida
Nuclear Power Engineering Corporatinn, Japan

. Osamu Oyamada,Ilideyasu Furukawa, Koichi Saito
Ilitachi Works, liitachi Ltd., Japan

James F. Costello
United States Nuclear Regulatory Commission, US A

Walter A. von Riesemann, M. Bradley Parks, Robert A. Watson .

Sandia National laboratories, USAt t

A hstract

This paper describes the plan for a test to failure of a steel containment vessel model. The
test specimen proposed for this test is a scale model representing certain features of an
improved BWR MARK-II containment vessel. The objective of this test is to investigate
the ultimate structural behavior of the model by incrementally increasing the internal

-pressure, at ambient temperature, until failure occurs. Pre- and posttest analyses will be
conducted to predict and evaluate the results of this test. The main objective of these
analyses is to validate, by comparisons with the experimental data, the analytical methods
used to evaluate the structural behavior of an actual containment vessel under severe
accident conditions. This experiment is part of a cooperative program between the Nuclear
Power Engineering Corporation (NUPEC), the United States Nuclear Regulatory
Commission (NRC), and Sandia National Laboratories (SNL).

INTRODUCTION -
.

-

The containment vessel in nuclear power plants prevents the release of fission products to
.the environment in the unlikely event that a severe accident occurs. Because of the
importance of the containment in reducing public risk, an experiment is being conducted to

| investigate the ultimate structural behavior of a steel containment vessel representative of
'

the improved MARK-Il containment. This type of containment is utilized in numerous
boiling water reactors (BWRs) in Japan and is designed according to Japanese regulations.
The experimental data base developed from this test will be used to qualify the analytical
methods used in predicting containment behavior during a hypothetical severe accident.
This paper describes the conceptual plan for the test.

t - Sandia National Laboratories is operated by the U.S. Department of Energy under
_

contract number DE-AC04-76DP00789.
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TEST MODEL DESIGN
t

In BWR plants operated in Japan, only free-standing steel containment vessels (SCVs)
have been utilized. The configuration of these SCVs is different from the numerous steel
containment models that have been tested previously at Sandia National Laboratories. The
shell of the improved BWR MARK-ll contalmnent consists of numerous geometric
features such as a torispherical head with flange connection, a reverse-cur fatu.e knuckle,
and spherical, conical and cylindrical sections, as shown in Figure 1. The improved BWR
MARK Il containment has been used on 1100 MWe power plants. The overall size of the
shell is 48 m in height, with a maximum diameter of 29 m. Except for the thickened
knuckle region, the nominal thickness of the shell is less than 38 mm.

Ccmponents of the actual ccentainm:nt that were chosen to be represented in the SCV model
are shown in Table 1. Figure 2 illustrates the configuration and dimensions of the test

-

model. Table 2 lists the dimensions of the test model. The geometric dimensions are
scaled by 1:10, while the wall thicknesses are nominall3 scaled by 1:5 (except for the
drywell head region where the w dl thickness is scaled by 1:4). These scales were selected
so that the overall model size is small enough for shipping from Japan to SNL and the wall
thicknesses are thick enough to maintain representative fabrication quality.

The focus of this test is the ultimate structurd behavior of the drywell portion of the
containment; therefore, the complete wet.vell n not included in the model. A large
equipment hatch is the only non-axisymmetric feature included in the model. Additionally,
the bolted flange connections for the equipment hatch and drywell head are not modeled.
This is because full-scale separate-effect models are more effective for characterizing the
behavior and improving the evaluation methods of these connections. To investigate the
leakage behavior of a bolted flange with gasket, a " hatch model test" using a full-scale
model is scheduled to be conducted in Japan, as a separate NUPEC test program.

Finite element analyses were conducted to confirm the adequacy of utilizing aonuniform
scaling in the SCV model. In these analyses, a large displacement formulation was utilized
and nonlinear material properties were taken into account. Figure 3 and Figure 4 show the
membrane strain distributions and deformations, at the same maximurn strain level due to
internal pressurization,' for the actual containment and the SCV model, respectively. The
similarity in these results suggests that the structural response of the SCV model will be
comparable to that of an actual containment prior to centact with the surrounding concrete
shield building. In the evaluation of an actual containment, the pressure scale factor of -
approximately two, which is the noalinal ratio of scales for thickness and geometry, must
be taken into account.

TESTING CONDITIONS

The model will be fabricated in Japan and instrumented and tested in the US at SNL. In
this test, the model will be pressurized quasi-statically with nitrogen gas at ambient
temperature. A large number of data channels (strain gages, displacement transducers,
pressure and temperature traasducers, video cameras, etc.) will be used to measure the
structural behavior of the model.

.
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EVALUATION

Axisymmetric and threedmensional nonlinear finite element analyses will be perfomied to
- predict the behavior of the SCV model before the test is conducted and to compare with its
response after the test has been completed. By comparisons with the experimental data, the
analytical methods used to evaluate the structural behavior of an actual steel containment
vessel subject to severe accident conditions will be validated.

SUMMAkY

A brief test plan has been presented for the pressurization to failure of a steel containment
vessel, This experiment is part of a cooperative p.ogram between NUPEC and NRC/SNL.
Details of the proposed test are currently under discussion and may be changed in the
future. The test is expected to be conducted in 1995.
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CONCERNING ASSESSMENT OF THE STRENGTH
AND LEAKTlGHTNESS- OF THE DOUBLE-SHELL

CONTAINMENT OF A 1300 MWe PWR

D. Dussarte B. Barb 6 E. Debec
IPSN/ DES IPSN/ DES CISl

4

Abstract ;

The containment of a 1300 MW9 PWR consists of two concentric shells
(Figure 1). The inner shellis of pre stressed concrete while the outer shellis
of reinforced concrete. Leakage from the inner sheli is collected in the gap
between the two shells which is maintained at a negativo pressure by a
pumping system.

This study is cancerned with two situations:

. a slow rise in pressure resulting from the presence of a source of gas, the !
flow rate of which is considered to be a paramote,r,

+ a sudden pressure rise which is taken to correspond to that which would be
the result from a hydrogen deflagration.

The numerical approach used in this study oescribe' cracking of the inners
shell under the effect of pressure and gives, at any given moment, the flow
rate'per unit mass entering the gap between the shells as well as the outflow
from the containment until steady-state conditions are obtained.

INTRODUCTION

E The numerical approach used in this study describes both cracking of the
-inner shell under the effect of pressure and, at any given moment, the flow rate

|
per unit mass entering the gap between the shells as well as the outflow from

' the containment. This calculation is carried through until steariy-state
conditions are reached for both of the following situations.

4

in the first situation, it is assumed the.t, in an initial state without overpressure
in ~the . inner shell, core meltdown causes a slow pressure rise arbitrarily
modelled by the presence of a dry air source with a flow rate of Os, which is
constant with time, taken as a parameter. The calculation is remade assuming
that there was originally an overpressure of the order of-its design basis
pressure in the inner shell. From this state, a slow modelled pressure rise is
postulated, as in the preceding case, by a dry air source of flow rate Os-
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In the second situation,it is assumed that a substantial quantity of hydrogen is
formed and its combustion is .aken into consideration.

,

.

L Hereafter, for simplicity, the term LOCA is used to designe : the first situation i

and the term hydrogen deflagration is used to designate the second.

-THE DIFFERENT TYPES OF CRACKS

Inner shell

Three different types of cracks can be identified in a pre stressed concrete
inner shell subjected to an increasing internal pressure:

Thermal-contraction cracks

Such cracks allow fluid to flow from the inner shell to the inter-shell gap as
soon as the pressure differential rises above zero bar. The results of leak
tests indicate that the average width (e) and ler.gth (1) of such cracks remain
stable while the pressure is below the test r,ressure. The measurements
taken make it possible_ to.obtain a clear picture of the distribution of such
cracks, which are characterized by a width of 25x10-6 m and an accumulated
length of arounci 600 m.

Cracks between penetration sleeves and cc7 crete

At a penetration, loss-of adhesion between the sleeve and the concrete,
resulting in separation at this interface, arises as soon as the compression
due to the pre-stressing is overcome, which occurs at a differential pressure of'

5.1 bar. Radial separation at the edges of the hole can be assessed by i
!

Kirsch's relationships derived from support theory.

Cracks of mechanical origin

| Cracks of-mechanical origin appear when tensile stresses in the concrete -
reach its ultimate strength, i.e. at an inte ial pressure of around 6.7 bar gage.

For the type of containment in quesa y .s accumulated length I of these
vertical cracks,'which appear at intery k of approximately one metre, over the.V

y entire height of the cylinder,is of the order of 10,000 m.,

The results of observations made with a 1/10 scale model indicate that
variation of the width of such cracks with pressure P is correctly represented
by a fit law corresponding to the following equation (1):

e = 9- P , E p
(3)

2

100 100
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Outer shell

Permeability of concrete (microcracks)

TL. outer shell is not pro stressed and it is assumed that lea.,s through the
permeable concrete and microcracks will appear as soun as the inter-shell
gap and the outside environment are not in a state of pressure equilibrium.
Flow is possible in either direction.

Cracks of mechanical origin

Failure of the outer shell resulting from the aopearance of cracks of
mechanical origin is assumed to occur as soon as the overpressure in the
inter shell gap reachos around 0.4 bars

LAWS AND FIATES OF FLOW

in the two types of problems studied, i.e. LOCA and hydrogen deflagration, the
gases and gas mixtures (dry air or a mixture of dry air and steam) which can
flow through the different crack systems are equated with perfut fluids with
isothermal flow.

Leak rate estimates _are made on the basis of the following standard
equations.

Calculation of leaks through a corous or microngsked medium

in a porous medium of geometric permeabi!!ty K the type of flow is laminar
and the rate of f'aw per unit mass O is given by em ation (2):

o . K S_ p P? - P,
2

if h 2 P. (2)

where K -- geometric permeability (n?)

r; =. dynamic viscosity (Poiseuilles)

s = % ., dace of wall (m2)
"

h = --it e Aness of wall (m)

p = density (kg/m3)

Pi = intemalpressure (bar)
Pe = ex'ernal pressure (bar)
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Qalculation of leakane threltch a crack |

Calcutation of leakage through a crack is carried out using flow equations for ,

a compressible fluid between two fixed parallel flat surfaces of length | |

separated by a distance e.
'

Depending on the Reynolds' number value, the leak rate is calculated for
laminar or turbulent conditions. ,

Laminar conditions (Re < 2000)

Leak rate per unit mass O is calculated using equation (3):

o ,24 Pi n hPf - P! -- p e'3 |
'

(3) ;

The fluid may consist of a mixture of perfect gases and the equivalent dynamic
viscosity of the medium is estimated using the mixture law (linear
combination).

Turbulent conditions (Re < 2000)

Leak rate per unit mass O under turbulent conditions can be written in the form
of equation (4):

~

gt1/y'1/2

O= eP p S i

_
(4)i

y=hwhere

f = pressure loss coefficient

The value of f is obtained by solving the transcendental equation (5):

h = 2 logw(R 1")- 1.16 (5)-

SOLVING

For the two typas of accident (LOCA and hydrogen deflagration), use is made
in solving the numeric problem of the principle of conservation of mass, of the
fluid state equation and the appropriate aforementioned flow laws.
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LOCA

in the case of a LOCA followed by a slow pressure rise, the fluid is modelled
by a dry air supply of which the flow rate per unit mass Os is assumed to be
constant. Solving the problem consists in solving the following equation (6):

i " R T 0 + 05dP 1

(6)madt Vi

where Vi = the volume of the inner shell
|

01 = ine outflow from the inner shell (see formula 2,3 or 4)

T1 = inner shel temperature

maa mass of one mole of air
P1 = inner shell pressure

Hydrogen deflagration
,

in the case of hydrogen deflagration,it is assumed that:

- just before initiation of the combustion (t = 0), the properties of the fluid are
as follows: P = 3 bar absolute and T1 = 100 C,1

the atmosphere of the containment consists (molar fractions) of 10%
hydrogen,43% air and 47% steam,

- during progressive combustion of a duration tc of the order of 20 s, no
condensation phenomenon is taken into consideration.

Solving the problem consists in solving equation (7):

d P , Pa d T R_Ta Os1 i
dt T dt Vi m ,y (7)

L with the following equations (8) and (9):

"* i
T (t) = Tmin + t; for t _<tci

t (8)

T (t) = Tma, exp [-k(t - tc)) + Tmin [1 - exp [-A(T - tc)] for t > te (9)i

it being known that:

Trrin = 100 C
Trnax = 900 C

A = 0.0125 s 1

Te = combustion time (20 s)
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CALCULATION - CONDITIONS AND RESULTS

LOCA situation

Calculation conditions

Two extreme cases are considered.

Without-initial overpressure in the inner shell, the slow pressure rise is
modelled by the action of a constant air supply of flow rate Os taken to be a
parameter.

Furthermore, the phenomenon of condensation is not taken into consideration
and the temperatures between the two shells are constant at all moments in
time. The initial pressure in the inner shellis 1 bar absolute whereas that in
the outer shell is 0.985 bar or 1 bar depending on whether the containment

: annulus ventilation system is active or inactive.

With an initial overpressure in the inner shell, it is assumed that the pressure I

in the inner shellis 4.8 bar absolute. From this moment in time, the increase
in the pressure is modelled, as in the previous case, by the action of a dry air
supply of flow rate Os.

i

Three values per unit mass are studied: Os = 2,4 and 6 kg/s. These bracket
the value corresponding to that of the WASH 1400 report (3.5 kg/s),

Principal results- ,

The containment annulus ventilation system ensures, whatever the size of the
-break and its flow rate Os, negative pressure conditions in the inter shell gap
and hence.no releases to the exterior as long as internal pressure Pi s lessi

than 6,1 bar absolute, lt is to be remembered that this value corresponds to
total decompression of the concrete and the onset of separation of the

_

penetration liners and the concrete. This situation is guaranteed for time and
-periods which are inversely proportional to flow rate Os (Figures 2 to 5),

,

These characteristic type rmiode are shown in Table 1 below.
|

L Table 1 - Time periods

Flow rate Os (kg/s). 6 4 2

Without initial ov'erpressure (hours) 24 35 70

With initial overpressure (hours) 6 9 12

:In a case where a break gives rise to an overpressure in the inner shell which
.is less than the design basis pressure, the characteristic time periods are
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betwean the extreme timo periods of the two cases studied. They can easily
be determined by transposing the curves.

For time periods greater than these characteristic time periods, the curves for
inner shell outflow to the inter-shell gap and from the gap to the exterior tend,
whatever the case studied, towards the maximum equilibrium flow rate Os
(Figure 6).

The maximum equilibrium pressure reached in the inner shell (Figures 3
and 5) is around 8.4 bar absolute and the pressure in the inter shell gap is
less than the failure pressure of the outer containment for flow rates Os of 2
and 4 kg/s. It is to be noted that the differential pressure between the inner
shell and the inter shell gap is around 7 bars (8.4 to 1.4); this value is slightly ,

higher than the transverse cracking pressure of the inner shell which is 6.7 bar
(Figure 7).

The equivalent crack areas of the inner shell which give rise to flow rates to
the atmosphere equal to those of source terms Os are 0.03 m2 when
Os = 2 kg/s, 0.08 m2 when Os = 4 kg/s and 0.25 m2 when Os = 6 kg/s
(Figures 7 and 8).

Hydrogen deflagration

Conditions or calculation
+

The different cases studied are show in Table 2 below.

Table 2

OMAMEM ANNUWSCONDENSAT.ON OUTER SHELL
CASE ENRANN SECNN

YES NO YES NO LEAKTIGHT
LE GHT

, . . .

2 + + +
i

3 + + +

4 + + +

' Principal results

Salieiit points of this study are the following.

The_ results do not vary greatly with the value of the combustion time tc, which
remains of the order of a few tenths of a second. Whatever the set of
parameters utilized, the pressure peak P reached in the inner shellis around3
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I

i $ w nsolute (Figure 9). This pressure can be associated with a maximum
M qaarent leak area of around 5 m2 (Figure 10).

Whatever the set of parameters utilized, the maximum pressure reached in the
inter shell gap is well below the outer shell failure pressure. For instance, this
pressure reached 270 mbar in the case where the containment annulus
ventilation system does not operate.

Allowance for the phenomenon of condensation in the inter shell gap has little
effect on this pressure levelin the inter shell gap.

CONCLUSIONS

The purpose of this analysis was to obtain an understanding of the
mechanical strength and the leaktightness of the double shell containment of '

a type P41300 MWo PWR in the event of either a slow pressure increase or a
hydrogen deflagraticn.

In the slow pressure rise case, it is to be noted that:
I - the containment annulus ventilation system ensures that there is a negative

pressure in the intur-shell gap as long as the pressure in the inner shell
doca not exceed 6.1 bar absolute,

- failure of the outer shelliwhich is assumed to occur when the overpressure
in the inter shell gap reaches around 400 mbar, can be eliminated as long
as the source flow rate per unit mass is less than 6 kg/s, i.e. a value higher
than that adopted in the WASH 1400 report,

in the hydrogen deflagration case,it is to be noted that:. ;

- the maximum pressure reached in the inner shellis around 9 bar absolute,
-i.e. a pressure lower than its failure pressure. This result is practically
independent of allowance for cond6nsation in the inter shell gap, the action !

of the containment annulus ventilation system and the leaktightness of the
outer shell,

- the prassure reached in the inter shell gap does not exceed 270 mbar, a
value which remains lower than the failure pressure of the outer shell.

Finally, this simplified study only gives likely orders of magnitude as regards
the mechanical strength of the containment. Further consideration is
necessary as regards the phenomena of condensation and the retention of

i fission products in or on the concrete walls of the containment.

|
L
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WITHOUT INTERNAL OVERPRESSURE

Case of LOCA followed by a pressure rise Curve A O = 2 kg's
Hypotheses: flow rate per unit rnass (air) of source Curve B O = 4 kg's
. O kg/s, containment annulus ventilation system active Curve C O - 6 kg/s

O (kg/s)
h

1 01 C
-

B
_

1 00 A-

4 4
f

' " s4)/s/
/

1 02 / i i i i i i i i
= T (h)

O. 10. 20. 30. 40. 50. 60. 70. 80. 00. 100.

Figure 2 VARIATION OF FLOW RATES AS A FUNCTION OF TIME

index 1: containment to inter shell gap
index 2: inter shell gap to extorior

l

l

WITHOUT INTERNAL OVERPRESSURE

Case of LOCA followed by a pressure rise Curve A O - 2 kg/s
Hypotheses: flow rate per unit mass (air) of source Curve B O 4 kg/s
. O kg/s, containment annulus ventilation system active Curve C O 6 kg/s

P (bars absolute)
o

"
10.

I 9- C
8. $r ,

L /
5. A
4. g
3. Ultimate inter shell gap pressure

! 2. ? C
! B1.

- -

!ew 2 A0. T (h)
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O. 10, 20. 30. 40. 50, 60. 70. 80. 90. 100.

Figure 3. VARIATION OF PRESSURE AS A FUNCTION OF TIME

Index 1: inner shell
| Index 2: inter shell gap
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WITH INTERNAL PRESSURE

Case of LOCA followed by a pressure rise Curve A O - 2 kg/s
Hypotheses; flow rate per unit mass (air) of source Curve B O - 4 kg/s
= 0 kg/s, containment annulus ventilation system active Curve C O - 6 kg/s

O (kg/s)
o

1 01 -

C
-8

;A

f''* -

Ss
1 /s

4
' O'
}JL A

l@ " ' ' ' ' '-

0. 10. 20, 30. 40. 50. 60.' T (h)

Figure 4 VARIATION OF FLOW RATES AS A FUNCTION OF TIME

Index 1: containment to inter shell gap
index 2: inter shell gap to exterior

WITH INTERNAL PRESSURE

Case of LOCA followed by a pressua rise Curve A O - 2 kg/s
Hypotheses; flow rate per unit mass (air) of source Curve B O - 4 kg/s
- O kg/s, containment annulus ventilation system active Curve C O - 6 kg/s

P (bars absolute)
h

10 -

9

/s# B8
^7- W

5.
4. -

3. Ultimate inter-shell gap pressure
2- . 2_ C 2 81. - T A
0. " ' - ' '

' :- T (h)O. 10, 20. 30. 40. 50. 60.

Figure 5 - VARIATION OF PRESSURE AS A FUNCTION OF TIME

Index 1: inner shell
Index 2: Inter shell gap
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WITHOUT INTERNAL PRESSURE

Case of LOCA foiuwed by a pressure rise Curve A O - 2 kg's
Hypotheses: flow rate per unit mass (air) of source Curve B Q . 4 kg's
. O kg's containment annulus ventilation system active Curve C O = 6 kg's

O ikg/s)
n

10' - -B
" #

1 00 -

101 -

1@ Equivalent area (m2)- - - - - ' - -
r-

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Figure 6 FLOW RATE FROM REACTOR BUILDING TO
CONTAINMENT ISOLATION SYSTEM AS A FUNCTION OF

THE EQUlVALENT AREA OF LEAKAGE

WITHOUT INTERNAL PRESSURE

Caso of LOCA followed by a pressure rise Curve A O = 2 kg/s
H hoses; flow rate per unit mass (air) of source Curve B O = 4 kg!s

kg/s, containment annulus ventilation system active Curve C O . 6 kg/r.

Equivalent area (m?)

0.50'-
0.45 -

0.40 -
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0.30 - I

C
0.25 - ow
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'O.10 . A Bg
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': Pressure differential (bars)0.00 _ ' ' ' ' '' -

O. 1. 2. 3. 4 5. E. 7. 8. 9. 10.

Figure 7 CHANGE IN EQUIVALENT AREAOF LEAKAGE AS A
FUNCTION OF THE PRESSURE DIFFERENTIAL BETWEEN

THE REACTOR BUILDING AND THE INTER SHELL GAP
ISOLATION SYSTEM
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WITHOUT INTERNAL PRESSURE

Case of LOCA followed by a pressure rise Curve A O - 2 kg/s '

Hypotheses; flow rate per unit mass (air) of source Curve B O - 4 kg/s
- O Ag/s, containment annulus ventilation system active Curve C O - 6 kgts

Equivalent area (m2)
h0.50 -

0 45 -

0.40 -

0.35 -

0.30 -

0 25 -

b0 20 -

0.15 -

0.10 -

I0.05 - p,
T (h)0.00 ma- - - -

O. 10. 20. 30. 40. 50. 60. 70. 80. 90. 100.

Figure 8 - CHANGE IN EQUlVALEN T AREA OF LEAKAGE
DETWEEN REACTOR BUILDING AND INTER SHELL

GAP AS A FUNCTION OF TIME

Casa 1 Abydrogen deflagration
Hypotheses: phenomenon of condensation in inter shell
gap not allowed for and containment annulus ventilation system active.

P (bers absolute)

10.-

9.

G.

7.

6.

5.
1

4.

L 3.
__

-,----------4
o. Ido. 2$0. 3$0. (s)*

Figure 9 CHANGE IN PRESSURE AS A FUNCTION OF TIME

Index 1: inner shell
index 2: Inter shell gap

- 405 -

_. .. . - _



_ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ .-_ _ _ _ _ _ _ _ _ .

1.

i

.

I

Case 4 A hydrogen deflagration
Hypotheset: phenomenon of condensation in inter shell
gap allowed for and mntainment annulus ventilation system active.
Outer shell assumed to be perfectly Isaktignt

Equivalent area (m2)
-

n
100

9.

8.

7.

6

5.

f4.

3.

2. -

1.

O. 100. 250. 350. I'I

Figure 10 CHANGE IN EQUIVALENT ARE AOF LEAKAGE
BETWEEN REACTOR BUILDING AND INTER-SHELLGAP AS

A FUNCTION OF TIME
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ECCENTRJC H DETONATION2
IN A NUCLEAR POWhR PLANT STEEL CONTAINMENT

Giuseppo Maresca, Giovanni Pino
ENEA-DISP

bbuttact
At present studies are in progress at ENEA-DISP to assess the
-porformance of a stool containment under hydrogen detonation.
Although considered unprobable to occur, this event-is studied as
a load on the safe side challenging the containment. A completo
model to simulate the shock wave behaviour and the fluid structure
interaction between the containment atmosphere and the containment
wall has boon set up at ENEA-DISP and a monodimensional
axisymmetric case already studied In the model the Chapman-.

Jouguet theory 'of detonation is applied in order to assoas the
wave front conditions and the Von Neumann-Richtmyer method is used
as a reference to deal with the shock discontinuity.
In the prosent paper the two-dimensional extension of the
numerical model has been used. A plano slico of the wall and of
the' atmosphere filling the containment is considorod. A .

cylindrical detonation wave is supposed to start from a source
located eccentrically with respect to the containment axis.
Because of the exploratory nature of the numerical model, a period ,

of only 20 maec has boon considorod, although 100 mooc should be
considered as a minimum in a large metal containment to exclude
further growing of plastic strains produced by_ consecutive
reflections. At variance with the axisymmetric case bonding
stresses are developed now The use of the model in order to.

assoas a strain failure critorium to-be applied at the dynamic
portion of the H2 detonation load is considered. In the paper t?
influence of different initial values of the relevanc c

parameters (prosaure, temporaturo, hydrogen concentration and
source location) is examined in order to assoas a range of
equivalent conditions.

INTRODUCTION
1-
'

Although considered very unlikely to occur, H 2 detonation
following a core molt-down accident could be taken into account as

L 'a. load on tho safo side challenging the containment. Adopting this
defence in depth strategy the question arison on tools available -

to investigate the structural behaviour of the containment and on-

their reliability. At ENEA-DISP an activity has been started at
the end of 1990 in order to assoas the intogrity of a large metal
containment under H 2 bursting. A first stop has been the writing
down of a computer code able to manage exploaion aasdynamics in a
simple monodimensio nal' case [1]. Obviously this phase was very

-G7

. - . . - _ _ . ..



_ _ . __ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . . _

useful in order to gain confidence with the matter and as a guide
for subsequent investigations. The computer code usca the Chapman-
Jouguet theory (2), (3) to assess the initial shock front
conditions, together with the Taylor's treatment of the back-front
wave profile (4), [5] The formulation is Lagrangian, with a.

mesh consisting in a number of gas layers located along the
containment radius moving to simulate gas behaviour under
detonation. The interaction of the containment atmosphere with the
steel wall was also introduced, to obtain correct balance of
impulse and energy at the boundary. The main result, besides
general information about the numerical behaviour of this kind of
models, concerned the relevance of consecutive reflections of the
wave producing in some cases progressive deformation of the wall.
This effect is illustrated in fig. 1, where the sr.ock wave is
showed traveling outwards, impacting the wall, reversing towards
the containment axis, here reflecting again and so on producing
successive impacts. Obviously only shocks strong enough to drive
steel into the plastic region are effective for strain cuculation
but this appears to be possible when the complete dynamics of the ,

!phenomena is considered. Actually, during the impact, some amount
of impulso and kinetic energy is transferred to the wall. Because
of the high velocity of the shock front, the second impact taked
place when the outwards velocity of the wall has not disappeared,
making a shock lesser than the first one able to contribute to
plastic deformation (Fig. 2). Strain rates have been also provided I

by the monodimensional analysis. They range between 1 and 10
(m/sec)/m and should not modify the material behaviour with
respect to the static conditions. To clarify this subject an
experimental campaign is presently promoted by ENEA-DISP in the
context of a general program directed to fully characterize
containment wall materials. The monodimensional model appears to
be a convenient tool for a first approach to the explosion
problems. Nevertheless it can be charged of a number of
deficiencies requiring to be eliminated in order to get a better
understaning of the structural phenomena. First of all, axial
stresses are neglected while their effect can be relevant
oppocially' if the plastic region is entered. Moreover, the
monodimensional model is an axisymmetric one while the location-of
the explosion source in corrispondence of the containment axis is
considered to be an ecceptional case.
These reasons leaded us to.the second step: to set up a
two-dimensional version of the model able to represent the axial

L development of an axisymmetric explosion taking place inside the
containment, als well as the effect of an explosion starting from
an eccentric position (fig. 3).

THE 'iWO-DIMENSIONAL AXTSYMMETRIC MODEI, 1

In the two-dimensional axisymmetric model an emispherical wave is
supposed to start from the bottom of the containment dome, where
hydrogen released from a break in the primary circuit or, in a
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most severe scenarius, produced by core-concrete interaction, is ,

supposed to diffuse and concentrate. While detailu of this model l
will not be discussed in this paper,_its importance, in order to !
get a realistic stress state of the containment wall, must be
pointed out. In Iact, only this model can determine a combined
history of axial and circumferential stresses in the wall,
allowing to applicate, if the case, biaxial stresses or blaxial
strains failure criteria. Moreover this model provided loads on
special regions of the whole structure, as the upper head or the
dome floor, whose atrength also should be verified. I

Tile TWO-DIMENDIONAL PLANE _ Sb1CE HODEb

In the plane slice model a olice of the wall and of the atmosphere
filling the containment is considered. The explosion coul.d be
started by any location on the radius, the only limit being the
necessity to have a circular region (the starting wave), not,

intersecting the wall, around the explosion axis to put the
initial conditions. In fact, in this model, as well as in the
others, initial conditions are imposed providing a suitable
velocity, density and pressure-field in a circular region (or
emispherical in the two-dimensional axioymmetric case) and cannot
be well reproduced when this region is too small. For this reason
a minimum distance from the wall must be assured in the plane
slice model and maximum eccentricity cases cannot be managed.
Outside this region the containment atmosphere is in an
unperturbed state: pressure and density are the. initial ones and
velocity is zero overywhere. The energy located in the starting
wave is computed taking into account the energy released by the
combustion of all the hidrogen inside the perturbed region and
therefore it is proportional to the corresponding area. Cases
starting with ditferent perturbed regions actual:/ starts with
different energy. Anyway, a bursting mechanism is represented in
the present model, and combustion energy of all the hydrogen in
the' containment should be released within the time the wave take
to impact all the points located on the containment circumference.
Therefore, the total energy released by combustion should be the
same whatever the eccentricity is. To really simulate a_ detonation
the bursting mechanism must be controlled by the passing of the
shock front. TCs problem has not been completely solved in the
present mouel ac.d strongly affected the obtained results. -

FLUID HOTION

No special problem comes from the equations governing fluid.
|- motion. A Lagrangian of the discretized system can be easily

written ~down and coupled - with thermodynamic relations to obtain
the full set of equation determining system motion. Also in the
case-of no heat generation thermodynamic must be involved because
of the non conservation of entropy in the fluid near the shock
front. For-this reason in the two-dimensional model a finite
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element treatment of temperature has been chosen, adopting a
linear shape fu'.,tionto manage heat exchange and production. To I
deal with shock discontinuity a bulk viscosity is introduced. |
While numerical in nature and related to the variabic cell'

dimension of the menh,the form of this term is derived from Navier i

Stokes equationsand should converge to physical bulk viscosity as
the cell dimension goes to zero. The introduction of an artificial
viscosity to deal with shock discontinuity in discussed in (6).

i

pilELL ELEMENTS
.

Although both the two-dimenolonal modelsare programmed to be used ;

as~an user subroutine of the stTuctural code MARC, in the present
'

model the containment wall has been treated by finite difforences,
using shell- equations for small displacement (7). This make the
shell model unreliable if too large displacements are obtained. ,

Rotary inertia has been neglected too.

INITIAL CONDITIONS AND GEOMlfrRY-
'

A cylindrical steel containment with an internal-radius of 20 m 10
considered and carbon steel SA 516 Gr 70 la adopted as reference
material. The material has been supposed elaatic perfectly plantic

4

and the yield stress of 390 MPa has been used on the basis of the i

static stress-strain curve at room temperature. The thickness of
the wall was aupposed to be .03 m. The computation starto from an

-

initial pressure of 0.163 MPa at.a temperatureof 368 k. Therefore
differential pressure acting on the containment wall is 0.063 MPa
before detonation. The atmosphere composition (molar fractiono) is

112 = 20.0%
16.8%O

2 = 63.2%-N2=
'

The : hydrogen concentration we adopted is typical to get a full
detonation condition; the absence of steam is also in this spirit.
The gas mixture density is 1 25 Kg/m3. From theso (*4ta the
reaction energy por unit- mass can be computed knowing - the heat-
released when 1 Kg of hydrogen has completely reacted (121 MJ/Kg).

-

A value of 2.06 MJ/Kg is obtain3d.
The' adopted mesh is shown in Fig. 4 and the inital cell dimension
has been chosen to be 1. 5m.-
As far as it concerna the initial condition in the perturbed
region data f rom ' Fig. 5 have teen adopted. In fact thoso-data-,
determ ned-for-the stu y of the monodimensional model,are the-same-i d ,

f. cylindrical wave).
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PRESENT RESULTS

Three different values of the eccentricity o will be considered:
e=0.2, e=0.5 and e=0.8. An axisymmetric case (e=0.0) was also
considered, in order to compare the results with the ones provided
by the monodimensional model. The motion of the ayatem and the
containment wall loading are illustrated in Fig.s 6 and 7. The

' main resulto are summarized in Tab. 1. where the greatest strains
in the outermont fiber and in the innermost one of the containment
wall are reported for times ranging from 5 moec to 20 mooc. It is
apparent that the worst condition for the containment to provided
by the axioymmetric case. Actually the maximum strain diminishes

_

increasing the eccentricity. However, considering the quantity of
hydrogen burned in different cases, it is possible to ooe that
also this quantity diminichen increasing the eccentricity and no
conclusion about the worst condition can be drawn. Anyway, the
cases performed are interesting as far ao it concerns the
effectivenes of the bending mechanism to produce a failure in the
containment. Curvatures in the wall are shown in Fig. 8, together
with the stretch in the midplane of the shell and it is apparent
that strectch in the most effective in order to put the
containment into collapse.

INFLUENCE OF THE INITIAL PRESSURE

The initial pressure, before the detonanation occurs, can affect
the evolution of the dynamic phenomena as well as the final static
pressure in the containment. Static pressure provides a primary
load acting on the wall and to assure containment integrity the
ultimate atrean does not have to be passed. In author's opinion
this means that ASME III criteria for thie load should be met. -

Anyway as far as it concerna the dynmamic load it should be
observed that severe accident can affect the containment only one
time in the life and the possibility to adopt for this case a
otrain criterium shoul be explored. In this context the question
arises on what is the worst dynamic load consistent with a given
final static pressure. In order to examine thia question two other
plane slice cases have been studied starting from a greater
initial prtssure. Obviously, to preserve the same final static
presouro, the hidrogen molar fraction must he diminished and it
can be easily done looking at the curve in Fig. 9. In fact this
curve providea for different values of the hidrogen molar fraction
the initial pressure giving the final pressure of 0.8 MPa
following an isochoric transformation produced by the hydrogen
combustion. To compare with 0.163 MPa and 20% H2 adopted in the
foregoing calculation a preunure value of 0.3 MPa has be a
considered together with 15% H The value of 0.8 MPa (absolut-2
pressure) has been considered adopting 0.7 MPa (differential
pressure) as a conservative value for the ultimate strength of a
large metal containment [8]. Two eccentricities have been
considered: e=0.2 and e=0.5. The obtained results (Tab. 2) do not
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show relevant differences with results obtained for the same
eccentricty but for different initial pressures.

4

C_ONCLUEIONS

Because of the limits of the present model, no conclusion can be
drawn now as far as it concerns the worct condition for the
containment integrity. In any case the posuible use of the model
to asses a strain failure critorium, to be limited at the dynamic
portion of !! detonation load, has been shown. As a future goal,

2complete agreement should be obtained betwoon the monodimensional
model had the plane slice one. Also some other consistency
conditions should be mot, providing a reliable verification of all
the three models, from the mathematical point of view at least.
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;

Tablo 1. Maximum deformations in the containment wall. '

(Pi=0.163 MPa, X(H )=0.2)g

Time from
the first-

'

impect : 5 maec 10 maec 15 mooc 20 mooc ''

occont. :

e=0.0 to= 0.0057 0.0158 0.0275 0.0406

ti= 0.0057 0.0161 0.0281 0.0416

e=0.2 to= 0.0051 0.0147 0.0265 0.0433

ti= 0.0051 0.0145 0.0280 0.0467

e=0.5 con 0.0036 0.0091 0.0148 0.0200

ti= 0.0036 0.0094 0.0154 0.0208
'

'
,

I

e=0.8 to= 0.0013 0.0017 0.0011 0.0006.

si= 0.0013 0.0015 0.0011 0.0008

Table 2. Maximum deformations in the containment wall.
(Piro.300 HPa, X(H )=0.15)2

Time from
the first
impact : 6 mooc 10 roec 15 unec 20 maec

eccent.
~

:e=0.2 to= 0.0045 0.0124 0.0223 0.0327

-ti= 0.0045 0.0122 0.0221 0.0330
'

o=0.5 to= 0.0034 0.0081 0.0134 0.0200

ti= 0.0034 0.0082 0.0137 0.0207
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Figure 2. Multiple reflection effects from the
monodimensional model (1).
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INCIDENT DETONATION WAVE
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[ ANALYSIS OF CONTAINhfENT PARAh!ETERS DURING TIIE MAIN STEAM.-
LINE BREAK WITII TIIE FAILURE OF TIIE FEEDWATER CONTROL VALVES
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yubo Fabjan, Stojan Petelin, Borut Mavko, Oton Gortnar, Iztok Tisey
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"Joief Stefan" Institute
Reactor Engineering Division

Jamova E P.O. Box 100
61111 Ljubljana, Slovenia
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ABSTRACF-

NRC information notice 91-69: " Errors in Main Steam Line ~ Break Analyses for
Determining. Containment Paraineters" shows the_ possibility of an accident which could

-lead to beyond design containment pressure and temperature. Sucl' tecident would be
caused by the cantinuation of feedwater flow following a main steam line break (MSLB) -

4 inside the containment.:

. NPP Krako'has already experienced problems whh main feedwater control valves. sor
;that reason, analysis of MSLB ;has ben performed taking into account continuous
;feedwater addition -scenario and different containment rafety _ systems capabilities
availability.1

Steam 'and water-release'd'into the containment during MSLB was calculated using-

'RELAPS/ MOD' computer code. The containment response to MSLB was calculated
using CONTEMPT-LT/028 computer code,

zThe results indicated that the continuous feedwater flow following a MSLB could lead
Lto beyond design containment pressure.The peak pressure and temperature depend on
isolation Ltime ~ for main- and auxiliary-feedwater supply. In the -case of low boron-

Econcentration injection, the core recriticality is characteristic for this type of accidents.

ilt was concluded that the presented analysis of MSLB with' continuous feedwater addition -,

-- E scenario is the worst case for containment' design. Based on indicated results we'suggest-
- the following:

' '

auxiliary feedwater ' should be isolated immediately on the side of the -:. - -

: faulted steam generator
p boron injection tank beton concentration reduction may not be-

i
. - recommended '
g ! appropriate feedwater valves surveillance program is recommended.-

p ,

, d'
l'

p.

. _ .
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INTRODUCTION

NPP Krtko is a two-loop 660 MW(e) Westinghouse type PWR power plant, it started
to operate in 1981. Containment design overpressure is 3.2 bar and temperature 128"C. !

The containment parameters during the design basis accidents, which could be found in
Reference 1, have been estimated by Westinghouse and were later recalculated by "Jolef
Stefan" Institute, Reactor Engineering Division using CONTEMPT-LT/028 computer
code.

As stated in the NRC information notice 91-69, Reference 2, there exists the possibility
ithat the feedwater systems could continue to supply water following MSLB. In this case

similar failure during the MSLB could lead to beyond design containment pressure and
temperature.

Th:s issue could be even more-important for NPP Kr5ko than for the other plants,
because of the special design of the s:eam generator feedwater systems. To avoid U-tube
vibrations, the feedwater flow was split into two parts; 70% of water is entering the steam
generator through the main feedwater nozzle and the other 30% through the auxiliary
nozzle.Thus the number of the control valves is doubled and the possibility, that one of
them could fail, is increased,

t

i. NPP Krako has already experienced difficulties with the main feedwater control valve.
It started with the loss of the main generator stator cooling which caused an automaticL

turbine runback. During the transient the main control valve in the feedwater line
remained in a half closed position. Water level in steam generator reached t'gh-high level
setpoint and caused turbine and reactor trip.

Based on the state : fact we performed containment systems capabilities verification with
new scenario related to the continuous feedwater flow following MSLB inside
containment. The scenario of MSLB was based on high-high steam generator water level
and different isolation time for main- and auxiliary-feedwater flow.

The analysis was divided into two parts, as follows:

the thermo-hydraulic analysis of reactor coolant system and steam generator to-

obtain mass and energy release rates vs. time, and
- the investigation of containment pressure and temperature response.

Steam and water releases into the containment during the MSLB were calculated using
,_

| RELAPS/ MOD 2 code. The containment pressure and temperature respense were ;

L predicted using CONTEMPT-LT/28 code. Calculations were based on conservative design |
L and transient input models and realistic computer code. !

l
|

1

-

'

MSLB ACCIDENT DESCRIPTION

( Tb; MSLB is a V category event, according to ANS classification, Reference 6. The

| MSLB. occurrence probability is assessed as very low, less than 10' per reactor-year.
!
!

I' - 424 -
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The main steam lines are provided with isolation valves in both lines just outside the
containment. Beside steam generator flow restrictor main steam line isolation valves are
necessary to limit the uncontrolled steam release from steam generators even in the case
of MSLB. The main steam lines up to these valves and the structure enclosing the valves
are safety class equipment (seismic category 1).

High steam and water releases through the break, include the forward flow from the
faulted steam generator and the reverse flow from the intact steam generator until the
steam line isolation occurs.

The forward mass and energy release depends on the initial steam generator water
inventory and main- and auxiliary-feedwater isolation delays. The reverse mass and
energy releases depend on main steam isolation valve closing time.

The probability of feedwater control valve failure in open position coincident with a

teedwater isolation failure is very low. But, feedwater control valve failure coincident with
delayed main- and auxiliary-feedwater isolation can be attributed higher probability.The
present analysis includes complee feedwater valves failure in open position and delayed
feedwater isolation.

High steam and water release and intensive vaporization process in the faulted steam
generator following the secondary pressure and temperature decrease lead consequently
into reactor coolant system cooldown Under power operation reactor protection system
prevents unsafe operation of the reactor which could lead to accident conditions. A
different situation is established under hot-standby operating conditions (zero reactor
power) when the reactor coolant cooldown causes a shutdown margin reduction and
positive reactivity insertion. The positive reactivity insertion and reactor return to power
could be compensated only by appropriate boron injection.

THERMO-HYDRAU1 IC MODEL OF NPP KRSKO ~

Thermo-hydraulic behaviour prediction is based on nuclear steam supply system model
and dual containment model.

2: dear Steam Supp!v ktem

Nudear Steam Supply System has been modelled using RELAP5/ MOD 2 computer code
to generate the time history of mass and energy release following the break. The
RELAP5/ MOD 2 plant model, which could be found in Reference 3, consists of the
primary system with safety injection system and the important parts of the secondary
system - from the main- and auxiliary- feedwater pumps to the turbine control valves. All
essential control systems are simulated (rod control system, pressurizer pressure and level
control system, main- and auxiliary- feedwater control system, etc). Reactor peint kinetics,
considering the influence of primary coolant boron concentration and heat losses to the
surroundings, were also modeled.

The RELAP5 analysis involves the non-realistic conservative model of forced liquid
fallback from the steam generator outlet to the steam generator battom with ar. intention
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|to maximize the secondary vaporization process and therefore to increase the reactor
coolam system cooldown and the steam release into the containment.

Such a restraint 'iquid release and maximized secondary vaporization coupled withl
' assumed low baron concentration of safety injection flow result in the largest positive
: reactivity insertion and reactor return to power.

Dual Containment

Dual' Containment was modelled using CONTEMPT-LT/28 computer code. .

- CONTEMPT-LT/28 code calculates the time variation of containment pressure,
temperatures, mass inventories, energy and heat structure temperature distributions. The
model is capable of describing fan coolers and containment spray engineered safety

- systems. An annular fan model is provided for pressure control in the annular region of
'

the dual containment.

'

The dual containment model is schematically presented on Figure 1. Two volumes
representing the drywell and the annulus have been modeled.
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Figure 1 NPP Krtko dual containment model

The containment steam-air water mixture in each volume was separated into two phases.
The first phase consists of the steam and air, while the second phase is the liquid water.
The thermo-hydrodynamic state of the liquid and vapor phases in the drywell is
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dependent on assumptions made regarding the mixing and distribution of mass and
energy resulting from break release.

Accordingly to CONTEMPT-LT/28 user options, we have used the temperature flash
model. It means, that the mass and energy release from the main steam line is uniformly
and instantaneously mixed. throughout the drywell vapor region. It is supposed, that the
air-steam mixture is forced into thermal equilibrium with the released water droplets
which entered the vapor region.

: The containment building is divided into 13 heat - conduction structures, some of which
are u' sed to describe building internals.

Prior to the MSLB initiation; the containment system parameters are assumed to be in
a steady state condition.

INPUT DATA

Initial Conditions

Initial condition in nuclear steam supply system as well as in the containment drywell and
annulus were based on conservative design and stated transient data.

Mass and Encrev Release Data

The initial steam generator water mass inventory represents the mass for the high-high
steam generator water level turbine trip setpoint (82% N.R. Level). The 100 percent main
feed flow was assumed before main feedwater isolation which occurred at 50 or at 170,

seconds.

Auxiliary feedwater system delivers flow to the faulted and intact steam generators,
actuated on low-low steam generator level signal (35%). The full auxiliary system mass
flow is assumed until faulted steam generator is manually isolated.

The heat load from the primary system is estimated from hot-standby operating
conditions (zero reactor' power). The core reactivity feedback was calculated considering
following conservative assumptions:

minimum shutdown margin-

max.' negative moderator temperature coefficient-

minimum high pressure safety injection capability (capacity of one high-pressure:

safety injection pump)
- low boron concentration in baron injection tank.

Containment - divwell and - anmdus

The containment - drywell and - annulus pressure as well as the temperature history have
been calculated using results of the above described mass and energy releases prediction
in addition to the main containment parameters as follows.
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Heat Conduction Structures (Passive heat sinks)*

The slabs 1,2,3 and 4 on Figure 1, which represent the containment vessel cylinder,
--containmem vessel dome, shield building cylinder and shield building dome, were

_

-modeled accounting full thickness. Both sides of these heat slabs are exposed to the
-drywell,- annulus or environment.

'One side'of heat slabs 5 to 13 is exposed to the containment vapor space so they are
modeled accounting the full thickness. The other side is insulated.

Heat Transfer Coefficient*

During the accident natural convection was supposed. Thus for both types of structures,
concrete and steel, the Uchida correlation was used, Reference 7.

Surfaces Exposed to the Liquid Region*

The sump and the floor slabs were not modeled. These slabs were conserva:ively
excluded, therefore there are no heat transfer coefficient values required.

_ Active heat removal system*

i

in the analysis single active failures were taken into account. A fan cooler in the active
safety train was assumed to be out of operation for extended maintenance.The minimum
safeguard train was assumed (a failure of one safety train), therefore, one spray train and
one fan cooler train with one fan cooler were assumed to be available.

Following MSLB, the annulus negative pressure system was not initiated.

_MSLB CALCULATIONS AND RESULTS

Man-Enerny Releases

A sudden increase in steam flow and vaporization process in faulted steam generator lead
to larger energy removal from the primary coolant system and therefore the primary
coolant temperature decrease. Faulted steani generator pressure and corresponding
saturation temperature decrease rapidly following the break.

,

Figure 2 presents break mass flow vs. time and Figure 3 corresponding break energy flow
vs. time for the Case 2 in Table 1. The feedwater isolation time delay was 50 sec. and
manualisolation'of auxiliary feedwater system occurred at 900 seconds.

The steam and energy release was timely stopoed at approx. time 4 seconds. The reverse
flow frem intact steam generator had increased till the main steam line isolation valve
was open. Main steam isolation valve closing was initiated at approx. time 5 sec. The
valve closing time is 5 seconds. After approx.10 seconds after the transient initiation the
mass and energy release is decreasing monotonicaly up to the time when the faulted
steam generator reached equilibrium.
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| The break mass flow in Figure 2 is two-phase. The main part of water is separated and
returned to the steam generator bottom to maximize secondary side heat demand. Mass
and energy release diagrams for the presented cases in Table 1 are very similar.

IJS: NPP KR$K0 STEAM LINE BREAK
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Figure 2 MSLB mass flow vs. time regarding to Case 2 in Table 1
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Figure 3 MSLB energy release vs. time regarding to Case 2 in Table 1

- 429 -

___-____ __-__ _ - _ ________-_ ___ _-_____-__-_________-_ __ _____ .___________ _ _ _ - - - . _ - - - - _ - _ --__ _ _ -



. - ._ . ._ _ . _ . . ._ __ _ _ _ _ . ._.

Cooldown of the primary system caused a positive reactivity insertion. A low boron
concentration of 2450 ppm was _ supposed for the baron injection tank which equals to
the refuelling water storage tank boron concentration.

Low boron concentration in baron injection tank was supposed to' assess the current
proposal to remove boren injection tank from safety injection system. Presently the plant
is operating with boron injection tank concentration of 20000 ppm.

Figure 4 shows sharp reactor power increase at approx. 40 sec. The reactor power
reached its maximum at approx. 280 MW. The safety injection system was activated on
low steam line pressure signal. The amount of injected borated water depended on
primary coolant system pressure.
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'
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Figure 4 MSLB reactor return to power vs. time regarding to Case 3 in Table 1

The primary coolant' system pressure varied with non-balance of heat generation in the
core and heat sink in the faulted steam generator. The first power peak, observed at
approx. 40 sec., results from the core reactivity feedback. The amount of injected borated
water at low reactor coolant pressure and Doppler coefficient partially compensated the
positive reactivity.The core power increase caused reactor coolant pressure increase.The
amount of injected borated water was reduced and along with the continued heat sink
in the faulted steam generator again caused reactor power increase at approx. 220sec.
The reactor power started to decrease after steam generator had approached the dry out.
After that the reactor power changes in equilibrium with heat sink provided by auxiliary
feedwater flow.

.
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f The main parameters used in analyses are presented in Table 1.

TABLE 1: Summary of MSLB initial conditions for input model and results

System case 1 case 2 case 3 case 4

HS.S_S

Steam generator level NR (%) 83 83 83 63
Feedwater iso'ation start (s) 170 50 50 50
Aux.feedwater isol. start (s) 0 900 1800 1800 ,
Main steam isol. start (s) 5 5 5 5

,

COINTAINMENT
Net free volume (m') 36700 36700 36700 40800
surface area (%) 90 90 90 100

_

spray (No.of units) 1 1 1 2
fan coolers (No.of units) 1 1 1 4
spray start (s) 95 95 95 95
fan start (s) 45 45 45 45

max. pressure (bar) 4,46 3,92 4,28 2,97
max. temperature (K) 409 403 407 389
time (s) 1380 910 1880 770

Containment restwnse

The containment pressure response for different cases, as stated in Table 1, is presented
in Figures 5 and 6.

-

The fan cooler activation at 45 sec and spray activation at 95 sec. is indicated in Figures
5 and 6 as pressure increase rates change at approx. 3 bar. After the active heat sinks
activation the containment pressure increase as long as appropriate energy release exist.

The containment temperature response during MSLB is analog to the pressure response
and is indicated in Figures 7 and 8.

The maximum containment pressure of 4.46 bar and temperature of 409 K were reached
for the Case 1 in Figures 5 and 7. The Case 1 is based on a very conservative scenario
assuming that nli water inventory in the condenser, 88000 kg, was delivered into the
steam generators. The condenser was emptied at 170 seconds.

_ The Cases 2 and 3 in Figure 6 present more or less realistic accident scenario. The main
feedwater isolation occurred at 50 sec. The peak pressure is in coincidence with auxiliary
feedwater isolation. The containment peak pressure and temperature increase with
increasing time delay of auxiliary feedwater isolation. Case 2 indicates that an earlier
auxiliary feedwater isolation, which occurred at 900 sec., prevents containment pressure
increase above the design limit.
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- Case 4, on Figure 6, indicates containment heat sink capabilities. In response to the Case
3, maximum containment spray and fan coolers operable with nominal containment net !

free volume and surfaces'was supposed. The comparison of pressure response for the |
' Cases 3 and 4 in Figure 6 shows, that the containment heat sinks are very effective; The ;

vapor generation by auxiliary feedwater supply in last phase of accident was compensated |
by additional heat sinks compared to the Case 3. The peak pressure in Case 4 is lowered i

for 1,31 bar regarding to the Case 3.
'
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Figure 5. MSLB containment pressure response vs. time regarding to Cases 1

and 2
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L Figure 6 MSLB containment pressure response vs. time regarding to Cases 2,3 and
i~ 4'in Table 1
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It is interesting that the containment temperature for the Case 2 in Figure 7 exceeded
the design limit. The difference between design and calculated value is 2 K. The peak
pressure in this case stayed below design value.

.The analysis results indicated that the containment annulus pressure and temperature

. response is not questionable.
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Figure 7 MSLB containment temperature response vs. time regarding to Cases 1

and 2 in Table 1
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CONCLUSION

MSLB is one of the most important PWR design accidents. The MSLB results in FSAR,
Reference 1, presented three active failures where none of them was main feedwater
system failure. Operating experiences with feedwater valves and NRC Information Notice
91-69, were the reason for containment analysis in the case of continuous main feedwater
flow following the MSLB.

The calculations were based on Krtko NPP plant specific parameters. The mass and
energy break flow was piedicted using realistic RELAP5/ MOD 2 computer code assuming
conservative input model and scenario. The containment response to MSLB was modeled
using CONTEMPT-LT/28 computer code.

The analyses showed that the continuous feedwater flow following a MSLB inside
containment could result in peak containment pressure and temperature higher then the
design limits.

The containnient pressure and temperature response depends on main- and auxiliary-
feedwater isolation time delay Four cases have been calculated with different
suppositions which are more or less probable. The probability for feedwater control valve
failure in open porition coincident with feedwater isolation failure in open position is very
low (Case 1 in Table 1). While the probability for feedwater control valve failurc in open
position coincident with delayed main- and auxiliary-feedwater isolation is higher.

The containment pressure increases above the design pressure in the most conservative
Case No.1, when all available water in the condenser was delivered to the steam
generators. In this case pressure and tcmperature are slightly above design limits.

In the cases with 50 sec. delayed main feedwater isolation, (Case 2 and 3), the
calculations indicated that the time of manual auxiliary feedwater isolation is very
important. After the steam generator empties the amount ofinjected auxiliary feedwater
determines the containment peak pressure and temperature. Auxiliary feedwater isolation
after 900 sec could lead to beyond design containment pressure and temperature.

In the Case 2, which is more or less a realistic case, the resulting containment
temperature is slightly higher than the design limit and the peek pressure slightly lower

,

L than the design limit.

Tow boron concentration (2450 ppm) in boron injection tank was not sufficient to
| ' compensate core positive reactivity feedback and reactor return to power. The reactor

power sharply increased to approximately 280 MW power. So the boron injection tank
removal is not recommended regarding the accident with continuous feedwater flow
following MSLB.

The strict surveillance of main feedwater control valve is suggested. Appropriate
surveillance program should be implemented on main feedwater isolation valves.

- 434 -



I

i

REFERENCES

1. Final Safety Analysis Report, NPP Krtko.

2. U.S. Nuclear Regulatory Commission information notice 91-69: " Errors in
Main- Steam Line Break Analyses for Determining Containment
Parameters, November 1,1991.

3. S.Petelin, O.Gortnar, B.Mavko: RELAP5/ MOD 2 Split Reactor Vessel
!Model,1991 Winter Meeting, San Francisco, California, November 10-14,

1991, American Nuclear Society, Volume 64. )

4. .Petelin, S.; _Gortnar, .O.; Mavko, B.: Steam Generator Model for Design
Accident Calculations, ZAMM; Z.angew. Math. Mech., 72 (1992)6, T607-

. T611.-

'

5. U.S. Nuclear Regulatory Commission, Standard Review Plan, NUREG-
0800, LWR edition, Rev.1-July 1981.

6. American Nuclear Society, Nuclear Safety Criteria for the Design of
Stationary Pressurized Water Reactor Plants, ANSI /ANS 51.1-1983.

7. NUREG/CR-0-255, CONTEMPT-LT/28, A Computer Program for
Predicting Containment Pressure - Temperature Response to Loss-of-
Coolant Accident, Date Published: March 1979.

L

I
!
|

- 435-

.



-- ..as.s.--- 4 - . 1. +u r+ < * as +.u g e_<n A .L. _ s .n , n . a_..nrs-

' -:

#

i

SESSION 5
.

TESTING / ANALYSIS OF
- CONTAINMENT SYSTEMS.

-1

I'
f

- 437/438 -

. . . . . - . - -



- ___ _ _

<
.

SMALL-SCALE PENETRATION LEAK TEST IN ALPilA PROGRAM

Norihiro Yamano. Jun Sugimoto, Yu Maruyama,
Akihide Ilidaka and Kunihisa Soda

Japan Atomic Energy Research Institute

Abstract

Small scale penetration leak test has been performed as a part of ALPilA program at JAERI
since 1990. .Two series of experiments were performed in the test using test sections which
simulate important parts of an Electrical Penetration Assembly (EPA) in a Japanese PWR. One
of the test sections simulates an alumina module and the other includes silicone resin portion of
the EPA. The test section was installed in a leak test vessel in which one region simulated inside -
of the containment and the other region simulated outside of the containment. Four experiments
were performed using the alumina module test section. The test section was heated up to 720 K
at maximum 1.8 MPa. No leakage was detected in the experiments. Two experiments were
performed using the silicone resin test section at near atmospheric pressure. Initial leak path
formation was detected at about _420 K. It was found that heat conduction along metal port:on
had strong influence on melt progression of the resin. it was also found from the st ain

.

measurement that the thermal loads were predominant over the pressure loads. From the results
of the experiments, it is considered that the alumina module will keep integrity in severe accident

' conditions, although the silicone resin is estimated to' melt at high temperature. Therefore, the
EPA as a whole is estimated to maintain leak-tightness during the severe accident.

B'IRORUCTION

JA containment of a nuclear reactor is the last physical barrier for preventing the release of
radioactive materials to the environment. Therefore maintaining containment iategrity.is crucial
to the safety of a nuclear reactor in an accident [1]. In order to investigate the phenomena which
would threaten the containment integrity and containment response to severe accidents, ALPHA -

.(Assessment of Loads _and ferformance of a containment in a Hypothetical Accident) Program __
was initiated - at JAERI' in 1990.-

Penetration leak characterization test is one of the four test items of the ALPHA program |2].
. The purpose of the test is to investigate behavior of penetrations at the containment boundary
' during severe accidents. Among several penetrations,' present efforts are focused on the behavior
.of electrical penetration assemblics (EPAs).

Similar experiments to investigate EPAs' behavior under severe accident circumstances in a
containment were performed at Sandia National Laboratories (SNL) in 1985 to 1986[3]. Three
types of EPAs of US nuclear power plants were tested in their experiments. Their experimental

_

results showed all of the EPAs kept leak-tight throughout the test but one which showed slight
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- leakage during cooling d;wn period.

. Ilowever, in order to quantify safety margin of EPAs to a severe accident, an analytical model
is needed based on the detailed thermal / mechanical behaviors of EPAs. Also the types of EPAs
are different in some of Japanese plants.

Objectives of_ the penetration leak characterization test are;
1)To obtain database on thermal / mechanical behavior of the Japanese EPAs under severe

-thermal-hydraulic conditions,
2)To identify leak path, if leakage ocors,
3)To quantify leak area and leak rates,
4)To obtain database on fission product acrosol behavior in the leak path, and
5)To develop an anal)tical model to estimate EPAs' behavior, leak rate and fission product

aerosol release to the environment through a leak path.

The penetration leak characterization test consists of small-scale component experiments, full-
scale integral experiment and model development for each experiments. The small-scale
companent experiments are perfor.ned using small-scale test sections which simulate essential
portions of EPAs from the viewpoint of leak-tightness. The full-scale integral experiment is
performed using a full-scale EPA test assembly. Partial models will be developed from the
small-scale component experiments and incorporated into an integrated model to predict behavior
of a whole EPA. The integrated model will be verified against the full scale integral experiment.
It will then be finally applied for evaluating EPAs' behavior in severe accidents of LWRs.

The present paper describes the results of the small scale component experiments.

GENERAL DESCRWTION OF THE SMALL-SCALE COMPONENT EXPERIMENTS

Emetimental Series

Figure i shows concept of an EPA for instrumentation cables used in Japanese PWR plants. This
EPA has symmetrical structure for inside and outside of a containment wall. A header plate of- ,

22 mm thick inside containment is supposed to support pressure load in an accident period. I
Alumina modules are employed where cables penetrate header plates. An alumina module is I

Iattached to a header plate with silver brazing. Silicone resin seals alumina modules and header
plates.

- Two kinds of small_-scale test sections were designed. Integrity of alumina modules and strength
'

of connections with silver brazing under severe thermal-hydraulic conditions are of primm,
importance to keep containment boundary. Therefore one of the test sections was designed to
include an alumina module and a surrounding pmt of header plate and named " alumina module
test section." The other test section includes silicone resin with a cable and the shroud, and
named " silicone resin test section". Silicone resin is estimated to decompose and/or melt in high
temperature circumstances, and molten resin will be replaced by high temperature containment
atmosphere. Therefore melt progression of the resin w ill give a thermal boundary condition to
the alumina modules and the header plate.
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Two series of experiments have been performed in the small-scale component experiments using
each test section. Purpose of the experiments with the alumina module test section (hereafter
referred to as '' alumina module experiments") is to obtain database on thermal /mtchanical
behavior of the alumina module under high-temperature and high-pressure conditions. Melt
progression of the silicone resin and effects of the cab!c and the shtoud on the resint behavior
are studied in the experiments using siliconc resin test section (referred to as "siliconc resin
experiments.")

Other kinds of resin plays an essential role to keep containment boundary in EPAs used in
Japanese BWRs where alumina modules are not employed. Therefore experimental data of the
silicone resin experiments will be also helpful for estimating behavior of those BWR EPAs by
taking account of physical properties of the resin.

IciLAppantim

The test section is installed in a small-scale leak test vessel as shown in Figure 2. A large flange
of the test section called " partition plate" divides the test vessel into two regions. One region
simulates inside the containment during a severe accident and is named "high-temperature and
high-presstne (llTiiP) region." The other region referred to as " low-temperature and j

low-pressure (LTLP) region" simuhttes outside of the containment. The llTilP region was
pressurized with superheated steam and heated by a mantic heater surrounding the llTilP
region of the test vessel. Dry nitrogen gas at near atmospheric pressure is supplied to the LTLP *

region. Table I summarizes the dimensions and capabilitics of the small-scale leak test vessel.
#

In case leak path is formed in the test section, steam in tbc llTilP region flows into the LTLP .

region. The steam is mixed with dry nitrogen in the LTLP region and carried away. Therefore
leak initiation can be detected by continuously monitoring the dew point of the nitrogen gas by -

a hygrometer. Amount of the small leakage is evaluated from the increase of the dew point.
"When the dew point of the nitrogen exceeds the upper limit of the measurable range of the

hygrometer, a rotormeter is us;d to measure the total flow rate of steam and nitrogen mixture
,

DETAILED DESCRIP'llO10E.IllE EXPERIAIENTS

<ilumina Aindule Experiments*

Test Section

Figure 3 shows a schematic diagram of the alumina module test section. Construction of the
module used in the test section is illustrated in Figure 4. It should be noted that the module was
designed by JAERI to simulate an alumina module used in a commercial EPA. The alumina
module consists of an alumina porcelain pipe, a copper conductor and two metal coupling rings.
The copper conductor which passes inside the alumina pareclain pipe is fixed to the pipe using
a Fe-Ni-Co alloy coupling ring called "end coupling" The alumina pipe is annected to the
header plate with a similar coupling ring named " middle coupling" The middle coupling is made
of the same material as the end coupling. The silver brazing whose melting point is 1053 K was
used to attach the couplings to the alumina p;pe, and the end coupling to the conductor. The
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silvet brazing of lower melting point (923 K) was used to connect the middle coupling to the
- header plate. It was supposed that integrity of the coupling rings and strength of the silver
brazing cormections would be kcy issues for leak initiation of the whole EPA shown in Figure
1

Six strain gauges and seven thermocouples were located in the test section as shown in Figure
3. Circumferential and axial strains on the surface of the couplings were measured at the
locatint.s where the couplings were attached to the alumina porcelain pipe or the conductor.

- As shown in Figure 4; the axial strain gauges were mounted bridging both the coupling and
small pad of Fe-Ni-Co alloy whien is attached to the alumina porcelain pipe or the conductor
due . to ir, sufficient space available on the couplings. Therefore axial strain gauges do not

-ernetly m:msure the .; train at the surface of the couplings, but measure the compound effect of
stmin und variance of distance between the coupling and the pad. It should be noted the axial-
strain gauges were mainly expected to detect movement of the couplings.

When the test section is installed in the test vessel, pressure boundary is along the partition plate,
the shroud and the header plate. There are two holes of 24 mm in diameter on the partition plate
inside the shroud. The volume surrounded by the shroud, the header plate and the partition plate
which is referred to as "the inner volume" is connected to the LTLP region of the test vessel
through the holes, in case leak path is formed along the alumina module, steam in the'llTIIP

| region flows into the LTLP region through the inner volume.

Test Procedures

)
.The test section was mounted in the test vessel and the HTHP region of the test vessel was -E

pressurized by nitrogen. After it was confirmed that there was no pre-existing-leak path and
instrumentation properly functioned, dry nitrogen was supplied to the LTLP region to remove--
water contents in the region and nitrogen flow path. After the dew point of nitrogen measured
by the hygrometer reached below 243 K, the mantic heater was turned on and the temperature
in the HTHP region was inct . sod at a constant rate..When the temperature was incieased high ie

L enough to prevent steam condensation _(usually aboint 390 K), steam supply to the HTilP region |

|
started. Pressure and temperature in the HTHP region were increased up to the maximum

j pressure at the experiment and its steam saturation temperature. The condition;in the HTHP
region was maintained until temperatures and strains of the test section reached' steady state
conditions. The temperature was then elevated at the constant increasing rate while pressure was

' maintained at the constant value. The maximum temperature was maintained for several hours
after all the temperatures _and strains of the test section reached steady state. Fimilly steam-
injection was terminated and pressure in the HTHP region was decreased. The heater was turned
off and the test section.was naturally cooled down. The HTHP region was pressurized by
nitrogen and-leak-tightness was checked at the room temperature.

All the instrumentation outputs and physical properties at various locations of the test facility-
for operation were recorded by an automatic dita logging system. Sampling frequency of the

,

system was 1 Hz during experiment.s and 0.1 Hz for natural cooling periods after termination ofl

the experiment.

..
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: Test Conditions .

'Four. cxperiments were perfonned in the alumina module experiments. Conditions for the ;

experiments are summarized in Tab!c 2. SIA001 was performed at relatively low pressure. Since
this was the first experiment of all small-scale component experiments. to check the functions
of the test apparatus was also one of the purposes of the experiment. The icst of the experiments
were performed at similar high pressure conditions, to ensure the reproJucibility of results and
to obtain better stiain measurement by improved instru:2ntation. It'should be noted that the
maximum temperature and pressure in the HTilP region were much higher than . hose predicted

. by analytical codes for PWR containment atmosphere during a severe accident |3),[4]. This is to '

ensure several margins to be included in the present expedments. ;

Sillenne_ Resin Experirucuh

Test Section

Figure 5 shows a schematic diagram of the silicone resin test section. The test section was
separated into two parts by the header plate, and one side of th' .st section was scaled with the
siliconc resin. The alumina module was fixed at the center of the header plate. One half of the

.

alumina module.was embedded in the resin rmd connected to the cable, while the other half was
exposed to gaseous atmosphere in the volume surrounded by the header plate, the shroud and the
partition plate. This volume is also referred to as " inner volume" as well as that of the alumina

- module test section. As shown in' Figure 5, four series of five thermocouples in every 50 mm
. . intervals were mounted along inside the shroud, along the cable and in the resin. The header plate -

had eight holes of 16mm in diameter, and the partition plate had two holes of 24mm in diameter.
When a path from the HTHP region atmosphere to the header plate is formed in the resin, steam
flows to the LTLP region through these holes.

Laminated epoxy resin was not included in the test section, because it was considered to have
littic influence on the behavior of the silicone resin. The laminated epoxy resin of the EPA has

,

many hoics for cables and it is estimated that the epoxy resin begins to decompose at lower
temperature than the siliconc resin. Therefore it will not prevent the steam from contacting the,

siliconc icsin.

Test Procedures

|

| . After air in the HTHP region was replaced by nitrogen, the mantle heater was turned on. The

| , LTLP, region was continuously dried by nitrogen as in the alumina module experiments. When
the temperature in the HTHP region exceeds 383 K, steam injection to the HTHP region started.
The tempemture in the HTHP region was increased at a constant rate while dry nitrogen gas at
290 K-flew the LTLP region. The dew point of the gas flowing out of the LTLP region _ was_

. continuously monitored. It was originally planned to hold the condition and to measure. the
increase of the dew point to quantify the leak rate when leakage initiation was detected. However
thc dew point exceeded so rapidly the upper limit of the measurable range of the hygrometer

_

after the leakage initiation was detected. Therefore the hygrometer was isolated and the
temperature in the HTHP region was continuously increased to the maximum temperature as

i
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planned in the experiment. After tie hygrometer was isolated, the flov: rate of mixture of
nitrogen and steam was measured by the rotormeter.

Test Conditions

Two experiments were perfomied in the silicone resin experiments as shown in Table 3.
Pressurization of the IITilP region could mechanically damage the t,ilicon resin due to the pre-
existing holes in the header plate Therefore, the pressure of the liTilP region was kept at near
atmospheric pressure in the experiments. The pressure of the llTIIP region was maintained at
about 0.01 MPa higher than that of the LTLP region through the experiments to ensure the steam
flow between the two regions when the leak path was formed. A thermo-gravimetric analysia
of a small sample of the silicone resin showed decomposition of the resin was accelerated at
about 623 K. Therefore the maximum temperature in the lirilP region was defined to be 640
K in 'the first experiment (SLB001.) In the second experiment (SIE002), heating of the test
section was terminated at 515 K to identify the initial leak path.

RESULTS AND DISCUSSIDES

Adumina blodultExptthnents

The increase of the dew point was not detected for all the experiments. Therefore, it is considered
there was no leakage in the experiments. Temperature and strain were measured at several
locations in the test section for the experiments, Since it is considered that the measurement is
most reliable in SLA005 due to improved instrumentation for the strains, experimental results of
SLA005 are presented in the following.

Figure 6 shows the temperature and the pressure histories in the IITHP region. The temperature
decrease from 8,000 to 10,0(X) see was caused by the initiation of the steam supply to the IITilP
region which had been heated by the mantle heater. The tempemture plateau between 16,000 see
and 20,000 sec corresponds to the neriod when the maximum pressure 'and its saturation
temperature were maintained.

Circumferential strains at three locations on the surface of the coupling rings are shown in Figure
7 with the tempuature of- the test section. in the inner volume. Difference between the
temperatures at the locations of the strain gauges and the temperature U the figure is estimated
to be within 20 K. As shown in the figure, the strains follow the temperature history. The strains
measuad at 290 K and 1.79 Mpn were less than 0.01 % for all of CS1, CS2 and CS3. The fact
maximum strains at 723 K and L76 MPa were much larger than these va!ues indicates that

- strains were predominantly caused oy the temperature increase not by pressure load. It is
- conridered that the thermal strains are attributed to the difference of thermal expansion rate
between two contacting materHs. This estimation is supported by the fact that the strain was
much larger at CS1 where the coupling ring (thermal expansion rate is 6 x 10" / K) was
connected to the copper conductor (1.8 x 10" / K) than CS2 and CS3 where the coupling ring was
connected to the alumina porcelain pipe (7.5 x 10" / K).

, .
Since the experiments were performed at the pressure ad the temperature much higher than
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those estimated in a PWR containment during a severe accident, the present results indicate that
,

the alumina module has large safety margin. There may be several factors which could influence
the behavior of the alumina modules in the severe accider.t but not considered in the experiments.
For example, some of the gas generated by the decomposition of the resin are bumable and '

chemical reaction heat might give additional thermal load. Effect of radiation was not taken into
secount in the experiments either. However, considedng the large safety margin of the alumina
module, the EPA would keep leak-tightness through the severe accident. Since the module was

. not destructed in the experiments, it was not succeeded to quantify the safety margin of the-
module. Separate effect experiment to mechanically destroy the module will be needed.
Den opment of a model to predict the alumina module behavior has been performed. Such -
analytical effort will also be helpful to estimate the safety margin of the module. Functions of
EPAs such as electrical continuity and insulation are also important from the viewpoint of
accident management even if the geometrical integnty is maintained. Although integrity of the
function was out of the scope in the small-scale component experiments, it will be investigated
in the full-scale integral experiment.

Silicone _ Resin &ncrimenb
.

Leak initiation was detected in SLB001 by the hygrometer when the temperature in the HTHP
region was 430 K. Since the dew point exceeded rapidly the upper limit of the measurable range
of the hygrometer, the hygrometer was isolated and the experiment was continued. When the
temperature in the HTHP region reached 640 K, the condition was maintained. At thirty minutes
after the steady state was established, the pressure in the HTHP region rapidly decreased and it

,

was difficult to keep the pressure of the HTHP region higher than that of the LTLP region. This
indicated that the large leak path was formed and the experiment was terminated.

Figure 8 shows . temperatures measured by four thermocouples located in the HTHP region
~ atmosphere in SLB001. The temperature difference in the atmosphere was 50 K at maximum.

I

The variance of te.nperature distribution'along the inside of the shroud with time was p-sented
in Figure 9. Temperature gradient from the boundary of the silicone resin and the atrnosphere

_ (r. car point- A) toward the header plate (point E) is seen in the figure, which indicates the heat
' conduction along the shroud. It is fotmd that the temperatures along the inside of the shroud were
slightly lower but followed rather well the tempemtures in the HTHP region.

L Figure 10 presents variance of temperature distribution in the resin with time. They were much
lower than the atmospheric temperature until 23,000 seconds. Temperature at point A was highest
and temperature at point E was second highest for most of the period of the experiment except

| between 18,000 to 23,000 seconds when the_ temperature at point E was -the hi,t, hest. This
_ indicates that the heat conduction along the shroud and the header plate was much larger than
the heat conduction in the resin. Rapid temperature increase was found for point A at 23,000 see
and later for points B,C,D successively. This rapid temperature increase was not observed for
point E. Since the temperatures after the rapid increase were close to the temperature in the
HTHP region atmosphere, this rapid _ increase is considered to be caused by the exposure of the
thermocouples to the steam due to melt relocation of the resin. The time of the rapid temperature
increase-at each thermocouple location indicates that the melt of the resin progressed from the
surface of the resin to the atmosphere toward the header plate, and that the thennoccuple at the
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_ point E was still covered with the resin.

Temperatures measured with thennocouples located along the cable and the alumina porcelain
module are shown in Figure 11. Temperature gradient along the cable was much smaller than that
in the- resin, although the average temperature along the cable was close- to the average
temperature of the five thermocouples in the resin. The rapid increase in the temperature similar
to that in Figure 10 was found at points A and B but not found for other points. The initiation
of this temperature increase at points A and B occurred later than those in the resin. This delay
is considered to be caused by the heat conduction along the cable to the inner volume, resulting
in the cooling of the resin around the cable.

.

It was found that most of the resin melted and reh>cated in the posttest observation of the test
section in SLB001. Therefore it was impossible to identify the initial leak path in the test section.
Foamy solid and highly viscous liquid were found in the shroud and the bottom of the test vessel.

In SLB002, the leak initiation was detected when the temperature in the llTIIP region was 410
K. After the isolation of the hygrometer, the temperature in the HTHP region was continuously

- increr n fixed rate. The experiment was terminated when the temperature in the llTHP*

region at 515 K. Since the pressure in the llTilP region could be maintained 0.01 MPa
higher than that of the LTLP region throughout the experiment, it was estimated that there was
no large leakage. Residue of the foamed resin was found in the neighborhood of the cable in the
test section after the experiment. From the posttest observation of the test section and the
measured temperature distribution, it is considered that the initial leak path was formed along the
shroud and the header plate.

>

In the SLB001 of the silicone resin experiments, most of the resin was melted and relocated,
although the experimental temperature was not so much higher than the temperature where
decomposition of the resin was accelerated in the thermo-gravimetric analysis. This discrepancy

- is explained by the fact that the decomposition of the resin depends on the temperature increasing
rate;-it was 10 K/ min in the thermo-gravimetric ; alysis but it was about L2 K/ min in the |

-

experiment. |

If the alumina modules keep integrity during an accident, the decomposition of the resin will
. have little influence on the leak behavior of the whole PWR EPA. However, the silicone resin
works as an electrical insulator, and the melting of the resin may influence the function of the
EPA. Data of the silicone resin experiments are used to verify and modify an analytical model
to predict the melt progression of the silicone resin behavior. The model c:m be applied to

- evaluate behavior of the BWR EPAs in which other kind of resin plays an essential role by
. varying material properties and geometric configurations.

CONCLUSIONS

Two series of small-scale component experiments were performed using test sec; ions which
simulate the alumina module and the silicone resin of EPAs used in Japanese PWR. Considering
the results of the experiments, the following conclusions were obtained:
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(1)The silicone resin of the EPA located inside of the containment is estimated to melt and
relocate in thermal-hydraulic conditions of the containment during a severe accident. Metal
parts of the EPA is supposed to have strong influence on the melt behavior of the resin by

3

their high thermal conductivities. |
(2)lt is considered that the alumina moules have large safety margin and will maintain the -

integrity during the severe accident. Therefore, the whole EPA is supposed to maintain leak-
tightness in the severe accident.

(3) Strain of the module was predominantly ceused by the elevated temperature. This indicates
that the thermal loads would be more threat to the integrity of the EPA than the pressure
loads.
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Table 1. Dimensions and Capabilities of the Small-Scale Leak Test Vessel j

.-

Item Quantity

[f Inner Diameter (m) 0.254
:n;

Volume (m') 0.036s

,

-

Design Tempwature (K) 823

Design Pressure (NIPa) 2.0

lleater Power (kW) 4.0

Table 2. Experimental Conditions of the Alumina Module Experiments
,

. Experiment
t

SIA001 SLA003 SLA004 SLA005

Maximum
Temperature (K) 676 720 660 725

: Pressure (MPa) 0.50 1.77 1.75 1.76

- Temperature
. Increasing Rate .0.0116 0.0137 0.0082- 0.0123n

"
(K / s) ~

l ~.
1..

.

!

l'
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Table 3. Experimental Conditions of the Silicone. Resin Experiments

Experiment

SLU001 SLB002

IITIIP Renion

Initial Temperature (K) 285 287
,

1 Temperature Increasing
Rate (K/s) 0.0214 0.0064

51aximum Temperature (K) 640 515
;

Pressure '(h!Pa) 0.15 0.13 !

.LTLP Region.

Nitrogen Temperatiire (K)- 290 290

Pressure (MPa) 0.14 0.12

_

_

..

1* ,J
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Abstract

.This paper describes the leak characteristics of the sealing materials being
used at PCV hatch flanges at BWR plants in Japan at temperatures exceeding the
design conditions in anticipation of severe accidents.
It was found-that there was no noticeable leakage regardless of the bolt
tightness at temperatures of 250t and below, but the mechanical
characteristics of the silicon rubber were lost and the scalability was
impaired at temperatures of approx. 275t ~ 300t,

1. INTRODUCTION

It was confirmed that the PCV integrity depends on the pressure resistance and
leakage resistance of each part of the PCV boundary, and it was confirmed that
each part has sufficient margin for the design base accident (DBA) .
A study has boon made on the behavior of the internal pressure of the top-head
and hatch-flange sections at the lith SMART. However, the test was conducted

,

_at room temperature and did not consider the temperature effect of elevated
temperature.

If the PCV temperature exceeds the design temperature, it is presumed-that
organic seals such as gaskets possibly reach their heatresistance limit and
leak before the PCV steel section fails.
From this aspect, we believe that it is essential to anticipate a severe
accident by examining to what extent the PCV function is maintained under
condistions exceeding _the design temperature. Therefore, we determined the
maximum temperature and pressure at which flange gaskets start to leak by
implomonting a test of the high-temperature leak characteristics of seals now
being used at plants.
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2. TESTS
2.1 ~ Purpose

The. test aimed to examine the sealability of the gasket by ext / ting pressure
at the silicon gasket and checking for any leaks.

'

2.2 Test Procedures

(1) Testplece

.Two different silicon rubber gaskets with the same specifications as those of
gaskets now in use at plants were used as showa in Figure 1.

(2)- Test Device
Figures 2 shows the test device. .It has two different flange structures the
same as those now being used at plants.
The upper and lower parts of the testplece woro placed between steel plates
simulating the flange.

(3) Test Method ,

'

A testploce.was set in the flange so that the preset tightness could be
'

obtained, and pressure was gradually exerted by N. or steam at a fixed
temperature after increasing the temperature. After confirming the leakage at
the seal, the pressure and temperature at that instant were recorded. The .

maximum internal pressure exerted on the testplece was about 20kgf/ c me which
was about five times the PCV design pressure.

,

(4) Test Parameters
The test parameters are given in Table 1.

Table 1 _ Test Parameters

(a) Temperature Room temperature, 175t ~ 350t

(b)- Radiation No, Yes (8.0 X107 rad)

.(c) Sealing structure Semi-round, tongue-and groove

(d) Pressure medium N, and steam

'

: Semi-round Tongue-a-Groove

6 i = 0.0mm 6: = 0.75mm
(e) Tightness (6) 62 = 0.8mm 62 = 1. 5 mm

(See Pig.-3) 6 a = l 7mm 6 a =2.25mm
64 = 2. 5mm 64 = 3. 0 mm
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1

(5) Test Method |

When a leak occurred with pressure exerted on the testplece, the |
pressurization medium flows into the outside groovo (leakline). Leaks from '

the gasket could be detected by this flow from the leakline. To detect tb :

leak, any one of the following methods which best met the test conditions was
used:

oBubbling at leakline container '

o Pressure reduction in pressure line '

o Sound

o External observation

2.3 --Test Results-

The-following results were obtained.
__

oLeaks were found more easily'with steam than with N,.

oSilicon gasket sealability was lost-at the temperature of approx. 275t ~
300t in the| N, atmosphero and at temperatures of approx. 225 t ~ 300t

in the steam atmosphoro,

oAfter 80. Mrad _of._ 7 -irradiation, leaks from the irradiated gasket were less
common compared to the non-Irradiated gasket; This is thought to be because
the silicon gasket was hardened by the _ 7 -irradiat ion.

oat temperatures of approx. 225t and above, leaks occurred at pressures of
20kgf/ car and below, but_the leak pressure increased with tightness.

oThere was very littlo defference in performance between the-semi-round and
tongue-and groove gaskets. The tongue-and groove type withstood slightly
higher temperatures than the semi-round gasket. This is probably due to the
difference in the_structuro-between the two gaskets.

Based on these-results, the relationship between the pressure when a leak '

occurred and the_ temperature for the type.of pressure medium and structure of
L . each seal section are shown in Figures _4 ~7.
L
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3. Conclusion

From those results, the flange tightness created no serious problems and the
pressure medium and temperature were the major governing factors. Tho silicon
gasket can maintain its sealing function up to approx. 225p ~ 275t at a
pressure of 20kgf/cm2 which is about five times the PCV design pressure which
defers depending on atmospheric conditions. The results of this test are
almost similar to those of other tests such as SNh.

>
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AN INVESTIGATION OF LINER TEARING IN REINFORCED CONCRETE ,

REACTOR CONTAINMENT llUILDINGS: COMPARISON OF
EXPERIMENTAL AND ANALYTICAL RESULTS

.

,

Barry L. Spletzer, L. Dwight Lambert, and J. Randall Weatherby
Sandia National Laboratories

r

Albuquerque, New Mexico

Abstract

The overpressurization of a 1:6 scale reinforced concrete containment building demonstrated r

that -liner tearing is a plausible failure mode in such structures under severe accident
conditions. A combined experimental and analytical program was developed to detennine the
important parameters that affect liner tearing and to develop reasonably simple analytical
methods for predicting when tearing will occur. Three sets of test specimens were designed to '

allow individual control over and investigation of the mechanisms believed to be important in
causing failure of the liner plate. The series of tests investigated tir effect on liner teating
produced by the anchorage system, the loading conditions, and the transition in thickness of
the liner. Iiefore testing, the specimens were analyzed using two- and three-dimensional finite
element models. Based on the analysis, the failure mode and corresponding load conditions
were 3redicted for each specimen. Test data and posttest examination of test specimens shows

- mixec agreement with the analytical predictions with regard to imlure mode and specimen
response for most tests. Many similarities werc also observed between the response of the
liner m the 1:6 scale reinforced concrete containment model and the response of the test
specimens. This work' illustrates the fact that the failure mechanism of a reinforced concrete
containment building can be greatly influenced by details of liner and anchorage system design.
Furthennore, it significantly increases the understanding of containment building response under
severe accident conditions.

i

' INTRODUCTION

. The U.S. Nuclear Reputatory Commission (NRC) is investigating the performance of light water
reactor (LWR) contamments subject to severe accidents. This work is being perfonned by the
Containment Technology Department at Sandia National Laboratories (SNL) under NRC '

sponsorship. In 1987, a 1:6-scale reinforced concrete containment model (RCC) was pressurized
to failure. The failure mode was a 22-inch tear in the liner plate. As a result of this test,
the Separate Effects Test Program was initiated and has been conducted to investigate various
parameters that could affect liner tearing. The program consisted of a two-phase effort - one
analytical and one experimental -- aimed at developing analytical and experimental modelling
techniques for simulating the response of liners in RCCs loaded by internal pressure.

The basis for 'the analytical model to predict liner tearing and the results of the pretest
analyses will be presented. The design, instrumentation, and testing of specimens to compare

- with the model predictions and thy RCC response will also be discussed. Finally, the analytical
( predictions will be compared to the test results.

; In addition to. increasing understanding of the 1:6 scale RCC failure, the objective of this
| . separate effects test series is to increase the understanding of potential failure modes of LWR

containment buildings under severe accident conditions and to reveal factors in containment
.

4 _ design which affect containment failure.
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llACKGROUND

Figure 1 shows a cross section of the 1:6 scale RCC model. This model was tested in July of ,

1987 to failure at a pressme of 145 psig [1]. At this pressure, a large leak developed.
Postlest examination revealeu that the leakage was through a 22. inch long tear in the liner
adjacent to a penetration insert plate. Figure 2 is a photograph of this tear. Upon closer
examination, a large number of small tears and distressed areas in the liner were found. In
general, the direction of the tears were vertical and were located near the corners of
lenetrations near the mid height of the model cylinder. Figure 3 is a stretchout showing the
ocation of tears and distrussed areas in the liner.

The postlest examination of the model revealed several important facts. First, the large tear
was not an isolated event caused by some imperfection. This is evidenced by the fact that .

'
numerous other tears in similar locations were developing at the same time. In addition, all
the tears occurred in regions near the insert plate / liner plate welds, and always very close to +

a row of stud anchors. In addition, all the tears were propagating in a vertical direction,
which appears to be in response to the liner hoop strain. Fmally, the tears tended to occur
near the mid height of the cylinder where the liner strain was the hugest.

The evidence of these multiple tears in the liner points to a failure mechanism which could
possibly involve the liner-to insert plate weld, the liner anchorage, or the material properties

'

of the liner plate, in order to investigate the interactions between these items and to develop
a fuller understanding of the failure mechanism of the 1:6-scale RCC model, the Separate

'

Effects Tests (SET) Program was initiated.

FAli,URE TilEORIES FOR Tile 1:6 SCAL E RCC
.

The existence of multiple, vertical tears in the liner plate near the insert plate boundary at the
model mid height leads directly to two possible failure theories for the model. These theories
are of primary importance to the SET because the analysis of the model behavior and the
design of specimens must be directed towards investigating the various mechanisms that could
cause liner tearing. For the SET, a specimen and corresponding analytical model was developed
to address each postulated failure theory, i

| All of the tears occurred at the most highly strained section of the liner, and always near an
insert-to liner plate weld. This suggests a possible failure mechanism that concerns the wcMI

or the thickness transition between the two plates. The insert plate is three times the liner
plate thickness and is tapered at-1:4.

- Careful examination of the 1:6-scale RCC failure and consideration of a number of the model
design features led to the hypothesis of a much more complicated failure mechanism. This
mechanism is. illustrated in Figure 4. The top half of the figure shows a schematic cross
section of the 1:6 scale model in the region near the liner plate / insert-plate weld. This section
is designed to represent a portion of the model wall section in the hoop direction. The lower
part of the figure shows this same schematic after a uniform 3'7e strain has been applied to
the section. It is assumed that, in regions far from the weld and thickness transition, there is

. uniform strain throughout the wall thickness. This means that there is no shear displacement
between the liner and the reinforcing steel. Several labelled regions in the lower part of the
figure explain the mechanism leading to liner tearing. Since the reinforcing steel carries the
bulk of the tensile load during the test (the reinforcing steel cross section is about three times

- the liner cross section), it tends to dominate the strain response and exhibits uniform strain
-along its length. This uniform strain causes the concrete to crack regulatly along the length

,

1
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of the steel. The regularly fractured concrete is still attached to the relatively closely spaced |
studs.

The liner and insert plate to which the studs are attached do not undergo the same uniform
strain. Again, since tie wall strains unifermly far from the weld, the overall elongation of the 3

'

liner and insert p!:te combination is the same as that of the reinforcing steel. However, the
insen plate is three times the thickness of the liner plate; therefore, as tension is appd to
the tombination, the insert plate remains elastic, exhibiting very small strains, while th; liner
plate undergoes plastic strain, in the figure, the active portion of the liner and insert plate
are approximately et ual and, therefore, smce the liner plate must absorb the entire elongation
of the combination, the liner plate strain is twice that of the uniformly strained rebar or 67c.

,

This potential difference in displacement of the liner plate, insert plate and reinforcing steel
'

creates a y tential for shear load transfer. As mentioned previously, the heads of the studs;

are embedded in the concrete which is traveling with the uniformly strained reinforcing steel.
However, the base of the stud is welded to the liner and insert plate and must experience the
same displacement as the liner and insert plate. This potential mismatch in displacement causes
a shear load to be transmitted from the reinforcing steel to the liner and insert plate through
the studs. In the figure, both the reinforcine steel and liner / insert plate have been strained to
the configuration which they would assume .f r. shear transfer were present. This potential
mismatch in deflection causes the studs to bend. .ne angle at which a stud bends is directly

; related to the amount of shear load that it can transmit from the reinforcing steet into the
liner and insert plate region.

Notice in the figure that the studs with the largest angle are those nearest the weld and
thicknet.s transition. This leads to the conclusion that, once the liner undergoes plastic strain,
the load tran:,fer caused by the studs adds additional stress to the liner. This means that the
maximum stress in the liner should be immediatelv adjacent to the row of studs located closest
to the weld. Finally, notice that the shear (angular) deformation of the first row of studs in
the insert plate is the same as the first row in the liner plate. However, since the insert
plate was three times thicker than the liner plate, the additional stress induced by this shear
transfer is only one third as great in the insert as in the liner. Further, since the insert plate
remains clastic, the additional stress produces a much smaller additional strain than the same
strest change would prodtwe in the yielded liner plate.

Simulating the mechanisms described in this scenario is an important part of the analysh ;.nd
testing efforts in the SET program.

SPECIMEN CONCEPTS AND DESIGN

Thr postulated failure mechanisms described above led to the development of three SET,

concepts. This section presents the design and rationale of each of the test specimen types.

| The first specimen investigates the effect of the liner-to-insert plate weld and thickness
- transition on the elongation of the linet plate at failure. This speci.r,en is refened to as the!

Weld Transition Specimen. Figure 5 is a perspective drawing of the occimen as configured and
a two-view assembly drawing of the specimen with the major dimensions included.

The specimen consists of a 10 inch (0.25 m) wide segment of liner plate that is 18 inches (0,46
m) long. Both ends of the liner plate are welded to sections of- thicker insert plate. The ,

insert plates are in turn attached to a pull fixture to allow the specimen to be placed in
uniaxial tension.
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The failure mechanisms discussed in the previous section point to an important interaction
between preload in the liner rnaterial and additional stress induced by stud shear loading. The
next specimen was _ designed to allow the effects of linear preload and stud shear to be
investigated separately. The postulated failure mechanism predicts that the combination of stud i

shear and pre existing liner load combine to produce a liner tear when either mechanismi

separately would fall far shon of tearing the liner. A simplified model of this mechanism can
be envisioned using the idea of net section stress in the liner. If the liner is preloaded to a
stress that is beyond the yield stress of the material, plastic deformation will occurred. Since
the material has not reached its ultimate strength, the liner does not tear. However, since the
post yield stress strain curve is relatively flat, a small change in the net section stress will

'

aroduce a large change in strain and could induce liner tearing. This small change is provided
ay the stud shear load. The increase in net section stress caused by stud shear is the average
stud load divided by the average cross section a stud represents (stud pitch multiplied by liner
thickness). This increase, if large enough, could cause liner failure This second specimen is

.'

'

designed to investigate the effects and interactions between liner preload and stud shear.

Figure 6 shows a perspective drawing and a two-view assembly drawing of the Separately
Controlled Loading Specimen. This specimen consists of two large dog bone shaped pieces of
liner material with four anchorage studs attached across the neck cf each dog bone. The dog-
bone shape assures that the maximum strain induced by liner load will occur near the studs. A
block of concrete is fonned around the studs in the central region of the specimen and is
attached to the specimen only by means of the studs. This allows stud shear to be applied
separately from axial tension m the liner material. The radius of the dog bone is large to
ensure that the predominant strain concentrations are those produced by the studs. ,

During testing, two separately controlled systems are used to apply the load. The Grst system
applies direct tension to the hner by fixing the upper pull block and applying a downward load ,

to the lower block. This load is increased to a predetermined net section stress at the
narrowest part of the specimen. Once this load is achieved, it is maintained through a
load-control device, and the second loading system provides a downward load to the concrete
block. This second system operates under displacement control and slowly displaces the
concrete block while measuring the force required to cause the displacement and allowing the

-load controlled portion of the experiment to maintain th: net section stress in the liner
throughout .he experiment.

By varying the initial liner preload and then displacing the concrete block until failure occurs.
the interaction between liner preload and stud shear can be studied. From the postulated
failure mechanism of the 1:6 scale model, it would be preoicted that, at low liner preloads,
motion of the concrete block will simply shear the studs from the liner while, at higher

| preloads, the condition exists where motion of the block will initiate a tear in the liner.

The final specimen in the SET series comes closest to a full simulation of the wall section of
the 1:6 scale reinforced concrete containment. A perspective drawing of this Full Simulation

!

| Specimen is shown in Figure 7 along with a two-view assembly drawing with limited dimensions.
|

To ensure that the load could be properly distributed on the specimen, the liner plate and
insert plate are placed on both the front and back of the specimen. Ten #6 reinforcing steel
bars are installed axially in each specimen. The width of the plate is 10 inches and the depth
is -15 inches. The reinforcing steel used here is somewhat larger than that used in the
1:6-scale model. However, the ratio of the reinforcing steel to liner steel is the same as in
the RCC model. This specimen 'is designed to directly_ investigate the complex failure
mechanism discussed earher. The end blocks on the specimen ensure that the overall
elongation of the liner insert plate combination and the reinforcing steel is identical.
According to the postulated failure mechanism, this will develop stud shear through load
transfer between the reinforcing steel and the nonuniformly strained liner / insert plate region.

- 468 -

_- __ ._ _ . -__ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _



.

In all the above specimens, the specifications and procedures for construction were identical to
those used in the 1:6 scale model whenever possible. Ilowever, in the case of the liner and
insett plate, the original 1:6 scale model steel. A414 Grade D was not available. Instead,
specifically tested heats of A516 Grade 60 and A516 Grade 70 were located with properties that

.

closely matched the A414 Grade D.

SPECIMEN FINITE ELEMENT MODEl.S

The primary purpose of the finite element modelling effort was to identify a set of modelling
techniques, modelling assumptions, and failure criteria which can be used in finite element
simulations to accurately predict failure of the liner and liner anchorage system of the test
specimens. In developing these models, two general model types were sufficient to model the
three specimen types. The separately controlled loading specimen and full simulation specimens
each required a specific model, llowever, the weld transition specimen is identical to the
liner / insert plate region of the full simulation specimen without the studs attached so the
model could be modified slightly to cover both specimen types.

A two-dimensional finite element model of the separately controlled loading specimen is shown
in Figure 8. ABAQUS, a commercial finite element code, was used to run these simulations. In
the two-dimensional model, the liner plate is represented with plane :, tress continuum elements
(CPS 4), and the studs are represented with nonlinear spring elements (SPRINGA). One end of
the spring is fixed, and the other end is attached to the lmer. Initially, the two nodes which
define cach spring element are coincident. As the specimen deforms und r load, these two
nodes separate and a force develops in the spring.

In the numerical simulations of the separately controlled loading experiments, loads were
applied to the upper and lower edges of the model as shown in Figure 8. Several different
sunulations were run to determine the response of the specimen under different load histories.
The loads on the upper and lower edges of the specimen were initially increased at the same
rate. This is referred to as the preloading phase. Following the preloading phase, the load
on the upper edge was increased while the load on the lower edge was held constant. During
the preloading phase, lateral forces developed in the studs due to the Poisson contraction of
the specimen. Following the preloading phase, the forces in the studs increased as they
balanced the difference between the loads applied to the upper and lower edges of the
specimen.

The constitutive response of the liner plate was represented by a standard metal plasticity
model wi:h a von Mises yield surface, associated plastic flow, and isotropic hardening. The
relationship between the von Mises stress and the equivalent plastic strain is defined in Figure
9'(this represents the relationship between true stress- and true strain). This curve was

- ,

obtained from unlaxial tension tests. Stress and strain values beyond the point of necking were
determined by measuring the thickness of the specimen in the necked-down region.;.

L ,

The load-displacement relationship for the stud anchors was determined from the stud shear
experiments described in References 1 and 2. In order to investigate the effect of-the stud
strength on'the predicted failure mode of the specimens, three different functions describing,

| the shear load-displacement relationfig were used in simulations of the separately controlled
'

loading specimens. These functions are plotted in Figure 10.-

To predict the mode of failure in the test and the loading conditions necessary to cause
failure, it is necessary to adopt appropriate failure criteria. A stud is assumed to fail when
the clongation of the corresponding spring in the finite element model exceeds a specified

- 469 -

_ _ _ , , _ _ _ _ _ _ . - . _ _ _ . _ _ _._ __________



- --------------.---- - . - - - -

,

e

value. The elongation at fracture is marked in the plots shown in Figure 10. Although there is
no generally accepted failure criterion applicable to the liner plate, we have adopted an ,

.

empirical criterion of failure proposed by Manjoine 13]. The variables which appear in this
- criterion are the mean stress, the equivalent plastic strain, and the clongation at failure in
uniaxial tension. Details on how Manjoine's criterion is applied can be found in Reference 1.

'

In addition to the uncertainty in the failure criterion for the liner plate, the stresses and
strains computed in the liner elements that are attached to the studs are strongly dependent on

'
the size of the elements. The extreme mesh sensitivity results from the transfer of load from
the spring to the liner through a single point. To account for the fact that the load is
actually transferred over a finite area, the continuum elements connected to the studs were
given a square shape with the side length equal to the radius of the stud. Numerical
experiments [1] indicate that, with this choice of element size, the stress and strain invariants
computed in the liner elements adjacent to the stud anchor in a two-dimensional simulation are
in reasonable agreement with the invariants computed in a three-dimensional simulation.

A total of fifteen finite element simulations were conducted for the separately controlled
loading specimen. Five different loading conditions were considered for each of the three
anchorage load displacement functions shown in Figure 10. The two-dimensional finite element
model used for the full simulation specimens is shown in Figure 11. As before, the liner plate
was modelled with plane stress elements, and the studs were modeled with nonlinear sprmg
elements. The steel reinforcement was represented by three rows of truss elements (CID2). The
cross-sectional area of the truss elements was selected to provide the correct amount of total
steel reinforcement. One end of each spring was attached to the liner plate, while the opposite
end was attached a rebar element. As in the separately controlled loading model, the two nodes
which define each spring element were initially coincident, but separated as the specimen
deformed under load. The springs provided a path for load transfer between the liner and the
reinforcement.

The relationship between the von Mises stress and the eqe; valent plastic strain for the liner
plate and the steel reinforcement is defined in Figure 12. The tensile elongation at failure was
44% for the liner plate and 13% for the reinforcing steel.

The middle curve in Figure 10 defines the load-displacement relationship for the studs in the
ful' simulation model repoited in this paper. This corresponds to a stud strength of 1450 lb.

SFECIMEN INSTRUMENTATION AND TESTING

In all,13 specimens of the three types were tested. The specimens were instrumented with
resistance strain gages-to menitor free-field strains and strain gradients at stud and weld
locations. About 800 :: train gages were used in the test series. Load and displacement
transducers were used to monitor the overall specimen response. In the case of the separately
controlled loading specimens, a separate set of transducers was used for each loading system.

'On all specimens tested, a sheet of photoelastic material was applied to the surface of the
specimen to obtain a whole-field strain indication. The- photoelastic material exhibits
birefnngent properties such that it develops characteristic fringe patterns with the fringe lines
corresponding to lines of constant difference in the in plane principal strains on the specimen
surface. The value of the strain is determined by the wavelength of light used for
observation,-the thickness of the photoclastic coating, and the stress optic coefficient of thee
photoelastic coating. Typically, for these experiments, a resolution of 0.1% to 0.2% strain isi

readily achievable. Since the difference in principal strains is equal to the maximum shearing
strain, it is a very useful measure of the material strain state.
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The very large number of data channels and the use of photoelastic materials allows the
response of the various specimens to be monitored with a detail not available during the
1:6 scale model test. This in tum leads to much greater insights into material behavior and, i

more generally, into the behavior of an anchorage system under severe accident loadings.

Figure 13 shows a typical test setup for the eparately controlled loading experiments. The
specimen is in the load frame. The polariscope for use in recording the photoelastic fringes is
directly in front of the specimen.

Three of the weld transition specimens were tested to failure. The test consists of recording '

the increasing uniaxial specimen deformation with loa:1 and scanning the available strain pages.
In addition to this data acquisition, a sheet of photoelastic polymer was placed in the lower
half of one side of cach specimen.

.

Six separately controlled loading specimens were tested. The change in failure mode resulting
from a variation in the specimen preloading condition was the primary parameter being
investigated. Liner preloads for the six specimens tested were: no liner preload; 60 ksi, 63 :

xsi,65 ksi, and 70 ksi liner preload; and test to failure using liner loading alone. The various
preload values were selected to study the transition in failure mode from stud shearing to liner
tearing. Pretest predictions indicated that a preload range of 60 to 70 ksi would encompass
the transition.

'

In the four tests where a liner preload was specified, the load was gradually increased under
load control until the desired value was reached. Once the desired liner preload was reached,
a conuolled displacement was applied to the concrete block causing stud shear loads to
develop. The shear displacement was increased until a failure occurred, with the failure being
either the shearing of the studs from the liner or tearing of the liner.

The full simulation specimen tests were conducted under displacement control with an initial
| displacement rate of approximately .002 inches clongation per minute to allow data to be ;

patiered during the clastic range of the test. As the test progressed, the ram rate was
-increased. The available strain gages were scanned at periodic intervals based primarily 'on
load during the early portion'of the test and on specimen elongation during the latter parts of

. the test after general yielding had occuned. Three specimens were tested using this method.
Photoelastic data is uvailable for all three specimens.

One'additianal full simulation specimen was tested. This specimen was configured to allow
extemal pressure to be applied to the liner plate. The external pressure was applied by means
of a bladder box bolted around the specimen and pressurized with dry air. During testing, the

- pressure in the box was controlled and-set to be proportional to the total load applied to the
specimen. This configuration simulated the pressure effects in the 1:6-scale model. The

H
elongation rate under displacement control was constant during the test and_ the pressure :

lesdire was controlled automatically. This test has less recorded data than any other test
| . since all_ surface strain gages had to be removed due to the presence of the bladder box, and

phatoelastic methods could not be used since the surface could not be viewed. The data for
this test consists of the load and deflection as well as the response of the six reinforcing steel

; gages.

EXPERIMENTAL AND FINITE ELEMENT RESULTS

Both the specimen experiments and the finite element simulation separately provide a number of
insights and conclusions regarding the response of the 1:6 scale hner and anchorage systems.
Comparison between the two sets of results helps to evaluate the assumptions and analytical
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modellitig techniques used here by providing graphic indication of similarities and differences.
The comparison is most readily mate for the load deflection results and the whole field surface
maximum shearing straln. The load-deflection data gives a good measure of the overall
specimen response. Whole- field strain infonnation is available from the photoelastic data in

- the form of maximum shearing strain. The finite element simulation results can also be
expressed as maximum in plane shearing strain. This allows two direct comparisons between
experiment and simulation to be made.

Weld Transiflon Specimen Results i

The weld transition specimen was originally designed to investi(; ate the effects of the weld and
thickness transition region on the failure mode of the 1:6 RCC 1mer. Three of these specimens
were tested. A finite element model of this specimen was analyzed by using the model of the
full simulation specimens with a very small value for the stud strength. Under these
conditions, the resulting strain field should look like that seen in the weld transition i

s yecimens. A contour ? lot of this maximum shear strain field from the finite element analysis is
slown in Figure 14. The overall elongation of the specimen is 1.5% Figure 14 also shows a
contour plot derived from photoelastic data taken from a weld transition specimen. In general,
the two plots are very similar. Both exhibit uniform and equal strain in the free fielc region
far from the weld and thickness transition. A marked reduction in strain near at the
centerline and similar strain concentrations along the edges exist at the weld transition. The
one notable difference between the two specimens is that the maximum strain point is about 1
inch from the weld in the photoelastic data and is at the weld in the finite element model. A
concentration of shearing strain is expected here since, along the edge, there is a transition
from Poisson restraint of the insert plate to a free edge condition. The difference in the
location of the concentration on the two plots is caused by thickness effects. In the actual
specimen, the liner plate thickness prevents the maximum shearing strain from developing until
several- plate thicknesses from the weld transition. For the finite element model, the two

,

dimensional analysis does not include thickness effects, A three dimensional model should
predict a maximum shear strain - location in better agreement with the experimental
observations. However, these calculations have not yet been perfonned.

it should be noted that the existence of this concentration is not typical of the 1:6 scale model
- response. In the RCC model,_the continuous liner plate _ provides edge restraint everywhere,
Nr comparison to the RCC model, only the central region of the specimen, far from the edges
is considered valid. The central region of the specimen contains a band, about one third the
specimen width where the strain level is independent of horizontal position. This area can be
considered to be most like the RCC model without studs. However, the lack of edge restraint
results in significantly higher free field strains even along the specimen centerline,

-- The weld transition specimens adequately address the issue of a weld and thicknes.c transition
induced strain concentration. From the data, the concentration, if any, must be quite small.
These test results were also very useful when considered in conjunction with the full simuktion
specimens. This aspect of the weld transition data will be discussed later.

Separately Controlled Loading Specimen Results

The primary purpose of the separately controlled loading specimen was to investigate the
interaction between liner loading and anchored shear on the failure mechanisms of the liner

'

and anchored systems. As mentioned before, the specimens consisted of a section of liner plate
loaded such that unifo , uniaxial stress coulo be developed along a row of studs. Then a
separate loading systei,. was used to vary the shear load to the studs. As explained before,
posttest examination of the one-sixth scale model indicated that a combination of liner 3 reload
and stud shear may have led to the liner tear which was experienced when neither oading
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and stud shear may have led to the liner tear which was experienced when neither loading
mechanism alone was capable of prcducing such a tear, ;

A total of fifteen finite element simulations were conducted for the separately controlled
loading specimen. Five different loading conditions were considered for each of the three
anchorage load-displacement functions shown in Figure 10. Six specimens were tested in this
series (only five had applied shear load). Table i shows the predicted failure mode of the
specimen for each load case along with the response observed in the experiment. As expected,
the predicted failure mode of the specimen depends on both the assumed strength of the stud

,

I

and the ap? tied preload. The observed failure modes are most censistent with a stud strength
between 1450 lb and 1600 lb. For low values of prestress, the predicted failure mode was by
fracture of the studs, while for high values of prestress the predicted mode of failure was by
liner tearin;. Table 2 provides a comparison of the measured and predicted failure loads for
each set of oading conditions.

For specimens that failed by stud shear, the analytical and experimental stud load values
correspond well (about 10% discrepancy). However, for the liner tearin ; mode of failure, there
is a greater discrepancy. For liner tearing, the difference between ana ysis and experiment is
about 400 lb/ stud which corres>onds to a difference in net section stress of about 3 ksi. This
is a relatively narrow band when compared to the liner failure stress of 73 ksi. A larger )
discrepancy may therefore be expected for a liner tearing failure mode, i

,

Photoelastic data recorded during the separately controlled loading tests provided images of the
maximum shear suain field in the plane of the liner plate. Contour plots of analytical results
and photoelastic results for the maximum shear strain are shown in Figure 15 for a separately
controlled loading specimen with a liner prestress of 65 ksi. The photoelastic results show the
strain state immediately before the specimen tailed by liner tearing. The analytical results from
the pretest simulation correspond to a slightly higher level of stud force than was present

- when the photoelastic measurements were recorded. In general, the agn ; ment between the
photoelastic results and the finite element results is good both quantitatively and qualitatively.- '

~ Several features of the response are apparent in both the analytical and experimental results.
The change in free-field strain from below the stud line to above it is dramatic and.very
similar, graphically showing the influence,'in terms of strain, of the relatively small (~10%)
increase in stress produced by the stud shear load. The highly strained regions exist outward of
the outer studs due to the Poisson contraction of the liner and the restraint of the concrett
The overall shape and magnitude of the strain profiles around the stud region is very similar.

There is, however, a large discrepancy between the peak value of the maximum strain at the
edge of the outer stud anchors. The analytical results show a maximum shear strain of 309c in

'

one of the four elements connected to the outer stud anchors, while the largest shear strain
seen in the photoelastic data is approximately 15E There are a number of possible explanations
for -this discrepancy, At best, the strain in this element represents the- strain averaged
through the thickness of the liner at this point. Bending of the liner could significantly reduce
the surface strains below the average value, Another possible explanation is that the strains in

,

the element next to the stud anchor are simply a poor indicator of the average strains in the
|= liner at this location. --

|

| By observing the photoelastic data from other separately controlled loading specimens, the
L combined effect of liner preload and stud shear can be compared to the individual effects.

Figure 16 shows the photoelastic data from the specimens where liner load only and stud load
only were applied. In both cases the figure represents the strain state immediately before
failure of the specimen. Notice that, for the liner load, the strain concentration caused by
the studs is not very apparent; This means that the Poisson contribution of the studs is not

'
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|

|

!

l
'

significant without additional stud shear. Further, a preferential tear near a stud row, as was
experienced in the 1;6 scale model, would not be expected here. The plot of the specimen with |
stud load only shows some concentration at the four stud locations. However, the absolute

'

strain and strain concentration levels show that stud shear alone cannot significantly damage
the liner. The difference between Figures 15 and 16 is dr matic. It shows conclusively that,

'

the combination of liner and stud load has a profound effect on the strain state and failure
'

mode of the liner / anchorage system.

The overall load deflection data of the separately controlled loading specimens, shows a
consistent behavior in terms of the net section stress. Figure 17 shows the overall net section
stress versus deflection response of the separately controlled loading specimens. Net section
stress is the total load, liner plus stud, divided by the liner cross sectional area. Deflectiva is 6

the overall elongation of the specimen. The specimens show very similar behavior in tenns of
the stress ht yield and the ultimate strength. The three specimens fo which liner teving is
the mode of failure tend to have overall specimen displacement at failure which is
approximately equal within 10E On the other hand, the two specimens which exhibited stud,

shear failure, have an overall displacement which is significantly less and is a function of liner |

preload. It should be expected that the specimens which exhibited liner failure showed
somewhat similar overall displacements since this represents the overall strain in the liner up
to failure. The two specimens exhibiting stud failure did not reach the ultimate liner strain
since liner failure did not occur. Therefore, it should be expected that the overall specimen
displacement should be somewhat less than those specimens for which liner failute occurred.
From the results of the separately controlled loading specimens an important conclusion can be
drawn, Very small changes in parameters of the liner and anchorage system can have a great
effect on the failure mode of the system. As is shown here, an increase in initial preloading
of only three percent was sufficient to produce a transition from a stud shearing failure to a ,

full liner teal. -From the concept of net section stress compared to ultimate strength of the
material, it can be theorized that similarly small changes in material ultimate strength and stud
shearing strength could also alter the failure mode. It was discussed earlier that posttest
examination of the 1:6 scale model points to a liner failure mode where a combination of liner
preload and stud shearing load generated by differential strains led to the liner tear. The

,

results of these separately controlled loading tests strongly support this as a potential
mechanism for producing failure. Further, these tests point to the fact that relatively small
changes in liner and anchorage geometry and material properties could change the failure made
of the entire containment model.

Full Simulation Specimen Results

The full simulation specimens provided a method by which a fu:1 scale simulated mock up of a
section of the wall of -the 1:6 scale reinforced concrete model could be tested in the -
laboratory. The tests for this specimen consisted of continuously increasing the specimen
elongation. As discussed before, the stud shear load was developed by differential strain
between the reinforcing steel and the liner and insert plates. Internally, the response of the
specimen was expected to be very similar to the schematic cross sectional drawing of the 1:6

..

scale model in Figure 4. Of the four specimens tested, extensive data is available for three of'

them. ' For the fourth specimen, where external pressure was also applied, only very limited
data is available. In all four cases, these specimens failed by liner tearing whue the tear wasL

adjacent to a row of studs nearest the insert plate. This failure mode matches the failure
observed in the -1:6 scale RCC - Further, posttest examination of the specimens revealed stud
bending: very similar in direction- and magnitude to that shown in the schematic of the

_ postulated failure mode presented in Figure 4.

Important events from the finite element analysis of the full simulation specimen are marked in
the load elongation curve shown in Figure 17. The first two events in th< numerical simulation
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take place at an overall elongation of approximately 1.2%. At this elongation, the first row of
studs on the thicker insert plate (Row 2 in Figure 17) fail. The computed stress and strain
state combined with Manjoine's failure criterion indicate that the liner plate would also begin
to tear at 1.2% elongation. Liner tearing would initiate next to the studs located closest to the,

weld (Row 1 in Figure 17). In the numerical simulation, the liner material was assumed to carry i

load beyond the point at which the tearing criterion was satisfied. Results from the numerical |,

simulation at higher elongations indicate t iat several more rows of studs would fall before 2%
'

elongation.

The overall force elongation curves for the four full simulation specimens are compared to the
finite element results in Figure 19. The dashed curve appearing in Figure 19 represents the ,

calculated response when the anchorage is assumed to have no stiffness. The solid line !

represents the analysis with anchorage stiffness. The results from the analysis with anchorage
match the experimental results very well up to the predicted failure point of 1.2% elongation.
In addition, the results from the anchorage analysis lie closer to the data than do the results
from without anchorage. This suggests that the anchorage transfers load between the liner and >

reinforcement as has been assumed in the analysis. The clongations required to fall the
specimens fell between 3% and 4.5% considerably more than the 1.2% elongation at failure 1

pedicted by the analysis. Also contrary to the analytical predictions, no stud failures were
observed in any of the full simulation specimens.

The photoelastic data from the full simulation experiments provides a valuable source of
information for understanding where the finite element results differ from reality, Figure 20
contains a contour plot of the maximum shear strain in the liner plate as calculated from the
finite element simulation at an overall elongation of 1.51 The location of the studs are i

clearly marked by high strain levels in the liner plate. Strain levels on average are much
higher between the weld line and the first row of studs on the thinner liner plate. This is to 1

be expecad since load is transferred out of the liner plate and into the reinforcement with ;

each subsequent row of studs on the thinner liner plate. The figure also contains a contour i
plot of the maximum shear strain as determined from the photoelastic technique at an overall 4

elongation of_ l.5E The trends are quite different from those seen in the finite element resulti
Here, the strains on average tend to be lower near the weld transition than they are toward
the center of the specimen. This suggests that the stud anchors near the weld line transmit far
less load in the actual experiment as compared to the finite element simulation.

Referring back to Figure 14c the strain field of the weld ' transition specimen, the similarity :

between the experimental strain fields in Figures 14 and 20 indicates that the stud anchors are
less effective in transferring load than was initially assumed. This seems to contradict the

,

_ previous observations made with regard to the analytical and experimental load-elongation
relationships.

,

One of the basic assumptions implicit in the analysis is that neither bending of the liner plate
nor bending of the_ stud anchors are important in controlling failure of the liner or stud. This
assumption has been made primarily for the purpose of simplifying the analytical problem.
Strain measurements from the full simulation specimens and post test inspections of the

- specimens suggest that bending may be an important mechanism controlling the failure mode of
the liner and anchorage systemc

To capture the effects of liner and stud bending requires a three dimensional finite element
analysis Such a three dimensional finite element analyses of the separately controlled loading
specimen-was run and showed that bending of the stud anchor and liner plate are strongly
controlled by the response of the surrounding concrete. In the full simulation experiments, the
concrete adjacent to the studs was severely fractured as the specimen was stretched to high -t

strains, Modeling the mechanicai response of such a complex material behavior presents an

.
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enormous challent e. As a result, it is unlikely that more complex finite element models which |
include the effect if stud and liner bending will le more successful in predicting the failure
mode of the liner or anchorage.

CONCI,USIONS

.The purpose of .the Separate Effects Test progrtun was specifically to investigate the'

contributmg factors in the tailure of the 1:6 scale reinforced concrete containment model and,
more generally, to increase understanding of the res?onse of liner and anchonage systems to
severe accident loads. The tests have only recently xen completed, and analysis of the data
gathered is not yet complete. Ilowever, to a large extent, the goals of the program have been
accomplished.

The combined effect of liner plate stress and anchorage shear has been demonstrated to have
dramatic impact on the mode of liner failure. Finite element modelling of the effect of a
known stud load on the liner response has been shown to compare very favorably with
experimental data. The overall mechanism of stud shear has beco shown to be a very likely
contributor to the liner failure of the 1:6 scale RCC. The full simulation specimens exhibited a
failure mode virtually identical to that seen in the 1:6 scale model. Finally, the experimental

. program has shown t at separate e ects test ng s a v a e tec n que for investigating theh ff i i i bl hi
response of containment liner and anchorage systems.<

-llowever, in some areas, large discrepancies exist between experimental data and analytical
results. The most obvious of these is in the full simulation specimens where the large load
transfer predicted for the studs apparently did not take place.
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#'" _,

Liner Preload (ksi)
Assumed Stud

None 60 63 65 -70Strength (Ibs)

1300 Stud Stud -- Stud Stud

- I redicted
1450 Stud Stud Stud Liner--

1600 Stud Stud Liner Liner- - - -

-i
!
i

- - - - Stud Stud Stud Liner . Linerr

1
1

Table 1: Predicted and Observed Failure Modes
for Separately Controlled Loading Specimens

Prestress Measured Predicted Net Stress

(ksi) (Ib/ stud) (Ib/ stud) (ib/ stud)' 1

,

u --50 --- 1392 N/AD

|-
|, 60- 1208 1313- N/A,

63. I171 1250----

'

65 780- 1173 1000

.70 510- 107 375'

Table 2: Measured. Predicted, and Net Section Stress Failure Loads

for Separately Controlled Loading Specimens
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NUMERICAL SIMULATION OF THE ULTIMATE LOAD CAPACITY OF A REACTOR CONTAINMENT
BUILDING

Valter Andreoli
Paolo Angeloni Luigi Bruca
Paolo Contri ENEL/DSR/VDN Roma (Italy)

Ismes - Bergamo (Italy)

Abstract

From the - 1980's onwardt specific requirements of standard guidelines related
to failure analysis have made necessary an extensive application of non linear
numerical models for containment safety assessment. On the same period new
structure types have been proposed which reveal high sensitivities to
loadcases reproducing accident conditions. The paper present the results of
preliminary non linear calculations on simplified models. The results point
out how using different load incrementing schemes significantly different
failure mechanisms and limit load factors can be calculated. This fact
stresses the need for seeking for a general agreement on simulation criteria
to be used in safety evaluati as in order to obtain fully understandable and
comparable results.

CllARACHTERISTICS OF NEW CONTAINMENT DESIGN

To follow the new international developments in the field of innovative
nuclear reactors,.the Italian National Power Board (ENEL) is currently running
several studies and research activities. The topics of interest concern the
adapting of the design of a new generation of power plants for the
construction in Italy.

Itt..lan targets, and more in general European and American codes, are looking
for ' very strict requirements in terms of maximum release of radioactivity.
Some of the - new safety concepts have suggested different plants arrangements
and large changes to traditional structure layouts of nuclear containments,
like in GE-APWR, GE-SBWR or ABB-PIUS. Instead of a simple layout composed of
basemat, cylindrical wall and dome, the reactor vessel is inserted in a
stiffened structure where a cylindrical body is surrounded by rooms containing
pools and devices typical of new safety technology. The global. stiffness of
the structure is the sum of complicated contributions from a lot of members,
and the response under accident loadings requires advanced numerical analyses.

In fig.1 a typical r.c. containment extensively used in the past is compared
!= with a preliminary version of a SBWR containment, as proposed by CE in 1991.

This latter structure has been used a reference configuration for above
mentioned preliminary computations and is extensively referenced in the paper.

L The non linear effects, directly affecting the limit state evaluation of this
type.of structures, have shown to be highly influenced by accident scenarios.
In _ particular, load distribution and sequence play an important role on
failure mechanism and limit load because of the presence of strong stiffness
redistributions and path dependencies.

Furthermore, past design experience, both numerical and experimental [1], has
supported general conclusions on the dominant role in failure analyses of
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pressure internal loads, giving little importance to temperature effects _ and
'to liner concrete interaction. Af ter IDCOR program [2] in 1983, which relied
on the . margin to global _ structural failure, in 1984 EPRI [3] sponsored-1

specific research T on 1 containment . integrity evaluation, developing useful '

criteria.and guidelines for predicting containment Icakage, assumed as the new
-limit state-for containment evaluation. '

The traditional design reference loads relied in fact considered in fact LOCA
accident as reference load accident condition. Af ter the accident at Three
Miles Island, a new accident scenario has been considered (LOCA+ hydrogen
burning);. Finally the most updated approach- includes severe accidents mainly
based- upon (probability evaluations and corresponding te pressure and
temperature _combinatione that could be Greatly in excess of the design

o ennditions (LCCA). However Epri assumes that. LOCA+ Hydrogen burning load
condition bounds all the possible accident scenarios, being the re fe rence for
failure analysis.

In table 1 accident load levels-are shown for a typical SBWR containment [4).

Table '1. Pressure and Temperature Values inside the Reactor Building during
Severe Accidentsa

Accident Ambient Pressure (MPa) Temperature (C)

LOCA Drywell 0.34 130
(MS_ Pipe Break) IC Pool ata. 105

Suppr. Pool 0.34 60
Hydr.-Burning- Drywell 0.68 145

IC-Pool atm 105
Suppr.-Pool 0.68 80

Melt ejection Drywell- 0.90 160
IC Pool atm 105
Suppr. Pool 0.90 160

_ apeak values of the transients are referenced. The values has to be
intended- as- order of magnitude for typical ' transients . More precise
values has to be derived from -the fie.a1 design stage and could have
large' modifications.

,

'The above_ mentioned considerations have suggested an initial phase of study of
the most important _ aspects |affecting containment failure behaviour. In- the'

-present = study the sensitivity of the p roj ect to two loed histories is
i_ highlighted, showing how they can lead to different failure modes and factors,

just ' changing load combination rule.

GENER_4L' APPROACH TO FAILURE ANALYSIS

LAs a general approach:to-non linear failure analysis, two models of the above
cited typical containment structure have been used: the first oriented towards

-SDB design, the second addressed to assess different global failure modes and
liner tearing under: limit load conditions.

The first model is oriented to preliminary sizing of wall thicknesses and
rebar densities, but it also clarifies a typical response to various design

- 499 -

, _- . - .



- . . . .--. . _ .- - - -, -- - - .. ..

loadcases. In fact, after the first analysis, a comparison of the influence.of
the' loads on the structure response indicated the combinations to be monitored
in the non linear analysis.

The. subsequent non linear model, more detailed in liner, rebar and soil
simulation, is based on refined models of the materials, taking into account
concrete rebar interaction and cracking behaviour.

The F.E. model has been checked in detail with benchmark tests on mater:s1
models before running failure analysis. The sources of nonlinearity that have
to be captured are described in the following:

the liner concrete interaction induced by cracking, which is dominated-

by punching shear local affects;

the strain concentrations which occurs next to discontinuities where-

liwr tearing appears prior to the occurrence of global structural
failure;

the stress-strain law for concrete, rebar and liner which are strongly*

influenced by a temperature level above 200 C;

the large stiffness redistribution effects, subsequent to plastic hinges-

formation, which determine stress migrations among structure components.

The last two aspects . are strictly connected to SBWR containment geometry and
introduce new uncertainty sources in safety margin evaluation. In the analysis
the first two aspects have been faced by means of the application of special
analysis techniques ansessed by ANATECH on traditional containments [3], even
if the detailed'3D models required for the tuning of the formulas are not yet
avail.able .
Appropriate stress-strain laws, the third aspect, have - been modelled in
detail.
-The fourth aspect has been modeLed by means of accurate cracking criteria and
convergence procedures able to reproduce stress migration effects from
concrete to rebars ano stiffness redistributions.

Two load histories have been applied, with different contents of thermal
loadings, generally referring to two different sample accident scenarios. As
the calculations'are not focussed on failure limit evaluation, but only on a
preliminary inspection on methods, the reference scenarios are considered

: sufficient for comparison purposes.
The application of two different - load histories have led to quite different
responses, not only at structural failure limit, but also in a load range
where leakage appears due to liner tearing.

IIRST SIMPLIFIED MODEL. SPb ORIENTEDi

!-

L The first phase of aralysis has dealt with a simple axysimmetric model,
oriented towards prelininary sizing of wall micknesses and rebar densities.
The F.E. model shown ii fig. 2 employs 90 axysymmetric shell elements and 23
springs to ground. In the same figure the secondary ' containment volume is
enclosed in the dashed .ine, where the steel liner prevents leakage, and the
pressure vessel bearing sceives are indicated with arrows.
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1.

The geometric assumptions relateo to the symmetry as well as the hypothesis on
the homogeneity of linear material properties, have been considered not enly
reasonable, because of being recommended by the standards, but also sufficient
for comparison purposes on different load effects.
Table 2 contains load case specifications according to standard design
requirements [4).

Taole 2. Refetence Load Cases Intensities for Design Analysis

Load Case Value Location

Dead lead (N/me) 24.525E3 Whole structure

Dead Load (N) 16.676E6 Vessel bearings -

Service (MPa) 9.810E-3 Floors
Hydrostatic (MPa) 4.9E-2 1.25E-1 Pools Bottom and Sides
Hydrostatic (MPa) 1.785E 1 Ext, with soil contact

Geostatic (MPa) 1.190E-1 Ext, with soil contact

Accident (MPa) 0.371E0 Int. Sec. Containment

Accident (C) 110 int. Sec. Containment
SSE (g) 0.3 Whole structure

In the desigt analysis pressure and temperature load intensities have been
chosen with re epect to plant accident simulations (LOCA) and assumed uniform
and steady with the maximum values on the inner part of the liner. At thermal
condition, a gradient 110-20 C have been applied across the contair'ter.t wall

simplified vay afterSeismic loads related to a SSE have been added in a
recovering the stress resultants on each floor from a stick model pr._viously
run.

In fig.3 a deformed shape related to the most sever load combination gives a -

global overview of the areas of most concern. The influence diagrams of fig.4
refer to the areas marked off with a label, showing the percentage
contribution of the single load conditions to the stress resultants on the
sections.

Temperature and earthquake loads give the maj or contributions to stress
resultants and they suggest an extensive application of sensitivity analysis
based on their values to assess the influence of their intrinsic uncertainty
on.the bearing capacity of the structure. However, in the following reference
is made only to the temperature load, with discussions of its value and
distribution.

To check the sensitivity of the system, a new global load condition has been
applied; it corresponds to a gradient 110-50 C across the containment walls
and to 20 C uniformly applied to the external structural components.

In fig. 4 a direct comparison between stress resultants in two specific
sections under two temperature distributions are drawn in a graph, showing the
average difference to be 30%. The higher average temperature of the inner part
is mainly responsible of the stress peak resulting from the contact with the
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externalicold cylinder. On.the other side, bending effect on the containment
walls have diminished.

Such a' high discrepancy in the results was expected and confirms, generally
definition of temperature loads for thesespeaking, the need . for a precise .

containment = configurations. In the traditional context a temperature level
;below 200 C is not able to aifect significantly either stress-strnJn behavi>ur
-or ' stress distribution, because of the unconstrained behaviour of the
cylinder-dome structure; justifying the reasonable assumption to consider only

-pressure loads in failure analysis.

In this framework a more refined temperature map was not considered necessary
to improve the reliability of the model: the steady state assumption of this
analysis, which hsregards the phase effects between the different rooms,
justifies only simplified conditions, us. ful - for global comparison with the
other standard loadcases.

~NON LINEAR FAILURE-ANALYSIS
_

Based on the results of the design analysis, a reinforcement pattern has been
; .=

.

decided, respect to 110 50 thermal condition, and modelled in .cantinuous

|' axysymmetric model (fig.5) as embedded rebar. Non linear materials have been
;_ . introduced: the reference property values have been extracted from [2,4] and

: collected in table.3.

'Table 3. Materials Reference Properties

Material Temp (C) E (MPa) Coh (Mpa) Fr. angle Plasticity law

Yeld(MPa) K

Concrete - 20 3.35E4 8.66 30 Mohr-Coulomb- '

(C30) ' 200 2.87E4 8.66 30 (linear soft.). j
:

i Rebars 20 2.00E5 430.0 0,0020 von Mises
(MPa) 200 1=.81ES 430.0 0.0024 (strain hard.)

Liner - 20 -2.03E5 414.0 0.0020 Von Mises
'(SA537). 200 1.90E5 346.0 0.0020 (strain'hard.)

LDue to the ' sensitivity ; of the structure - to limit load combinations, two:

| analyses have been carried out on the same geometry with different load
. sequences .(111) . defined as in the _ following-

LH 1): - dead c loads , - live - loads , - accident temperature - and pressure at design
level, then pressure .and- temperature progressively _ increased up to 170
C, finally only pressure' increased up to failure;

UI-2): as UI - 1) , but with both -pressure and temperature increased from the
~ design level-up to failure.
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Figure 6. Ioad History n.1 and 2 - Deformed Shapes at LF-5.0

- 505 -



_ _ _ _ _ _ _ _-_ _

|
|

While the first load sequence may be considered as representative of tha worst
accident scenario (main steam pipe break), the second condition points to the

specific scenario. Thesafety factor evaluation, without any reference to a ,

latter load sequence enables the examination of the sensitivity of the system
to load history choices.

The structural behaviour in the two analyres has been assumed as characterised
by means of limit states, chostn as follows:

- first initiation of plastic flux cither in concrete or in rebar
(reverribility limit);

- liner tearing, respect to wall-top slab junction, given by (3):

emax - emerid * X * ' * b (1)

where b is the inverse of the ductility ratio, a the strain localisation
factor, K the strain concentration factor;

- rtructural failure, wich occurs when a mechanism forms at the occurrence
of lability within force controlled load histories.

For load sequence 1), a deformed shape of the structure at level 5.0 of the
pressure magnification factor is shown in fig.6, where the failure mechaniam
is evident. The principal strain plot of fig.7 confir,ua the position of
plastic hinges on the top slab attachment which produce the non linear
displacement curves, as shown in fig.8.

The development of state of cracking of fig. 9 indicates the failure history.
In fig.10 liner meridional and hoop strain are plotted along the meridional
section, representing the area of concentration at the edeges.
Fig. 11 shows energy norm trend versus the load factor (LF), and load
iteration numbers required to achieve convergence at each step. Structural
instability load has been fixed where the analysis stopped due to numerical
singularities, confirmed by load displacement curve trends.
With the applieation of the strain intensity factors at the highest edge, and
assuming an extension of the functions validate on traditional containments,

the leakage load factor corresponds to 6.0, significantly below the failure

limit.

Such a high value of the load factor (LF) relative to structural failure (7.5)
is mainly due to the particular way chosen to increment load conditions. After
LF-1.66 in fact only pressure loads, which give a low contribution to the
design load combination, are magnified. Furthermore, it has to be remembered
that structural design refers to load combinations which include seismic
effects. On the contrary, the failure analysis has been carried out only with
respect to pressure and temperature loads, excluding any superposition of
seismic actions which, in any case, would have required different approaches
from axysymmetric models.

The results relevant to LH 2) are presented, in the above cited figures
related to LH 1), in terms of deformed shape (superimposed to the previous
one), principal strain contour plots, crack maps (fig.12), liner strain

dia grare s . The failure mode, which in this case corresponds to LF-5.0, now is
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dominated by temperature effects, that are mar.rit tled together with pressure,
which cause st rong bending deformations on the c ylindrical wall constrained by
the external horizontal floor. In this case stiffness is degraded uniformly
and the whole structure is involved in the resistance to accident loads,
whereas, in the previous case, only the roof slab was affected by plastic
rotations.

11e re again the critical point for liner in t e gr i t.y is located at the highest
edge where a LF-5.0 is calculated. Detailed analys,es would be required in the
areas of most concern to evaluate more accurate strain factors, but they are
beyond the scope of this study, more focussed on the comparison of limit state
definition than on their absolute evaluation.

91 TIDAL DISCUSSIQB
_

Two models of the same c ont a i ni.<nt structure have been used to evaluate the
sensitivity to l itni t load specification. For the non linear analysis two
different load histories have been applied to check the influence on the
failure modo itself.

The first load history corresponds to a simplified accident scenario; the
second ould reprs :t an upper bound for a l o t. of scenarios and tims to
evaluate the safety margin of design calculations.
The precise requirements in terms of maximurn admissible leakage rates have
oriented the evaluations of the different failure modes toward liner tearing
estimateo, based on global axysymmetric strajn calculations.

The final results are summarised in table 4 where the influence of temperature
load specification is outlined.

Table 4. Load factors at difftrent limit states for the two load histories.

Load llist n. Limit State LF

1 Reversibility 1.5
1 Structural Failure 7.5
1 Liner Tearing 6.0

2 Reversibility 1.5
2 Structural Failure 5.0
2 Liner Tearing 5.0

,

Conclusions are twofold:

a) non linear analyses are mandatory due to highly non linear c' fects
responsible for limit state determination, like liner-cr trete
interaction, temperature dependency of material behaviour, sta:fness
redistribution after first cracking. Axysymmetric 2D global models have
to be integrated with 3D detailed models which must demonstrate h i g~
reliability levels taking into account that the experirnental reproduction
of complex thermal phenomena is almost unfeasible;
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b) structural complexity of the new generation of reactor buildings
.

requires detailed analyses of accident scenarios because of the high !

level of sensitivity to temperature load distribution.

In this framework the need for new guidelines widely accepted by the design f
community is_ clear. The updating of design configurations in fact has to rely '

on precise limit load analyses which have to select the most critical failure |
mods respect to .'all possible accident scenarios and to evaluate the global ;

safety margin of the: structure. i

As a general conclusion, there is a great deal to reach a worldwide consensus
'

toward a precise and unique definition of the load case and load history to be
used to asseum_the ultimate structural capacity of a contaisunent structure. ,

Without this specification it is in fact almost impossible to guarantee the- '

required safety margin respect to-all the possible-accident scenarios.
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Reaclors Containments :

A. AllLL4RD(CE4/DRN/DhlT)
th.JAbfET(CE4/DRN/DhlT)
B. BARBE (CE4/IPSN/ DES)

C LECOhfTE (CE4/IPSN/DPEL) '
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,

i

1. INTRODUCTION

The behavior of containment is a key issue with respect to the safety of nudear power plants.
Extensive work has been performed for many years at CEA/DhiT (Department of hiechanics and
Technology) on this subject particularly on the behaviour of containment under severe accidents.

Large Research and Development programs have been carried out and are still under progress to
handle the following problems : ,

-Thermo mechanical response on the containment under increasing pressure and temperature up to
the ultimate behavior of the structure.

Dehasior of the containment in 5 t s of hydrogen detonation or steam explosion.

hiodelization and evaluation of containment leaking after a severe accident inducing cracks in the
structure.

Response of the containment to seismic loads.

These studies have been carried out by means of finite element computations. The computer cv!>,.

have been developed and validated using either analytical solutions or experin ental results. SpeciDe
developments have been made in order to be able to solve the above mentioned problems :

- h1aterial models for reinforced concrete.

Fast dynamic algorithms for impacts.

!. Seismic analysis techniques and scil structure interaction. ,

- Gas dynamics, shock waves and fluid-structure interaction.

Afore recectly, new programs have also been undertaken, concerning the behavior of containment ,

after core meb and vessel break through. These programs are motivated by the recent safety
requirement to take this accident into account at the design level for future reactors. Work is in
progress at CEA/DhtT in the two following areas :
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l
Conceptual studies concerning core catcher and residual power evacuation.

Design method development for core catcher,includirig numerical code development.

The work performed by CEA/Dh1T is described in more details in the following paragraphs.

2. GEOh1ETRICAL AND h1A'ITRIAL $10DELLING OF Tile CONTAINhlENT

According to the kind of analysis and required results, it is possible to model the whole containment
using either shell finite elements or 3D continuum finite elements.

For the former case, a special material model, s'. led the global model has been developed, which will

be presented here for sake of clarity in the simple case of a reinforced concrete beam.
-

2.1 The global model for reinforced concrete ([1] to [4])

let us consider a reinforced concrete beam loaded by a normal force and an in plane bending
moment.The basic idea of the method which is classically used in a strength of materials approach,is

to derive and clasto plastic formulation in term; of generalized stresses (N, ht) and strains

(membrane strain Cand curvature variatior1V.

In order to obtain the corresponding laws an homogenization technic is used : The beam is
decomposed into a set of layers each layer following a given uniaxial stress strain cune (see figure 1).

Assuming that the cross section remain straight and normal to the mean liber, one finds a global hi-
curve, for a given normal load. (see figure 2). Such a model can be generalized to plates (see [2]), as
well as to reversed and dynamic loadings (see 13} and [4]). It has been implemented in various
computer codes of the CASTEh! system [5] for static and dynamic problems as well as in the
PLEXUS code [6] for fast dynamic problems.

We 'iuustrate the possibilities of the globalinodel on two exemples :

Tk drst one is a validation of the model by comparison between experimental and calculated results

[7] L3]. Static and dynamic tests have been performed on reinforced concrete slabs, simply supported
on their edges and loaded in their center, in order to evaluate the ultimate behavior, and
chuacterire the ruin of the slab (by bending, punching or both).

Tin geometry and reinforcement of the slab are shown on figure 3 together with the stress strain
et nes used ici the steel and the concrete.
The BILBO code of the CEASEhtT System was used for the analysis of the slab subjected to quasi
sta. tic loading. Two different equivalent homogeneous materials had to be defined, in order to
represent the current part of the stab, and the outer walls. Unilateral constraints were necessary,in
oWer ta modelize the lift up of the corners, which results into a progressive loss of contact between
the e.no and its outer support. Figures 4 and 5 show the deformed shape of the slab at maximum
load, and the comparison between numerical and experimental force-displacement curves at the
center of the slab, before final punching. These results validate the global method for this
contiguration. On the other hand, the good agreement between numerical and experimental results
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confirms that punching, or shear processes, do not play any r.ignificant role before the /naximum
load is reached, since they are not taken into account in the analysis.

The second one is a calculation of the impact of a lear jet on a typical concrete containment [9j. Two
impact k> cations have been studied, one at the apex of the dome and the other in the curreut part of
the cylinder. The containment is mt 4ctled using quadrilateral shell elements. The impact is treated
as a given force versus time (see figure 6). Again, an equivalent global model has been desi,cd freio
steel and concrete properties.
The figures 7 and 8 show the deformed structure for the two cases.

2.2 Local model for concrete [10]

In order to be able to calculate the perforation of a containment by a rigid missile, which is not
possible using global model, a k) cal model has been developed accounting for the various modes of
damage, which are it.lustrated on figure 9 :

,in region 1, the reflection of the compressive wa swc ni w ' cads to tensile stresses
exceeding the concrete strength. Tensile failure is u e 4,g , . e u Jec to predict the scabbing
phenomenon.

-In region 2, the material is subjected to very important hydr 3staic cc upressive stresses. Concrete o

which contains forces is then subjected to crushing, which has to be taken into account in the -

analysis.

In region 3, very high stresses appear in the vicinity of the lateral boundary of the rnissile, while all
the principal stresses are compressive. These stresses lead to shear failure, which should also be
incorporated into the model.

Concerning the damage by traction, the chosen criterion consists in limiting the maximum principal
stress :

Max (6;) <. crt
i = 1,3

iwere dg s the tensile strength of the material. In the principal stresses space, this corresponds to a ,

pyramid with three orthogonal faces. During the loading, if one of the principal stresses occurs to

overstep the d limit, this limit is set to zero as well as the couesponding principal stress.t

In the axisymmetric case, the model accounts for two different cracking modes :
radial cracks,

- cracks in diametral plane.

This enables a description of the orthotropic behavior of cracked concrete, by keeping the memory of
the direction of the first cracks.

Concerning the damage by shear stresses, two domains are distinguished, according to the confining
pressure :
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* a brittle domain, corresponding to low confming preuures, which is limited by a Drucker.Prager
criterion, characterized by strain softening : th!s criterion rnay move down to another fixed Druder.
Prager criterion representative of a pufectly plastic behavior.
This modelization enables a full unloading in the simple compression case where there is no
confining pressure. ;

I- a ductile domain, corresponding to high confining pressures, which is limited by a Von-Mises
criterion and characterited by strain. hardening ; this criterion may move up to a fixed Drucker-
Prager criterion representative of a perfectly plastle behasior.

Concerning the damage by hydrostatic pressure the relation between the volume variation and the
hydrostatic preuure has been approximated by a bilinear diagram.The firt.t part (clastic) correspends
to the deformation of the skeleton, the second (inelastic) corresponds to the pores crushing. In the
principal stresses space, th'e yield surface is a plane perpendicular to the trisectrice ; it undergoes

,

strain hardening as the material h defor med.

For all cases, the normality principle has been auumed for plastic flow. The various damage modes
can be coupled, on the basis of Koiter's rule stating that the plastic flow vector lies in the cone defined
by the external normal to the criteria.

This model has been validated in the frame of the SANDIA benchmark : ([12][13]) : A 1/6th scale
concrete containment model has been tested in Albuquerque (New Mexico) by the SANDIA
NATIONAL IAllORATORIES, under an incteasing internal pressure load.

Participants to the exercise were asked to predict the ultimate capacity load of the containment. The -
computed results were compared with the test results and some additional calculations were
performed after the test.

An axisymmetric model, shown on figure 10 was used. The concrete and the rebars were modelled
separately, and a perfect bond was anumed.The results obtained are as follows.

. First some meridional cracks develop at the junction between the basemat and the cylinder, for
' 0.2 MPa pressure.
Then some hoop cracks develop in the cylinder for a 0.3 MPa pressure, causing a sudden increase of

the radial displacement (see figure 12).
-The halflower part of the basemat is completely cracked in the book direction for a 0.55 MPa

pressure which results in a uplift movement of the basemat.,

- After a OIA MPa pressure the cylinder and the dome are completely cracked.

Finally, for a 0.98 MPa pressure, the displacements increase rapidly, which corresponds to the
ultimate load capacity of the containment (Figure 11 shows the final meridional crack pattern). This
ultimate pressure is in good agreement with the experimental value for which an important leakage of
the containment was obtained.
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3. IlYDROGEN DE'IONATION [14]

In order to be able to compute the shock waves due to hydrogen detonation and their consequences
on the containments, some specific developments have been made in the PLEXUS Code :

The EULER equations for fluid dynamics are solved using an explicit time integration scherne. A
pure Lagrangian formulation is adopted for simplicity of coupling with the structures.

The hydrogen detonation is considered as a shock front associated with a chemical reaction, which is
supposed to be adiabatic and exothermic :

211 + (ll 0)stcarn + (O2 + 4N ) 3(II 0) steam + 4N + 02 2 2

air
_

The reaction is initiated at a threshold temperature T,, and is supposed to be complete and
instantaneous. In order to validate this method, one. dimensional detonation calculations have been

performed in plane geometry and compared to predictions by the Chapmandouguet theory (15].

A similar calculation in an axisyrnmetrical geometry, modelling a 1 m long tube, showed the focusing
effects of the shock waves :

On figure 13, the evolution of pressure versus time has been plotted at various locations : 4

x = 0,0.01,0.5,0.8 and 1 m.
One can notice the two sweeps way and bacic of the shock wave, the over-pressure at the first
reflection and the residual pressure.

The second step of validation was a two dimensional analysis of a SANDIA containment which
showca . hat focusing effects and multiple reficctions can lead to important over pressure in the
containments [15]. Moreover, the location of the initiation point has a strong influence on the results
(see Figure ;4).

_

Some additional calculations have been performed in order to investigate the influence of obstacles
like cranet., in the containment, on the pressure distribution, and also the influence of the initial
concentrati: a of the various gas in the mixture.

4. STEAM EXPLOSION

In case of sudden contact between melted coriurn and water, important quantities of steam may be
generated, which can damage the containment.This can again be modelled using the PLEXUS code.
A preliminary apptcach used the following assumptions :

The Corium is not modelled but a constant Corium injection in a given water volume is assumed
during a certain time which results in an energy supply.

The water is censidered as an homogeneous bi-phasic material, with a variable ratio between the
steam volume and the total volume, following the water and steam tables.
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As illustration of the PLEXUS possibilities, a calculation of the consequences of a melted core on the
bottom of a reactor vessel has been performed ; the supporting plate is assumed to be extremely rigid

and fe.td to the vessel bottom.

- The core and supporting plate are treated as an equivalent porous medium. Moreover, a central hole

due to the core fusion has been considered.

i
The initial conditions of the water are a 10 bars pressure and a 180*C temperature. The results are

presented on figures 15 to 18. Using this simplified approach, very high pressures (more than 500
bars) are found in the water and on the vessel. The temperature of the water increases regularly. Tbc
stresses in the vessel reach values which are for beyond the clastic limit, for very short time (t = 3.5

ms) (the vessel has been considered _ elastic). Some additional developments are being done in
particular for the treatment of materials at high temperature and the energy release by the corium
injection into water.

5. CON'TAINMENT LEAKAGE

in case of double contaimnent without any liner, as in French 1300 MW pWR, the increase of
pressure and temperature beyond design conditions would lead to through-eracks in the containment.
The air and steam flow in the encks associated with the temperature increase of the concrete would
cause a certain amount of leakage which must be evaluated.

For this purpose, the diphasic flows in very thin but long cracks have been studied using the TRIO-EF
Finite Element Code |16). Figures 19 and 20 show the pressure and temperature profiles in case of a

uniform thickness (200pm) crack.

Experimental validation of the model are in progress : the cracks are simulated by a given distance
between two parallel plates. Firstly, the plates are made of a non previous material, with thermal
properties as close as possible to the concrete onesf An air steam mixture is injected under constant
given pressure and temperature conditions. Various quantities are measured along the crack :
pressure, air and steam flows, etc.

Some new tests will be performed in view of these first results,in order to be closer to the real case.

i

6.~ SOll STRUCTURE INTERACTION

The seismic aalysis of a reactor containment reouires a good modelling of the soil-structure
interaction. In many cases, the simple description of the soil by means of local springs and dash-pots
is no longer suf!kwnt. The fiust method consists in using both rmite elements and boundary elements .
techniques : the soil is accounted for by means of Green functions, calculated for a stratified soil.
liowever, tids approach is restricted to a linear clastic soil.
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A second improvement can be obtained by a finite element representation of the soil [t7). The soll is,

dhided into two parts : a limited regionO around the structure, and an inTmite region 0 in which3 2'

the behasior is supposed to be linear. I

For the regionO , dampers are introduced at the boundary. The forres on the boundary betweenD2 i

andO are determined from the irnpedance ofD and frorn the free field forces and displacements.2 2

This method has been used to study the response of a containment to a San Francisco earthquake.
The mesh is shown on figure 21. A linear and a non. linear Drucker ruodel have been used for the soil, i

Fissure 22 shows a cornparison between both predictions of vertical displacements of the basemat.

,

7. CONCEPTUAL STUDIES CONCElWING CORE CATCilER AND RESIDUAL POWER
EVACUATION

At the present time, the studies performed by CEA/DMT are focused on the two following
problems : '

- After break.through of the vessel, the Corium has to be collected into the core catcher. Depending
'

upon the pressure at break-through, the failtac mode of the vessel as well as the design of the
bottom part of reactor, different patterns can be assessed for Corium transfer from the vessel to the

core catcher. At the present stage, the formation of a Corium jet with a certain velocity cannot be
excluded. It is therefore necessary to study this configuration and to assess the possible deterioration
of the core catcher due to a Corium jet irnpingment.

Once Corium is supposed to be collected in the core catcher,it is necessary to evacuate the residual
_ power in order to reach a steady. state thermal situation preserving integrity of the conwinment.
Conceptual studies are underway to achieve this goal.

7.1 ' Jet Impingment studies.

A model was developed to show that the TRIO Code {16] is a suitable numerical tool to study the
-impingment of Corium jets on structures. The case of a steel plate was considered. The model is
illustrated by Figure 23, it includes the following features :

|

Energy generation by the Corium,

- Radiatian heat transfer from the Corium.

Water cooling of the steel plate, '

- Possibility for the different materials to change phase.

~

-Special model at the steel Corium interface including the possibility to have various phases in
contact.

,
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| Typical results of the study are illustrated by Figures 24 and 25. It is assumed that the inlet
'

temperature of Corium is 3MTC.

When the jet selocity is high (1 m/s) the steelis progressisely molten and the Corium finally flows
thr ough.

Wh:n the jet velocity is low (1 cm/s), crusts forrn at the interface between steel and Corium and at
the outer boundary of the Corium jet, while the integrity of the steel plate is preserved.

These results essentially show the applicability of the TRIO Code to these problems.

7.2 Conceptual studies concerning residual power evacuation __

Conceptual studies have now been initiated at CEA/Dh1T to insure the evacuation of the residual
power of the Corium, once it is supposed to ly in the core catcher. Different options are considered
such as Corium fragmentation which has the advantage of increasing the surface of exchange or
spread out of Corium in a single layer, licat transfer inside and outside the containment is also
r.tudied.

8. DEVELOPh1ENT OF CORE CATCllER COh1PtTTATIONALTOOLTRIREh!

The development of the core catcher computational tool TRIREh! has been undertaken. This project
is carried out through a collaboration between CEA/DhiT and CEA/DTP (Department of Thermo-

bydraulics and Physics).

The problem to solve is i!!astrated by Figure 26.

The TRIREht Code willincorporate the description of the following phenomena :
_

- Natural convection in liquid Corium.

Evolution of the crust of solid Corium.

- Thermal behavior of core catcher (hielt of sacrificiallayer and steel).

Boundary conditions (water cooling and radiation).

Thermo mecanical behasior.

At the present time, preliminary computations with the TRIO Code (16] have shown that the present
numerical technics at CEA allow to successfully handle models with conduction, radiation in non

participating media, phase change, and natural convection in incompressible, turbulent thcous flow.
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9. CONCLUSION

The work already performed by CEA/DMT cn the behavior of reactor containments under extreme
conditions has lead to significant results. Analgical tools were developed and validated to assess the
safety of structures and quantify the margins of current design snethods with respect to ultimate

'

behador.110 wever, the recent safety requirement to take extremely sevene accidents into account at
the design le',el implies further work. Therefore, conceptual studies as well as development of new
analysis methods will have to be undertaken.
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CREET RUPTURE FAILURE IN A MARK I CONTAINMENT-

WITH A NEW THERMAL FAILURE MATERIAL MODEL

John C. Castro
Robert A. Dameron

Joe R. Rashid

ANATECH Research Corp

Abstract
. .

,

Recent failure probability _ studies of Mark I containments use the steel melting tempera ture
as the failure criterion. However the possibility of creep rupture could lead to failure et
lower temperatures. The present analysis uses a thermo-mechanical failure criterion that
takes creep rupture into account. The analysis considers the localinteraction of the shell
with the surrounding concrete floor and shield builaing. Applied temperature and
aressure boundary conditions for the liner are determined from previous studies by the
"Jniversity of California at Santa Barbara. The analysis focuses on the potential failure of
the containment shell near the shell-concrete base juncture when the shell is subject to

: contact with corium during a severe accident. Material data for the response analysis and
failure evaluation were obtained from INEL and EPRI. A rate-dependent viscoplastic
constitutive model was developed which uses data forboth the response analysis and creep
rupture evaluation. The modelis capable of tracking the material response throughout its
history from the low temperature, purely clastic regime to the very high temperature, low
strength,large strain rate regime. The 2D results mdicate that creep rupture could occur
at temperatures close to 1100 C. A r: e realistic 3D analysis could result in higher creep
rupture temperatures dependin
surface. This analysis, however,g or 3e size and distribution of the shell-corium contacthas not yet been completed.

INTRODUCTION

This paper presents results of an investigation of Mark I Containment failure behavior
under a postulated severe accident scenario in which the molten corium contacts the
containment shell near the shell-concrete basejuncture. NUREG/CR-5423 []] investigates
the thermal problem in detail and provides the pressure and temperature histories used as
input in the present work.

The general arrangement of Mark I containments is shown in Figure l with a schematic of
an assumed corium-shell con ta et configura tion. Such a condition, even with wa ter present,

- can potentially lead to liner melt-through. Previous investigations of the Mel'.Through
Issue have focased mainly on heat transfer and chemical processes. These processes

.-include calculation of shell temperature distributions, the quantification of corium/ crust
L : volume and distribution, boundary conditions consistent with corium attack of the

concrete'and primary shell, and thermal and chemical reaction calculations of corium
concrete interaction. The present work focuses on structural analysis and creep rupture
evaluation.

To accurately model the high temperature structural response of the Mark I containment
liner, a physically descriptive constitutive modelis required which accounts for the rate-

- dependent deformations of the shell. Furthermore, local effects induce strain concentrations
and can thus govern the shell's failure time. These effects demand very detailed finite
element computational grids, well-posed thermal and mechanical boundary conditions
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I

and proper accounting for the interaction of the steel shell with the concrete floor and the
shiefd wall. The analysis addresses these requirements to the extent allowed by the
availability of material data.
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Scenario Configuration

The present investigation makes use of high temperature properties data, including yield
strength, elastic modulus, creep rates and creep rupture times. Two sets of data were
utilized: one is from the INEL test program for reactor vessellower head failure evaluation
(2), the other is from an EPRI spousored research program on high-temperature properties
of reactor vessel steels [3]. These two sets of data were analyzed and mathematically fit -

consistently with the constitutive model parameter requirements. The data and curve
fitting procedures are described in Reference 4. ;

-

A high-temperature failure model that predicts shell rupture as function of time and
temperature was developed based on the cumulative damage concept. This damage model
uses the Larson-Miller parameter as the failure criterion. One should note, however, that
the experimental Larson-Miller parameter, determined under constant stress and
temperature conditions, cannot be used directly in a time history analysis for failure
prediction. The develo aed failure model makes it possible to tise the Larson-Miller
parameter to quantify fai ute in the form of a damage index;a value of unity for the damage
mdex implies failure. The damage index is computed incrementally and it can be plotted~

along with other quantities such as stress and strain. This failure model is described in
deta'lin Reference 4.t

The constitutive model that was developed for the steel shellis a rate-dependent alasticity
model that makes use of high temperature creep and yield strength data deve oped for
reactor vessel steel. This modelis coded in a subroutine for use with the ABAQUS code,
a widely used general purpose finite element program [5).
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The present analysis considers the local interaction of the shell with the surrounding
concrete floor and shield building. It applies temperature and pressure boundary condi-
* ions for the liner determined from Reference 1. The structure is modeled in two
dimensions with axisymmetric geometry and loading. This assumes an axisymmetric
corium-shell contact configuration although the actual shape is three-dimensional. This
/a proximation provides lower-bound estimates for the creep-rupture temperatures that,epending u son the three-dimensional extent of the heated section, could be significantly
lower than the failure temperatures predicted in a three-dimensional analysis. In the
second phase of the analysis program, a three-dimensional anal
present results are based on the two-dimensional analysis only. ysis is performed. The

MATERIAL DATA

The Mark I containment liner is made of S A516-70 steel, and high temperature constitutive
characterization of this steel is required for creep-rupture analyses. However, interest in
high temperature creep rupture has focused on the reactor vessel, and thus, the data
available for the present study are derived from literature characterizing reactor vessel
steel, namely, SA533-B1. Besi' es the fact that high temperature creep data for SA516-70d
steel were not available, the use of the SA533-B1 creep data can be justified on the basis that
fine-grained steels behave similarly at high temperatures. Tem aerature dependence of the
yield stress for SA516-55 steel was examined by Gowda, B.C. [6J, and these data, compared

1 with the CEI,INEL, and ASME Boiler and Pressure Vessel Code [7] data,suggest tha t SA516
and SA533 steels behave similarly after the phase change at 1340 F. Since the focus of this
study-is on the high temperature creep rupture modes, the SA533 data are deemed
adequate for the formulation of a valid creep law.

Creep data were obtained from two sources: a Combustion Engineering Inc. (CEI) report
arepared for the Electric Power Research Institute EFRI) [3], and an Idaho National
3ngmeerin Laboratory (INEL) report are aared for th(e U.S. Nuclear Regulatory Commis-
sion (NRC)g[2]. Both reports describe Tig1 temperature creep experiments for SA533-B1
steel.

Creep Law

Combustion Engineering performed creep experiments at moderately high temperatures
ranging from 750 to 1200- F. INEL performed experiments at high temperatures ranging
from 1160 to 2012 F. At each temperature, several constant stress creep tests were
reported.. A creep powerlaw, showninEquation(1),was used to fit the data: e is the creepc
strain, o is the applied (constant) stress in ksi, and t is the time in hours. The parameters
A, r, and s are dependent on temperature but independent of stress.

|

| cc = A of tS (1)

The parameters A, r and S were determined by applying a least squares fit to the digitized
data, They were held constant with stress and stram rate and allowed to vary only with

- temperature. The resulting ex pressions for A, r and s were incorporated into the elastic-
viscoplastic constitutive modeL Separate fits were performed for the primary / secondary
creep, portion from the tertiary creep portion. Fi re 2 shows the predicted curves and
expenmental creep data for the temperatures 1430 and 1610 F. The valid portions of the
curves are the primary / secondary curve up to the intersection point with the tertiary part

1and then the tertiary curve.
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_ temperature and stress state. This ratio, referred to here as the Damage Index,is unity in
a creep-rupture test where both the load and the tem serature remain constant with time.
The test tem aerature and time-to-rupture are related titrough the Larson-Miller Parameter

- (LMP) which is constant for a given initial stress level [8]. Data from INEL [2] were used
to develop a relationship between the LMP and the applied stress. From this relationship,
the time to failure is determined. Creep rupture times were reported for the SA533 steel at

(2), peratures ranging from 1160 to 2012 F. LMP values were calculated using Equation
tem

where t is the time to rupture in hours and Tis the temperature in Rankine.r
.

LMP = .001(20.0 + logmt )T. (2)r

~ The SA533 creep rupture tests conducted by INEL are reported in Reference 2. Figure 4
shows the relationship between the applied stress and the LMP with the data points from
the experiments. This data:was fit with Equation (3) using a standard automated least
squares fit utility, where o is the stress (ksi), LMP is the Larson-Miller Parameter, and a and
b are constants to be determined. From a least sc uares fit, a is determined to be 5272, and
b is determined to be -0.1747. Figure 4 also disp ays this applied stress /LMP fit.

o_ = a e b (LMP) (3)
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Figure 4. Stress Dependence on Larson Miller Parameter

__Let a stress o and a temperature T be applied for a time duration At. Then incremental
damage is defined as follows:

AD = At/t (o,T) (4)r
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where tr is the rupture time determined from a creep-rupture test conducted for the initial

stress c and the temperature T. By re-arranging Equation (2), the time-to-rupis the [can beturet
determined by equation (5), where T is the tem erature in Rankine and LMI arson-
Miller Parameter. B rearrangin v Equation ( ), the LMP is determined by Equation (6),
where o is the stress ksi), a = 527., and b = -0.1747. The total damage at any given time is
given by the sum of the incremental damages as shown in Equation (7). Thus, failure by
creep rupture is indicated when D 21.0.

2.303[(LM P/.001T) - 20.0], g (5)

LMP = b4 In (c / a) (6)

e

D= dl (7)
t r,o

DETAILED 2D STRUCTURAL ANALYSIS

Finite Element Model

An axisymmetric finite element model was developed with rela tively fine grid in the critical
areas of the shell. Tem aerature and pressure conditions were those recommended by
Professor Theofanous a t JCSB. All computations were performed using AB AQUS Version
4.8-5 and the material model subroutines described above. A schematic representation of
the axisymmetric modelis shown in Figure 5. The steel shell thickness is exaggerated to
show the element discretization. Eight-node axisymmetric continuum elements with
reduced 2x2 integrationwere used throughout the gnd. The gap between the steel shell and

. the concrete shield wallwas modeled with gap elements that provide no resistance to radial
motion of the shell until the outer shell surrace comes in contact with the concrete shield
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:There are three materials in the model:1 steel shell, unreinforced concrete, and sand. The
steel properties are defined in the special material model developed for this project. At
lower temperatures the constitutive model uses the standard ASTM 533 elastic-plastic
aroperties, namel 6
?oisson's Ratio v =y, yield stress (o .) = 67 ksi,- Young's modulus (E) = 30 x 10 psi and0.3. Referring tciFigure 3, these properties remain roughly unchanged
below 800 F. Between 800 and 1500#F there is a preci

' modulus, but Poisson's Ratio remains unchanged. pitous dropin both yield strength and

For the concrete material, the ANACAP model (9] was used with ultimate strength of f ' =
6 e

'5000 psi, Young's Modulus of 4 x 10 psi, and Poisson's Ratio of 0.15. The cracking strain
1 for the concrete was estimated to be 100 x 10-6in/in. For detailed discussion of the concrete
; constitutive model, the reader is referred to Reference 9.

The sand material below the base between the shell and the shield wall was modeled as a
weak clastic material with a Young's Modulus = 1,000,000 psi, which represents highly
compacted confined sand. This simple model for the sand was retrospectively justified by
. the analysis results.

The boundary conditions for the analysis also are illustrated in Figure 5. Horizontal
constraint is imposed at the centerline and vertical and horizontal constraints are applied
at the ou ter edges of the concrete shield wall and as otherwise no ted in the figure. The roller
supports around the outer grid edges represent assumption of a very stiff shield building
relative to the steel shell. At elevated temperatures and once plastic flow occurs in the shell,
this assumption is judged to be very good.

- A key boundary condition was the treatment of the equator boundary of the steel shell
which was given a stress condition egual to the membrane stress in a perfect sphere
2t). It is important to. apply stress ratlier than displacement constraint here because o(pr/fthe

- thermal conditions in the shell. - With thermal expansion, this point will move up relative:

to the adjacent point on the shield wall. The stress boundary condition also provides the
driving force for creep in the meridional direction.

LThepressure recommended by UCSBis a constant pressure of two atmospheres or 29.4 asi
applied a t allinner surfaces including the exposed surface of the interior concrete base. T Tis
pressure re aresents the a

; severe accic ent sequence.pproximate steady state pressure that is expected during theThe loiver portion of the primary shellis assumed to be full'of
. water and this water is in the free-boiling condition, that is the ambient pressure in the
containment is not high enough to support substantially higher water temperatures than

.-212'F. The weight of the water also has been considered

-The tem aerature conditions away from corium contact with the shell are the same as the
water,212 F. Temperatures other than STP conditions are a aplied only to the shell.1This

h - includes the first 4 elements down into the concrete layer. The rest of the materials in the -

model are assumed to be largely unaffected by the shell temperatures. Indeed, the concrete -
is a relatively poor heat conductor compared to the steel and would require a long time to

: heat up to a sy;nificant depth even with blackbody radiation or direct sher antact. The
tem aerature distribution associated with corium contact was taken from reconimendations
mac e by UCSB and published in NUREG/CR-5423. ' This distribution as it was input in
ABAQUS is shown with the temperature contours in Figure 6. Note that the highest
temperature applied is 2372 F (130. O C).
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; In the present analyses, two heating scenarios were chosen: one roughly corresponding to
.;the NUREG Scenario I with a ten-minute rise time and another, chosen at UCSB's-

suggestion and to maximize conservatively creep effects, with a two-hour rise time. Both
. temperature histories were applied as a simale linear ramp up of the temperature
distribution. In both cases, pressure was appliec first to 29.4 psi over five load increments,
then temperature was applied over a hundred or more increments with up to ten
equilibrium iterations in each increment. Both analyses completed with convergence up
to and including the point of rupture failure prediction.
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Figure 6. Computational Grid and Temperature Application ,

" Analysis Results

The analysis results show that for the 10-minute transient, the liner is credicted to fail by
creep rup'ture at temperatures in the range of1800 F (982 C) to 2012 F (h100 C). The lower
limit indicates failure initiation at the inner surface of the shell, and the upper limit indicates
a complete through-wall failure. The corresponding failure temperatures for the slower
two-hourtransientare1670 F(910 C)to1900 F(1040 C). Ascanbeseenfromtheseresults,
creep rupture precedes liner melting (1500 C) by sev eral hundred degrees depending upon'

the heatmg rate. These failure temperatures, as mentioned earlier, are lower-bound linuts
: because of the highly conservative assumption inherent in the axisymmetric representation

.

of the corium-shell contact configuration.
~

A more detailed look at the response is obtained by examining the deformed shapes and
strain contour and damage index contour plots. These are provided in Figures 7 through
12. Finally, the shape of the liner strain concentration near the liner-concrete juncture is
shown in the strain profiles of Figures 13 and 14.
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The deformed shapes for both scenarios indicate that creep rupture occurs before the shell
- contacts the shield wall as shown in Figures 7 and 8. [In Iigure 8, for the ten-minute
scenario, a idnk has formed in the shell, but the shell still does not contact the shield wall.]
In the 2 hour ramp up scenario, the shell moves ou t approximately 1.5 inches tm . does not
quite meet the shield wall as shown in Figure 7. This deformed configuration could be
significantly different in a 3D analysis.
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nTheverticalstraines2 sP ottedinFigures9 and10.Ingeneral,c22 ssomewhatlarger thani l i
: e13, but neither are the true tangential strain ~due to the curved geometry The damage index -

'

- contours are shown in Figures 11 and 12, and these figures show maximum values in the
Lsecond element up from the shell-concrete juncture. With a separate post-processing

Junction of pos ,c22, and e12 strains were combined to plot the true tangential strain as aprogram, the etd, ion. These are shown in the strain prob,les of Figures 13 and 14. All the
L strain plots indicate the greatly elevated strain at the corium contact zone and the severe

bending that occurs just above the shell-concrete junctures.
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CONCLUSIONS

The primary conclusion of this two-dimensional analysis is that liner failure by creep
,

rupture precedes melting by several hundred degrees and is dependent on the character- 3

ishes of the temperature transient. A three-dimensional analysis will reduce the uncertain-
ties in the 2D based failure temperatures, but it still is expe:. ' to show lower failure
temperatures than the melting temperature of 1500 C.
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CONTAINMENT LEAKAGE RATE TESTING REQUIREMENTS

E. Gunter Arndt
Structural & Seismic Engineering Branch

Division of Engineering
Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Commission

Abstract

This report presents the status of several documents under revision or
-development that provide requirements and guidance for testing nuclear power
plant containment systems for leakage rates. These documents include the general
revision to 10 CFP, Part 50, Appendix J; the regulatory guide affiliated with the
revision to Appendix J; the national standard that the regulatory guide endorses,
ANSI /ANS-56.8, " Containment System Leakage Rate Testing Requirements"; and the
draft industry Licensing Topical Report, " Standardized Program for Primary
Containment Integrity Testing." The actual or potential relationships between
these documents are also explored.

CURRENT STATUS - SUMMARY

1. General revision to the rule, Appendix J: Under review by the Commission
for issue as a final rule [Ref.1].

2. Companion regulatory guide endorsing ANS-56.8: Part of general revision
package; will only be . issued as part of the general revision of Appendix J
[Ref. 2].

3. ANSI /ANS-56.8, " Containment System Leakage Testing Requirements": The 1987
issue is being revised [Ref. 3].

4.~BWROG Licensing-Topical Repnrt (LTR): On hold until #1, 2, and 3 are final
[Ref. 4].

BACKGROUND

JLu_Lg

Appendix J of 10 CFR Part 50 was issued as a proposed rule on August 27, 1971,
published as a final rule on February 14, 1973, and t,ecame effective on March 16,
1973. Since 1973, the NRC has issued two limited amendments to this Appendix.
The first amendment modified the Type B (penetration) test requirements,
particularly the frequency of testing during periods of heavy air lock usage.
It conformed the rule to what had become accepted practice through the granting
of exemptions, that is, testing of airlocks every third day instead of after each
use during periods of frequent use. This amendment was published for comment
-January 11, 1980, published as a final rule September 22, 1980, and became
effective October 22, 1980. The second amendment incorporated the Mass Point
statistical analysis technique into the NRC's regulations as a permissible
alternative to the " Total Time" and " Point-to-Point" techniques specified in

~ Appendix J. Tne Mass Pcint technique had already come into widespread use for
reducing leakage rate test data to a leakage rate. This second amendment was
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published for comment - February 29, 1988, and published as Tn immediately
effective rule on November 15, 1988 [Ref 5].

The current general revision of Appendix J will provide greater flexibility in
applying alternative leakage rate test requirements necessitated by variations
in plant design and will reflect acceptable changes in regulatory requirements
resulting from:

Experience in applying the existing requirements,*
_ Advances in containment leakage rate testing methods,*
Interpretive questions,*

* Simplifying _the text,
Various external / internal comments since 1973, ando
Exemption requests received and approved.*

Related Recul3 tory Guidg

A regulatory guide entitled, " Containment System Leakage Testing" also will be
-issued. It contains specific guidance on acceptable leakage rate test methods,
procedures, and analyses that may be used to implement the requirements and
criteria of 10 CFR Part 50, Appendix J.

This guide is based on the 1987 ANSI National Standard ANS-56.8, " Containment
System Leakage Testing Requirements," that details a consensus state of the art
in containment leakage rate testing procedures and data reduction and analysis.
The ANS standard is being endorsed in the guide rather than the rule. This
approach limits the rule to test criteria and leaves endorsement of test
procedures and statistical data reduction techniques to a guide that can be
revised as the testing technology changes. The guide and the ANS standard it
endorses only become requirements when a licensee commits to its use,

Public Coments on the ProDosed Rule and Reculatory Guide

The proposed rule was published for comment in the Federal Reaister on October
[

29, 1986. Regulatory Guide HS 021-5 was published for comment on October 28,
1986.

i

During the 6-month public comment period, 45 letters were received addressing !
L either the rule or both the rule and the regulatory guide. An additional 8 i

i letters were-received addressing only the regulatory guide, for a total of 53
comment letters.

The final rule and regulatory guide differ from the proposed rule and guide. A
comparative text for comparing the proposed and final rules will be available to

| aid in rapidly identifying the differences. A Comment Resolution Memo will be
.available_ for each document that explains the NRC staff's disposition of the
comments received. Supporting documents, which sort and describe the comments
received, will-also be provi1ed. Copies of these documents will be sent to all
who mailed in comments. A copy of each of these documents will be placed in the
NRC Public Document Room.

._

The following discussion highlights the more signifiunt comments on the proposed
rule and 'also presents a summary of major modifications to the proposed rule.
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.(ontainment isolation valve definition. Because of concerns expressed for older,
pre-General Design Criteria plants, this definition was revised to distinguish

.between plaats that are or are not requ9ed to conform to Appendix A, " General
Design Criteria," to 10 CFR Part 50.

tiaximum/ minimum oathway leakaae definition. The maximum and minimum pathway
. definitions have been explicitly incorporated and used in this revision. It is
expected, however, that applying these definitions to complex piping systems will
continue to require clarifying discussions. It will not be possible to cover all
permutations of piping and valve configurations that exist at containment
boundaries.

Reduced-oressure test ootion. Numerous comments recommended retaining this
option largely for economic reasons. However, there is universal agreement that
one cannot extrapolate a leakage rate from a reduced-pressure test to a leakage
rate under full pressure. Therefore, this option is being discontinued as not
technically viable.

Pneumatic testina of valves. Allowing testing of valves with fluids other than
air ' or nitrogen was requested. The NRC believes that this approach is not

' conservative and has not expanded the test mediums beyond air or nitrogen.

Tvoe A. B. and C- test freauency. Based on comments received and a potential
trend.from 18-month toward 24-month refueling cycles, the wording in the rule has

.been revised to provide greater flexibility in this area. Essentially, the
principle of testing frequencies is as_ follows: For Type A tests, every other
refueling outage; for -Type B and C tests, every refueling outage. However,

-

because of variations in refueling cycles (including some that are still annual;,
a time limitation is being used in the final rule.

Tvoo A test-duration. Although the final rule still reflects a minimum 8-hour
duration, based on_ prior statistical evaluations and past discuFions on ANS-
56.8, several commenters believe that 6 hours is sufficient and will save money.

flistina exemotions. Addressing concerns expressed by utilities during the rule
revision process, wording has been included in the final rule that " Specific
exemptions to previous versions of this rule that have been formally approved by
the NRC, according to 10 CFR 50.12, are still applicable unless specifically
revoked _by the NRC."

"As found" acceptance criteria. In 1987, there was considerable resistance to
determining how badly a component leaked before its leakage was reduced to an
acceptable "as left" value. Now, however, based on an ongoing dialogue between
the NRC staff and plant owners, a better understanding has developed of the value'

of the concept as well as the need for practical limits on the application of the'

concept.. This dialogue continues in order to refine details of applying the
concept in a rational manner.

A number of comments were received expressing concern over how the "as found"
leakage rate testing is intended to be applied under this revision. Some
commenters erroneously believed that every single modifkation, repair, or
replacement of a penetration or valve, regardless of relen ace to containment
integrity, would require an "as found" test Paragraphs IV.A and B have been
reworded to clarify that the intent of- the regulation is to require both "as
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found" and "as lef t" testing only when the work has a potential effect on the ;

containment system leakage rate. The NRC staff has stated its philosophy on the
'

existing rule with regard to as found leakage rate testing to be that as found
testing is broadly required for all actions that have a potential impact on
containment eakage rate. Exceptions to this are being defined for those
instances v' .ce obtaining further leakage performance information on a covonent
has no pracacal value, or where the cost, in financial or radiological exposure
terms, of obtaining the infor . tion is demonstrably out of proportion to the -

safety value obtained from such information. These exceptions, however, will
continue to ba reviewed by the NRC staff and agreed upon on a case-by-case basis
as they are identified.

101hnical specification references. A number of comments recommended that t

documentation of bases and alternatives not be ..in the Technical
Specifications. .," but ". . .in De licensee's Appendix J Program. . . ." The reason i

. was that efforts have been under way to remove excess material from the Technical :

Specifi*ations. However, acceptance of this recommendation would significantly ,

diminist NRC .ontrol over critical elements of this safety-related testing
program, and this recommendation was not adopted.

Reportina. Comments have been received on duplication in reporting of failed
Type B and C tests with reporting of the events under the Licensee Event Report
(LER) syste'= Paragraph VI.A. has been revised to address this issue. Type B
and C tests summaries continue to be reported in the next Type A test report
filed with the NRC. However, failed Type B and C tests must also be reported in
a more timely manner. -

This is currently under review by the Commission.Backfit Conclus .

ANSI /ANS-56.8

American National Standard ANSI /ANR-56.8-1987, " Containment System Leakage
Testing Requirements," is currently M :g reviewed by the ANS-56.8 Committee for
updating and revision. The NRC draft regulatory guide on this rule revision
endorses-the 1987 issue of ANS-56.8. It is the intent of the Commission that,
if and when this national standard is revised and reissued, the NRC regulatory
guide endorsing the standard will also be revised to reflect the Commission's
position with regard to the acceptability for use in the licensing process of the
most current published issue of that standard.

LiCIDJina Topica! Report

The draft Licensing Topical Report (LTR), " Standardized Program for Primary
Containment Interity Testing," [Ref. 4) was developed in draft form by the
80111% Water Reactor Owner's Group (BWROG), and was also discussed with the NRC
staff -during its development. - The Nuclear Management- and Resources Council

- (NUMARC) is understood to- be planning to make this an industry-wide guidance
document. Since it was drafted to be consistent with the-general revision to
Appendix J and ANR-56.8, it has been on hold untii both documents have been
completed.

The BWROG did a fine job in developing this LTR, and is to be commended for the
effort put into-it. The NRC staff has encouraged, and continues to encourage,
the development of standardized containment leakage testing practices throughout
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the industry. This document can be a very useful aid in achieving this goal.
Ilowever, it is also important to look closely at the number and relationships of
the various documents with which people conducting such tests must deal. With
a regulation, regulaiory guide, and ANSI National Standard providing requirements
and guidance, what would be an ;ppropriate role for this LTR7

One possibility would be to consider its use as a standard, in-house utility
procedures manual that implements the requirements and guidance of the other
three documents. While conforming to them, it would also provide additionalo

detailed procedural guidance at a level that would not be routinely reviewed by
the NRC. It would be presumed to be in accord with Appendix J and the NRC's <

endorsement of ANS-56.8. The LTR would not then be viewed as a regulatory
document, eliminating the resources both sides would need to have it reviewed,

.

approved, and maintained. The NRC would focus its regulatory attention on the
requirements of Appendix J and on the commitments to use of ANS-56.8 as endorsed
by tha NRC. This would fulfill safety needs and minimize regulatory involvement
in procedural details. _It would also keep the testing program standardized so
that it would be generically useful to the industry as a whole, and to the NRC,
keeping the testing program from disintegrating into myriad, unique, site-
specific containment leakage rate tests.

M GM15.10B

St>tn

At the time of writing, the Commission has not concluded its review of the final '

rule revision and the associated regulatory guide, the ANS-56.8-1987 standard is
undergoing revisicn, and the BWROG LTR is being held until Appendix J and ANS-
56.8 are rev ned.

Relationshio

Appendix J to 10 CFR Part 50 is the principal regulatory document and it is
mandatory. _ lts requirements take precedence over all the other - documents
discussed here. The revised Appendix J will identify additional guidance to be
used by a licensee in implementing Appendix J's requirements.

ANSI /ANS-56.8,- to the degree endorsed by the NRC's regulatory guide, is an
acceptable means of implementing the-requirements of Appendix J, but it becomes
mandatory only when committed to by a licensee. The Standard provides useful,
more detailed guidance than Appendix J on how to conduct a containment leakage
rate-test.

-

The BWROG c'raf t LTR is an even more detailed procedural document on how to '

conduct containment leakage rate tests. It should provide consistent procedural
guidance from test to test, when' the -test intervals (2-5 years) may be long
enough for testing personnel to change ~ or long enough' for the remaining test
personnel to need reinstruction.

All three documents have their own complementary roles to play in ensuring a
consistent, useful, and efficient check on the proper leakage performance of the
containment system boundary.
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ANSI /ANS 56.8 STANDARD COMMITTEE STATUS REPORT

Jnmes P. Glover
Cor%mealth ICdison Company

Ahtntd
'

This report discusses the major changes being made to the 1987 version of ANSI /ANS-56.8,
" Containment System Leakage Rate Testing Requirements". A brief history and current status
of a related document NEDO-31722, "Standardnation Program for Primary Containment
Integrity Testing" is also presented. The possible relationship between these two documents and
the draft revision of 10 CFR 50 Appendix J are outlined.

.

IIACKGROUND
The requirements for testing the primary reactor containment system are specified in 10CFR 50
Appendi). J, " Leakage Rate Testing of Containments of Light-Water Cooled Nuclear Power
Plants". Appendix J references ANSI 45.4-1972 '). 'Ihe regulation speci!ies that all Type At

testing must be conducted in accordance with the provisions of that standard.

ANSI 45.41972 is for all practical purposes an obsolete standard. It specifies use of the Total
Time, Point to Point and even the Reference Vessel Methods for Type A testing. The3e methods
are almost never used for currents tests. Since Appendix J directly references ANSI 45.4-1972,
the industry is required to follow that version of the standard.

The proposed revision to Appendix J[2] do:s not reference any ANSI standard. Instead, it is
intended to be used with a companion technical document. Regulatory Guide MS 021-5[3] was
written for this purpose. This guide, with specified exceptions and additions, ~Jorses

ANS/ ANSI 56.8-1987(4].

By not referencing a specific technical document in the regulation. the NRC gave itself the
flexibility to more easily update and keep the technical guidance document current. Although,
an additional effect of not referencing a specific document was to leave open the possibility for
a licensee to reference documents other than the Regulatory Guide and ANSI Standards in their

- Appendix J program submittals.

Tile DRA13' INDUSTRY TOPICALJ1EPORT
in 1986,-a revised version of Appendix J and the Regulatory Guide were issued for publie
comments. The Boiling Water Reactor Owners Group,(BWROG) formed a Subcommittee for
the purpose of formulating and submitting a joint BWR response to the proposed regulations.
Overall, the group's(and the industry's) comments on the regulation and the Regulatory Guide
were very negative.

The most common objections to the Reg Guide and the standard were that these documents
required costly actions with no appreciable payback in terms of safety. The ANSI standard
specified techniques which were good practices, although were not tasks that should be
requirements.
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The llWROG subcommittee expanded its original charter to include the writing of a Topical
Report on containment leakage rate testing. This document was intended to be used in place of
the Regulatory Guide / ANSI Standard combination.

The philosophy taken in writing this document was to take an objective engineering approach
to the standardization and clarification of the containment system leakage rate testing program.
This report was written by station personnel who administer containment leakage rate programs
and perform the testing. The result of a that effort is llWROG report NEDO 31722[5). This
document was reviewed and endorsed by 20 BWR utilities.

While NEDO-31722 was written by and for BWR type plants, it is with minor modifications also
applicable to PWRs. In order to increase the scope of applicab:hty of this document, it was
given to NUh1 ARC for modification and subsequent release as a containment system testing -
document applicable to both BWR and PWR piants.

'

NUh1 ARC established an Ad Hoc Advisory Committee (AHAC) to modify the BWR Owners
Group Document and also to address the pending revision to Appendix J. The AH AC is intended
to provide support for the development of industry positions and to provide an interface with the
NRC to identify and resolve issues of concern.

IMAIT Cil ANGES TO ANSI /ANS 56.81912,

In June of 1990, the 56.8 committee reconvened and determined that a major update of the 1987
standard was required. This update would make the Standard a document more suitable for use
as a requirement, be in general compliance with the proposed Appendix J, and address as many
Reg Guide issues as possible so as to minimize or eliminate exceptions and additions to the
standard.

As of April 1992, the major changes in the draft ANSI Standard relative to the existing 1987
version are as specified below.

lustrumentation Selection Guide,(ISG) For The Type A Test Instrumeritation System Was
,

| Eliminated
The ISO formuh. tion was defined in the 1987 ANSI Standard as a means of determining the'

ability of a Type A test instrumentation system to measure the integrated leakage rate of a
- primary reactor containment system. This rather long formulation is labor intensive to calculate
either by hand or by computer. It was noticed that if all of the Type A test instrumentation
specifications and requirements already contained in the standard were-met, then the ISG criteria
was automatically satisfied. For this reason, the requirement to calculate this parameter was

( eliminated.

The Extended ANSI hiethod Was Added To The Standard
The 1987 version of ANSI /ANS 56.8 allowed for the performance of an eight hour Type A test
utilizing the hiass Point method. The Regulatory Guide took exception to the standard on this

' issue and required that for a Type A test to be successful, two additional criteria be met. These
criteria place restrictions upon the magnitude of leakage rate curvature and dry air mass scatter.
The application of these two acceptance criteria to the hiass point hiethod is referred to as the

|
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t

Extended ANSI /ANS Method. '

t

A widely held view was that these additional criteria did nothing to improve the quality of Type '

A testing and added the burden of complex computer code and procedure modincations. There
exist numerous alternative methodologies which have been documented to yield comparable or
even superior results.

For the sake of siinplifying the regulations by reducing the number of exceptions in the
Regulatory Guide to the Standard, and because these addition criteria are thought to not pose any

'

signincant difficulty in passing an Integrated Leakage Rate Test,(ILRT), it was voted to include
the Extended ANSI /ANS Method.

The Standard's formulation-for calculation of the acceptance criteria is presented in a much
simplified form. These new equations have been verified to yield thr same results as those

,

specined in the Regulatory Guide.

The Correction Of LLRT Results For Instrument Error Was Dropped
9e 1987 version of the ANSI Standard requires that all measured Type B and C test results be
corrected for instrument error. The statistical method prescribed was technically correct and
good engineering practice. Although,if all of the instrumentation speci6 cations and requirements -
for Type B and C testing equipment in the standard are followed, the magnitude of this error
is very small.

The value of a plant's allowable leakage is based upon Part 100 Post-LOCA offsite dose
calculations. These in turn are based upon many broad assumptions which have a high degree
of uncertainty built-in to them. Weather conditions, filter ef6ciency, source terms etc are very
dif6 cult paranieters to accurately quantify. Due to this uncertainty, estimates of their values are
made in a .very conservative manner. The elimination of. the small correction for LLRT
instrument error, and the station labor required to perform these calculations was determined to
be prudent.

Definitions -;

i Additional deGnitions associated with local leakage rate testing were added. All definitions were
reviewed for compatibility with those contained in the proposed Appendix J.

Increased Amount of Information On LLRTs
The concepts and methodology for calculating Maximum and Minimum Pathway leakage rates
were added to the standard.-The concept of As Found and As Left leakage rates were also
added. More specific guidance is given on the puforinance of LLRTs and the addition of LLRTs

.

as penalties to the Type A test results.

Mnjor Changes To The Section On Instnnuentation
The section of the Standard on instrumentation was extensively modined. ILRY and Local
Leakage Rate Tests,(LLRTs) instrumentation has in the past been very specialized equipment.
The rewrite intended to modify the Standard so that this equipment is specified and instrument
parameters denned in a manner consistent with the mainstream instrumentation industry.

- 575 -

--. . . - - . . . .. - -. .. .. - - - , . . , ,,..-.



_ _ - - _ _ _ _ _ _ _ _

Due to the recent use of relative humidity sensors to measure humidity, specifications for these

sensors were added.

The calibration interval specifications were dropped, leaving it up to the licencec's Instrument
Quality Assurance Program to properly determine those intervals.

In-Situ checks were replaced with pretest checks. This requires the licencee to check sensors
shortly before the ILRT, after the fmal connections have been made. This change eliminates the
impractical task of checking the sensor in the actual location in containment where it is to be
used. In large PWit type containment with 150' domes, in-situ checks were especially difficult.

The instrumentation accuracy, resolution and sensitivity speciGcations were relaxed. This
allowed them to be measured and denned in a way standard to the instrumentation industry and

-

to be met by existing instrumentation on both an As Foand and As left basis. The ability to
accurately measure the desired magnitudes of containment leakage rate were not signincantly
affected by these changes.

Type A Test Data itejection Criteria Clarified And imprmed
The 1987 standard allowed for a maximum of 60 containment dry air mass points to be reviewed
for outliers. The new revision allows for up to 100 points to be examined. This is more typical
of the number of points actually expected in a Type A test. The text discussing data rejection
philosophy was added to and improved.

Calculation Of Total Containment Dry Air Mass
The calculation of total containment dry air mass and intermediate parameters were shown in [
more detail. New features include a dew temperature / vapor pressure correlation and a Ril,
temperature / dew temperature correlation for use with RH sensors. Also, a method of correcting
the total containment dry air mass for changes in total containment free air volume due to water
level changes is given.

Modifications To The Standard To '\ lake it Compatible With The Proposed Itevision To
Appendix J
- The interval between the preoperational and the first periodie Type A test is now required to

not exceed three years.

- The Type A test schedule was decoupled from the 10 year ISI schedule. The interval between
periodic tests may be as long as four years, with a 25 % margin subject to a 3.25 times limiter
on any three consecutive tests.

- The requirement to perform to a reduced pressure preoperational Type A test was eliminated.
Also, the option to perform reduced pressure periodic Type A tests was dropped.

- The acceptance criteria for the As Found Maximum Pathway leakage was changed from
0.75La to La.
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t

- The maximum Type A retest interval was changed from 18 months to 30 months for units on
accelerated schedules.

- The Type A test pressure was allowed to drop by up to 4% below Pa during the Type A
test.

It is significant to note that the proposed Appendix J prescribes that the total As Found
hiaximum Pathway leakage rate be used for comparison against the 0.6La criteria. The 56.8
committee felt strongly enough against this position so as to retain their view in the standard that
this leakage should be calculated on a hiinimum Pathway basis.

1311111ENT STAIIE
Following completion of this revision to the Standard, it is currently planned to modify and

' issue the NUh1 ARC document. This would now serve as a detailed technical supplement to the
Standard, rather than an alternative to it.

?!is believed the major changes to 56.8 have been completed, and a final dit.ft will soon be sent
though the ANSI review process. After the final draft of the standard is comptried, work on_

the NUhiARC document may begin, so as to assure compatibility.

All of the above actions are based upon the proposed Appendix J being approved. If this were
to not occur, then both the ANSI standard and the NUh1 ARC report would require
considerable rework.
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INDUSTRY CURRENT AND FUTURE PLANS
FOR IMPLEMENTATION OF PROPOSED REVISION OF

10 CFR EART 50. APPENDIX J. CONTAINMENT LEAK RATE TESTING |

BACKGROUND

\

The NRC has proposed revision of the Containment leak rate testing
5requirements as specified in 10 CFR Part 50, Appendix J, Leakage Rate Testing

of Containments of Light-Water Cooled Nuclear Power Plants, as described in
documents released to the NRC Public Document Room on January 10, 1992. It is
our understanding that this proposed revision of Appendix J reflects the staff
disposition of public comments that is in process of review by the
Commissioners. The industry has maintained a continuing dialogue with the NRC
through public forums such as interactions of the BWR NSSS Owners Group, the
ANS 56.8 Committee, Containment Leak Rate Test Work Shops and, since 1991, as
a generic issue through NUMARC/NRC mettings. This dialogue has positively
contributed to a communication and understanding of methods and issues that
can facilitate containment leak rate testing. The industry's review of the
proposed Appendix J revision indicates that resolution of certain aspects of
the revision could further reduce contamination, exposure and unnecessary use

-of resources without any reduction in the health and safety of the public.

Ef10MifBDED CHANGES TO THE PROPOSID APPENDIX J REVISION

NUMARC, in a letter to the NRC dated Hay 13, 1992, recommended that the
following requirements of the proposed revision to Appendix J be addressed
prior to Commission approval and issue for implementation:

LOCAL LEAK RATE TESTING DURING NAN A TYPE OUTAGES - INTEGRATED LEAK RATE
1ESTING (ILRT)

The NRC proposes to require as-found testing of all
containment penetrations and valves during every outage even if
the penetration or~ valve has no history of degradation or failure.
Unnecessary increased exposure, contamination and cost result.
The industry proposes to perform as-found testing on penetrations
and valves during ILRT cycle outages based on established criteria
acceptable to the industry and the NRC. During non-ILRT outages,
the focus should be on valves and penetrations whose performance
during as-found testing indicates leak testing is needed during
the next test interval, it is estimated that this approach would
avoid unnecessary testing of 70% of the valves and penetrations
during outages in which Type B and C testing is required, yet test;

| all valves and penetrations during the Type A test (ILRT) cycle.
|

| MINIMUM VS. MAXIMUM PATHWAY AS F0MND LEAKAGE

For all sets of in-series valves, the NRC proposes to
require licensees to include the greater of the leakages of any
two in-series valves in the calculation of the as-found aggregate,

leak rates (this methodology is commonly referred to as maximum
pathway leakage rate basis). Since the as-found actual leakage
rate of both in series valves is known, the smaller leakage rate
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of the two valves is the proper leakage rate for calculation of
total leakage rate (this methodology is commonly referred to as
minimum pathway leakage rate basis). Although highly
conservative, the industry accepts the maximum pathway leakage
-rate of 0.60La as an appropriate target for As-left leakage prior
to restart from an outage.

REPORTING OF AS-FOUND LLAKAGE GREATER THAN 0.6La

The NRC's criterion for reporting as found leakage for Type
b and C testing. is inconsistent with its approach in establishing
criteria for reporting as found leakage for Type A testing and is
not technically justified. Under technical specification and
Appendix J criteria, failure reporting is not required for Type A
ILRT unless leakage exceeds 1.0La (note the allowable as left
leakage rate is established as 0.75La to allow for operating cycle
changes). In the proposed NRC revision to Appendix J. Type B and
C testing establishes as lef t allowabin leakage as 0.60La but
after an operating cycle requires reporting of as found leakage in
excess of 0.60La. The NRC appears to add this requirement as an
indication of t6 9 effectiveness of maintenance and not because a
0.60La leakage level is necessary to provide assurance for public
health and safety. The ' 0La criterion is already very
conservative and is being reconsidered by the NRC as an
opportunity to alleviate unnecessary regulatory burdens that do
not ensure public health and safety. The current area of
consideration addresses isotopic release concentrations.

RETENTION OF BN-TOP ILRT HETHODOLQ_Gl

During Type-A ILRT of the containment and after
stabilization, utilities have often been able to complete
containment testing within 6 hours and have been able to verify

-test instrumentation adequacy within 4 hours of completing the 6
; hour test period through the use of the previously accepted BN-

|
TOP testing methodology. The NRC proposed revision eliminates
this option by imposing no less than 8 hour and 4 hour increments

| respectively. The cost to the industry is critical path off-line
increased hours. In addition, the requirement for a BN-TOP
stabilization period of one-hour between the containment test and
the instrumentation verification test is unnecessary and could be
omitted. This deletion would be consistent with the NRC currently
proposed approach for mass point testing. Although it is
recognized that BN-TOP testing may be allowed, it is recommended
that this option be specifically allowed in the rule, accompanying
Regulatory Guide or a revision of ANS 56.8.

REGULATORY GUIDE ENDORSEM WI 0F ANSI /ANS 56.8-

|
'

The purpose of the Appendix J proposed revision is to
clarify requirements, minimize the-need for waivers and facilitate
field interfaces and enforcement. In order to achieve this
objective the rule is tied to the 1987 version of ANSI /ANS 56.8
standard that do'es not adequately provide implementation guidance.
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Some portions of the existing ANSI /ANS 56.8 are contrary to the
existing licensing basis of some plants, for example, one
utility's FSAR specifies different testing / controls for test,
vent, and drain (TVD) valves than does the current revision of -

ANSI /ANS 56.8. The proposed revision to Appendix J should be
implemented when the changes to ANSI /ANS 56.8 have been developed
and incorporated into a revision of the standard. The Maintenance
Rule has been issued without a regulatory guide; but, has been
issued with a clear milestone that additional guidance will be
developed and finalized by June 1993. A similar approach is
warranted relative to the implementation of the proposed revision
to Appendix J. A schedule that includes a commitment for
resolution of the ANSI /ANS 56.8 issues should be established. The
NRC has indicated it will consider endorsing a revision the
ANSI /ANS 56.8 when it is completed.

ADDITIONAL FID(IHLITY IN TEjLEIRIODICITY CONSISTENT Wi1H GL 89-14

The NRC requires Type B and C tests periodicity not to
exceed 3.25 times the scheduled test interval although waivers are
allowed on the merits of the request. This requirement was
deleted for technical specification surveillances in accordance
with GL 89-14. To promote consistency and since no basis was
provided to support the need for different time intervals, it is
recommended that Appendix J test intervals be treated the same as

'

the surveillance test addressed in NRC GL 89-14.

REQUIREMENTS FOR MAINTAINING CONTAINMENT TESJ_PRESSURJ

The NRC proposes a requirement in Appendix J, Section
' Ill.A.5 that, "...the Type A test pressure must be within 4
- percent of Pac at the start of the-test, but must not exceed
containment design pressure and must not fall more than 4 percent
below Pac for the duration of the test, not including the
verification test." The October 29, 1986 version of the rule,
which is the current industry practice, requires that, "the Type A
test pressure must be equal to or greater than Pac at the start of
the test, but must not exceed containment design pressure and must
not- fall more than 1 psi below Pac for the duration of the ' test,
not including the verification test." The new rule relaxes the
acceptable-Type A test pressure band for high pressure containment
designs (greater than 25 psig) and tightens the band significantly
-for low pressure containment designs such as ice condenser PWRs
and some BWRs. For example, the acceptable band for a 10 psig
containment is 10.4 psi; whereas, the acceptable band for a 50
psig containment is i 2.0 psi. A 0.5 to 1.5 psi pressure drop can
normally be expected during the temperature stabilization period
followed by another 0.3 to 1.0 psi pressure = drop during the. leak
rate test. -Since the starting test pressure following the

'

temperature stabilization period is often difficult to predict,
the i 4 percent pressure band requirement is too restrictivs for
low pressure containment designs. It is recommended that criteria
be established that establish the allowable pressure drop to be
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within either a i four percent band or 1 psig, whichever is
greater.

INSTRUMENT TEST FAILURE NON-EFFECT ON TYPE A ILRT RESULTS

A clarification is needed of Section Ill.A.7 to specify that
a failure that occurs during a verification test because of a
testing deficiency does not constitute a failure of the Type A
test. The purpose of the verification test is to confirm that the
instrumentation and data acquisition systems can detect leakage.
Although the test is not concluded successfully and retest is
required, the containment leak rate criteria are not failed unless
a valid test demonstrates unacceptable leakage.

JNTERPRETATION OF ONE INCH NOMINAL PIPE SIZE ATTACHMENTS

Section IV.E. has been changed to disallow deferral of Type
A testing for modifications that result in welds attaching ,

penetrations whose outside diameter exceed one inch. The original
criterion was greater than one inch nominal pipe size. Any one
inch nominal pipe size penetration will exceed a one inch outside
diameter. The change in wording from nominal to outside diameter
will force more frequent application of the requirement for a
standard integrity test wi;hout a valid technical basis for the
change.in requirement. It is recommended that the original
criterion remain unchanged.

&QDITIONAL FLEXIBILITY ALLOWANCE FOR EXTENDED OUTAGE PERIODS AND
REPORTING

in the proposed revision the NRC already has allowed test
frequency deferral if containment integrity is not required as
would be the case for a utility that is an extended outage period.
In par; graph B.3(a) on page 44 at the end of the second sentence,
the same qualification that is allowed in paragraph Ill.A.3(c) on
page 38 should be added

in paragraph VI. A.2 on page 51, additional flexibility could
be provided to utilities if the first two lines were changed to ,

read as follows: ... reported to the Commission in a manner I"

specified in Section 50.4 not later that 3 months after the
failures occur if operating or 3 months after the outage in which
they occur. As indicated above, as found leakage should not be
considered a failure on the basis of 0.60La criteria.

INDUSTRY PLANNED CONTINUlD_JHLERACTION WITH THE NRC

We look forward to continued interaction with the NRC on the i~ssues I
have just discussed.- In addition, we will continue to work on implementation
of any revisions to the rule. The industry expects that the above issues will
be considered by the NRC Staff and Commission in the near future.

t
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I
CONTAINMENT PENETRATIONS - FLEXIELE METALLIC LELLOWS

TESTING, SAFETY, LIFE EXTENSION ISSUES

James A. Brown Greg A. Tice
NUTECH Engineers !RTTECH Engineers

Abstract

The performance and long term operational integrity of containment systems and
components is being challenged as many of the world's nuclear plants progress
into the second half of their design lives. As time in service increases, so
does the likelihood of component degradation and failure. By observing-trends
in containment degradation, pottential weaknesses can be anticipated and
corrected, minimizing interruptions in operations, increasing safety and i

-improving the plant's - life extension outlook. One such trend, affecting
containment penetration-flexible metallic bellows that are subject to cyclic
loading,.is beginning to appear in some BWR plants.

Although the overall performance of flexible metallic. bellows penetrations has
appeared to be acceptable for approximately 20 years, aging and. degradation of
these components has been recently identified. Corrosion and f atigue mechanisms
have lead to cracking and subsequent leakage through the stainless steel bellows
elements. Although periodic testing in accordance with 10CFR50, Appendix J.has
been performed, fabrication features of some expansion joint assemblies has made
it difficult to collect reliable leakage rate data. In fact, recent observations
suggest that it is not possible to perform valid local leak rate testing of two-
ply bellows elements,

This paper presents a description of efforts made to characterize the nature and
significance of the penetration degradation observed. Field pressure testing and
laboratory examinations are discussed, as well as evaluations to determine leak
areas and leakage rates. Crack growth from both corrosien and fatigue mechanisms
are examined, and methods for predicting remaining useful life are discussed.
The repair and replacement methods employed will be summarized as well as the
testing performed to demonstrate replacement effectiveness.

BACKGROUMD

The GE Mark I containment systems at several BWR units employ cirr:tlar flexible
metallic bellows at specific penetrations in the drywell. They are designed to
isolate drywell motions, resulting from ; thermal and pressure transients that
occur during normal operation and postulated accident conditions,-from piping
components and the reactor building structures that support them. Depending on
the application, espansion joints are designed to accommodate varying degrees of
freedom and amounts of motion or displacement. The most commonly used
configuration, the universal expansion joint, permits axial, lateral and angular
displacements acting simultaneously.1These terms describe the motions that one,

| end of the bellows assembly may make relative to the other end and the main axis
of'the-penetration. Other joint designs, such as those that limit axial and
angular displacement but permit lateral motions, are also used.

The bellows assemblies discussed in this paper were fabricated using two plies-
of stainless steel' sheet material, rolled and formed together into their final
configuration. The small annulus between the inner and outer plies is connected
to tubing fitted to permit. periodic . pressure testing for leakage detection.
Initially, such pressure testing dit. covered very little, if any, leakage. -- Af ter
approximately 15-years of operation, however, increrses in leakage rates have

-been observed.

Since then, several bellows elements have been replaced to eliminate known
leakage paths and reduce the primary containment system's total integrated leak
rate. - The removed components were subjected to metallographic examinations as
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past of root cause investigations. The flaws thereby identified have been
attribut ed to t ranh-granular stress corrosion cracking (TG5CC)

several methods, including testing, analysis and modelling have been used to
evaluate the observed degradation. The value of tracking integrated leak rate
test (I LRT) data and how this information can be used to assess " safety
significance" has been demonstrated by practical application. In addition to
metallographic testing, f racture mechanics techniques have been used to estimate
crack growth per unit of time, the results of which are used for predictive

Finite elemet.t modelling coupled with flow calculations have been usedpurposes.
to predict leakage rates for a wide range of flaw sites. Finally, by integrating
the results of these various ef f orts, a long term inspection and replacement
program can be developed to proactively address bellows degredation issues.

C9ME9EElE_ PEE M E HQM

The Mark I primary containment drywell vessel is a stand alone steel structure -

around which the reactor building, consisting primarily of reinf orced concrete,
is constructed. Penetrations of various sizes are built into the drywell vessel
shell to permit electrical connections, process piping, instrumentation,

personnel and equipment to communicate between reactor vessel system components
inside and the balance of plant systems outside. A typical penetration consists
of a reinf orced opening in the vessel shell with an integrally welded nozzle or
" sleeve". This penetration sleeve may or may not form part of the process pipe.
Usually, larger diameter sleeves and those designed for the passage of high
energy pipes are configured as free-ended nozzles, which are connected to the
process pipe by a flexible metallic bellows assembly as shown in Figure 1.

Penetration sleeves can vary in length from a few feet to ten feet or more.
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Drywell penetration flexible metallic bellows are cylindrical in cross section
and incorporate one or two thin-walled corrugated stainless steel elements. Most
bellows assemblies are the " universal type" -which incorporates two sets of
corrugated elements with a short section of straight pipe between them (this is
the type depicted in Figure 1). The . corrugated elemente themselves may be
constructed using one or two layers or " plies", usually of an austenitic
stainless steel material. Two ply bellows elements.were intended to provide a
means by which the assembly could be tested for leak tightness, Leak tightness
could be demonstrated by the introduction of gas as a test medium between the
plies.which would then be monitored for pressure decay or make up flow rate. It )is this design feature that is of particular interest in this paper.

1

Flexible metallic bellows penetrations were typically manuf actured as an assembly
in the supplier's factory. The assembly would consist of the bellows elements
themselves, two or three pipe spools pieces depending on the type specified, test
taps (fittings) for connection with in plant systems, and protective covers or
guards intended to shield the bellows elements from mechanical damage. The
various components are joined by welding and those joints forming part of the
pressure boundary meet the ASME rules for metal containment. The materials used
to f abricate the spool pieces were generally. selected to match the materials to
which they would be joined in the field. The protective covers were usually made
from sheet metal formed into a cylindrical sleeve of sufficient inside diameter - ;
to permit the full range of bellows movements without coming into contact with
them. . The covers are held in place by mechanical fasteners * angle clips welded
to one of the end spool pieces, and prevented f rom contat. ang the bellows by
" bumper # spacer bars welded to the other end spool piece.-

,

The bellows elements themselves are fabricated from thin gauge (approximately
0.05G") stainloss steel sheet metal. The sheet metal is first roll0.030" -

formed into a tube and the longitudi*al joint autogenously welded in a special
welding machine made for this purpon These tube " blanks" are made long enough
for subsequent axial collapse resulting f rom convolute forming, and of a diameter
approximately equal to that of the finished elements. .The tube blanks are then

. pre formed by selective expansion (using hydrostatic pressure and/or mechanical
force) in local _ circumferential zones that will subsequently become the
convolutes. Finil forming of each convolute is accomplished by rolling the
pre formed tube between rotating opposing dies whose spacing and degree of ,

engagement can be varied until the desired convolute shape is achieved. Two ply
bellows are fabricated in the same fashion except that two tube blanks are fitted
one. inside the other. The space between the two plies is generally kept as small ,

as practical to assure uniform inner ~ and outer ply convolute shape. In some
-cases a wire mesh was " sandwiched" between the inner and outer plies in an
attempt to assure that an annulus was maintained throughout the entire bellows
surface.

The ends of each bellows element assembly was formed.into a straight " cuff" and-

trimmed square to the bellows axis. This cuff was fit into recesses machined
into the I.D. of the pipe spool pieces,- in effect forming a socket type
connection. The end of - the. recess was typically beveled such that when the
bellows element cuff was inserted a single bevel groove joint was formed. When

~ thia joint was welded, both p?ies would be velded to each other and to the spool-
-pieces, forming both the containmcnt pressure boundary and a testable' annulus
between the inner and outer plies. A test tap fitting was then seal welded to
an opening'in the outer ply which provided access to the annulus.between plies.
The outer _ ends : of the : pipe . spool pieces were machined for standard V. groove
preparations.

At the plant construction site, this assembly was fit and welded to either the
flued head process pipe fitting or to the drywell nozzle. The process pipe with

- intes, 'l flued head fitting was then inserted into the drywell nozzle and aligned
: to . be coaxial with the nozzle. The final closure weld between the bellows
aseembly and either.the flued head fitting or the drywell nozzle was then
r cavleted.. - Tubing would be subsequently field routed and connected to the test
ups. -Although installation tolerances were provided, it was generally intended -
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,

that the bellows penetration assemblies be installed in the ' neutral * position,
such that it was not subjected to initial displacement due to misalignment,

DJgIGN CONSIDERAT1Q]ig

Flexible metallic bellows penetrations are used to accommodated the relative
i motion between process pipes and the primary contr.inment vessel resulting from

thermal expansion and pressure displacement. The GE primary containment vessel
(drywell) as a abulb shaped" steel structure consisting of spherical and

- cylindrical sections. The drywell is considered f ree to move under pressure and
thermal loads except where it is fixed at the base where a support skirt bears
both the drywell and reactor pressure vessel components, Internal pressure and'

. thernal expansion result in radial and vertical movements of the drywell vessel
! shell. The drywell vessel is enclosed in reinforced concrete for biological

shielding, protection from external (environmental) forces and lateral restraint
from seismic loads. _ A gap between the steel shell and the concrete shielding was
formed by the application of polyurethane foam batting to the vessel external,

| surface before pouring the concrete to allow for unimpeded drywell expansion,
| -A schematic of the drywell vessel geometry is depicted in Figure 2.

i

i

{--
'l. y\. g\ Y.p[
7

II. I' l l|lITT"

[ [1 l'I'l 11116 l_ATEllAL
. .. . ip1p DISP 1,ACEMENT

_.

- "M | AX1AL
EMD " -+ DISPLACEMENT(0)

_ _ . _ _ _

4

'

' TYPICAL
- ^

PENETRATION
v m

| t 6) 6

I
,
' L,.73

1 '\i|
-p- . g .4.. .

m i\ \\ %-

\ \ i NNi

r- -

- N l
(2) )

'

L .n!|y
~

{) f^: g y

[ b.i''f|'*
- VESSEL f. _r ; x

h'EFERENCE , 'g' e SUPPORT ! /
3 '

.. i

/ -I"~C''1:LEVAT10N - _ ' . . -

.

-

l

I

Figure 2. Mark I Drywell Vessel Geometry

Drywell movements result in bellows axial and lateral displacements. The bellows
displacements are derived f rom penetration nozzle movements at particular drywell

- 586-

,, .- , .. _ . - -. _ . . - . - ... - . - -.- - _. _ --- --_-__- _ - .



...

elevations. P1, ess pipe movements would also be expected to result in relative
displacements. However, high energy lines and other process piping using bellows
assemblics, are typically anchored at the flued head resulting in negligible
movement attributable to the pipe. Drywell shell movements are calculated with
respect to a fixed reference point (i .e. the vessel pedestal) . Typical resulting
drywell penetration displacements at various elevations are depicted in Table 1
(see Figure 2 f or relative locations) .

.- w

Penetration Elevation (ft.) Axial Lateral I

No. (f rom Ref erence Dinplacement Displacement
Elevation) (in.) (in.)

1 14'-0* 0.82* 0.25"

2 21'-0" 0.04" 0.40"

3 39'-0" 0.84* 0.7B"
_

4 40'-0" 0.70" 0.97"

5 65'-0" 0.57" 1.20"

6 81'-0" 0.56" 1.49"

Table 1. tycical Displacements Relative to Elevation

The bellows assemblies are designed for normal operating conditions (NOC) and
boss of-Coolant-Accident (LOCA) conditions. The NOC is based on the pressure,
temperature and drywell movements that occur during nortnal operation of the
plant. Cycling between cold shutdown and NOC occurs many times during the
plant's service life. In addition, loads resulting f rom periodic pressure
testing (ILRT) stress the bellows elements many times during their design life.
LOCA design conditions, derived from a postulated double-ended rupture of a
large bore reactor coolant pipe, are considered a one-time event. Typical
conditions for which bellows assemblies are designed are summarized in Table 2

_ ._

Parameter NOC LOCA

Drywell Pressure (psig) 2 62
_

Drywell Temperature (*F) 150 350

Test Pressure (psig) 48 -
"

Axial Dieplacement (in.) x ic xun /m

Lateral Displacement (in.) ymc ynn
_

Table 2. Typical Design Conditions

As indicated earlier, process pipes routed through drywell penetrations
incorporating flexible metallic bellows are typically high energy lines.
Therefore, the potential for line break within the penetration must be
considered. Guard pipes are positioned around the process pipes and welded to
the flued head fitting to permit escaping process fluid to be vented back into
the drywell should such a rupture occur. In some installations, jet deflectors
are also attached to the ends of the guard pipes just inside the drywell to
deflect jet streams from inside the drywell entering the penetrations.

Flexible metallic bellows are typically designed using the analysis and criteria
established in the Expansion Joint Manuf acturer's Association (EJMA) Standards.
The design of a particular bellows assembly is r.ffected by numerous variables
including diafneter, thickness, convolution pi Nh and height, number of plies,
method of reinforcement, manufacturing technique, material and material heat
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In typical installations of new bellows assemblies, initial LLRT ve" es are zero
or very small . Trending of LLRT data at some domestic BWR plants i icates that

-

these leak rate values remain stable for a period of time, sugges. w 3 that the ,

condition of the bellows ele.nents has remained essentially unchanged. After a
iperiod of approximately 5 to 15 years, an increase in leakage rates has been '

- observed at some of the drywell penetrations (see Figure 3). Initially, these
leakage rates tend to increase linearly with time, indicating that whatever is
causing the rates to change is progressive, and that future leakage rates can be
projected. Predictability is a necessary attribute for planning the required
corrective actions which usually have a significant impact on plant operating and
maintenance schedules.

In a number of cases the recorded LLRT data shows a tendency for rates to flatten
out over time (as shown in Figure 3). In some cases the reported leakage rates
actually begin to reduce af ter reaching a maximum value. These results are
counter-intuitive and were initially attributed to ongoing improvements in ,

techniques and instrumentation which tended to correct over-estimation of actual '

Icakage rates made in the past. A recent discovery at an operating domestic BWR
generating plant - suggests that certain features of two-ply bellows elements
impose limits on the degree of leakage rate accuracy attainable.
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Figure 3. LLRT Flow Rato vs. Time

This recent case was initially discovered during performance of an Appendix J
Type "A" ~ test -- prior to start-up of the unit following a regularly scheduled
ref ueling outage. During pressurization, a worker heard the hissing sound of gas
escaping through an orifice. Since the sound-was coming from the drywell vent

. penetration area,- the - bellows protective cover was removed to pennit visual-

inspection 'of - the _ bellows assembly-. The leakage was readily . identified an
emanating-from an apparent crack approximately one inch -long -in one of the

-bellows elements. Since the bellows appeared to be stable and the crack showed
no evidence of - growing, . the penetration was monitored and the pressure test
completed.

The most recent LLRT data for the affected penetration had been collected earlier
during , the - refueling outage and indicated a leakage rate of approximately 6,

i

| ' standard cubic feet per hour (sefh). Since this particular penetration has no

|-
process pipe running through.it, a flange had previously been installed on the

| ~
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a proven Type B test can be implemented, the following procedure to test and-
evaluate bellows should be considered. Two-ply penetration bellows elements
would be locally pressurized (between the plies) to detemine if leakage exists.
Those bellows that exhibit leakage greater than a small, minimum threshold value
would then receive progressively rigorous inspections according to the following
steps:

(I) If a tellows demonstrates a leakage rate above the minimum
threshold, it would be locally pressurized with helium. The outer
ply would be tested for the presence of helium as an indication of

'

leakage through the outer ply. Since both the inner and outer plies
ate qualified primary containment boundaries, no further inspection
is required if thu e is no leakage through the outer ply. If helium
leakage is detected through the outer ply, inspection proceeds to
step 2.

(2) If helium leakage is detected through the outer ply, then the inner
ply would be tested for the presence of helium. If there is no
leakage through the inner ply then no "urther inspection is
required. If helium leakage is detected through the inner ply,
inspection proceeds to step 3.

(3) If helium leakage is detected through both the inner and outer
plies, then the bellows protective cover would be removed and the
outer ply examined by PT and/or, af ter pressure was again introduced
between the plies, a soap bubble " snoop" test performed. All
observed flaw indications would be measured and mapped.

(4) All crack indications would then be evaluated to estimate current
and projected leakage rates. This review would include a structural
assessment of the bellows with regards to critical flaw size.
(These considerations are described below in SAFEIY SIGNIFICANCE )

(5) Those bellows failing to meet the established acceptance criteria
would be replaced.

These steps, the actions they require, and the options they present are further
described below in LIFE EXTENSION ISSUES, Figure 6.

LAFETY SLQ)ilflCANCR

Metallurgical examinations of several bellows elements have been performed over
- the past few years. Samples of failed belicwa elements become available when the
original components are replaced to restore cor.tainment boundary integrity.
Various specimens have been examined using metallography, scanning. electron
microscopy (SEM) , - and energy-dispersive x ray spectroscopy. In all - cases,
failure of the bellows was attributed to through-wall transgranular stress
corrosion cracking (TG4CC). Crack propagation appears to be from the inner
surface of the inner ?ly to the annulus ~between the plies. Once through the
inner ply, cracking Jegins on the inner surface of the outer ply propagating to

'its outer surface.
>

Analysis of residues collected from the inner surf ace of bellows elements removed
from service has revealed the presence of small amounts of fluoride, chloride and.

= sulfide compounds. Inspection of the inner surface of the inner bellows also
suggests that the penetrations have had small amounts of standing water in them
'at some time (or on several occasions) . It has been suggested that the corrosion
causing compounds may have originated in welding electrode coatings which were
transported to the bellows elements and adjacent surfaces by the smoke liberated
during welding. This material would then have been concentrated on the bellows
elements by water.from condensation, hydro-spray cleaning operations, or other
sources.

The combined effect of contact with materials corrosive to stainless steel and
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|

| sleeve inside the drywell which is intended for mounting a blind flange to
facilitate periodic testing of tle containment isolation valve outside of the ,

drywell. After the ILRT was completed, the blind flange was installed and the'

i volume between it and the containment isolation valve was pressurized such that |
both plies of the bellows were again challenged f rom the inside, in effect

'

' -

,

sett4ng up a ' local Type A" test. This permitted determination of the leakage
; attribu*td to the bellows only, which resulted in a measured leakage rate of '

; approximately 137 scfh. Although this rate met Appendix J acceptance criteria,
the bellows elements were immediately replaced with components of similar design.

|
'

The large difference between the previously obtained " inter-ply" LLRT results and ,

the " local Type A" test rate was confirmed by connecting leak rate testing
instrumentation directly to the penetration's test port. In an effort to ,

determini if the bellows configuration may have contributed to the disparity, a r

small (approximately 1/4" diameter) hole was drilled through the bellows elements |

at a point furthest away from the test port. Re-testing showed that the leakage,

j rate increased by approximately 1 scfh. Drilling another hole in the bellows
; elements near the test port only increased inter-ply LLRT leakage by [

approximately 2 scfh. ;

As previously discussed, the annulus between the inner and outer plies of two-ply ;

I bellows elements is kept small during manufacture to aid in subsequent forming '

operations. Two ply bellows elements that have been removed from service and -

sectioned along the bellows longitudinal axis reveal that the spacing between ,

plies can be reduced by forming cperations to virtually an interference fit (as *

I shown in Figure 4). This extreme proximity inhibits the flow of test medium and ,

severely limits inter-ply LLRT capability to accurately measure leakage rates.
It is this limitation that has led to the conclusion that it is not possible to a

'perform a valid Type B LLRT on this type of bellows assembly. It also explains'

why in some cases measured leakage rates reach maximums, beyond which little if |
;

any further increase occurs, regardless of changes in flaw geometry.
'

'

i
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Figure 4. Section of Two Ply Ballows Elemente
,

Although flow rate of the test medium is apparently impeded by the cwo-ply
bellows element design, it is nevertheless capable of challenging all surfaces
exposed to it. In other words, inter ply LLRT is still an effective leak
detection method, but not a reliable leak rate measurement method. Thus, until

4
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bellows elements cubjected to plastic strain during manuf acture and service could
lead to the types of flaws observed. Normal cyclic displacemer.t may also

.Introduce fatigue as a crack growth mechanism, although the low frequency of I

operating deflections suggestr that fatigue is likely a minor contributor to
crack growth rates.

Since inter-ply LLRT cannot provide accurate leakage rate information, and not |all penetrat. ions can currently be isolated such that a " local Type A" test can
be performed, method to estimate leakage rates through various known flaw sizes
is needed. Ont. 'ethod used to accomplish this is to approximate the geometry of
crack like orifit es and then calculate gas flow rates through them. In an eff ort
to account for thu f act that bellows elements are subjected to internal pressures
during testing that tend to expand the bellows radially and force tight cracks
to open slightly, a finite element model is used to simulate such a system's
response to pressure loads las shown in Figure 5). The resulting crack
gecmetries are used to describe the orifice for pneumatic flow calculations which
are adjusted to reflect empirical data obtained on known flow rates through known

;
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Figure 5. Cracked Bellows Finite Element Model

In evaluating the service suitability of bellows with known flaws, it may also
become necess'sry to consider what maximum size flaw or combination of flaws is
acceptable. A fracture .echanics evaluation of critical flaw size during design
basis accident conditions can establish limits on permissible flaw F ' re (s) to
astaure that uncontrolled crack growth during accident conditions car. 4t occur.
Since access for inspection to most bellows penetrations is limited to refueling
outages, it is also necessary to estimate the rate at whien flaws may grow over
tim.. Both TGSCC and f atigue f actors should be considered when estimating crack

.

growth rates, and applied to observed flaw sizes for the amount of time that will
elapse until the next inspection becomes possible. T;.e resulting projected flaw
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nize is then compared to the critical flaw size to confirm that the bellows are'

structurally sound for the service period.

M11 E1 TEN 11_QN.1SQt]EQ-

When determining whether given bellows elements are suitable for conticued
nervice, or when ovaluating appropriate corrective actions, a logical sequence
of actions and decision points can be conr4tructed as a guide. One example of
such a process is depicted in the logic diagram shown in Figure 6. The

application of such guidelines is necessary for asouring conoistency and
thoroughness when evaluating useful life and planning replacement activities.
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The fundamental repair methodology for failed two ply tandem type flexible
metallic bellows is replacement. Since the original bellows elements were fomed
from single, seamless pieces of cylindrically shaped stainless steel sheet, thebellows elements usually cannot be replaced with identical units without
necessitating disassembly of the process pipe and its supports. For this reason,
the existing bellows elements of the expansion joint assembly are removed by

)mechanical means and the existing spool pieces are reused in the repaired
assembly. The replacement design concept utilizes single-ply elements that are
longitudinally split into two " clam shell" halves and assembled in situ. Local

|1eak rate testability can be restored by installing an additional single ply
bellows assembly just outs.fde of the containment boundary bellows.

Variations of this type of replacement concept have been previously used in the
petroleum and process industries. For primarf contaitunent boundary applications,
two concentric single ply bellows, which may be made of stainless steel, nickel
alloy or other suitable material, incorporate longitudinal field welded seams to
form complete bellows elements. A typical example of this concept is shown in: Figure 7 Circumferential field welds are then made to complete the pressure
retaining boundaries. The inner bellows, which form part of the containment
boundalw are subject to drywell normal operating and accident conditions on its i

inner surface and leak rate test environment on its outer surface. The outerbellows, which can be designed to act only as a test apparatus or as a redundant
containment pressure boundary, is exposed to leak rate test environment on its
inner surface and reactor building ambient conditions on its outer surface.
Clearance between the inner and outer bellows elements is maintained by the
ut11iration of a series of " standoff" rings, the height of which is determined
such that no contact between the bellows can occur during all operating, accident
and testing conditions. Maintaining this clearance also assures that future LLRT
results are accurate since no test medium flow restrictions exist.
Although this corrective action concept results in replacement of the failed
bellows elements, existing penetration assembly components are reused and the
replaced components incorporate new longitudinal welds. For this reason, the
replacement design should be qualified by prototype testing in accordance with
Code Case N-315 of the American Society of Mechanical Engineers. This Code Case
requires that the repair be qualified on a full scale facsimile bellows to
simulate the production replacement. The facsimile is then subjected to fatigue
testing (by displacement through a prescribed distance and number of cycles) and
proof testing (by pneumatic or hydrostatic pressurizat-ion) . Following testing,
the repair welds are then examined by liquid penetrant (PT). The objective of
prototype testing is to demonstrate that the replacement bellows have sufficient
resilience to operate (maintain their pressure retaining integrity) for the
remaining design life of the plant from the time of the replacement.
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Figure 7. Dellows Replacement Configuration
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Alll9ihRJ

Primary containment flexible metallic bellows elements are designed to isolate'

drywell movements f rom penetrating components and have successfully performed
this function while maintaining containment leakage integrity. Bellows long-term
performance is now being challenged as many nuclear plants progress through the
second half of their design life. In order to assure that bellows continue to
perform their intended function, reliable leak rate testing is necessary, and
when problems are found, effective corrective action is required.
Recent experience suggests that accurate determination of leakage rates through
inter ply pressurization of two ply bellows elements may not be possible due to
geometric constraints on test medium flow._ Although Type A testing challenges
the entire containment system boundary, it-is important to know the contribution
* testable" seals, valves and penetrations make to the integrated leak rate.
Various methods can be used to obtain required LLRT data, however, replacement
with a system fully capable of producing reliable test results may ultimately be
the best . solution. In our efforts to maintain the highest saf ety and reliability
performance standards, we must endeavor to understand, and appreciate, the
details.

Asknowledgam_ ant

The authors would like to express their appreciation to Messrs. Paul Berg, Scott
Pape,- Chris Johns and Dave DeGrush from NUTECH Engineers for their help in
preparing this paper.

!

i

|

- 594 -

_._ . _ _ _ . . . _ , _ . _ . _ _ _ _ . _ . . - - . . _ , . _ . . _ , _ . _ _ _ _ . . . - . _ _ . _ . _



. . - _. _ _ _ _ _ _ _ _ _ _. _ _ _ . _ _ _ _ _ . -

AGING OF CONCRETE CONTAINMENT STRUCTURES
IN NUCLEAR POWER PI, ANTS *

Dan J. Naus and C. Bany Oland Bruce Ellingwood and Yasuhiro Mori
Oak Ridge National Laboratory (ORNL) The Johns llopkins University

Oak Ridge, TN 378318056 2400 N. Charles Street
Baltimore, Maryland 21218

E. Gunter Arndt
United States Nuclear Regulatory Commission (USNRC)

Washington, D.C. 20555

Abstraci

Concrete structures play a vital role in the safe operation of alllight water reactor plants in the
'

U. S. Pertinent concrete structures are described in tenns of their importance, design
considerations, and materials of construction. Degradation factors which can potentially impact
the ability of these structures to meet their functional and performance requirements are
identified. Current inservice inspection requirements for concrete containments are summarized.
A review of the perfonnance history of the concrete components in nuclear power plants is
provided. A summary is presented of the Structural Aging (SAG) Program being conducted at
the Oak Ridge National Laboratory for the U. S. Nuclear Regulatory Commission. The SAG

- Program is addressing the aging management of safety related concrete structures in nuclear
power plants for the purpose of providing improved bases for their continued service. The
program consists of a management task and three technical tasks: materials property data base,
structural _ component assessment / repair technologies, and quantitative methodology for
continued service conditions. Objecuves and a summary of accomplishments under each of
these tasks are presented.

INTRODUCTION

Ilistory tells us that concrete is a durable material. However, a number of factors can
compromise its perfonnance, singly or in combination: (1) faulty design, (2) use of unsuitable
materials, (3) improper workmanship (4) exposure to aggressive environmer.._, (5) excessive
ntural loads, and (6) accident conditions. Furthermore, aging of nuclear power plant concrete
wntainment structures occurs with the passage of time and has the potential, ifits effects are not
controlled, to increase the risk to public health and safety. Many factors complicate the affect of
aging on the residual life of the concrete containment structures in a plant. Uncertainties arise
due to the following: (1) differences in design codes and standards for components of different
vintage; (2) lack of past measurements and records; (3) limitations in the applicability of time-
dependent models for quantifying the contribution of aging to overall structure, system, or

0Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory
Commission under Interagency Agreement 1886 8084-5B with the U.S. Department of Energy
under Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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component failure; and (4) inadequacy of detection, inspection, surveillance, and maintenance
methods or programs [l1 ;

Within the nuclear power industry, factors which affect the performance of the concrete'

strectures due to aging or environmental stressors have become the subject of significant !>

,esearch in the last few years [2-4]. This interest is prompted by the need to quanufy these
effects in tenus of potential loss of component integrity or function and :o support current or
future condition assessments in association with requests to continue the service of nuclear
power plants. Since certain concrete structures play a vital role in the safe operation of nuclear
power plants [5-8], guidelines and criteria for use in evaluating the remaining structural margins
(residual life) of each structure are needed. Standardized review guidelines for near-tenn i

evaluation of operating license renewal applications may be required as early as the mid-1990's, ;

when utilities are planning to submit initial requests.

CATEGORY I CONCRETE STRUCTURES

Desien Considerations
.

Category I structures are those essential to the function of the safety-class systems and
components, or that house, support, or protect safety-class systems or components, and whose
failure could lead to loss of function of safety-class systems and components housed, supported,
or protected. In addition, these structures may 5.erve as barriers to the release of radioactive
material _ and/or as biological shields. The basic laws that regulate the design (and construction)
of nuclear power plants are contained in Part 50 of Title 10 of the Code of Federal Regulations

-(10CFR50) 19), which is clarified by Regulatory Guides, Standard Review Plans, NUREG
reports, etc. " General Design Criteria" of A pendix A to 10CFR50 requires that structures, -

?

systems, and components important to safety siall be designed, fabricated, erected, and tested to
quality standards commensurate with the importance of the safety functions to be perfonned.
" General Design Criteria 2" requires that the structures important to safety be designed to ,

withstand the effects of natural phenomena (e.g., eanhquakes, tsunamis, hurricanes, Goods,
seiches, and tornados) without loss of capability to perform their safety function. " General
Design Criteria 4" requires that structures important to safety be able to accommodate the effects
of and to be compatible with the environmental conditions associated with normal operation,
maintenance, testing, and postulated accidents including loss-of-cooling accidents. Fun iennore,

these structures must be appropriately protected against dynamic effects including the effects of
missiles, pipe whip, and Gooding that may result from equipment failures and from events and ,

conditions outside the nuclear power facility. Section 111, Division 2, Subsection CC, of the
- American Society of Mechanical Engineers Boiler and Pressure Vessel Code (ASME/ACI 359),
first published in 1975, contains current rules for the design of concrete containments. Prior to
1975, concrete containments were designed and constructed to codes and standards developed by
the American Concrete Institute such as ACI 318 [10] Code requirements for nuclear safetp
related concrete structures other than containments and reactor pressure vessels are contained in
ACl 349111].

31atetids of Cmistruction -

Ct.tegory I concrete structures are composed of several constituents which, in concert, perform
more than one function, i.e., load-carrying capacity, radiation shielding, and leak tightness.
Primarily, they include the following material systems: concrete, mild steel reinforcement,

. prestressing steel, and ' steel liner plate.'

The concrete typically used in nuclear safety-related structures consists of Type 11 portland
cement, fine aggregates, water, various admixtures for improving propenies or performance of
the concrete, and either normal. weight or heavyweight coarse aggregate. Type 11 portland
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cement has been used because of its im? roved sulfate resistance and reduced heat of hydration
relative to the general purpose or Type ; portland cement. Coarse aggregate consists of gravel,
crushed gravel, or crushed stone, For those concrete structures in nuclear power plants which
3rovide primary (biological) radiation shielding, heavyweight or dense aggregate materials (e.g.,
Jarites, limonites, magnetites, ilmenites, etc.) may have tx en used to reduce the section thickness
requirements needed for attenuation.' The hardened concrete typically provides the
compressive load capacity for a structure. Design 28-day compressive strengths for the
concrete materials utilized in nuclear power plant structures have typicahy ranged from 21 to
41 MPa depending on the application.

Most of the mild, or conventional, reinforcing steels used in nuclear power alant structures to
provide primary tensile and shear load resistance / transfer consist of low-a loy carbon steels
rolled or drawn into standard sizes and shapes. The surfaces of the reinforcing steel are either
smooth (plain) or are provided with deformations (lugs or protrusions) to increase bond strength.
The mimmum yield strength of this material ranges from about 270 to 415 MPa, with the
415-MPa material being most common. Conventional reinforcing steel also encompasses
welded wire fabric, deformed wire, bar and rod mats, and all accessory steel components used in
positioning / placing the reinforcement, e.g., seats, ties, etc.

A post-tensioning system consists of prestressing tendons, which are installed and tensioned
using jacks and other devices and then anchored to hardened concrete. A number of containment
structures utilize steel prestressing tendons to provide primary resistance to tensile Ic? dings.
Three major categories of prestressing systems exist depending on the type of tendon ut.lized:
wire, strand, or bar. These materials typically have mimmum ultimate tensile strengths mnging
from 1035 to 1860 MPa. The tendons are installed within are11 aced ducts (conduits)in the
containment structure and are post tensioned from one or yota ends after the concrete has
achieved sufficient strength. After tensioning, the tendons are anchored by buttonheads, wedge
anchors, or nuts, depending on the prestressing system udlized. Corrosion protection is provided
by filling the ducts with corrosion inhibiting gret.se (unbonded) or portland cement grout
(bonded). With the exception of Robinson 2 (bar tendons) and Three Mile Island 2 (strand
tendons), plants that have post-tensioned containments utilize unbonded tendons. A few plants
have used txmded rock anchor tendons, e.g., Ginna and llellefonte.

Leak tightness of reinforced and post-tensioned concrete containment structures is provided by a
liner system. A typical liner system is composed of steel plate stock less than 13-mm thick,
joined by welding, and anchored to the concrete by studs, structural steel shapes, or other steel
products. The pressurized water reactor (PWR) containments and the " dry well" portions of
boiling-water reactor (BWR) containments are typically lined with carbon steel plate. The liner
of the " wet well" of boiling. water reactor containments, as well as that of the ligbt-water reactor
(LWR) fuel pool structures, typically consists of stainless steel plates. Certain LWR facilities
have used carbon steel plates clad with stainless steel for liner members. Although the liner's
primary function is to provide a leaktight barrier, it also acts as part of the formwork during
concrete placement and is used for suppo-ing intemal piping and equipment.

Description of Catenorv I Corerete Structures

A myriad of concrete cructures are contained as a vital part of an LWR facility to provide
support, foundation, shielding, and containment functions . Table 1 piovides a general listing of
safety-related concrete structures in LWR plants.

* App!Latmns of heavyweight concretes primarily have been associated with research reactors.
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*
Table 1. Representative LWR Safety-Related Concrete Structures

Primary Containment /Basemat intake Structure
BWR Reactor Building Cooling Tower
PWR Shield Buildin ; Spray Ponds
Containment Interna Structures Utility or Piping Tunnels

D rt of Turbine Building (Category 1Auxiliary Building a

Components)
Control Room / Control Building Auxiliary Feedwater Pump llouse
Diesel Generator Building Switchgear Room i

Fuel Storage Facility Unit Vent Stack
Tanks and Tank Foundation Radwaste Building

. _ _

* Source: " Class 1 Structures License Renewal Industry Report," NUM ARC 90-06, Nuclear
Management and Resources Council, Washington, D.C., June 1990 (draft).

The names and configurations of these structures vary somewhat from plant to plant depending

= Primary containment construction types utilized in the U.S. gineer firm and owner pr ,ference.
on the nuclear steam supply system vendor, architect-en

melude: veel (PWR ice < ondensor,
PWR large dry, BWR pre-MK, BWR MK 1, BWR MKil, anu BWR MK 111), reinfore :d concrete
(PWR ice condensor, PWR large dry, PWR subatmospheric, BWR MK 1, BWR MK11, and BWR
MK 111), and post-tensioned concrete (PWR large dry and BWR MKil). As noted in Table 2, a
reinforced or post-tensioned concrete material system has been selected as the primary
construction type for over 60% of the LWR plant containments in the U. S. For the remainder of
the plants which utilize steel primary containments, reinforced concrete is relied upon for
fabacation of many of the safety-related stmetures (see Table 1). More detailed descriptions of
the primary containments and other safety-related concrete structores are provided in Refs. 7,8,
12,13, and 14.

Potential Det'radation Factors -

The longevity, or long-term perfonnance, of Cats concrete structures is primarily a
function of the du;4bility or propensity of these struc .s to withstand potential degradation
effects.- Over the life of a nuclear power plant, changes in the properties of the structure's
. constituent materials will in all likelihood occur as a result of aging and environmental stressor
effects. These changes in properties, however, do not have to be detrimental to the point that the
structure has deteriorated and is unable to meet its functional and perfonnance requirements. In
fact, it has been noted that when specifications covering concrete's production are correct and are
followed, concrete will not deteriorate [15]. Concrete in many structures, however, can suffer ,

undesirable degrees of change with time because of improper specifications, a violation of l

specification, or environmental stressor or aging factor effects. Table 3 sununarizes primary
mechanisms (factors) which can produce premature deterioration of reinforced and post-
tensioned concrete structures. Reference 16 presents a good summary of potential degradation of
reinforced and post-tensioned concrete structures in nuclear power plants in tenns of locations,
mechanisms, indications, potential problem areas, failure modes and examination
methods / remedies, More detailed discussions of the potential degradation mechanisms are
provided in Refs. 6-8, and 12,
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Table 2. LWR Containment Distribution by Construction Type

Construction

Plant Containment Reinforced Post-Tensioned Total

Type : Designation Steel Concrete Concrete

BWR' Pre - Mark 1 1
- -

Mark 1 22 2 24-

- Mark 11 1 5 2 8
i Mark III 2 2 - 4
~

PWR Large Dry 9 11 42 62
- Ice C<mdenser 8 2 10-

Sub-Atmotpheric 8 - 8-

i

INSERVICE INSPECTION RE6BIREMENTS
,

- Licensing and regulation of the nuclear industry in the U.S. is the responsibility of the USNRC
under the provisions of the Atomic Energy Act of 1954, the Energy Reorganization Act of 1974,
and the National Environmental Policy Act. Title 10, Part 50 of the U.S. Code of Federal
Regulations (10CFR50) requires that safety-related nuclear systems and components, including -

containments, comply with specific editions a9 addenda of the American Society of Mechanical
Engineers Boiler and Pressure Vessel Code (ASUE Code). General Design Criteria in Appendix
A of 10CFR50 specifically require containments to be designed to permit: (1) appropriate
periodic inspection of all important areas, such as penetrations; (2) an appropriate surveillance
program; and (3) periodic testing at containment design pressure of the leak tightness of
penetrations which have resilient seals and expansion bellows. Appendix J, Primary Reactor
Canuainment Leakage Testing for Water-Cooled Power Reactors, of 10CFR50, prescribes
periodic leakage testing requirements for containmenu to ...sure that leakt.ge does not exceed
allowable leakage rate values as specified in the plant technical specifications, and that periodic
surveillance of penetc tions and isolation valves is performed. Section XI of the ASME Code
provides rules for inservice inspection of nuclear power plant components. Before use is
mandated in the U.S., specific editions and addenda of Section XI (also Section JII) must be

xapproved by the USNRC (paragraph 55a to 10CFR50).

USNRC Reentatory Guides for Inservice Insnection

Regulatory Guides (RGs) are issued by the USNRC to provide guidance for practices acceptable
to the USNRC for nuclear-related activities. Pertinent guides include RG 1.35, Inservice
Inspection of Ungrouted Tendons in Concrete Containments, its companion RG 1.35.1,
Determining Prestressed Forces for inspection of Prestressed Concrete Containments, and
RG tl27, inspection of Water-Control Structures Associated with Nuclear Power Plants.
ASME Section XI Code Cases acceptable to the USNRC are contained in RG 1.147, Inservice
Code Case Acceptabilityfor ASME Section XI, Division 1.
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Table 3. Degradation Factors That Can impact Category 1 Concrete Structures
,

Material Degradation Primary
System Factor Manifestation

Concrete - Chemical attack
Efflorescence and leaching Increased porosity
Salt crystallization Cracking
Alkali-aggregate reactionsa Volume change / cracking
Sulfate attack Volume change / cracking
Bases and acids Increased porosity /

eroson

Physical attack
Freeze / thaw cycling Cracking /spalling
Thermal exposure / Cracking /spalling

thermal cycling
Irradiation Volume change / cracking

- Abrasion / erosion / cavitation Section loss
Fatigue / vibration Cracking

Mild Steel Corrosion Concrete emcking/
reinforcement spalling

Elevated temperature Decreased yield
strength

Irradiation Redu ed ductility
Fatigue Bond loss

Prestressing Corrosion (including microbiological) Reduced section
Elevated temperature Reduced strength
Irradiation Reduced ductility
St'ess relaxation Prestress force loss

,

Liner / Structural Corrosion Section loss
steel

alaclud,:s reactions of cement aggregate and carbonate aggregate.

ASME Code Reauiremtnts for Inservice Insoection

: Section XI, Subsections IWE and IWL of the ASME Code address requirements for preservice
examination. inservice _ inspection, leakage testing, repair and replacement for metallic and
concrete containments, respectively. At present, neither Subsection IWE nor Subsection IWL
has be n endorsed by the USNRC.

Subsection IWE, althout,h it was developed primarily for metallic containments, applies to steel
liners andateel portions not backed by concrete for concrete containments and their integral
attachments. Additional rules for preservice examination and inservice inspection, leakage
testing, repair and replacement of containments and for other portions of a nuclear plant are
contained m Subsection IWA, General Requirements. Subsection IWE requires periodic leakage
tests as specified in Appendix J of 10CFR50 during which a general visual examination of the
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entire containment boundary (e.g., liner of concrete containments) is required prior to each Type
A containment integrated leak rate test (three tests required in each ten year inspection interval).

Subsection IWL includes rules for the preservice and inservice examination of concrete pressure-
retaining shells and shell components and for unbonded post-tensioning tendon systems, tendons,
and anchorages. Preservice examination requirements for concrete include a general visual'
examination of the ,:ntire exposed concrete surface including painted or coated areas. For
unbonded post-tensioning systems, the preservice examination includes documentation of the
construction records, e.g., tendon tensioning date, initial tendon seating force, h) cation of any
terdon system defects such as missing or cracked buttonheads, and the product designation for
the corrosion inhibitor. A general visual inspection of all exposed portions of the concrete
surface, including painted or coated areas, tendon anchorage assembly hardware, and bottom
grease caps of all vertical tendons, is required at 1,3, and 5 years following completion of the
initial Strc V O mity Test (ISIT) and every 5 years thereafter, With minor exceptions, rules,

for inser- u of unbonded post-tensioning systems in Subsection IWL closely parallel-

the rect remenci 1.35 and 1.35.1. For inspections at 1,3, and 5 years after the ISIT,4 %#

of tb ipule 4 , group (vertical, hoop, dome, and inverted U) of tendons is selected
rand < m of four tendons from each group (sample size from any group need
not (, .. atter, if no abnormal degradation of the post-tensiomng system is
indicat ze may be reduced to 2 % of the population of each group, or five
ter.dow vss, provided at least three tendons are inspected for each group. One
tendon h. .aup should be kept unchanged after initial selection for use as a control
(common) tendon during each inspection. For each tendon inspected, lift-off tests are performed
to determine tendon force. One sample tendon fron each group is detensioned, and a single wire
or strand removed for examination and testing, e.g., corrosion, mechanical damage, tension tests,
etc, in addition, samples of corrosion protection medium are analyzed for reserve alkalinity,
water content, and concentrations of water soluble chlorides, nitrates, and suindes.

Additional information on ASME Code rules for inservice inspection of both concrete and steel
containm:nts is provided in Ref.17.

PERFORM ANCE IllSTORY OF CATEGORY I CGNCR ETE STi{UCTURES

In general, the performance of concrete materials and structures in nuclear power plants has been
good. This to a large degree can be attributed to the effectiveness of the quality control / quality
assurance programs in detecting poteatial problems (and subsequent remedial measures) prior to
plant operation [18]. - However, there have t.een several instances in nuclear power plants where
the capability of concrete structures to meet future functional / performance requirements has
been challeitged due to problems arising from either improper material selection,
construction / design deficiencies, or environmental effects. Examples of some of the potentially
more serious instances include anchorhead failures, voids under vertical tendon bearing plates,
dome delaminations, and corrosion of steel tendons and rebars. Other problems such as the
presence of voids or honeycomb in concrete, contaminated concrete, cold joints, cadweld (steel

- reinforcement connector) deficiencies, concrete cracking, higher than code-allowable concrete
temperatures, materials out of specification, misplaced rebar, lower than predicted prestressing
forces, post-tensioning system buttonhead deficiencies, water contaminated corrosion inhibitors,
water intrusion'through basemat cracks, low tensile strength of post-tensioning tendon wire
material, leaching of concrete in tendon galleries, and leakage of corrosion inhibitor from tendon
sheaths also have been identined [7,12,19,20). These documented problems, if not discovered,
could potentially compromise integrity of the structures during an extreme event or exhibit
synergistic effects with any environmental stressors or aging factors present.
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SIl{UCTURAL AGING PROGEMI

While the performance of safety-related conciete components in nuclear power plants has been
reasonably good, there is a need for improved surveillance, inspection testing, and maintenance
to enhance the technical bases for assurances of continued safe operation of nuclear power plants ;

. throughout any extended continued service period. Results of a study [12] conducted under the
NRC Nuclear Plant Aging Research (NPAR) Program 121) were utilized to help formulate the .

Structural Aging (SAG) Program which was initiated in 1988. The S AG Program has the overall ,

objective of preparing a handbook or report which will provide the NRC license reviewers and
licensees with the following: (1) identification and evaluation of the structural degradation
processes; (2) issues to be addressed under nuclear power plant continued-service reviews, as
well as criteria, and their bases, for resolution of these issues; (3) identification and evaluation of
relevant inservice inspection or structural assessment pmgrams in use, or needed; and (4)
methodologies required to perform current assessments and reliability-based life-predictions of
safety-related concrete stmetures To accomplish this objective, the S AG Program is addressing
the sources of uncertainty identified earlier with respect to detennination of the residual life of
safety-related components or structures. - Structural Aging Program activities are conducted
under a management task and three major technical task areas: (1) materials property data base,
(2) structural component assessment / repair technologies, and (3) quantitative methodology for
continued service detenninations.

Procram Manacement

The overall objective of the program management task is to coordinate the technical tasks that
address priority structural safety issues related to nuclear power plant continued-service
applications. Primary management activities include: (1) program planning and resource
allocation, (2) program monitoring and control, and (3) documentation and technology transfer.
Under the first of these activities, a five year plan was prepared [22], and 12 subcontracts related
to meeting objectives of the technical task areas have been implemented. The program
monitoring and control activity primarily addresses the preparation of management reports,
annual technical progress' reports (Ref. 23 presents the most reccut information), and
participation in NRC information meetings. The major emphasis under this task has been related
to documentation and technology transfer actions. These actions have included: preparation of

.42 technical reports and papers,41 formal technical presentations, and participation in 11
national or international technical committees. Technology exchange at both the national and
internatior,al levels has been very active with 89 domestic and 98 foreign organizations having

,

| been contacted.
|
'

Materials Pronerty Datn Hase
,

| -

! The objective of the materials property data base task is to develop a reference source which
! contains data and infomiation on the time variation of material properties under the influence of
I pertinent environmental stressors and aging factors. This source will be used to assist in the

prediction of potential long-term deterioration of critical structural components in nuclear power
plants and to establish limits on hostile environmental exposure for these structures, i.e. establish
component service life or improve the probability of a component surviving an extreme event.
Primary activities under this task include the development of the Structural Materials Information
Center, assemblage of materials property data, and fommlation of material behavior models.

Structural Materials Information Center (SMIC)

Utilizing results of a review and assessment of materials property data bases [24] and a plan
which had been prepared for-development of the Structural Materials Infarmation Center
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(SMIC)[25), initial formatting of SMIC has been completed and results presented in a report
126]. Contained in the report are detailed descriptions of the Structural Afarcrials Handbook and
the Structural A1aterials Electronic Data Base which form the SMIC.

Structural Materials liandixx)k

The Structural Afaterials Handbook is an expandable, hard-copy reference document that
contains complete sets of data and information for each material in the SMIC. The handbook
consists of four volumes that are provided in loose-leaf binders for case of revision and updating.
Volume I contains perfonnance and analysis information useful for structural assessments and
safety mergins evaluations, for example, perfomiance values for mechanical, thennal, physical,
and other propenies presented as tables, graphs, and mathematical equations. Volume 2 provides
test results and data used to develop the perfonnance values in Volume 1. Volume 3 contains
material data sheets which provide general infonnation, as well as material composition and
constituent material properties, for each material system contained in the handbook. Volume 4
contains appendices describing the handbook organization, as well as updating and revision
procedures.

Volumes 1,2, and 3 of the handbook presently contain four chapters of materials pmpeny data
and information, with the chapters consistent betweeu volumes. Each material in the data base is
assigned a unique seven-character material code which is used in the handbook and the electronic
data base to organize materials with common characteristics. This code consists of a chapter
index, a group index, a class index, and an identifier. The chapter index is used to represent the
various material systems in the data base. The group index is used to arrange materials in each

.

chapter into subsets of materials having distinguishing qualities such as common compositional
traits. The class index is used to organize groups of materials with common compositional traits

-into subsets having a.similar compositional makeup or chemistry. The-identifier is used to
differentiate structural materials having the same chapter, group, and class indices according to a
specific concrete mix, American Society for Testing and Materials standard specification for
metallic reinforcement, etc.
A wide variety of infonnation and materials property data is collected and assembled for each.

i material system _ included in the data base, for example, general description, composition,
mechanical property data, etc. In setting up the data base, each material property has been
identified by a unique four-digit propeny code (26] selected from an established set of material
property categories, e.g., general infonnation. constituent material and plastic concrete
properties, mechanical properties, etc.

- Associated with each entry of data (numerical results of tests) or values (results of evaluation of
data)into the data base is an assessment of the quality of the entries presented in the form of a
letter grade. Although the criteria for assessing the quality of data and values are somewhat

- subjective, five quality levels ~ have- been developed. These levels, presented, in order of
descending _ quality, include recommended, selected, typical, provisionai, and interim. The 11

_ _ _ _

criteria utilized to evaluate the quality of data and values are provided in Ref. 26.

Structural Materials Electronic Data liase

The Structural Afaterials Electronic Data Base is an electronically accessible version of the
Structural Afarerials Handbook. It has been developed on an IBM-compatible personal
computer using a data base management system designed specifically for maintaining and
displaying properties of engineering materials. To ensure that the handbook. and electronic data
base are compatible, each material included in the electronic data base is identified by the same
common name and material _ code that has been used to represent the material in the handbook.
Also, each electronic data base material record contains data and infonnation taken directly from
the handbook. Due to software limitations, the electronic data base is not as comprehensive as

-603-

.- . . _- . - - . . . - - ,. - - - - - - -



.-- - - . - - - - . - - , . _ - . - - _ . - - - ---

5

the handbook, but it does provide an efficient means for searching the various data base files to
locate materials with similar characteristics or properties.

The electronic data base management system includes two software programs: Mat.DB [271 :.mi
EnPlot [28). Mat.DB is a menu-driven software program that employs window overlays v
access data searching and editing features. It is capable of maintaining, searching, and
displaying textual, tabular, and graphical information and data contained in electronic data base
files. EnPlot is a software program that incorporates popay menos for creating and editing
engineering graphs. It includes curve-fitting and scale-conversion features for preparing

'

engineering graphs and utility features for generating output files. The graphs generated with
EnPlot can be entered directly into the Mat.DB data base files. These graphs are compatible with
Microsoft Word, the word processing software used to prepare the handbook. Both Mat.DB and
EnPlot operate on an IBM PC, PC/XT, PC/AT, or compatible computer. System requirements
include 640 K of memory, hard disk, graphics card, monitor, and DOS 3.0 or later.

Each material record in the electmnic data base could include up to nine major categories of data
and infomiation: designations, specifications, composition, notes, forms, graphs, properties,
classes, and rankings [26]. The user may search an entire data base file to locate materials with
similar material propenies. During the search each material may be screened for selected tabular
data and certain property values based on comparison operators (for instance, =, >, <, >=, <=,
and o). The user may elect to perform property searches using either the International System
of Units (SI) or customary units.,

t

L Data Collection
!-

i In parallel with efforts to develop the SMIC, activities are being conducted to establish materials ',

|
property data for input into the SMIC. To date, two approaches have been utilized: (1) pursuing
technology exchange with U. S. and foreign research establishments and (2) obtaining and -

,

L testing of prototypical concrete materials. ,

t.
.

Technology Exchange

Domestic and foreir nnizations have been contacted in an effort to obtaia concrete properties -

L- information for input into the data base. To date,46 concrete,12 metallic reinforcement,1
prestressing steel,1 structural steel, and I rubber material data bases have been developed and
are contained in the SMIC. A description of the these data bases is provided in Ref 23.

Prototypical Sample Procurement

Several U.S. utilities and concrete research organizations, as well as a national laboratory, have
been contacted te pursue the possibilities of removing and testing concrete core samples from
prototypical structures. These contacts have resulted in procurement of samples from the
Shippmgport Power Station (Battelle Pacific Northwest Laboratories), EBR-il (Argonne
National Laboratory-West),' Palisades and Midland Power Stations (ronsumers Power Co.),
Dresden and LaSalle Power Stations (Commonwealth Edison Co.), and Vallecitos Nuclear
Center (General Electric). Five concrete material property data bases have been developed for
the EBR-Il materials. Furthermore, subcontracts have been implemented with Sargent & Lundy
Engineers, Construction Technology Laboratories, Inc., and Taywood Engineering Ltd. to
provide data on prototypical concrete material properties.

- The purpose of the subcontract with Sargent & Lundy Engineers (Chicago, IL) is to locate,
'

review, evaluate and_ provide baseline material property information regarding tne concrete
materials utilized in the construction of Commonwealth Edison Company s (CECO) m. cleart

-power stations at Byron, Braidwood, Dresden, LaSalle, Quad Cities and Zion. Sergent & Lundy
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Engineers also will assist in the obtaining and shipment of concrete core samples to OR.NL for
testing. The samples will be provided from CECO faciiities when modifications are made that
require the coring and removal of concrete materials. In addition to the core samples,
infonnation will be provided which identifies the plant from which the sample was obtained, the
location in the plant, and any available background infonna, ion (constituents, mix designs,
environments, etc.). To date, background information has been provided pertaining to the
construction specificatinns and reference concrete compressive strength data (90-day) for each
of the six stations.

Two subcontracts have been implemented with Construction Technology uratories, Inc.
(Skokie, Illinois), to provide concrete material property data. Under the first activity data have
been provided for three of four series of tests from a study that has been ongoing since the early
1940s to investigate the long-tenn performance of cements in concrete. The overall program
encompassed about 500 concrete mixes fabricated using a wide variety of cement and aggregate
materials. Beam and cylindrical test specimens were either moist cured, air cured, air cured
followed by soaking 48 hours in water before testing, cured outdoors at Skokie, Illinois, or cured
outdoors at Dallas, Texas, until testing. Periodically, at ages from 1 day to 34-years, specimens ,

were tested to determine values of compressive strength, modulus of elasticity, and modulus of
rupture as a function of materials, environment, and ti,ne. Reference 29 presents summary
descriptions of the overall program, material characteristics, mixture proportions, specimen
geometries, curing conditions, test methods, and available data. Under the second activity which
has just initiated, selected specimens temaining from or.e of the test series will be tes:ed to
provide compressive and Oexural strength results. Also petrographic examinations will be
conducted on several of the specimens. The results of these tests will extend the period for
which results are available from 34 to 42 years.

A subcontract has been implemented with Taywood Engineering Ltd. (London, England) to
provide data from archived test specimens that were cast in conjunction with fabrication of
several of the United Kingdom nuclear power stations. Over 100 test specimens, generally 450-
mm long by 150-mm diameter and having ages from 4 to 22 years, are available from the Wylfa,
Heysham,11eysham II, Hartlepool, Torness and Sizewell "B" stations. The specimens have been
stored in a sealed, stable moisture state at temperatures from 20 to 90' C with some having been

_

under sustained loading. Available baseline data for the six concretes include compressive
strength (up to 1 year), thermal expansion, thennal conductivity, and details on constitu nt
materials and mixture proportions. Also, a limited number of cylinders for the Heysham and
Heysham 11 concretes have been tested for elastic and creep recovery, and for compressive
strength at ages to 4 years. Elastic modulus and creep results are available for the Wylfa
concrete up to an age of 12.5 years. Twenty-nine specimens of the over 100 available have been
selected for testing to provide information on the long-term performance of ruclear grade
concretes. Variables being investigated inclu& age of specimen, concrete mix design, loaded or
unloaded while curing, and storage temperature. After being subjected to a series of
nondestructive tests (density, ultrasonic pulse velocity, Schmidt hammer, surface hardness, and
dynamic modulus of elasticity), the specimens are loaded to one-third their estimated
compressive strength to determine the static modulus of elasticity, followed by detennination of
the compressive strength. These tests are being complemented by results from inspections of
power station buildings to investigate the state of concrete and rebar in-situ. Also, the res its
from routine inspections of withdrawn tendons at power stations are being analyzed to detennine
the durability of nongrouted post-tensioning systems.

Material Behavior Modeling

The main activity under this subtask has been related to the work done at the National Institute of
Standards and Technology (Gaithersburg, Maryland) to identify and evaluate models and
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accelerated aging techniques and methodologies which can be used in making predictions of the
. remaining service life of concrete in nuclear power plants. The program consisted of two major
tasks. The first task involved an evaluation of models which can be used to predict the
temaining service life of concrete exposed to major environmental stressors and aging factors
potentially encountered in nuclear power plant facilities. Degradation processes considered
meluded corrosion of steel reinforcement, sulfate attack, alkali-aggregate reactions, frost attack,
leaching, irradiation, salt crystallization and microbiological attack. Each of these processes was

- reviewed based on its mechanism, likelihood of occurrence, manifestations, and detectability.
: Models identified for each process were evaluated considering: (1) their basis (for example,
theoretical, empirical, or some combination), (2) correctness of assumptions used in their
derivation, (3) availability of data to perform an evaluation, (4) their applicability to the problem,
and (5) degree of quantitativeness of their predictions.

_ The second task involved a review and evaluation of accelerated aging techniques and tests
which can either provide data for service life models or which by themselves can be used to
predict the service life or performance of reinforced concrete materials. In comparison to
predicting the life of new concretes, few studies were identified on predicting the remaining
service life of in service concretes. Most of the reported studies dealt with corrosion of steel
reinforcement, reflecting the magnitude and seriousness of this problem. Methods which are
often used for predicting the service lives of construction n aterials include: (1) estimates based
on experience, (2) deductions from performance of similar materials, (3) accelerate <' testing, (4)
applications of reliability and stochastic concepts, and (5) mathematical modeling based on the
chemistry and physics of degradation processes. The most promising approach for predicting the
remaining: service life of concrete involves the application of mathematical models of the
degradation processes. Theoretical models need to be developed, however, rather than relying- 4

solely on empirical models. Advantages of this approach are that predictions are more reliable,
far less data are needed, and the theoretical models would have wider applications, e.g.,
applicable to a broad range of environmental conditions. Deterministic and stochastic models
should be combined to give realistic predictions of the service life of an engineering material.
Purely stochastic models have limited application because of the lack of adequate data to
determine the statistical parameters. Accelerated tests do not provide a direct method for making
the life predictions, but can be use'd in obtaining data required to support the use of analytical
models. Result; of this activity are presented in Ref. 30.

Structural Comoonent Assessment /Reoair Tshnolouv

H|.The objectives of this task are to: (1) develop a_ systematic methodology which can be used to
make quantitative assessments of the presence, magnitude, and-significance of nny environ-
mental stressois or aging factors which adversely impact the durability of safety-related concrete
structures in nuclear power plants; and (2) provide recommended inservice inspection or
sampling procedures which can be utilized to develop the data required both for evaluating the
current condition of concrete structures as well as trending the perfonnance of these components.
Primary activities under this task include development of a structural aging assessment
methodoiogy for concrete structures in nuclear power plants, review and evaluation of inservice

: inspection and structural integrity assessment methods for detection _ and quantification of
potential deterioration phenomena in concrete structures, and evaluation of remedial / preventative
measures considerations for concrete structures.

- Structural Ag;ng Assessment Methodology

Under a subcontract with Multiple Dynamics Corporation (Southfield, Mich.), a report has been
published which identifies safety-related concrete structures in LWR plants as well as the
degradation factors which can impact the performance of these structures [19]. Results of this'

study will assist in providing a logical basis for identifying the critical structural elements for
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evaluation.- Pertinent sections of the report are summarized below, for instance, concrete
component description / classification system, degradation factor significance classification, and
structural aging assessment methodology.

Typical safety-related concrete structures at LWR facilities are identified, described, and their
design and construction requirements and primary materials of construction designated. The
relative importance of the structure's subelements, safety significar.ce of each Category I
structure, and influences of environmental exposure are presented in terms of numerical ratmg

- systems. The importance of a subelement to a specific structure is relat;.d to its impact on the
abihty of the structure to meet its functional and performance requirements. The rating system
established for structural subelement importance is based on a 1 to 10 scale, with 10 being
highest. The safety sigmficance of the subelement is assessed based on the_ importance of the
safety function (developed in compliance with 10CFR regulations) the subelement performs, as
well as the number of safety functions it must meet. Each subelement is ranked on a scale of 0 to
10, with 10 being highest, using ranking criteria that have been established. Since environmental
effects are highly influential on the service life of concrete stmetures, an environmental exposure
classification procedure was also developed. A rating system was established to incorporate
environmental exposure conditions and is based on (1) historical environmental-data, (2)
exposure conditions for all surfaces of the structure, (3) accessibility of the structure's exposed
surfaces for inspection, and (4) quantity / severity of the specific environmental conditions to
which it is exposed. Seven environmental exposure categories, ranging from most severe
(subterranean) to mildest (controlled interior), were identified and a rating system was developede

by comparing each of the environments to one another and identifying their relative significance.
The resulting environmental rating system is based on a 1 to 10 scale, with 10 being most

,

aggressive.

Potential degradation or aging factors which could affect the performance of the Category I
concrete structures during their lifetime were identified. The significance of a particular

' degradation factor is evaluated for a particular structure /subelement in terms of (1) its effect on
overall structural integrity, (2) environmental conditions present, and (3) materials of
construction. The effect of a degradation factor on stmetural integrity includes its rate of attack,
inspectability/early identification, repairability, and ultimate impact on the structme. Because of
the variability in likelihood of occurrence of degradation to concrete structures in U.S. LWR
plants due to design differences, material utilization, geographical location, etc., the grading
system for degradation. factors is stated in terms of a possible range of-values. Pertinent
degradation factor grading values are selected from the ranges of possible values, based on site-
specific characteristics. The resulting degradation factor grading values for the individually
evaluated subelement-(between 1 and 10) are then combined into a single degradation factor
significance value by summing the degradatiot factor grading values and dividing by the number
of degradation factors, for instance,

' DFS = (f DFG,) / n, . (1)
m

where,

DFS = degradation factor significance value, rounded to nearest integer,
DFG = degradation factor grading value, and

number of degradation factors, up to a total of three.n =

The structural aging assessment methodology that has been developed is founded on several
criteria: relation of subelements to overall importance of the parent safety-related structure,
safety significance of the structure as a whole, influence of applied environmer,t, and possibility
of occurrence as well as end result of degradation, Determination of the reistive ranks of the
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. Category I structures and their subelements is based on the weighted contributions of the four
criteria' discussed earlier: (1) structural importance of subelements, (2) safety significance, (3) -
environmental exposure, and (4) degradation factor significance. A subelement rank within each

: Category I structure is determined as follows:

SR = wt(I) + w2(SS) + w3(DEG), (2)

where

SR = subelement rank,
1 = subelement importance,
SS = safety significance
DEG = (EE + DFS)S, munded to nearest integer,
EE - = environmental exposure,
DFS = degradat;on factor significance [Eq. (1)], and

'

wi,w2'W3 = weighiing factors.

Use of weighting factors (1 to 10, with 10 highest) pennits certain components of Eq. (2) to be
emphasized. Since the degradation factor significance (DFS) was considered to be heavily
influenced by the environmental exposure (EE), these two criteria were combined, averaged,: d

L rounded to the nearest whole integer. The cumulative rank for each Category I concrete struct re
is determined as follows:

N

CR = [SR, / N,- (3)
,-

where

CR = cumulative rank,
SR =.subelement rank, and
N = number of subelements for the particular primary structure.

Application of Eq. (3) ensures that the cumulative rank of a Category I concrete structure is
based on aging importance rather than total number of subelements. The methodology has been

Lapplied to_ a PWR-with large. dry metal containment, a BWR with reinforced concrete Mark II ,

-containment, and PWR ;with large dry prestressed concrete containment [19), The highest
' ranking primary stnicture for each 'of these plants was found to be the thield building,
.' containment vessel, ar.d containment vessel, respectively.

< NDE/ Sampling Inspection Technology .

Basic activities under this subtask have been related to an evaluation of nondestructive and
sampling / analysis procedures which are available for performing inservice inspections of the
critical concrete components in nuclear power plants. These activities have been conducted
through subcontracts with Construction Technology Laboratories, Inc. (CTL'; and the National

- Institute of Standards and Technology (NIST).

The overall objective of the subcontract with CTL was related to a review and assessment of
: inservice inspection techniques and methodologies for application to concrete structures in

,_
nuclear power-plants. Both direct and indirect methods used to detect degradation of concrete:

L materials have been reviewed. Direct techniques generally involve a visual inspection of the
'

structure, removal / testing / analysis of material, or a combination. Periodic visual examinations of
exposed concrete provides a rapid and effective means for identifying and defining areas of
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. distress, for example, cracking, spalling, and volume change. In areas exhibiting extensive
_

: deterioration, or when quantitative results are desired, core samples can be removed for strength
testing and petrographic examination. The indirect techniques measure some property of
concrete from which an estimate of concrete strength, elastic behavior, or extent of degradation

;can be made through correlations that have been developed. Several potential nondestructive
techniques for evaluating concrete materials and structures include: (1) audio, (2) electric, (3)
impulse radar, (4) infrared thermography, (5) magnetic, (6) microscopic cefraction, (7) modal

_ analysis, (8) nuclear, (9) radiography, (10) rebour.d hammer, (1 !) ultrasonic, and (12) pulse echo.
_

In addition to core sampling, potential destructive testing techniques that can be used to evaluate
: concrett materials include (1) air permeability, (2) breaboff, (3) chemical, (4) probe penetration,,

and (5) pullout. Contained in the final report for this activity are: (1) reviews in the form of
capabilities, accuracies, and limitations, of available nondestructive and destructive techniques
that may be utilized in the assessment of concrete components; (2) current in-service inspection
methodologies that have been utilized in the assessment of concrete components in civil
engineering structures, e. g., routine and periodic inspections, condition smveys, and examples of
apphcations of several of the nondestructive testing techniques; (3) recommended testing
methods for use in the detection of the occurre.nce of the effects of several of the potential
degradation factors; and (4) relatively new techniques that potentially have application in the
detection of degradation of concrete, e.g., magnetic (leakage flux, nuclear magnetic resonance),
electrical (capacitance, polarization resistance, half-cell potential using impulse radar), ultraviolet
radiation and finite-element analysis methods (31].

_

Under the subcontract with the NIST, correlation curves and other statistical data are being
developed for selected nondestructive testing techniques. Monovariant linear regression analyses

-(Mandel's method [32]) are being perfomied on data obtained from publications on selected
nondestructive testing techniques, i.e. break-off, pullout, rebound hammer, ultrasonic pulse
velocity, and probe penetration. These methods were selected since ihey comprise an
overwhelming majority of the nondestructive tests performed. For each of the nondestructive
techniques invesdgated, the data identified were subdivided by coarse aggregate type and coarse
aggregate content (by weight)c This subdivision was based on results provided in the literature
indicating that the techniques are influenced by aggregate characteristics, e.g. the pullout and
break-off tests are dependent on the aggregate typ_e and maximum aggregate size and the probe
penetration and rebound hammer results are influenced by the aggregate hardness. Unfonunately
msufficient' data were available to funher subdivide the data by maximum coarse aggregate size.
Since all of the data used in the study were not the result of careful experimentation, a quality
rating system was developed for application to each of the data sources. The rating system
utilizes nine criteria, e.g., completeness of material description, type of input, completeness of

- data, completeness .of resources, quality of resources, consistency of results, precision and
scatter, uncertainty and bias, and statistical methods used. Each data source used was given a
rating from ~A;to D (A being highest), based on these criteriac Results developed undu this-
activity will facilitate the evaluation of the in-situ concrete strength results based on the use of

: nondestructive techniques when only limited destructive infom1ation is available. Also, in the
absence of destructive test results, correlations developed for the nondestructive test methods can
be used as guidelines to estimate the in-situ strength of concrete based solely on nondestructive
evaluation results.

. Remedial / Preventative Measures Considerations

Activities under this subtask'are related to an nssessment of repair procedures for concrete
: material / structural systems and establishment of criteria for their utilization. Techniques which
can -be used to mitigate the effects of environmental stressors -or aging factors are being
identifiedcLCurrent work under this subtask is through subcontracts with Wiss, Janney, Elstner
(WJE) . Associates (Northbrook, Illinois), Taywood Engineering Limited (TEL) (London,
England), Howard University (Washington, D. C.), and CORRPRO Companies (Medina, Ohio).
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The overall objective of the WJE subcontract is to identify, describe, and quantify the:

effectiveess of_ techniques and materials which are available for use in the repair of civil
engineering concrete structures. A state-of-the-art manual on tcpair of deteriorated concrete
structures is being prepared which identines repair methodologies and materials for repair, and
ranks repair procedures based on historical perfonnance. Basic components of the manual will
include discussions of: when a specific repair technique is applicable, e.g. specific crack sizes;:.

I how the techniques or materials are used, e.g. injection, grouti_ng; how to evaluate and test a
-repair; how to maintain the repair after it has been installed; the expected life of the repair
- technique; methods for determining when a repair has failed; and methods for re-repair. Ani

important activity under this subcontract has been the preparation of a questionnaire which has
been sent to the utilities. The questionnaire requests information on repairs that have been
undertaken of concrete structures, research invesiigations on repair materials, and studies on the
long-term effectiveness of repair procedures that have been utilized. Responses to the
questionnaire are just beginning to be provided so no trending or quantitative information is
available at present.

A companion research effort with the same general overall objective as the WJE subcontract is
|- being conducted by TEL. The distinction between the two efforts is that TEL is addressing the

assessment of repair procedures from a European perspective. in the U. S. the primary repair,

L activities have addressed roads and bridge structures, whereas in Europe substantial activities
I have taken place with respect to buildings and other engineered structures. Damage occurring
i. from carbonation and chloride presence are important sources of concrete distress in Europe and
| several remedial programs have been developed to address the resulting corrosion problems.

For carbonation, the emphasis has been placed on anti-carbonation surface treatments, protective
L properties of patch materials, and the durability / compatibility of these materials. For chloride

attack, efforts are underway to provide an improved understanding of the corrosion mechanisms,
! the mechanism of incipient anode development, and the use of cathodic pro:ection to overcome

the problem. Taywood Engineering Limited is currently involved in a collaborative Eucopeanl

(BRITE/ EURATOM) project addressing repair of reinforced concrete structures. As well as
managing the project, TEL has a number of specific technical tasks, the principal activity
involving the development of standardized performance tests and criteria to provide guidance for
selection of repair materials that will be-durable.- Other tasks involve the preparation of a state-
of-the-art report summarizing repair activities used by memb.r states of the Commission of
European . Communities anel investigation of the effect of repair techniques on structural
performance. - A second BRrrE/ EURATOM project, completed in 1991, investigated methods
that can be used to extend the lifetime o_f structures, either during the construction stage, by the
incorporation of chemical admixtures or alternative cementing materials, or post-construction use
of surface coatings and treatments. Results of TEL's participation in these programs will be used

c to provide an assessment of European repair practices. Specific topics being addressed include
identification of the repair procedures that have been utilized, establishment of criteria used in
the selection of a particular repair procedure, and an assessment of the effectiveness of the
various techniques as determined _through in situ evaluations (test methods) or perfomlan ,
history. Results of this activity will be available shortly.

[ Under a subcontract with Iloward University, a systematic methodology for repair, restoration,
and rehabilitation of concrete structures in nuclear power plants is being developed. Also to be
provided is an expandable' manual and user-friendly computer program for use in the inspection
of concrete structures in nuclear power plants. A similar computerized rating system has been
developed for evaluating general civil works concrete structures, that is, BRAIN (Ruilding

- Rating Analysis and Investigation System). The first of two planned phases for this program is
in progress and is establishing the differences and similarities between existmg repair

,

,

prioritization systems that have been developed for bridge and building struen es; determiningt-

the applicability of these systems to nuclear power plant concrete structures; and establishing an
1

i,
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approach for development of a repair, restoration, aid rehabilitation methodology for nuclear
power plant concrete structures. Input developed under the first phase of the study will be used
m the second phase to develop a manual and user-friendly computer program. When completed,
results of this work will complement the aging assessment methodology developed by Multiple
Dynamics Corporation (described previously) and provide a link between the materials studies,
nondestructive evaluations, repair technology assessments, and quantitative methodology for
current and reliability-based future condition assessment activities.

The overall objective of the subcontract with CORRPRO Companies is to provide a state-of-the-
-art report addressing corrosion of reinforced concrete structures, where reinforcement includes
both mild steel reinforcement and post-tensioning tendons. The report will contain a brief
overview relative to the three primary mechanisms leading to corrosion of steel embedded in
concrete: (1) chloride ions, (2) carbonation, and (3) stray electrical currents. however, the
majoi emphasis of the report will be to discuss: (a) the potential for stray electrical current
corrosion in reinforced concrete structures contained as a part of a nuclear power plant, i.e.,
equipment foundations, basemat, containment building, balance-of-plant structures, etc.; and (b)
cathodic protection systems for use with reinforced concrete structures in nuclear power plants.
Specific areas being covered relative to stray electrical current corrosion include: potential
sources, methods for detection, factors that affect the rate of corrosion and threshold limits below
which stray electrical currents may r.ot be a problem,_ impact on structural performance,
mitigation techniques and their effectiveness, and any synergistic effects (e.g., it has been
indicated in at least one reference that stray currents accelerate alkali aggregate reactions in
reinforced concrete structures). With respect to cathodic protection systems, pros and cons for
their use to mitigate corrosion of reinforced concrete structures are being addressed, as well as
criteria for their application, their overall effecuveness, and any limitations on their use such as
the potential to accelerate or induce corrosion. As this work has just initiated, no results are
presently available,

l
:

.Ouantitative Methodoloev for Continued-Service Determinatmns -

The overall objective of this task is to develop a methodology which can be used for performing
- condition assessments and making reliability based life predictions of critical safety-related
concrete structures in nuclear power plants. The methodology will integrate infonnation on

,

degradation and damage accumulation, environmental factors, and load history into a decision '

tool that will provide a ' quantitative measure of structural reliabih:y and performance under
projected future service conditions based on an assessment of a new or existing structure. When
completed, the methodt %gy will take into account the stochastic nature of past and future loads ;

~ due to operating conditions and the environment, randomness in those physical processes and
environmental stressors that may lead to degradation in strength, and uncertainty m non- |

|~ destructive evaluation techniques. Activities associated with this task include: (1) identification '!
l and appraisal of existing condition assessment methods and damage prediction models, (2) )

assembly of pertinent data for use in the predictive models, (3) development of reliability-based
condition assessment methodologies for the analysis of current and future reliability, and (4)
validation of condition assessment using laboratory or prototypical structures data. Results to
date are discussed below and include development of the methodology for use in condition
assessments and reliability-based life prediction of concrete structures in nuclear power plants. 'l
A more detailed discussion of the methodology is provided in Ref. 33.

|
Reliability flased Condition Assessment

The evaluation of safety related concrete structures for continued service should provide
quantitative evidence that their strength is sufficient to withstand future extreme events within
-the proposed service period with a level of reliability sufficient for public safety. Structural
loads, engineering material properties, and strength degradation mechanisms are- random in
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Thus, time-dependent reliability analysis can provide a framework for perfonning
condition assessments of existing structures and for determining whether inservicenature,

inspection / maintenance is required to maintain reliability and perfonnance at the desired level.
The strength of structural members and components can be described statistically by data
gathered in research over the past decade to develop improved bases for structural design of new
reinforced concrete structures (34,351. Time dependem changes in concrete strength due toi l

aging phenomena were not considered in developing these statistics and they are not d rect yi

applicable to the evaluation of existing, possibly degraded, structures with a given serv ce
history |36). Some of the environmental stressors that may affect the strength or defonnations ofh
reinforced concrete structures in nuclear power plants include sulfate or acid attack on t ed

concrete, alkali-aggregate reactions viithin the concrete, freeze-thaw cycling, temperature anirradiation affects, corrosion of reinforcement, and detensioning of prestressing tendons due to
relaxation, anchoiage failure, or creco in the concrete.

The statistical descriptions of conc rete structure strength must account for such aging effects.
This can be done by mateling the stectural resistance as a time-dependent function,

(4)_

R(t) = Ro g(t)

in which Ro is the initial resistance and g(t) is a time-dependent degradation function definingConceptually, a function g(t) can be
the fraction of initial strength remaining at time, t. associated with each environmental stressor 130,37). and most significant degra at on-

di

mechanisms have been identified, at least qualita'ively.

Structural loads occur randomly in time and are random in their intensity. If the load intensityh

varies slowly during the load event, its effect on the structure is essentially static. Moreover, t e
duration of significant load events usually is short, and such events occupy only a smal! fractionof the totallife of a structure. With these assumptions, structural loads can be modeled as af

occurrence 1, random intensity S and duration t. A typical sample function of such a oasequence of pulses, the occurrence of which is described by a Poisson process with mean rate ol d

process is illustrated in Figure 1. Many of the loads for which nuclear power plant structures are
i

designed can be modeled by such processes [38). n summary of the parameters describingseveral load processes is given in Table 4. Some of these parameters were determined through a
consensus estimation survey [38).

Table 4. Load process parameters.

t

I Mean* C.O.V. pdf A (yr-1)

Dead Load 1.00Dn 0.07 Normal --- 40 years

i Live Load OAO Ln 0.50 Type i O.5 3 months

Acc. Pres. Load 0.80Pa 0.20 ~ Type 1 104 30 min.

0.11 30 sec.

Earthquake Load 0.08Eu 0.85 Type 11
_

are nominal loads and ss is structural action due to safe shutdown"Dn, Ln, Pn, and Pa
earthquake.

=

_ iu ,
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Time Dependent Reliability Analysis

The reliability-analysis of a structure can be visualized by the sample functions of time-
dependent strength and loads illustrated in Figure 1. We assume that g(t) is independent of the
load history, and arises from deterioration mechanisms such as corrosion and sulfate attack.

The reliability function, L(t), is defined as the probability that the structure survives during
interval of tir.se (0,t). If n events occur within time interval (0,t), the reliability fur.ction for a
structural component can be represented as:

L(t)= P(R(t )) S,OR(t ) > S 0 O R(t,,)) S,] (5)i 2 2

Taking into account the randomness in the number of loads and the times at which they occur as
well as in the. initial strength, the reliability function becomes [33,39],

L(t)= [exp 4 t -[ F,(r * g(t))dt f,,(r)dr (6)

in which fa (r) = probability density function (pdf) of the initial strength Ro. The limit stateo
probability or probability of failure during (0,t) is.

F(t) = 1 - L (t) (7)

The hazard function, h(t), is defined as the probability of failure within time interval (t,t+dt),
given that the component has survived up to time t. This conditional probability can be
expressed as,

d
h(t) = -In L(t) (8)

dt

The reliability function can be determined from h(t) as,

L(t)=exp h(4)d? (9).

When structural failure occurs due to aging, h(t) increases with time, The common assumption
in some time-dependent reliability studies that the failure rate is linear gives rise to a Rayleigh

= distribution for the limit state probability, F(t). As will be shown subsequently, this assumption
may not be valid for concrete structures in nuclear plants.

The methods summarized above have been extended to structures subjected to combinations of
structural lead processes and to structural systems [39]. The reliability function has a similar
appearance to that in Eq. 6, but the outer integral on resistance increases in dimension in

. accordance with the number of components in the system. The system reliability is evaluated by
Monte Carlo simulation, using an adaptive importance sampling technique [40| to enhance the
efficiency of the simulation.

Illustration of Time-Dependent Reliability

The effect'of degradation in component strength on component reliability function is illustrated
using several simple parametric representations of time-dependent strength summarized in
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Table 5.1 -~ Additional data to define the time-dependent resistance are expected to become
: available later in the Structural Aging Program. The sensitivity study herein identifies some of
:the more important parameters for condition assessment purposes. Each reliability analysis is
scarried out for a period of 60 years, the sum of the initial service period of 40 years and a-

-_

tentative 20-year period of continued service.' The degradation is defined with reference to the -
| residual strength at 40_ years; e.g., g(40) = 0.8 means that 80 percent of the initial strength :
remains at 40 years.-

r,s

f(r)

/ j)i

' M-

S '

r g g

S

ES(t)S s
'

n
:-

e- e e S
n-1

.

S = = T
2

i

'h =
t TIME -n,

Figure 1. Schematic Representation of Load Process and Degradation of Resistance.

7 Table 5! Degradation model.

Shape of the Degradation Function Corresponding Degradation Mechanism |

Linear: g(t) = l - nt Corrosion
~

Parabolic: g(t) = 1 - at2 -Sulfate Attack
- Square Root: g(t) = 1 - aVt Diffusion Contro!!cd Degradation

Components were designed using three design requirements for concrete' structures in nuclear .

,7.j
; plantsJl1,39]:.

"
;0.9 Rn = 1.4 Dn + 1.7 Ln (10)

-

0.9_ Rn = - 0.9 Dn + 1.5 Pa '(1l)
.

; 0.9 Rn = Dn + Ln+ Ess - (12)
L

The initial strength is assumed to have lognormal distribution with a mean value of 1.15 Rn (ino
b which Rn is nominal strength) and a coefficier.t of variation, Va, of 0.15. These statistics are

L
!

P - 614 -
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|

typical for reinforced concrete elements in flexure and/or compression 134,35). Each of the loads
has different temporal characteristics, as summarized in Table 4.

The effect of the general characteristics of the degradation function on F(t) is presented in
Figs. 2(a) and 2(b) for the load combination involving dead and live load. Up to 40 years, the
failure probability associated with the square root model is the highest. Ilowever, after 40 years,
the failure probability associated with the parabolic model increases apidly when the
degradation rate increases. Note from Fig. 2(b) the effect of neglecting strength degradation
entirely in a time-dependent reliability assessment.

llazard functions, h(t), associated with the reliability analyses presented in Fig. 2 are illustrated
in Fig 3. It may be observed that h(t) clearly is nonlinear for linear and parabolic degradation
models. and its slope increases as g(40) decreases. Thus, the assumption of a linear failure rate
may t e unconservative for components whose strength is governed by such mechanisms.

-

Time-dependent reliabilities are presented in Fig. 4 for the load combinations involving dead
load and accidental pressure and in Fig. 5 for the dead plus live plus canhquake effect
combination, res)ectively; in the latter, A of 0.014 represents the mean rate of occurrence of
L+E. The degratation models affect the failure probability under either D + P or D + L + E in a
manner similar to that under D + L. Ilowever, the failure probability under D + P is smaller by
four orders of magnitude than that under D + L because of the small mean occurrence rate of P.
'In an absolute sense, then, the failure pmbabilities for these load combinations are less sensitive
to degradation mechanism than under D + L, because of the small mean load occurrence rate
and, in the case of E, its large variability. In other words, given that a (rare) load event occurs,
the intensity of the load may be large enough to cause failure of the component regardless of
whether or not the component has degraded.

Inservice Inspection / Maintenance Strateg;es

Periodic in service inspection followed by suitable maintenance may restore a degraded
reinforced concrete structure to near-original condition. Such inspection / maintenance strategies
should be designed so that the failure probability of the component is kept lower than an
established target probability, Pr, during its service life. Since inspection and maintenance are _

costly, there are tradeoffs between the extent and accuracy of inspection, required reliability, and
cost. An optimum inspection / maintenance program might be obtained from the following
constrained optimization problem: c

Minimize CT (13)

Subject to F(t) < Pt (14)

in which CT is the total cost of inspection / main:enance plus expected losses if the component
fails in service.

Time-dependent reliability analysis can be used in performing this minimum cost analysis. To
illustrate this with a very simple example, consider two alternative strategies: (1) infrequent but
thorough inspection / maintenance performed at 20,40, and 60 years, with restoration of full
strength; and (2) frequent but limited inspection / maintenance performed at 10,20,30,40, and 50
years, with restoration of 97'7c of full strength. Degradation is assumed to occur linearly, with
g(40) = 0.8. The failure probabilities associated with these strategies (as well as with doing
nothing) are compared in Fig. 6 for the D + L combination. At the time of
inspection / maintenance, F(t) changes slope. If, e.g., Pr = 0.00025 in 40 years, strategy (1) would
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be unacceptable, while strategy (2) would be acceptable.' Note that in this case, at least, frequent
cursory inspection seems preferable to infrequent thorough inspection.
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APPLICATION OF STRUCTUR AL AGING PROGR AM RESULTS

When completed, the results of this program will provide an improved basis for the USNRC staff
to permit continued operation of a nuclear power plant. More specifically, potential regulatory
applications of this research include: (1) improved predictions of long-term material and
structural performance and available safety margms at future times, (2) establishment of limits on
exposure to environmental stressors (3) reduction in total reliance by licensing on inspection and
surveillance through developurnt of a methodology which will enable the integrity of structures
to be assessed (either pre- or post-accident), and (4) improvements in damage inspection
methodology through potential incorporation of results into national standards which could be
referenced by standard review plans.
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UPDATED ASME CODE RULES FOR INSERVICE INSPECTION
OF STEEL AND CONCRETE CONT AINMENTS

Robert F. Sammatam
General Dynamics Corporation

Ahstract

Rules for the inservice inspection of nuclear power plant components are contained in Section XI
of the American Society of Mechanical Engineers Boiler and Pressme Vessel Code. These rules
fonn a basis for the preservice examination, inservice inspection. modification, repair,
replacement, and leakage testing for steel and concrete containments. The rules for steel
containments in Subsection IWE, including metallic liners for concrete containments, were first
published in 1981. These inservice inspection requirements were based upon visual examination -
of the containment welds. The mies for concrete containments in Subsection IWL were first
published in 1988. These rules apply to concrete surfaces and to post-tensioning systems for post-
tensioned containments. Expenence has shown that steel containments and metallic liners of
concrete containments are not susceptible to failure of the containment pressure boundary welds.
Rather, base metal degradation through corrosion and other mechanisms has been found to be a

- significant and potentially limiting condition for acceptability of containments for continued
service. A pmgram was therefore initiated in 1989 to revise the ASME Code containment inservice
inspection rules for steel containments to replace the requirements for weld-based inspections with
requirements for containment surface examinations. These revised rules were published in
December 1991. This paper describes the updated rules for inservice inspection of steel and
concrete containments in Subsection IWE and Subsection IWL of Section XI. A history of the

- development of these rules and the experience base that fostered a change in the containment
inspection philosophy is presented. These rules will require mandatory compliance by all nuclear
utilities in the United States upon final approval of amendments to paragraph 55a of Title 10, Part
50 of the U.S. Code of Federal Regulations.

INTRODUCTIOE

The ASME Code

Since its first publication in 1914, the American Socie*y of Mechanical Engineers Boiler and
Pressure Vessel Code (ASME Code) has provided rules and requirements to assure the public
health and safety. During the late 1800's and early 1900's, boiler explosions were commonplace
with resulting loss of life and property. The first ASME Code, titled the ASME Boiler Code,
resulted from the vision of Col. E.D. Meir, the newly elected president of the Society. He acted to
3romote uniformity and safety in the design, construction, installation, and operation of steam
> oilers and pressure vessels. His intent was for adoption of uniform rules by all of the states as a
basis for their laws. This first ASME Code was developed by a committee of seven members
including a consulting engineer, two professors of engineering, two boiler manufacturer's
representatives, and one boiler insurance engineer.

From 1914 to today, the ASME Code has pown to keep in step with the increasing growth in
steam power and, later, with nuclear power. Whereas the first ASME Code dealt only with
" boilers," today's ASME Code contains rules for boilers, pressure vessels, piping, pumps, valves,
component supports, and other design features for non-nuclear as well as for nuclear installations.
Throughout it's gmwth, the concept of a voluntary committee sesponsible for the development and
maintenance of the " Code," as envisioned by Col. Meir, has similarly grown. Today's ASME
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Code is the responsibility of a tiered organization of voluntary committees administered by the
ASME and comixx,ed of representatives from all interested parties such as owners, manufacturers,
designers, analysts, regulators, jurisdictional authorities, inspectors, and educators.

He ASME Code is significant and unique for several reascas. First, it is accepted by federal, state
and localjurisdictional authorities and carries the force of law through legislative acts. Second, it
is a consensus Code that is developed and maintained by volunteers representing a cross-section of
allinterested parties and functioning at open and participative meetings.- And, third,it requires the
involvement of an independent third party inspection organization to assure adherence to design,
construction, and quali y assurance standards.t

ASME Code Reautrements for Contninments

When first published in 1921, Section III of the ASME Code contained rules for locomotive
-boilers. With the changing technology, and with the development of nuclear power in the 1950's
and early 1960's, a new Section III of the ASME Code was issued in 1963 with rules for the
design and construction of nuclear power plant components. These rules contained requirements
for Class A, B, and C vessels and were applicable to steel nuclear containments. Prior to the
?ublication of the Section III rules for nuclear pressure vessels, most steel containments in the
Jnited States were designed and constructed to the rules in Section VIII of the ASME Code for
unfired pressure vessels.

Rules for Class MC (metal) containments in Section III were significantly revised and published in
the 1971 Edition, Summer 1972 Addenda of the ASME Code. Section III, Division 2, first
p"blished in 1975, contains rules-for the design and construction of Class CC (concrete)
c .ainments. Prior to that time, concrete containments wem designed and constructed to the rules
in various standards published by the American Concrete Institute for concrete pressure-retaining
structures. These containments utilized a steel membrane or liner as the pressure-retaining barrier.

The need for rules for the care and maintenance of nuclear components and systems was addressed
. as early as 1967.- At that time, the Advisory Committee on Reactor Safeguards (ACRS) of the
' U.S. Atomic Energy Commission, later the Nuclear Regulatory Commission, recommended that
criteria be developed for nuclear inservice inspection. An American National Standards Institute
(ANSI) committee was formed and resulted m >ublication of Rulesfor Inservice Inspection of
Nuclear Power Plant Components in Section X: of the ASME Code in 1970. Later in 1970, the
ANSI Committee became a Subgroup under the responsibility of the Section III Subcommittee for
Nuclear Power. The Subgroup subsequently was elevated and retitled the Subcommittee for

- Nuclear Inservice Inspection with full and independent responsibility for the rules in Section XI.

Class MC (Metal) Containments

Development of ASME Code inservice requirements for containments can be traced to the
problems with the design of MARK I steel containments identified in 1975. These problems,
related to modifications to the torus to address conditions not considered in the original design,
established the need for major repairs by welding on inservice steel containments. A Working
Group for Class MC contamment inspection under the Section XI Subcommittee on Nuclear
Inservice inspection was formed in 1977. In 1978, the Working Group prepared the first draft of
containment inservice rules. The prime objective was to provide rules suitable for MARK 1
containment torus modifications. In 1979, the Working Group was elevated to its present status as

. a Subgroup. ' Also in 1979, ASME Code Case N-236 was issued with rules for the repair and
re )lacement of Class MC containment vessels. The Subgroup next prepared the rules in Section
X , Subsection IWE, Rulesfor Inservice Inspection of Class MC Components ofNuclear Power
Plants, with initial publication in the 1980 Edition, Winter 1981 Addenda to Section XI of the
ASME Code.
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Experience has shown that steel containments and metallic liners of concrete containments are not
susceptible to failure of the containment pressure boundary welds. Rather, base metal degradation
through corrosion and other mechanisms has been found to be a significant and potentially limiting
condition for acceptability of containments for continued service. A ggram was therefore
initiated in 1989 to revise the ASME Code containment inservice inspection rules to replace the
requirements for weld-based inspections with requirements for containment surface examinations.
The ASME Section XI Subgroup on Containment established five objectives for revisions to the
inservice inspection requirements for Class MC containments and steel liners for Class CC
containments in August,1989. These are:

(1) Incorporate visual examination requirements for containment surr~ ,in areas of
potential degradation from corrosion;

(2) Reduce or delete current rules for visual examina%n of containment welds;

(3) Restate and clarify requirements for general visual examination prior to Type A tests as
required by 10CFR50 and cxtend 10 reinforcing structure and other areas of the
contaimnent;

(4) Establish ultrasonic thickness measurement requirements for arcas of potential
containment degradation; and

(5) Establish surface and volumetric acceptance standards for containment flaw indications.

Excent for surface and volumetric acceptance standards that are still in course of preparation,
revisic>.a to Subsection IWE to include these changes were incorporated in the 1991 Addenda to
Section XI published in December 1991. Rese revisions are discussed in this paper.

Class CC (Concrete) Containments

A Working Group for development of rules for inservice inspection of Class CC (concrete)
containments was formed as a joint ASME/ACI Committee under Section III in 1976. His group
was transferred to Section XI m 1983. It then became the Working Group for Concrete Pressure
Components under the Subgroup on Containment in 1985. The rules for inservice requirements
for Class CC containments were first published in the 1986 Edition,1988 Addenda to Section XI.
Members of the Working Group as of the publication of the Class CC rules in 1988 were
individually awarded the first ASME Cemficate of Acclamation for their efforts in May 1990.

REGULATORY REOUIREMENTS

U. S. Code of Federni Reculations

Licensing and regulation of the nuclear industry in the United States is the responsibility of the
U.S. Nuclear Regulatory Commission (USNRC). His authority is granted under the provisions
of the Atomic Energy Act of 1954, the Energy Reorganization Act of 1974, and the National
Environmental Policy Act. These acts establish a national policy and framework for regulating

'

civilian nuclear power activities to ensure that they are conducted in a manner that will protect
public health and safety, preserve environmental quality, maintain nationt.1 security, and comply
with antitrust laws

Title 10, Part 50 of the U.S. Code of Federal Regulations (10CFR50) requires that safety-related
nuclear systems and components, including containments, comply with specific edinons and
addenda of the ASME Code.10CFR50.34 contains Three Mile Island (TMI) related requirements
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for containment integrity. Specifically,10CFR50.34(f)(3) requires that steel containments meet
the design requirements for containment integtity in Section III of the ASME Code.
10CFRSC.44(c)(3) requires that the containment be capable of handling prescribed hydrogen
release without loss of containment structuralintegrity or safety function demonstrated by methods
such as those defined in Section 111.

10CFR50.55a, Codes and Standards, requires that "stmetures, systems and components shall be
%imed, fabricated, erected, constructed, tested and inspected to quality standards commensurate
. a the importance of the safety function to be perfo med" and that " systems and components of
boiling and pressurized water-cooled nuclear power reactors must meet the requirements of the
ASMB Boiler and Pressure Vessel Ccde."

He Genend Design Criteria (GDC)in Appendix A of 10CFR50 prescribe additional requirements
for containments. GDC 53, Provisions for Containment inspection and Testing, requires that
"The containment shall != designed to permit: (1) appmpiate periodic insSection of all important
areas, such as t>cnetrations; (2) an appropriate surveillance program; anc (3) periodic testing at
contninment Jesign pressure of the leak tightness of penetrations which have resilient seals and
expansion bGlows."

10CFR50, Appendix ), Primary Reactor Containment Leakage Testingfor Water-Cooled Power
Reactors, prescribes periodic leakage testing regiirements for containments. These include tests
to verify the containment leak tight integrity, assure that leakage does not exceed allowable leakage
rate valuc as specified in the technical specifications, and assure that periodic surveillance of
penetmtions and isolation valves is performed.

Subsection IWE and Subsection IWL Apnroval

Specific editions and addenda of Section 111 and Section XI of the ASME Code must be uppmv'd
by the USNRC in 10CFR$0.55a before use is mandated in the United States. For Section XI,
appmval of the 1986 Edition of Section XI was announced in the Federal Register (FR) in May,
1988 (53 FR 16051). Appmva of the 1999 Edition of Section XIis expected in early 1992
(56 FR 37961).

Ilowever, one significant exception, first established in 1983 in 48 FR $532, exempts Class MC
containments frum compliance with the inservice requirements in Section XL Subsection IWE:

Subsection IWC 'Requirementsfor Class MC Components of Light-Water Cooled Power
Plants," was added to Section XI by these Addenda flowever,10CFR50.55a presently
only incorporated those ponions of Section XI that address the ISI requirementsfor Class
I,2, cnd3 components and their supports. The regulation does not currently address the
ISI of containments. Since this regulation is only inunded to update current regulatory
requirements to include the latest Cade addenda, the requirements ofSubsection IWE are
not impo:.ed upon licencees by this amen:baent. The applicability of Subsection IWE will
be considered sepanuely.

48 FR 5332
Published : 217183
R$ecria: 3/9183

The above exemption in 10CFR50 for Class MC containments from compliance with Section XI,
Subsection IWE, remains as of the date of this m x 'pt (May,1992). Similarly, Subsection

M8, has not yet been apaved by theIWL for Cla.ts CC containments, first p2blished 1:2

USNRC. %ese delays are the result of seveial factors. Foremost is the intricacy of tne regulatory
process that requires preparation of value and impact statements, public review and comment, and
approval by a number of USNRC organizations for all new requirements. Both the rules in
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Subsection IWE and Subsection IWL are ca..sidmJ to be "new" requirements as no rules for
containment inservice inspection have previously been approved.

An increased effort is underway in the USNRC, however, to approve the ASME Code rules in
both Subsection IWE and Subsectior IWL. Tids activity is in light of the increased concem for the
safety of nuclear plants resulting from containment aging and degradation, it also renects
cooperation between both the ASME Cs de committees and the USNRC to develop containment
inservice inspection rules that address current concerns for containment degradation. Current
e.timates entwipate ' hat the USNRC will approve the Section XI rules for both steel and co, crete
containmei,tt, and a pnased implementation schedule for containment inservice inspection for all
nuclear plants in the United States in 1992.

USNRC Heguintory Guides

Regulatory Guides are issued by the USNRC to provide guidance for practices accep'able to the
USNRC for nuclear-related activities. nree guides are of specific interest to containment inserv,ce
requiren,ents. Regulatory Guide 1.35, inservice inspection of Ungrouted Tendons in Concrete
Containments, and Regulatory Gulde 1.35.1, Determining Prestressed Forcesfor inspection of
Prestressed Concrete Containments, are the basis for the requirements in Subsection IWL for
tendons for post tenslaned containmen's. Regulatory Guide 1.147, inservice Code Case
Acccptabilityfor ASME Section XI, Division I, defines those ASME Section Xl Code Cases that
are acceptable to the USNRC.

CONTAINMENT INSERVICE REOUIREMENTS

Containment Insnection Philosonhv

Section XI, Subsection IWE, for Class MC containments and Ation XI. Subsection IWL, for
' Class CC containments define requirements for containment preservice examination, inservice
inspection, leakage testing, rep:Gr, and replacement. Consistent with the inspection philosophy in
other portions of Section XI, the condition of the containment, or baseline, is first documented
through a preservice examination prior to initial commercial operation of the nuclear plant. For
Class MC containments, this preurvice examination uses the same inspection methods to be used
for the inservice inspections and is extended to essentially 100% of the containment. For Class CC
containments, the preservW examination of the concrete suefaces is, similarly, extended to
essentially 100% of the : " crete surface using the same methods to be used during the plant
lifetime, flowever, presen,ce exarrdnation for the post-tensioning system for post tensioned
containments is based upon documentation of the plant construction records.

Inservice inspections for both Class MC and Class CC containments are based upon visual
inspectio,n of representative portions of the containment and, for post tensioned containments, the
post-tensioning system on a prescribed schedule thmughout the plant lifetime. These examinations
may, and should, be done for the as-painted or as-coated condition of tl,c containment without
removal of the paint or coating. Subsection IWL also incorporates provisicos similar to and based
upon those dermed in USNRC Regulatory Guides 1.35 and 1.35.1 including those for physical

_

tests of representative tendons from the post tensioning system.

Subsection IWE was initially de veloped with the objective of sssuring that the critical areas of the
containment maintain their pressure-retaining and structural integrity thmughout the ?lant lifetime.
When first published in the 1980 Edition, Winter 1981 Addenda, of Section XI, Su )section IWE
reflected the premise that welds in pressure vessels and piping were the areas of the greatest
concern for potential failure. This philosophy, established in the 1970's as plants were being
constmeted, became the basis for the weld-based rules initially published in Secthn XI for the
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inservice inspection of piping and pressure vessels including containment vessels in Subsection
IWE.

As containments age, however, containment welds have not been found to be the limiting area for
containment integrity, instead, base metal degradation mechanisms such as corrosion, rather than
weld defects, have been found to be the most significant area of concern. Consequently, the
priorities for containment integrity have chariged fmm weld-based examinations to examinations of
the entire containment surface. These changes for Class MC containments were addressed in the
1991 Addenda to the 1988 Edition of Subsection IWE.

Subsection IWL has been developed with the objective of assuring that the critical areas of concrete
containments maintain their pressure retaining integrity throughout the plant lifetime. To meet this
objective, the preservice condition of the finished concrete surface must be visually examined and
documented to pruvide a reference baseline. Construction records provide baseline infomtation for
the post tensioning system. This baseline is then used for comparison with the existing condition + i|
at each inservice inspection. Subsection IWL has been written for new plants with considerations k
for older plants. Compliance with Subsection lWL rules is to be invoked by the USNRC thmugh N'
the regulatory process in the United States. For older plants, implementation on a plant by-plant
basis with the opportunity forjustifiable waivers for individual requirements when granted by the
USNRC is anticipated.

The rules in Subsection IWL address only unbonded post tensioning systems for Class CC
containments. They reflect the requirements in USNRC Regulamry Guide 1.35. The format in
Subsection IWL has been prepared to allow the addition of rules for prestressed concrete
containment structures with grouted tendons. Ilowever, there are no activities to prepare such
rules at the present Mme since no active nuclear plants in the United States utilize bonded or grouted
tendon design.

Pressure tests for toth Class MC and Class CC containments are limited to the periodic integrated
leakage rate test (ILRT) prescribed in Appendix J r 4C1350. For Class MC containments and
the metallic liners for Class CC containments, the , ral visual examination of the containment
prior to the Type A test req. tired by Appendix J L ..orporated as a speciGc Subsection IWE
requirement with atter. dant acceptance criteria and documentatica trquirements.

The Pressure Vessel Research Council (PVRC) commissioned a study of the ASME Code rules in
Section 111 and Section XIin 1988. The objective of this study was to prepare recommendations
for simplification cf the rules for the the design, construction, inservice ms wction, repair, and
replacement of nucl ar systems anu components. Several of these recommenc;ations will result in
changes to Section XI, including Subsections IWE and IWL,in the future. Revisions to address
three of the initial 1: commendations from the PVRC Steedng Committee have already been
initiated. "Ihey include relocation of all preservice examination requirements in ruw in Section XI
to Section 111 and clinination of the words "preservice" and " baseline." Aho, extension of the
present jurisdiction o? Section Ill to the time of illing the N-3 Data Report by the Owner, and }

separation of Section XI into three distinct areas: Inservice insp:ctica (ISI), inservice Testing
'

(IST), and Repai 5, Replacements, and Modifications (RRM). The fmal PVRC report conta ning
several hundred recommendations is scheduled for publication in 1992.

Scope

M ection IWE contaic rules for the preservice examination, inservice inspection, repair,
replacement and leakage testing of Class MC steel containments and their integral attachments. It
also applies to the steel liners and steel portions not backed by concrete for Class CC concrete
containments and their integral attachments. Subsection IWL includes rules for the preservice
examination and inservice inspection far concrete pressure-retaining shelh and shell components
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and for unbonded post tensioning systerns, tendons and anchorages. Rules for concrete and yst-
tensioning system repairs and replacements were first published in the 1991 Addenca to
Subsection IWL. Rules for containments with grouted tendor . are not anticipated at this time
because of limited need. Rules for leakage testing of Class CC containments after repair or
replacerr.:nt have been approved for publication Ln the 1992 Addenda to Subsection IWL.
Additional rules for the preservice examination, inservice inspection, leakage testing, repair, and
replacement of containments and for other portions of a nuclear plant are contained in Section XI,
Subsection IWA, General Requirements.

Eremotions from Conininment Insnection

Certain imbedded or inaccessible portions of containment vessels that are within the scope of
Subsection IWE or Subsection IWL may be exempted from the preservice examination and
inservice inspection requirements. For Class MC, the following components, or parts of
components, are exempted:

(1) vessels, }=rts, and appurtenances that are outside the baundaries of the containment as
defined in the Design Specifications;

(2) embedded or inaccessible portions of containment vessels, parts, and appurtenances
that met the trquirements of the original Construction Code; and

(3) xxtions of containment vesse'a. parts, and appurtenances that become embedded or.

:naccessible as a result of vessel sepair or replacement provided certain pmvisions are
met prior to becoming inaccessible.

For Class CC containments, inaccessible tendon end anchorages and portions of the concrete
surface that are covtrcxl by the liner, foundation material, or backfill or are otherwise obstructed by
adjacent structures, components, parts, or appurtenances are also exempt.

Class MC (Metal) Containments

Preservice Examination

Prior to the 1991 Addenda, rules in Subsection IWE for Class MC containments required that the
preservice condition of containment welds as p&inted or coated and the preservice condition of
other pressure-retaining components be visually examined and documented to provide a reference
baseline. This baseline was then used for comparison with the existing corxiition at each inservice
insaection. It was required, therefore, that the preservice baseline records for the containment
we; ds be restored when the existing surface treatment of the containment was altered, repaired, or
replaced. In the 1991 Addenda, the requirements were changed to address the examination of the
containment surface, ra'her than the containment welds. The surface, of course, include- the
welds.

Removal of paint or coatings is not required for visual preservice examination or inservice
inspections for containments except for dissimilar metal welds such as those at nozzles and
penetrations. Preservice and inservice nondestructive surface examinations of the base metal
surface are required for containment dissimilar metal welds because of their increased sensitivity
and importance.

Prior to initial plant startup, essentially 100% of the containment must be visually examined. Use
of binoculars, telescopes, boroscopes, video camera: and other remote optical devices is allowed
provided the visual auity standards for each examination method are satisfied. Surface
examination is also required for pressure-retaining dissimilar metal welds. Bolt torque or tension
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l
;

tests are required for pressure-retaining bolting. Areas suspect as a result of visual examination
must be cleaned by removal of paint or coatings to the base metal surface for surface examinanon. ;

Exposed areas must be repaired,if requirrd, and repainted or recoated after examination. ;

1
'

Components accepted for service as a result of a preservice examination shall either (1) have no
indications from visual or surface examination that exceed the acceptance standards, or (2) be
repaired or replaced to the extent necessary to meet the acceptance standards prior to placement of
the component into service. Visual examinations that detect surface indications must be
supplemented by either surface or volumetric methods. All indications in components accepted for
service that meet the acceptance standasds must be documented. The examinath n results are
subject to review by the Authorized Nuclear Inservice Inspector (ANII) having jurisdiction at the
plant site.

Inservice Inspection Schedule

Containment vessels, pressure-ruaining lulting, rnd seals, gaskets, and moisture barriers must be
inspected on a scheduled basis during the nomial plant lifetine. De inspections may be perfomied
to either Inspection Program A or Inspection Program B as shown in Figures 1 and 2,
respectively. Each inspectior, interval may be increased or decreased, but not cumulatively, by as
much as one year except that the first interval for Inspection Program A may not be decreased. For
power units that are out of service for six mcnths or more, the inspection interval may be extended
for a period equal to the outage and the original pattem of intervals extended accordingly. The
intervals continue to the end of the piandhetime, la the United States, only inspection Pmgnun B
is in use. Therefore, each inspection inanal is ordinarily ten years.

D RequiredInspections

1 Yeat Tolerance Band
4 >

Year 0 1 5 10 15 20 23 25 30 35 40

! { E E '

N h\
\ NN NN

_ h N M s

Inspection JY1 7 Yrs 13 Yrs 17 Yrs |, , , m , m
'' ' ' ' ' ' '

Interval
'

1 2 3 4

4- InMalStartof Commerical0poration(18CFRI.90)

Figure 1. Inspection Program A

For Inspection Program B, unless deferral to the end of the inspection interval is specifically
allowed, a minimum of 16% and a maximum of 34% of the scheduled inservice examinations must
be completed in the first inspection period of three years of the inspection interval. A minimum of
50% and a maximum of 67% of the scheduled examinations must be completed by the second
inspection period or by the seventh year of the inspection interval. All examinauons must be
completed by the end of the third inspection period or the end of the ten year inspection interval.
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U Required Inspections
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Figure 2. Inspection Program B

Examination of seals, paskets, and moisture barriers and pressure tests may not be deferred to the
end of the interval. Similarly, the general visual examination of containment surfaces required
prior to each Type A integrated leak rate test and examination of containment surfaces requiring
augmented exandnation may not be defermd to the end of the interval. Other examinations may be
deferred to the end of the first three ten year inspection intervals. In light of the increased concern
for age-related degradation, these examinations may not be deferred in the founh and subsequent
inservice inspection intervals.

Inservice Inspection

Inservice inspection requirements for Class MC containments in Subsection IWB are defined in
tables of Examination Categories. Prior to the 1991 Addenda, the rules in Subsection IWE
required periodic inservice inspection of the contalmnent welds. In the 1991 Addenda, the rules
were revised to address containment surfaces in lice of containment welds. These changes are best
reflected in a comparison of the Examination Categories for Subsection IWE before and after the
change in containment inspection philosophy as shown in Table 1.

Revisions to replace the weld based inservice inspection requirements with surface based inservice
inspection irquirements are defined below. Requirements for the inservice inspection of pressure-
retaining welds at containment penetrations (Examination Category E-B), seals, gaskets and
moisture barriers (Examination Category E D), pressure retaining dissimilar metal welds
(Examination Category E F), bolting (Examination Categoy E-0), and pressure testing
(Examination Category E-P) remain unchanged. The revisions are discussed below:

(1) Incorporate Visual Examination Requirements for Containment Surfaces in- Areas of
Potential Decradation from Corrosion

This revision in Examination Category E C requires the periodic VT-1 visual examination
of visible and accessible containment surfaces of Class MC containments and steel liners of
Class CC containments in areas requiring augmented examination. These areas are those
susceptible to corrosion or other degradation. They ue to be identified on a case basis for
each containment type or are to be identified as a result of the the general visual inspection
now required by 10CFR50, Appendix J, prior to each Type A containment integrated leak
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rate test. Typical areas to be included are those subject to accelerated corrosion with no or
minimal corrosion allowance or areas where the absence or repeated loss of protective
coatings has resuhed in substantial corrosion and pittin ;. These include areas exposed to
standing water, repeated wetting and drying, persistent eaka);e and those with geometries
that pennit water accumulation, condensanon, and microbiological attack. Such areas
include penetration sleeves, surfaces wetted during refueling, concrete-to-steel shell or liner
interfaces, embedm.nt zones, leak chase channels, drain areas and sump liners. All
designated areas require visual VT-1 examination in each inspection interval Deferral to
the end of the interval is not permissible. Any indications of corrosion or degradation must
be repaired or found acceptable by ar. Engineering Evaluation before the containment is
returned to service.

Table 1 Subsection IWE Examination Categories for Class MC Containments

PARTS EXAMINED

EXAMlHATION WELD BASED RULES SU RF ACE.B ASED RULES
CATEGORY 1 (1981 1990) (1991 AND LATER)

EA Pressuro Retalning Wolds Containment Surf aces
in Vessels

E-A 1 Nonpressure Retaining Deleted
Welds

EB Pressure-Retaining Welds Pressure Retalning Welds

in Containment Penetrations in Containment Penetrations

E4 Pressure Retalring Welds in Containment Suriaces Requiring
Airlocks and Equipmont Hatches Auomented Eramination

E-D Seals, Gaskets, and Seals, Gaskets, and

Moisture Barriers Moisture Barriers

EE Integral Attachments Deleted

E-F Pressure-RetalIng DissJmilar Pressure.Retalning Diesimilar
Metal Welds MetalWolds

E-G Pressure-Retaining Bolting Pressure-Retalning Botting

EP All Pressure Retalning Components All Pressuro Retalning Components

(Pressure Tests) (Pressure Tests)

Note- (1) In acklition to the Examination Categories shown, Examination Category E-Q for Base Metal
Euminations was intmduced in the 1990 Addenda. Dese requirements were restated in Examination

Category EC and Examinaton Category E4 was deleted in the 1991 Adivnia.

(2) Raiute.g.r Delete Current Rules for Visual Examination of Containment Welds

These revisions replaced weld based inspections with requirements for visual VT-3
examinations of accessible surface areas as the primary basis for containment inspection in
Examination Category E-A. This examination of all accessible containment surfaces is to
be wrformed at the end of each inspection interval. Interim inspections at the end of each
ins xction period within the inspection interval are not required. All trportable conditions
reqeire repair or replacement or acceptace by an Engineering Evaluation. Areas of
obserud or potential base metal degradation must be identified and included in the base

l
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metal examination areas susceptible to corrosion or degradation and inspected in
accordance with Examination Category E C. as discussed in (1) above and (3) be low.

(3) Restate and Clarify Requimments for Genent Visud Examiqm Prior to Tyne A Tests as
Required by IOCFR50 and Extend to Reinforcing Structm and Other Areas of the
Ccntninment

The rules in 10CFR$0, Appendix J require a general visual examinadon of the entire
containment surface prior to each Type A test. 'Ihese tests are required three times in each
ten yeat inspection interval for Inspection Program B and ordinarily coincide with plant
refueling outages. Although presently required by 10CFR50, nuclear utility pmetice often
results in an infomtal, undocumented examination with no prescribed inspec: ion procedure,
repair procedure, or documentation of results. A requirement for a General Visual
Examination has been added to Examination Category E A. The General Visual
Examination is to be xrformed by, or under the direction of, a Registered Professional
Engineer or other incividual knowledgeable in the requirements for design, inservice
inspection, and testing of Class MC and metallic liners of Class CC components. The
examination may be performed either directly or remotely, by an examiner with visual
acuity sufficient to detect evidence of degrsiation that may affect either the cantainment
stmetural integrity or leak tightness. This examination elevates this existing Appendix J
requirement to become the primary containment inspection with the attendant rec turements
for inservice inspection procedure preparation, repair program procetures and
documentation, and documentation of inspection results. This revision is integral with the
irvisions stated in (1) and (2) alove.

(4) Establish Ultrasonic Thickness Measurement Reauirements for Areas of Potential
Optninment DecraMtion

Revisions to establish ultrasonic thickness measurements as a means to monitor
containment shell or liner wall thinning are incorporated in Examination Category E-C.
Periodic ultrasonic tluckness measurements am required to determine and monitor the wall
thickness in areas designated as surface areas requiring augmented examination. These
areas are those susceptible to corrosion or degradauon, as defined in (1) above, that are not
accessible for visual exandnation from both sides. 'Ihis includes areas such as containment
linen; backed by concrrte and areas of steel containment shells adjacent to the sand pocket

, areas of BWR containments. When so designated, the area requires marking into one foot
! square grids. An initial ultrasonic scan to determine and mark the point of minimum

thickness in each grid is then required. Periodic ultrasonic examinations are then
performed for all m:uicd locations in each inservice inspection interval to determine loss of
wall thickness. Deferral of the ultrasonic thickness measuremests to the end of the interval
is not permissible. Areas that remain essentially unchanged for three consecutive
inspection periods may then revert to the requirements of Exandnation Category E A.
Areas that exhibit reduced thickness from the prior measurement must be evaluated to
determine acceptability for continued service. Containment vessel examinations that reveal
material loss exceeding 10% of the nominal containment wall thickness, or material loss
that is projected to exceed 10% of the nondnal containment wall thickness prior to the next
examination, must be documented. Areas that are suspect must be accepteo by engineering
evaluation or corrected by repair or replacement.

Table 2 summarizes the inservice inspection requirements for Class MC containments based upon
the surface based examination mies first published in the 1991 Addenda to Subsection IWE.
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Table 2, Class MC Inservice Inspection Examination Requirements

EXAM PARTS EX AMIN ATION EXTENT AND FREOlsENCY
CATEGORY EXAMINED METHOD OF EXAMINATION

1ST SUCCESSIVE
INTERVAL INTERVALS

EA C.ontainment
2MilaC2.8

Containment Doundary General Visual 100% Prior to Type 100% Prior to
A Test Type A Test

Aa:ess. Surface Areas Visual, VT 3 100% End of 100% End of
Interval Interval

EB Preasure Retalning Visual, VT 1 25% of Total 25% of Total
Wolds (Penettallons) Number of Weldo Numberof Wolds

EC containment
Surf aces

Heaultina Auomented
Examination

Visible Surf aces Visual, VT 1 100% of identified 100% of Ider,tified

Areas Each Period Areas Each Period
Surfaces Accessible from Volumetric, UT 100% of identdied 100% of identified

One Side Only Thickness Areas Each Perbd Areas Each Period
E.D Seals, Gaskets, and Visual, VT 3 100% of Each item 100% of Each item

Motsture Barrlers
__

EF Pressure.Retalning Surf ace, MT or PT 50%of Total 50% of Total
Dissimlist Metal Number of Welds Number of Welds

Wolds
EG Prossure Retmining Visual, VT-1 100% of Each 100% of Each

Bolling Bolted Connodion Bolted Connedion
Bok Torque or 10^% of Bolts 100%of Bolts
Tension Test

EP ALL_Planure Retalning
C.gsponents

Containment Boundary 10CFR50, Eacn Repair, Each Repair,
Appendix J Modification, or Modification, or

Replacement Replacement 1

Bellows, Airlocks, Seals, 10CFR50, 10CFR50, 10CFR50, I

and Gaskets Appendix J Apoendix J Apoendix J

Acceptance Standards

Visual containment surface examinations nuy be made without removal of paint or coatings. The
inspected area, when painted or coated,is to be examined for evidence of flaking, blistering,
accling, discoloration, and other signs of distress. For noncoated areas, the inspected areas are to
se examined for evidence of cracking, discoloration, wear, pitting, excessive corrosion, arc
strikes, gouges, surface discontinuities, dents, and other signs of surface hregularities.

Seals, gaskets, and moisture barriers examined in accordance with Examination Category E-D
must be examined for wear, damage, erosion, tear, surface cracks, or other defects that may violate
the leak tight integrity. Defective items are to be be replaced. A proposed revision to Subsection
IWE will not require disassembly of sealed er gasketed connections solely for the performance of
this examination.
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Bolting materials examined in accordance with Exaraination Category E-G must be examined in
accordance with the material specification for defects which may cause the bolted connection to I

violate either the leak-tight or structural integrity. Defective items are to be replaced. In addition, i

cither bolt torque or bolt tension must be within the limits specified for the onginal design. If no
limits have been specified, acceptable bolt torque or bolt tension limits must be detennined and
utilized. Examination of bushings, threads, and ligaments in base material of flanges is required
only when the connection is disassembled. Also, deferral of the examination to the end of the
inspection interval is not allowed when the connection is otherwise disassembled or the bolting is i

removed.

Components accepted for continued se:vice as a result of inservice inspections must either (1) have
no indications from visual or surface examination that exceed the acceptance standards, (2) be
repaired or replaced to the extent necessary to meet the acceptance standards, or (3) be found
acceptable for continued service by an Engincedag Evaluation. Results ofinservice inspections are
to be compared with recorded results of the preservice examination and prior inservice insyctions
to detemiine acceptability for continued service. Visual examinations that detect surface inc ications
must be supplemented by either surface or volumetric methods. When an Engineering Evaluation
is performed, it must demonstrate that the margins required by the Design Specifications are
maintained. %e Engineering Evaluation is subject to review by the regulatory and enfon:ement
authorities having iunsdiction at the plant site.

Containment Leakage Tests

Subsection IWE does not require containment leakage tests other than the periodic leakage tests
specified in Appendix J of 10CFR50. His accommodation was made within Subsection IWE to
reduce the potential fatigt.e effects of excessive pressure testing and to recognize that 10CFR50,
Appendix J, provides an adequate basis for assuring continued containment leakage integrity. In
acconiance with 10CFR50, Appendix J, a general visual examination of the entire containment
boundary is required as prescribed in Examination Category E-A prior to each Type A containment
integrated leakage rate test.

Repsir, me.ification or replacement of the pressure-retaining boundary of metal containments
tcquires a Type A pneumauc leakage test as prescribed in 10CFR50, Appendix J. Type A_ tests am
intended to measure the primary reactorcontainment overallintegrated leakage rate after the
containment has been completed and is ready for operation and at periodic intervals thereafter.
Visual examination is required after repair, modification or replacement and may be limited to the
area of the repair, modification or replacement including any connection made to the existing
system. If the applicable leakage test requirements of 10CFR50, Appendix J, cannot be satisfied,
corrective action must be taken and leakage testing must be repeated until the leakage requirement is
satisfied prior to retuming the cornponent to senice.

Leakage tests following minor ir ) airs or modifications to the pressure-retaining boundary may be
deferred until the next scheduled cakage test provided nondestructive examination is performed in
accortlance with an approved repair program. Such minor repairs or modifications are: (u) welds t

of attachments to the surface of the piessure-retaining boundary; (b) repair cavities, the depth cf
which does not penetrate the required design wall thickness by more than 10%t and (c) welds
attaching penetrations that am NPS 1 or smaller.

Repairs and Replacements

Specific requirem:nts for repairs and replacements for nuclear components and systems, including
Class MC containmems and liners of Class CC containments, are provided in Section XI,
Subsection IWA, GeneralRequirements. Two repair techniques specifically for containments are
the butterbead temperbead and the half-bead weld repair methcds. Both methods are intended far
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,

repair welding in areas where frctors such as water backing o, adjacent structural memberr. result
in highly restrained welds. Both procedure qualification and welder performance qualification on
full size mock-ups that simulate the field conditions are required.

'

Code Cases

The butterbead-temperbead and the half bead weld repair methods are the subject of ASME Code
Case N-236-1, Repair and Replacementfor Class MC Vessels. USNRC Regulatory Guide 1.147
approves use of th s Code Case with some additional requirements.

ASME Code Case N-486, Inservice inspection, Repair and Rep!acement Regrdrementsfor Class
MC and Metallic Uners of Class CC Components ofught-Water Cooled Plants, was approved in
April 1990. The Code Case is applicable from the 1974 Edition to the 1989 Edition of Section XI
and prescribes the use of the 1989 Edition of Subsection IWE. The sole purpose for this Code

tCase was to provide a vehicle for USNRC endorsement of the Code Case m Regulatory Guide
1.147 in advance of the date when Subsection IWE is approved in 10CFR50.55a. This was
intended to allow for use of Subsection IWE rules by plant Owners with USNRC endorsement,
but cn a nor. mandatory basis, until full approval is established in 10CFR50. To date, this Code
Case has not been addressed in the Regulatory Guide.

Two Code Cases provide rules for examination of containment surfaces by surface examination
methods without removal of paint or coatings. These are Code Case N-458, Magnctic Particle
Examination of Coated Materials, and Code Case N-485-1 Eddy Current Examination of Ferritic

,

Surfaces as an Alternative to Surface Examination.
,

CInss CC (Concretc) Conininments

Preservice ExaminaA.lon

ne preservice examination for Class CC containments must be performed following com? etion ofl
the containment Structum! Integrity Test (SIT) and prior to initial stanup of the nuclear p. ant. The
examination requires visual examination of all concrete surfaces of the containment and

. documentation of the as-built condition of the post tensioning system. Infomiation for the post-
tensioning system may be extracted from the construction records. Table 3 defines the
requirements for the preservice exam *mtions.

wer unit,
When a concrete containment is repaired or modified during the service lifetime of a7ed area toIthe preservice examination requirements must be met for the repaired or modi
reestablish the preservice baseline. The pieservice examination must be perfonned prior to the

; resumption of service when the power umt is not in service. The examination may be deferred to
|; the next scheduled outage when the power unit is in service.
L
' laservice Inspection Schedule

Periodic inspections of the concrete surfaces and of the post tensioning system tendons,
anchorages and other features are required throughout the ilfetime of the nuclear plant. The
inservice inspection schedule for plants with one power unit is defined in Figure 3. The
inspections are required at 1,3 and 5 years following the SIT required by Article CC-6(XX) of

|
Section III, Division 2, and every 5 years thereafter. For the 1,3 and 5 year inspections, the
inspections must commence not more than 6 months prior to the specified dates and be completedI

not more than 6 months after such dates. If plant conditions are such that the inspections cannot be
completed within the stated time interval, the remaining portions may be deferred to the next

| regularly scheduled plant outage. The ten year and subsequent inspections must commence not
- more than one year prior to and be completed not more than one year after the scheduled dates.
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Table 3. Preservice Examination Requirements for Class CC Containments

"AREA EXAMINATION
REXAMINED METHOD

DOCU MEN'f ATION

Concrete Visual No Evidence Of D ge Or Degradation 1

Surface Sufficient To Warrant Evaluation Or Repair

Unbonded Documentation (1) Tendon Tensioning Dato
Post- From

Tensioning Construction (2) Initial Tendon Seating Force
Systern Records

(3) Location Of All Missing Or Broken Wires
Or Strands Unseated Wires, Missing Or
Detachod Buttonhoada Or Missing

Wedgas

(4) Product Designation For
CorrorJon Protoction

Maisn

For sites with two power units, the inspection rec uirements for concrete containments may be
modified if both containments are essentially simi ar in design and utilize the same prestressing
system. The post tensioning o wrations for the two containments must have been completed not
more than two years apart and mth containments must be similarly exposed to or protected from
the outside envuonment. The inservice inspections for sites with two power units that meet there
conditions are summarized in Table 4. In Table 4, inservice inspections defined as " Pan" rec nire
only examination of tendon anchorage areas and examination of the conosion protection met ium
and fmc water at the specified times. All examinations are required at the times specified as "All"
in Table 4

The 40 year period shown in Figure 3 is based upon the current licensed lifetime of nuclear plants
in the United States. Consistent with changes in other Subsections of Section XI, the 40 year

l period is being deleted to recognize activities underway to extend the nuclear plant lifetiane by'

amendments to the operating licenses granted by the USNRC.

Inservice Inspection

All accessible concrete surfaces of the containment, including coated areas, rec uire visual
examination for evidence of conditions which may be indicative of damage or degracation. ACI
201.lR 68. Guidefor Making a Condition Survey of Cemete in Service, is recommended as a
guide for the inspections. The inspections and the evaluation of the findings must be performed by
or under the direction of a Professicnal Engineer (the Responsible Enginect) experienced in
evaluating the inservice condition of structural concrete. The inspections may be perfonned from
floors, roofs, platforms, walkways, ladders, the ground surface and other pennanent vantage
mints unless temporary close-in access to saspect areas of the concrete surface is required by the
lesponsible Engmeer. Optical aids and artificial lighting may be used. As shown in Table 5,

Examination Category L-A, item No. Ll.10 is assigned to the examination of the con: rete surface.

.
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Figure 3. Class CC Inservice Inspection Schedule-One Power Unit

Several attematives were considered during development of the rules for the inservice inspection of
concrete in Subsection IWL. The Working Grou, initially favored the requirement that " suspect '

areas" of the concrete containment be predefined and that those areas be examined during each
inspection period. Cracks 0.01 inches or greater were to be mapped and monitored. It was A
concluded, however, that such requirements would unnecessarily burden plant owners with
repetitive examinations that would not necessarily renect degradation of the structural integrity of
the concrete, it was therefore decided that the responsibility for the concrete exemination and the
evaluation of the results that indicated damage or degradation would be left to the responsibility and
judgment of the Responsible Engineer.

Table 4. Inservice Inspections for Sites with Two Power Units.

YEARS SINCE STRUCTURAL INTEGRITY TEST (SIT)

CONTAINAtENT ,

1 3 5 10 15 20 25 30 35

FIRST UNIT All All All All i All

Pad Pad Pan Pad

SECOND UNIT All All All All All

Part Part Part Part

Examination Category leB, Item Numbers L2.10 to L2.50, are assigned to the inservice inspection
of unbonded post tens;oning systems as shown in Table 5. Separate requirements are contained in
Subsection IWL for each inspection item.

Tendons examined during an inspection are to be selected on a random basis as shown in Table 6.
'lle population from which the random sam?le is drawn consists of all tendons that have not been
exammed during earlier inspections. Tendon type is defined by geometry and position in the
containment; e.g., hoop, vemeal, dome, helical, and inverted U. The following apply:

(1) One tendon of each type must be selected from the first year inspection sample and
designated as a common tendon. tiach comrnon tendon is examined during each
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inspection. A common tnidon is not to be detensioned unless it does not meet
acceptance requirements. If a common tendon is detensioned, another common tendon
of the same type must be selected fmm the first year inspection sample.

(2) If a containment widi a stranded post tensioning system is constructed with a
predesignated number of detensionable tendons, one tendon of each type is to be
selected from among those that are detensionable. %c remaining tendons must be
selected from among those that cannot be detensioned.

i

(3) Tendon anchorages that are not accessible for examination because of safety or
'

radiological hazards or structural obstructions may 'x exempt from inspection. After
tendons are randomly selected, any inaccessible tendons may be removed fmm the
sampic. Substitute tendons,lo:ated as close as possible to the exempted tendons, must
be selected for all exempted tendons.

Table 5. Examination Categories fx Concrete Containments

AREA EXAMINATION ITEM PARTS EXAMINEDEXAMINED CATEGORY- NO.

CONCRETE LA L1.10 Concrete Surface
SURFACE

UNBONDED L.B L2.10 Tendon
POST-

TENSIONING L2.20 Wire or Strand

SYSTEM L2.30 Anchorage Hardware '

ano Surrounding Concrete

L2.40 Corrosion Protection
Medium

L2.50 Free Water

The pre:tressing force in all inspection sample tendons must be measured by liftoff or an
equivalent test.' The equipment used to measure tendon force must be calibrated prior to the first
tendon measurement following the fm' al measurement of the inspection period. Accurac|

, - calibration must be within 1.5% of the specified minimum ultimate strengti of the tendon. y of the'

One sample tendon of each tendon type must be completely detensioned. A single wire or strand
fmia the tendon is then to be visually examined over its entin length for evidence of cormslon or
mechanical damage. Strand ends are to be examined for wedge slip? age marks. In addition,
tension tests are to be performed on at least three samples cut from eac i removed wire or strand,
one at each end and one at mid length, De yield strength, ultimate tensile strength, and clongation
are to be recorded for each test.

,

Tendoas that have been detensioned must be retensioned to at least the force predicted for the
tendon at the time of the test. Ilowever, the retensioning force should not exceed 70% of the
soccified minimum ultimate tensile strength of the tendon based on the number of effective wires or
strands in the tendon at the time of retensioning.

A visual examination is required on the tendon anchorage hardware, including bearing plates,
'

anchorheads, wedges, buttonheads, shims, and the concrete extending outward a distance of two
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feet from the edge of the bearing plate. Documentatioa is required for concrete cracks having
widths greater than 0.01 inch, corrosion, broken or protrudmg wires, missing buttonheads,
broken strands, and cracks in tendon anchorage hardware, Broken wires or strands, protruding
wires and detached buttonheads following retensioning of tendons which have been detensioned
must also te documented. Ac quantity of free water contained in the anchorage end cap as well
as any which dntins from the tendon during the examination process is also to be documented.

Table s. Tendon Selection for inservice Inspection

'
% OF ALL MINIMUM MAXIMUM

TENDONS OF REQUIRED NO. REQUIRED NO.
YEAR 2ACH TYPE OF EACH TYPE OF EACH TYPE

.-

1 4% 4 10

3 4% 4 10

5 4% 4 10

10 2% 3 5

15 2% 3 5

20 2% 3 5

25 2% 3 5

30 2% 3 5

35 2% 3 5

A visual VT-1 examination as defined in Subsection IWA, General Requiremenn, of Section XI is
presently specified for the anchorage and adjacent concrete. The definition of the parameters for
VT-1 examinations pertain only generally to the examination of steel surfaces. A revision
scheduled for pablication in the 1992 Addenda to Section XI establishes VT-lC and VT-3C visual
examination to better define visual examination requirements for concrete and the requirements for
the qualifications of personnel who conduct correte examinations.

Samples of the cotrosion protection medium, exclusive of any free water in the tendon, are to be
taken from each end of each tendon examined. The samples are to be thoroughly mixed and
analyzed for reserve alkalinity, water content and concentrations of water scluble chlorides, nitrates
and sulfides. Specific requirements for the sample analysis are contained in Subsection IWL. The
amount of corrosion protection medium removed at each anchorage must be measured and the total
amount removed from each Icadon (two anchorages) must be recorded. We total amount replaced
in each tendon is to be recorded and the difference between the amount removed and the amount
replaced is to be documented.

Samples of free water in tendons is to be taken where water is present in quantities sufficient for
laboratory analysis. The samples require analysis to detemiine pil.

Acceptance Standards

Concrete surfaces and port-tensioning system components are acceptable for continued service if
the items examined in the inservice inspections meet specific acceptance criteria, are evaluated and
found acceptable for cortinued plant operation, or are repaire to reestablish acceptability for
continued service.
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If an evaluation is perfomied, an Engineering Evaluation P.eport must be prepared by or on behalf
of the nuclear plant owner. This teport must define the source of the condition that does not meet
tim acceptance criteria, the basis fu acceptability of the concrete containny nt without repair of the
nonconfonning condition, whether or not repair is required and, if required, the extent, method,
and completion date for the repair and the extent, nature, and frequency of additional examinations.
The Engineering Evaluation Report is subject to review by the regulatory and enforcement
authorities having jurisdiction at the plant site.

Evaluation criteria and requirements for inservice inspection of the concrete surface are defined in
Table 7. The condition of the concrete surface is acceptable if the Responsible Engineer determines
that there is no evidence of damage of degradation sufficient to warrant further evaluation or repair.

Table 7 defines the evaluation criteria and requirements for the inservice inspection of post-
tensioning systems. De acceptance criteria are discussed below:

Tendon forces are acceptable if the average of all measured tendon forces for each type of tendon is
equal to on greater than the minimum required prestress sycified at the anchorage for that type of
tendon. In addition, the measured forte in cach individuaJ tendon must be not less than 95% of the
predicted forte unless:

(1) the measured force in not more than one tendon is between 90% and 95% of the
predicted force;

(2) the measured fortes in two tendons located edjacent to the tendon in (a) above are not
less than 95% of the predicted forces; and

(3) the measured forces in all the remaining sample tendons are not less than 95% of the
predicted forces.

Tendon wires and strands are acceptable if the samples are free. of physical damage, the location of
severe corTosion is located and documented, and sample ultimate tensile strength and clongation are
not less than minimum specified values. Concrete within two feet of the edge of the anchorage
bearing plate is acceptable if cracks do not exceed 0.01 inches in width. The condition of tendon
anchorage hardware is acceptable if there is no evidence of cracking in anchor heads, shims or
bearing plates, if corrosion is not severe, and if broken or unseated wires, broken strands and
detached buttonheads were documented and accepted during a previous inservice inspection.

The corrosion protection medium is acceptable when the reserve alkalinity, water content and
soluble ion concentrations of all samples are within the limits specified in Subsection IWL.

De alkalinity of tendon free water is to be documented.

USNRC Regulatory Guide 1.35, inservice Inspection of Ungrouted Tendons in Prestressed
Concrete Containment Structures, contains guidance for the inservice inspection of post-
tensioning systems for concrete containments. This Regulatory Guide describes a basis acceptable
to the USNRC staff for developing an appropriate inservice inspection and surveillance program
for ungrouted tendons in prestressed concrete containment structures of light-water cooled
reactors. This guide formed the basis for mrr' of the requirements in Subsection IWL for
ungrouted tendons in post-tensioned containnuts. The Regulatory Guide, however, is more
specific than the seguirements in Subsection IWL :n several areas for tendons but does not contain
requirements for the inspection of concrete surfaces. Areas of difference between the Regulatory
Guide and Subsection IWL are being reviewed by the Section XI Working Group on Concrete
Pirssme Componwts responsible for Subsection IWL.
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Table 7. Inwrvice Inspection Requirements for Class CC Containments

AREA EX AMIN A UN EVALUAT!9N INSERVICE CRITERIA
EX AMINED METHOD CRITE RI A OR DOCUMENTATION

Concrete Visual Evdonce Of Cond,tions No Evdonce Of Damage Or

Surface Irdicative Of Damago Or Dogradation Sufficient To
Dooradation Warrant Evaluation Of Repair

Tendon Uftoft Or Equivalent Prostress Force (1) Average Measured
Force Test Forces in All Tendons

Ecpal To Or Greater ihan
Required Prestress

(2) Individual Measured Force
in Each Tendon Not I.oss
Than %% of Predicted
Fcrco

T endon Wee (A) %sual (A) Corrosen, Mecharucal (A) Savoro Conoston
or Strand Damage, And Wedge Located And Physical

Shppago Marks Damage

(B) Tension Test (B) Yield Strength, Ultirnsio (B) Ultimate Tensile Strength
Tensile Strength Ard and Elongation Not Less
Elonaation Than Mirumum Specified

Values

lendon 'A) %sual, VT 1 (A) Concreto Crads; (A) Concreto Cracks Do Not
Anchorage Corrosion, Broken Or Exceed 0.01 inches

Areas Prc'ruding Wires, Missing Within 2 Feet Of Boaring
Buttonheads, Broken Platos; No Cracks in
Strands, Cracks in Anchor Heads, Shims, Or
Anchorago Hardware Bearing Plates, No

Sev9re Corrosion,
Broken Or Unseated
Wiros, Strands, Ard
Buttonheads Previously
Documented and
Accepted

(B) Free Water in (B) Volume Measuromont (B) Volume Documentation
End Cap

Corrosion Samolo Analysis Heservo Alkabruty, Water Reservo Alkaltruty, Water

Protection Content, Water Solublo Content, Solublo lon

Medium Chloridos, Nitratos, Sulfides Concentrations Within
Specified Limits; Document
Amount Removed and
Replaced

Tendon Free Alkahrvty Analysis pH No Umts Spootied
Water ,

- 644 -

_ __



, , . . . . , , , , , . .

Leakage Tests

Requirements for leakage tests for Class CC containments will be published in the 1992 Addenda
to Subsection IWL ne leakage test requiremeats in Subsection IWE for Class MC containments
also apply to Class CC containments. No additional leakage tests are required in Subsection IWL
for Class CC containments. He revision to Subsection IWL does, however, contain requirements
for a containment pressure test at the design basis accident pressure following repair or te >lacement
of a portion of the containment. This test is the same as the Type A Mt required by LOCFR50,
Appendix J. %e test is not requinxiif the any of the following conditi'. . exist:

(1) ne Engineering Evaluation Report demonstrates that the stmeturalintegrity of the
containment in the existing unrepaired condition has not been reJuced below that
required by the original design criteria;

(2) The repair or replacement affects only the cover concrete external to the outermost layer
of structural reinfo.cing steel or post-tensioning tendons; or

(3) he repair or replacement involves caly exchange of post-tensioning tendons, tendon
anchonige hardware, shims, or corrosion pmtection medium.

Repairs and Replacements

Prc,cedu,es for repairs and replacements for Class CC contais.ments were first published in the
1991 Addenda to Subsection IWL. These rules allow for repair or replacement of concrete,
reinforcing steel, or post-tensioning system components by any appropnate method, llowever,
the repairs or replacements must be performed in accordar,ce with a documented
Repair / Replacement Program that meets the requirements of Subsection IWA, General
Requirements.

Code Cases

ASME Code Case N-478,Inscrvice Inspectionfor Class CC Concrete Components cfLight-Water
Cooled Power Plants, was approved in July 1989. He Code Case is applicable from the 1974
Edition to the 1989 Edition of Section XI. He requirements are identical to the first publicr. don of
Subsection IWL in the 1986 Edition,1988 Addenda of Sectica XI. As for Code Cha- S486 for
Subsection IWE, the sole purpose for Code Case N-478 was to provide a vehicle for USNRC,

endorsement of the Code Case in Regulatory Guide 1.147 in advance of the date when Subsection
IWL is appmved in 10CFR50.55a. To date, this Code Case is not addressed in the Regulatory
Guides.

AGING AND EXTENDED SERVICE LIFE

Degradation Mechanisms

Numerous containment degradation mechanisms have emerged from studies and experience as
containments in the United States grow older. Table 8 summarizes several of the poteniial
degradation mechanisms, locations, indicators, problem areas, failure modes, and exs.nination
methods / remedies for steel and concrete in containment stmetures.

Inservice Corrosion

Cormsion of shell plating and liners !s potentially the most limiting degmdation mechanism for
containments. Significant corrosion in the containment for an early BWR ht.RK I nuclear plant
was identified in 1986, This corrosion of more than 0.35 inches in the 1.154 inch thick
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containment drywell shell occurred on the outside of the containment immediately above the
concrete floor. This is an area packed with sand ic, form a cushion to allow drywell expansion
during operation. As reported in USNRC Inspection and Enfon,emen: Notice 86-99, Dcgmdation
of Sicel Containments, in December 1986, the corrosion resulted from leakage over a long period
of time from the bellows at the drywell to cavity seal. He leakage resulted in continual wetting of
the sand in the sand cushion. Supplement I to this Regulatory Guide was issued in February
1991.

Table 8. Potential Degradation Mechanisms for Steel arxl Concrete Containtrents

STEEL CONC. OE
~

t.ocations Shell Plating; Penetrations; Structural Concrete for Shells, Domes, 8
Hatches; StructuralReinfordng Basemat, Supports and Related
Structure; Structural & Nonstructural Areas.
Attachments; Dome & Basemat U%r;
Leak Chase Channels; Torus;
Supports; Anchor Bars & Studs;
Embedmonts.

Machardsms Eaectrocherrical Corrosion; Fatigue; Chemical Attack; Acid Rain; Ground-
Chemical Attack;Microbiologically- water Chomstry; Akali-Silica / Akal-
Induced Corrosion; Strocs Corrosion Carbonate Aggregate Reactions;
Cracking; Galvanic Corrosion; Freeze-Thaw Cptes; Shrinkage;
Radiation Embrittlement. Thermal Cycling * 50*; Radiation

(Internal HeatiN); Johydration;
Vibration; Differordyl Gottlement.

lidcators Rust; Discoloration; Scale Buildup; Cracking; Discolor 4.on; Spalling; Fop-
Staining Blistering & Bubbling Paint; Out; Loss of Strength; Aggregate
Leakage from Drains; Clogged Drains; Breakdown; Peeling, Discoloration or
BuckhntyUtt Off of Uner; Spal|iry Detamination of Coatings.
Pop-Out of Concrete.

_ _ _ _

Problem Areas of Water Accurnulation; High Areas of Water Accurnulation; Areas

Areas Humidity Areas; Areas Exposedto Exposen to Chemical Spills; Areas
Cherrical or Borated Water Spills; Below Groundwater Level; Concrete-
Flashed , Caulked or Sealed Joints; Steel Interiaces; Steel Encased
Dissimilar Metal WeLis; Penetrations; Concrete Structures;" Hot *
Condentation & Leak Paths; Sand Penetration Sleev.a.
PocAets; Locatians with Stray
Currents; Heat Trace Areas.y

Faibre Leakage; Lor,s of StructuralIntegrity; Leakage; Loss of Structural Integrity.
Modes Catastroplec Failure Under Severe

Accident loadt
Examination Leakage Testing; Visual Exarrination; Visual Examination; Crcck Mapping

Methods / UT Wall 'I hickness Trending: Coating anj Repair; Coating Repair or

Romedies Renair or Replacement; Surf ace NDE Replacenent; Replacement of Seals,
of Dissimilar Metal Welds; Gaskets & Caulked Joirrts; Tapping of
Replacement of Seals, Gaskets and Uners for Hnliow Spots; Groundwater
Cauked Joints; Tap Uner for Hollow Monitoring; Core Sampling & Testing;
Spots; Open Drains. Spill PreventiorvCleanup; Open

Drains

Metallurgical examination of the samples removed from the drywell shcIl and chemical analyses of
the sand and water obtained fmm the sand cushion region showed that the cormsion appeared to be
the result of general wastage of the ASTM A212, Grade B, carbon steel plate from corrosion
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caused by water containing aggressive anions. This containment was returned to service after
signincant testing, repairs, installation of a cathodic protection system, and completion of an
Engineering Evaluation to demonstrate that the safety margins required by the design specifications
were maintained. However, recent it.dbations are that the corrosion h.s not been arrested and that
it may become limiting to continued plait operation.

USNRC information Notice 88-82, Torus Shells with Corrosion and Degraded Coatings in BWR
Containments, October 1988, identifi.: pm%s with corrosion of MARK I torus shells resulting
from degraded coatings in BWR containments. Supplement I to this Regulatory Guide was issued
in May 1989. Measurements of the shell plating revealed several areas in which the thickness was
at or below the minimum specified wall thickness. Additional plants were found to have
experienced degradation of the protective coating requiring cleaning and reapplication. These
findings were significant since the measured cormsion rates of the torus shells we.: greater that the
corrusion rates assumed as a part of the original design.

Severely degraded coatings and significmt corrosion of a steel ice condenser containment vessel
caused by boric acid and collected condensation in the annular space between the steel shell and the
surrounding concrete shield was documented in USNRC Information Notice 89-79, Degraded
Coatings and Corrosion of Steel Containments, in December 1989. Supplement I to this
Regulatory Guide was issued in Jun.e 1990. This condition was discovered during the general
visual examination required to be performed prior to the Type A containment integrated leak r:Je
test required by 10CFR50, Appendix J. A similar degradation was subsequently found in a
second, nearly identical plant at the same site. The probable cause of the degradation is attack by
condensed boric acid coolant leaking La iastrument line compression fittings. The corrosion
measured an average depth of 0.1 inch with pits of up to 0.125 inches in an area no higher than
1-1/2 inches above the annulus floor. Additional corrosion up to 0.03 inches deep was found in
areas below the O'>or where concrete was removed. His cormslon was due to a lack of scalant at
the interface between the shell and the annulus floc

Microbioloelcallv-Induced Corrosion

Microbiologically-Induced Corrosion (MIC) is a recently identified corrosion mechanism for
carbon steel containments that can cause substantial pitting. Its mechanics are less well understood
than the processes that result in more common forms of electmlytic, electrochemical, or galvanic
cormsion. The MIC prxess can best be summarized as one in which bacteria, generally in an
anaerobic zone adjacent to the base metal, develop by-products which enhance the corrosion
process. These by-products can be either cormsive to the base metal or products which allow the
electrochemical corrosion process to continue. By comparison, the e ectrochemical corrosion
process should, in theory, either terminate or slow down m low oxygen conditions such as those
found at the bottom of stag" ant systems such as torus suppression pools.

The anaembic zone in MIC may be caused by bacteria becoming captured under a a protective filtn
of red rust due to the normal oxidation of the steel surface. The anaerobic zone is also caused by
" sessile" or adhering bacteria generating protective biofilms after attaching themselves to the steel
surface. Anaerobic bacteria will grow because bulk water biocides will not penetrate these
protective coatings under stagnant or low flow conditions. Localized concentrated corrosion
occurring in the anaerobic zones accounts for the existence of pits prevalent with the haC process.

De most prevalent organism in the MIC anacrobic conditions are sulfate reducing bacteria which
reduce sulfates to sulfides. He resulting sulfides are active and react with iron to produce and iron
sulfide precipitate which is cathodic to the base metal. In the presence of this cathode, iron ions are
drawn out of the anodic base metal. %is iron sulfide is a transitory product which, upon breaking
down, allows the iron to oxidize into the red and black rust that can be casily observed under a
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microscope. In the presence of oxygen, the sulfides may be oxidized to form sulfuric acid which
can aggressively attack the metal surfacc.

Wiended Service Life

Pmgrams have been underway in the United States for several years to assess the extended service
life potential of operating nuclear plants beyond the present 40 year licensed life. The two maior
pilot programs have been for the Surry 1 PWR nuclear plant operated by the Virginia Electric
Power Company and the Monticello BWR nuclear plant operated by the Nonhern States Power
Company. These pmgrams have been funded primarily by the Elecuic Power Research Institute
(EPRI) and the U.S. Department of Energy (DOE). The plant owners regulatory agencies,
nuclear com >onent manufacturers, engineering organizations, industry rc.,carch organizations,
government : aboratories, and numerous others have been responsible for program administration.
The American Society of Mechanical Engineers has taken a leadership role in coordinating the
results of these studies with the objective of providing revisions to the ASME Code to allow
continued, safe plant operation beyond 40 years.

Cost /lenefit evaluations have shown that it is feasible to consider extended plant operation and that
le time at which continued operation is no longer feasible is based primarily on economic rather
than technical factors Studies to defi..e the n.ast important plant components in tenns of safety for
continued operation have concluded that the containtnent is the most important component for
BWR plants ux! second in importance only to the reactor pressure vessel for PWR plants.

Conininment Life Assessment and Projection

Results to date from the Surry and Monticello life extension studies indicate that the containment is
not limiting in continued plant operation beyond the present 40 year nuclear plant licensed lifetime.
With reasonable inspect on and maintenance, service life of greater than 70 years for current
containments appears to be techniedly and economically achievable. Present mies in Section XI of
the ASME Code are not limiting in continued serviceability of containments beyond 40 years.
Ilowever, long-term monitoring and trending of containment degradation parameters and
evaluations for fatigue life based on actt.al plant cyclic loadings are needed. Also, impmvements in
inspection methods, accessibility for insp:ction, plant operation, preventive maintenance, and
repair and replacement techniques for areas such as concrete and protective coatings need to be
developed and implemented.

SUMMARY

Containment leak-tight and structural integrity for operating nuclear plants in the United States has
become increasingly important in light of renewed concerns for nuclear plant safety and the need to
establish paremeters for continued plant operation beyond the present 40 year licensed lifetime. A
comprehensivc basis exists for the design, co struction, preservice examination, inservice
mspection, periodic leakage testing, and repair for comainments thmugh the regulatory process for
licensing and regulation administered by the United States Nuclear Regulatory Commission and the
rules of Scction til and Section XI of the American Society of Mechanical Engineers Boiler and
Pressure Vessel Cyle.

Section XI of the ASME Code provides mies for the inservice inspection for both metal and
concrete containments. Rules for metal containments in Subsection IWE were originally based on
the philosophy that welds are the area of most significant concern. Recent experience has shown,
however, that base metal corrosir. and cther degradation mechanisms can severely limit
containment service life, ne condition of containment base metal and liners is consequently more
important to continued containment integrity. He rules in Subsection IWE have therefore been
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updated to incorporate rec uirements for examination of the base netal '.ogether with a reduction of
weld inspections to provic e better assurance of continued containment safety.

Subsection IWE for Class MC (metal) containments was first published in the 1980 Edition,
Winter 1981 Addenda, to Section XI Subsection IWL for Class CC (concrete) containments was
first sublished in the 1986 Edition,1988 Addenda. Neither Subsection IWE nor Subsection IWL
has xen endorsed in Title 10, Part 50 of the U.S. Code of Federal Regulations to date.
Consey uently, containment inservice inspection to the rules in the ASME Ccde is not mandated
for nue tear plants in the United States at this time.

When mandated in 10CFR50 and implemented by nuclear plant owners, updated ASME Code
inservice requirements for Class MC and Class CC containments together with the revisions to
address current exoerience will provide a sound basis for it . proved leak-tight and structural
integrity for steel aid concrete containtnents.

.
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A REVIEW ON OPEllATING EXPERIENCES OF CONTAINSIENT
ISol ATION SYSTEMS IN KOREA

Ingoo Kim and llho-Jung Kim
Korea institute of Nuclear Safety

Alatract

Wide experiences in operating containment isolation systems hue been accumulated in Korea
since 1978. llence, it becomes necessary to review the operating data in order to confinn the
integrity of containments with about 50 reactor-years of experience and to establish the future
direction to the containment test program. The objectives of the present work are to collect,
consolidate and assess the operational data relevant to containment isolation systems, and then
to find out types of isolation valve failures, dominant leakage paths and fa tars affecting
integrated leakage rate test. Leakage is observed to be the most frequent type of isolation

,

valve failure. The causes of the leakage are packing leakage, seat damage due to foreign i
material, and mis adjustment of torque switches. The malfunction and deterioration are also
observed to be a frequent failure modes. General trends o ~ overall leakage show that more careful
surveillance during pre-operational test can reduce the containment leakage. Dominant leakage
paths are found to be through air locks and large-sized valves, such as butterfly valves of purge
lines, so that weighted surveillance and inspection on these dominant leakage paths can
considerably reduce the containment leakage. The atmosphere stabilization are found to be the
most important to obtain the reliable result. In order to get well stabilized atmosphere,
temperature and flow rate of compressed air shoald be kept constam and it is preferable not to
operate fan cooler during pressurizing the containment for test.

INTHODUCTION
.

Containment is the last barrier to mitigate the effect of a potential Loss of Coolant Accident
(LOCA). Recently, the long term operational integrity of containment systems is becoming
increasingly important 'or ensuring the nuclea ' safety. The operational integrity of"

containment mainly depends on the operability and icak-tightness of containment icolation
systems. The perfonnance of these systems must be assured by inspection, testing and
maintenance; leak rate tests and stroke tests are performed periodically to examine the leak-
tightness and the operability of containment isolation system, respectively. To ensure leak-
tightnesc of the containment, three types of test are to be periodically perfonned; integrated
feakage rate test (ILRT)lenned Type A test, and local leakage rate test (LLRT) consisted of test
for penetration termed Type B, and test for isolation valves termed Type C.

Currently, eight PWRs with large dry containment are in operation in Korea; Their design
parameters relevant to containment systems are listed in Table 1. After Kori unit 1, as a first
operating PWR in Korea, has been started in commercia: operation since 1978, the wide
experiences in operating containment isolation systems have been accumulated. Ilence, it
becomes necessary to review the operating data in order to confinn the integrity of
containments with about 50 reactor-years of experience and to establish the future dhection to
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Table 1 1)esign Parameters of Containment Systems

Plant Mori i Kori 2 Kori 3.4 YGN 3,4 UCN 1,2
_

Power (MWe) 587 650 950 950 950

Volume Size 1.45X 10' l .44 X 10' 2.08X 10'' 2.08X 10' l .74X 10'

(ft')

Test Pressure 40.5 42 48 48 60

(psig)

La (W%/ day) 0.1 0.1 0.1 0.1 03 --

Number of 125 (23) 136 (30) 123 (40) 123 (40) 176 (76)

Isolation Valves
.

- - - -- n

Note: La is the acceptance leakage raie and numbers in parentheses indicate numler
of valves of which diameters are 6 inch or larger.

e

the containment ten program.
.

Operational data relevant to assessing the perfonnance of containment isolation systems
are at first collected and consolidated. Failere trends for isolation valves, dominant leakage paths
in containment isolation systems and factors atfecting ILRT are examined in the present study.

'

A simple data base program, which is named as TACIV (Trend Analysis of Containment
Isolation Yalves), has been developed for cla.:sifying the failures modes and analyzing the _

leakage trends of isolation valves. Sources of data base are the trouble reports and other report
from surveillance programs such as LLRT and so on. The structure of TACIV is shown in Fig.1, .

Although a few features of TACIV program remains under development for improvement, it
provides sufficient information to support our work. 3

P_ ASSESSMENTS ANI) FINI)lNGS

General findings with the assessment of operation 91 experiences and test results are presented
in the following paragt is.

Isolation Valve Failure

isTypical causes for valve maintenance and repairs are shown in Fig.2, and the leakage
observed to be the most frequent type of isolation valve failure. It accounts for 61.8 % of all
applicable failure. The causes of the leakage are packing leakage, seat damage due to
foreign material, and mis-adjustment of torque switches. The malfunction, which is related to
the operability, also observed to be a frequent failure mode. The seat / disc corrosion and wear
classified as deteiioration are failure causes which could not be negligible. This result on the
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Fig.1 Structure of TACIV l'rogram

valve failure mode is very similar to the result of Pelto and Counts [1].

l.oeal I.cakatic Rate Test

The total containment leakage trends of two typical plants are shown in Fig.3. 40,000 seem
is approximately equivalent to 0.25 La. It is found that the leakage appears significantly higher
at the tests during the periods of first or second refueling, and thereafter leakage is reduced and
converged to a certain value. Leakage trends of air locks and isolation valves (Type C) are also
shown in Fig.3. The trend of Type C leakage is nearly same as that of to al leakage, but
leakage through air locks is not greatly changed per cycle. From the above fact,it can be seen
that large leakage at initial operational stage is originated from Type C. The large leakage of
Type C is due to the unfitness of seat / disc and mis-adjustment of torque switches. These
troubles have been removed by the continued tests and repairs. Figure 3 shows that mon careful
surveillance during pre-operational test can reduce the containment leakage.

There were some excessive leakage rate through a isolation valve at the time of initial operating
perio(.. Excessive leakage rate means large leakage rate which c m not be measured by
instrument due to off scale. In the past LLRTs had been performed with the measuring
instruments of the range of 2 - 20,000 scem. Any large leakage over the range of
measurement system made difficulty in detemiining the overall leakage rate at the 'as is'
condition. Strictly speaking, it could not be judged w hether LLRTs with such excessive leakages
were success or not. In order to overcome the instrumental limit and to measure sufficiently
large leakage, the pressure decay method has been used as an alternative.
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The leakage portions of Type 11 and Type C are show n in liig.4, and it enn be casily seen that
the Type C leakage is the dominant contributor to containment leakage. There are a number
of isolation valves of various diameters spanning from 0.25 to 4S inches. Ber.ause ASMii
IWV-3427[2] criteria is implemented, implicit classification based on tr. valve diameter
exists; one gioup in which valve diameters are less than 6 inch and the othet in which valve
diameters are 6 inch or larger. The number of large-sized valves fonns 18 - 32 G of total
number of kolation valves: the number of large-sized valves appears to increase with the plant
power (ss 2 e able 1). In 1;ig.4, the leakage of large-sized valves fonus 38 54 % of total-

leakage while the leakage portion of the small ones does 30 - 43 % Among the large-sized :
'valves, butterfly valves of purge lines are found to be dominant leakage paths due to the largest

pipe size and the relatively bad leak-tightness of butterfly valves. Considering the relatively
small number of valves but large leakage of the latter group, weighted inspection on large-
sired valves is thought as a ef fective way to reduce the Type C leakage.

The major items which belong to Type B test are air locks and electrical penetrations.
Basically, the deteriorations of electrical penetrations have not been occurred, and the leakage
through electrical penetrations is found to be negligible; as the minimum leakage not detect::ble
to measurement system.

,

As mentioned earlier, The leakage of Type C test is larger than that of Type B. Ilowever, this
does not imply that the leakage through air locks is not important. 9 ause of larger leakage
per path, air locks should be considered as dominant leakage paths.

In summary, dominant leakage paths are found to be air locks md large-sized valves such as
butterfly valves of purge lines, if more attention is given to these dominant leakage paths,
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containment leakage can be considerably reduced.

Intecrated I,eakate Rat _e Test

The acceptance criteria in Appendix J to 10 CFR 50 (3) and the method of ANSI /ANS-56.8 [4]
are applied for ILRT. Mass Foint method with minimum test duration of eight hour has been
adopted as a test method.

For the purpose of re-evaluating ILRTs, other statistical methods (5-71 are used in addition to
Saint method of ANSl/ANS 56.8. Figure 5 shows two typical results of ILRTs analyzedM

.ferent ways. At a glance, the result of case 1 test is very reliable regardless of analysis
methods. Ilowever, as shown in Fig.5(b), there are some analysis results of ILRT indicating that
the leakage rate data have low reliabilities. Mass Foint method itself is well known as the most
appropriate statistical method, however the ILRT methodology addressed in ANSI /ANS-56.8
seems to be insufGeient to get the reliable leakage data at all time.

A number of works 18-101 has been carried out to improve the ILRT method. Those are mainly

interested in the termination criteria or test duration time. The tennination criterion is still
open issue 111]. It is known that this criterion is most important to get the reliable result. On
the other hand, it is also considered that the criterion on the entry condition to the test, that

as the tennination criteria. Ilowever, it isis atmosphere stabilization, is just as important
interesting to note that the termination criteria may be closely related with the entry condition
to the ILRT. In the present, the condition of the atmosphere stabilization is decided by average
temperature history. According to ANS1/ANS-56.8, if average containment temperature
does not deviate by more than 0.5 *F/hr from the average rate of volume weighted temperature
averaged over the last four hours, containment atmosphere can be considered to be
stabilized; at this time, ILRT can be started. But this criterion seems not to be practical.
Many workers involved in ll.RT implicitly thought that the criterion of 0 5 *F/hr detemiine! with
above-mentioned way is not insufficient to decide stabilization condition of containment
atmosphere, since the 0.5 "F/hr deviation is not small to get the reliable leakage rate.

In order to investigate the effect of entry condition, a set of ILRT data is re-analyzed with
ofdifferent entry conditions based on the average rate of volume weighted temperature, Tm

0.5, 0.1, 0.05 and 0.02 "F/hr. Figure 6 shows the effe;t of entry condition on the ILRT. If
ILRT is staned with Tm < 0.5 "F/hr, then the leakage does not fall below the acceptance
criteria even for the test duration of 16 hours (Case A in Fig 6). On the ether hand, if ILRT

i his started with Tm < 0.02 "F/hr,it takes about 7 hours for leakage to be with n t e acceptance
criteria (Case D in Fig.6). From Fig.6, it is concluded that the leakage rate is mostly affected
by the degree of atmosphere stabilization; as the test begins with more stabilized atmosphere,
the time at which the leakage rate falls below the acceptance criteria is reduced.

Bec:tuse it is not practical to wait for a long time in order to get the fully stabilized condition,
it is necessary to find out more suitable criterion on the atmosphere stabilization. Although a
criterion on the atmosphere stabilization is not considered in the present study, The ways of
getting the stabilized atmosphere in a short time are examined.
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First of all, it is most important for the temperature and flowrate of compressed air into the
containment for the pressurization to keep constant in the pressuri7ed stage. Next, the effect of

fan coolers is examined. Figure 7 shows the effect of fan coolers on the containment
temperature. Without fan coolers, containment atmosphere is stabilized with natural circulation
and heat transfer between atmosphere and containment structures, and the density stratification
must exist at the end. (Fig.7(a)) With fan coolers, the effects of heat transfer through
CCW (Component Cooling Water) heat ;xchanger and forced circulation are added. Because
the temperature of CCW is lower than that of compressed air, the atmosphere temperature
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_ gradually decreases and it takes much time to reach a cenain balanced condition. -It is
apparent that the containment atmosphere are well mixed with fan coolers. The differences
among the temperature measured at various elevation ar smaller than those without fan

coolers. Ilowever, forced convection due to fan coolers. inevitably disturbs the mherent
density stratification so that t:mperature fluctuations appears due to the competition between
forced and natural circulation. Considering small temperature fluctuations can affect the result,
operation of fan coolers may have an adverse effect on the atmosphere stabilization,
in shmmary, the atmosphere stabilization is the most influencing factor to obtain the reliable

. result. In order to a have well stabilized atmosphere, temperature and flow rate of compressed
air should be kept constant and it is preferr.ble not to operate fan cook 7

In addition, the instrumentation, ia-Icakage into the primary and secondary system and weather
condition are observed ar. another ir.fluencing factors on ILRT.

Because La is a relatively small value, the results of ILRT can be seriously effected by the range
and resolution of instrumentation. ANSI /ANS-56.8 requirements on the instrumentation seem
sufficient te make the effect of measurement errors on ILRT to be negligible.

Besides the direct leakage througi' the containment walls, the in-leakage to the primary system
and steam generators appears to be an importr.at leakage source. Because . inspection on the
primary and secondary systems are perfonned at the pressurized condition of two systems,it is
not easy te find the in-leakage ' path reversely to the pressurized systems. In orJer to
minimize the effect of the leakage into the primary system, primary system is operated at
solid state during ILRT.

The effect of weather on ILRTs is not direct but indirect. Had weather condition such as rain
and wind makes stabilization of containment atmosphere more difficui As mentioned earlier,
it is difficult to coidrol the temperature and flow rate of compressed air to constant values
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since inlet air condition into the compressors is changed. Therefore it can be concluded that the
effect of weather is small but not negligible.

SUMMARY

The results of the present work are summarized as follows;

Leakage is. _ observed to be the most frequent type of isolation valve failure. The causes of
the leakage are packing -leakage, seat damage due to foreign material, and mis-adjustment
of torque switches. The malfunction and deterioration are observed to be frequent modes of
isolation valve failure.

y

General trends of overall leakage show that the leakage appears significantly highe' at the tests
during the periods of first or second refueling, and thereafter leakage is reduced and converged
to a- certain value. This implies the fact that more careful surveillance during pre-operational
test can reduce the containment leakage.

Domiaant leakage paths -are found to be through air Ic ks and Mrge sized valves such as
butterfly valves of purge lines, therefore webhted inspection on these dominant leakage paths

- can considerably reduce the containment leakage.

The- atmosphere stabilization are found to be the most influencing factor to obtain the
~

reliable result. For better atmosphere stabilization, temperature and flow rate of compressed
air should be kept constant and it is preferable not to operate fan cooler.

The instrumentation,in-leakage into the primary and secondary system and weather are observed
as another influencing factors on ILRT,
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